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Abstract 
 

Mast cells (MC) are present in nearly all tissues in the body and 

participate in many physiological processes including allergy, tissue remodelling, 

fibrosis, angiogenesis, and autoimmunity.  They can be activated by many stimuli, 

including allergic and innate immune stimulation.  When activated, MC release 

mediators through which they can regulate inflammatory processes.  Recently, we 

have discovered that rat and human MC express the Cystic Fibrosis 

Transmembrane Conductance Regulator (CFTR), the gene responsible for Cystic 

Fibrosis (CF).  We showed that CFTR had functional activity in MC and its 

expression was differentially regulated by IFNγ.  In this thesis, we compared 

CFTR expression between MC and epithelial cells (EC) by Western blot analysis 

and found that CFTR expression in MC is similar to that in EC, but there are 

some differences which suggest either glycosylation or post-

transcriptional/translational differences between MC and EC.  We also explored 

the role of CFTR in human MC secretion from various cellular compartments, in 

response to various stimuli.  When we blocked CFTR using pharmacological 

inhibitors, there was an inhibition of cAMP-dependent Cl
-
 flux.  Our data also 

shows that CFTR pharmacological inhibition had no effect on IgE/anti-IgE-

mediated β-hexosaminidase or eicosanoid release from MC.  When we stimulated 

MC with either IgE/anti-IgE or the adenosine receptor agonist NECA (3 µM) for 

24h in the presence of CFTR inhibitors, secretion of several mediators appeared 

to be dysregulated including IL-8, MIF, IL-13, IL-16, PAI-1 and CCL1.  To add 

to these findings, we also used short hairpin RNA (shRNA) to reduce CFTR 



 

expression in MC.  CFTR deficient MC were unresponsive to NECA and showed 

reduced constitutive IL-6 secretion.  Finally, we cultured MC from CF and non-

CF donor peripheral blood progenitors and compared several phenotypic and 

functional aspects of the cells.  We saw no difference in growth, protease content 

and surface marker expression between CF and non-CF MC, but stimulation of 

the cells with IgE/anti-IgE or Pseudomonas aeruginosa appeared to differentially 

induce cytokine synthesis and secretion from CF and non-CF MC.  These findings 

suggest that MC function is dysregulated in CF and that CF MC may be involved 

in the pathophysiology of CF.  
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A. Introduction to Mast cells 

1. Mast cell biology 

a) Localization and morphology 

Mast were discovered more than 100 years ago by Paul Ehrlich who 

named them mastzellen which means “well fed” or “fat” cells because of their 

heavily granulated appearance and staining by aniline dyes (Figure 1.1 A and 1.2) 

(1, 2).  MC can contain up to 200 to 300 granules, which stain dark purple with 

toluidine blue, alcian blue or red with safranin red, depending on their phenotype 

(3-6).  MC are widely distributed in the body, found in virtually every tissue and 

vascularized organ (7).  In mice, MC originate from CD34
+
, c-kit

+
, FcεR1

+
 

multipotent MC/basophil progenitors which in turn originate from upstream 

pluripotent progenitors in the bone marrow (7, 8).  Mast cell/basophil progenitors 

migrate to the tissues and give rise to either MC or basophils under the regulation 

of the cytokine and growth factor microenvironment found in that tissue (Figure 

2) (7, 8).  In humans, interleukin (IL)-3, IL-6 and stem cell factor (SCF) are 

important maturation and differentiation, and are critical MC maturation factors 

(9).  In humans, as in mice, MC progenitors migrate from the blood into 

peripheral tissues where they undergo differentiation and maturation (10-12).  

Mast cells aggregate around blood vessels and nerves, as well as epithelia in the 

airways and gastrointestinal tract, and are responsive to neuropeptides such as 

substance P, vasoactive intestinal peptide, nerve growth factor (NGF) and 

calcitonin gene related peptide (13, 14).   
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Figure 1.1 A) Ultrastructure of human mast cells (HMCs) and human 

basophils (HBs). (A) Human lung mast cells (HLMC) after isolation and 

culture for 36 hr show electron-dense secretory granules, a monolobed

nucleus, and numerous narrow surface folds. (B) HB isolated from the 

peripheral blood has electron-dense secretory granules and a polylobed

nucleus. (A) X 10,000; (B) X 17,000.  Reproduced, with kind permission, 

from Dvorak, A.M. 2005. Ultrastructural studies of human basophils and 

mast cells.  J Histochem & Cytochem 53 (9): 1043-1070.  

Figure 1.1 A) Ultrastructure of human mast cells (HMCs) and human 

basophils (HBs). (A) Human lung mast cells (HLMC) after isolation and 

culture for 36 hr show electron-dense secretory granules, a monolobed

nucleus, and numerous narrow surface folds. (B) HB isolated from the 

peripheral blood has electron-dense secretory granules and a polylobed

nucleus. (A) X 10,000; (B) X 17,000.  Reproduced, with kind permission, 

from Dvorak, A.M. 2005. Ultrastructural studies of human basophils and 

mast cells.  J Histochem & Cytochem 53 (9): 1043-1070.  
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Figure 1.2 LAD2 mast cells stained with toluidine blue showing secretory

granules (closed arrow) and monolobed nucleus ( open arrow).  

Figure 1.2 LAD2 mast cells stained with toluidine blue showing secretory

granules (closed arrow) and monolobed nucleus ( open arrow).  
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Although MC are most often thought of in the context of IgE-mediated 

allergic reactions, they are involved in normal physiological responses and 

numerous inflammatory responses involving activation by several IgE-

independent pathways, ranging from complement components, FcγR1 

aggregation, immunoglobulin light chains, neuropeptides and pattern recognition 

receptors (PRR) associated with innate  immunity (13, 15-19).  Recently, the 

focus has been on involvement of MC in innate immunity, and their ability to 

respond to pattern recognition receptors such as Toll-like receptors (TLR)-2 and -

4 and other innate immune molecules such as the cellular stress-related molecule 

adenosine through its 2b receptor (A2bR) (20, 21).  These pathways are all likely 

to be highly relevant to MC function in the context of disease, as it is now well 

known that MC are key players in host defense and immunity (1). 

 

b. Heterogeneity 

MC are heterogeneous in their biochemical staining characteristics, 

protease content, mediator secretion and activation patterns depending on the 

tissue and microenvironment in which they reside (22).  Two MC subsets have 

been described in rodents:  1) connective tissue (CTMC) and 2) mucosal MC 

(MMC) (1, 2).  CTMC are found in skin and peritoneal cavity, whereas MMC are 

found in the lamina propria or epithelial layers of mucosal tissues, (1, 2, 22).  

Heterogeneous expression of granule proteases was first described in rat and 

mouse MC (22).  CTMC are heavily laden with proteoglycan heparin and 

histamine containing granules which contain mast cell protease (MCP)-4, 5, 6 and 
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carboxypeptidase A (1, 23).   In contrast to CTMC, MMC granules contain 

chondroitin sulphate rather than heparin, MCP-1 and 2 but no CPA (1, 2, 23).  

Also, MMC granules do not contain as much histamine as CTMC (1).  Because of 

these biochemical differences, rodent MMC and CTMC can be recognized by 

their different staining patterns.  CTMC stain with both alcian blue and safranin, 

but MMC do not stain with safranin due to the absence of heparin (5, 6).   

MCP content has been well characterized in rodents and few differences 

exist.  In mice, MCP-1, 2, 4, 5 and 9 are classified as chymases, whereas MCP-6, 

7 and 11 are subtypes of tryptase (2, 24, 25).  In rats, MCP-1, 2, 3, 4 and 5 are 

classified as chymases, whereas MCP-6 and 7 are classified as tryptases (22).  Rat 

MCP-1, 2 and 3 are homologous to mouse MCP-5, and rat MCP-1 is the 

counterpart to mouse MCP-4, 1 and 5 respectively (23, 24).  MCP-8 does not 

belong to the tryptase or chymase family, but was rather found to be more closely 

related to granzymes and cathepsins (26).  Expression of MCP-8 was low in 

normal tissues and found in association with MCP-5 expressing MC (26).  

Another protease; the metalloexopeptidase carboxypeptidase A (CPA), is found in 

certain subsets of rodent MC (2, 23).   

 As in rodents, human MC populations are heterogeneous, but their 

phenotypic and functional differences are less well defined and less well 

understood (22).  They are classified by most literature as being either tryptase 

positive (MCT) or both tryptase and chymase positive (MCCT) (1, 2).  However, 

MC positive for only chymase (MCC) also exist.  Tryptase positive MCT
 
are found 

at mucosal sites and are thought to be similar to MMC, whereas double positive 
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MCCT are similar to CTMC and are located in connective tissue of the skin and 

intestine (1, 2).  MCC have been associated with atherosclerotic lesions, and their 

numbers increase in those lesions (27).  Recent evidence however, suggests that 

human enteric MCT contain low levels of chymase as well as tryptase (22).  

Furthermore, it has been shown that human but not rodent MMC, contain low 

levels of heparin (22). This evidence suggests that in humans the classification of 

MC as belonging to the MMC or CTMC phenotype may be incorrect.  

Interestingly, it has been shown that MC transplanted from one anatomical site to 

another can change their phenotype (28).  This suggests that the phenotype of MC 

does not rely on the type of tissue they are found in, but rather on the cytokine 

milieu which exists in that tissue at the time of their extraction development and 

removal from the tissue. 

2. Mast cell activation 

MC are present in nearly all tissues in the body and participate in many 

physiological processes including allergy, tissue remodelling, fibrosis, 

angiogenesis, and autoimmunity (29).  They can be activated by a plethora of 

different pathways, and release numerous mediators, many of which will not be 

discussed here.  This section is not meant to be an exhaustive review of MC 

activation, but rather to give the reader a sense of the secretory capacity of MC.  

Thus, only the pathways of mast cell activation most relevant to this thesis will be 

discussed.  
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a) Calcium ionophores, compound 48/80 and neuropeptides 

Mast cells can be activated to release their granules by compounds that 

induce Ca
2+

 entry into the cell.  Some compounds such as the yeast antibiotic 

calcium ionophore A23187, form stable complexes with divalent cations and form 

pores in the plasma membrane, which allows Ca
2+

 to cross the cell membrane 

(30).  Other compounds such as 48/80 or the wasp venom compound mastoparan 

can activate the cells by binding to G-protein coupled receptors (31, 32).  

Substance P is an undecapeptide belonging to the tachykinin family.  It stimulates 

MC secretion through the neurokinin-1 (NK-1) receptor belonging to the G-

protein coupled receptor family of receptors (13, 33).  Substance P can also 

activate MC in a receptor-independent manner through peptidergic cationic 

charge activation (34)  This mechanism is associated with neurogenic 

inflammation and is thought to be restricted to serosal MC (34).  This agonist of 

MC is important in neuroimmunology, since MC are closely associated with 

nerves and their activation is mediated by neurons during neurogenic 

inflammation as seen in itching and some forms of allergic rhinitis (35).  

 

b) High affinity IgE receptor (FcεεεεR1) 

FcεR1 is the high affinity IgE receptor.  It is a heterotetrameric molecule 

composed of an α chain which binds IgE, a β chain along with two common γ 

chains which provide intracellular signalling via immunoreceptor tyrosine-based 

activation motifs (ITAM) (Figure 1.3) (10, 36).  Expression of FcεR1 MC is 
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regulated by several factors including IL-4, IFNγ and IgE receptor occupancy (10, 

37, 38).  The binding of IgE to FcεR1 has a high affinity (1 x 10
10

 M
-1

), and a 

slow rate of dissociation, allowing MC to remain sensitized for months or even 

years (10).  Signalling mechanisms through FcεR1 are complex.  When bound to 

the FcεR1, two IgE molecules can be cross-linked by a cognate antigen, which 

triggers mast cell activation (Figure 1.3) (10, 36).  Upon cross-linking, the ITAM 

motif recruits the kinase Lyn, which phosphorylates the β and γ chains of FCεR1, 

which in turn bind the kinase Syk.  Binding of Syk phosphorylates linker for T-

cell activation (LAT) which recruits phospholipase C-gamma (PLCγ) (Figure 

1.3).  Activated PLCγ forms inositol triphosphate (IP3) and diacylglycerol (DAG) 

from phosphatidylinositol 4, 5-bisphosphate (PIP2) (10, 36).  IP3 causes Ca
2+

 

release from cellular stores through IP3 receptors on the endoplasmic reticulum, 

and induces degranulation.  DAG activates protein kinase C (PKC) which 

phosphorylates transcription factors and leads to production of newly synthesized 

mediators such as cytokines (10, 36).  Phosphorylation of LAT also recruits Grb2, 

and initiates the ras/raf signalling cascade leading to lipid mediator production 

(10, 36).  Lyn also exerts a regulatory role in FcεR1 mediated activation, as Lyn 

deficient mice are hyperresponsive to FcεR1 crosslinking (11).  The recruitment 

of the tyrosine kinase Fyn is important in MC, as this activates 

phosphatidylinositol triphosphate kinase (PI3K) leading to protein kinase G (Akt) 

phosphorylation and gene transcription through phosphorylation of inhibitor or 

NF-kB kinase (IKK) and inhibitor of NF-Kb (IκB), leading to activation of NF-

κB (10, 11).    
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Figure 1.3 Mechanisms of MC activation by FcεR1 crosslinking.  IgE

crosslinking brings two FcεR1 receptors in close proximity.  Recruitment of Lyn 

and phosphorylation of immunoreceptor tyrosine-based activation motif (ITAM) 

recruits Syk to the phosphorylated ITAM of the γ chain of FcεR1.  Syk

phosphorylates LAT which recruits and activates Grb2 and PLCγ, leading to 

classical downstream lipid mediator and cytokine production respectively.  

Activated FcεR1 γ chain also recruits Fyn which activates PI3K and PIP3 

pathways.  This in turn activates Akt and phosphorylation of transcription factors 

and cytokine production.
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Figure 1.3 Mechanisms of MC activation by FcεR1 crosslinking.  IgE

crosslinking brings two FcεR1 receptors in close proximity.  Recruitment of Lyn 

and phosphorylation of immunoreceptor tyrosine-based activation motif (ITAM) 

recruits Syk to the phosphorylated ITAM of the γ chain of FcεR1.  Syk

phosphorylates LAT which recruits and activates Grb2 and PLCγ, leading to 

classical downstream lipid mediator and cytokine production respectively.  

Activated FcεR1 γ chain also recruits Fyn which activates PI3K and PIP3 

pathways.  This in turn activates Akt and phosphorylation of transcription factors 

and cytokine production.
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c) Pattern recognition receptors  

Mast cells are recognized as efficient sentinel cells that play a crucial role 

in homeostasis, as well as initiation and perpetuation of inflammation in response 

to pathogens (16, 39).  The discovery of pattern recognition receptors (PRR) such 

as TLR, nucleotide oligomerization domain (NOD) and c-type lectin receptors has 

led to a better understanding of how immune cells respond to infection.  TLR are 

a family of conserved PRR which are present on all immune cells in various 

combinations.  There are currently 11 known TLR receptors in humans, 2 of 

which are formed by dimers of other TLR receptors.  TLR bind to various 

pathogen associated molecular patterns (PAMP).  For a complete review of these 

receptors and their ligands, the reader is referred to reference (18).  Depending on 

their source and culture conditions, human MC differentially express different 

combinations of TLR (1, 16, 39-41).  Most prominent in mast cell activation 

however, are TLR-2 and TLR-4, which recognize peptidoglycan (PGN) and 

lipopolysaccharide (LPS) respectively (16, 20).  Mast cells can also be activated 

via TLR-3 by synthetic polyinosinic:polycytidylic acid (poly I:C) (42).  Thus, MC 

are positioned in the body to respond to bacterial, viral, and fungal invasion, in 

the first line of defense against infections. NOD receptors and c-type lectins 

receptors are also PRR which play a role in the antimicrobial function of MC 

(43), but these receptors will not be discussed further. 
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d) Adenosine and adenosine receptors 

Adenosine was first described in cardiac tissue by Drury and Szent-

Gyorgyi in 1929, as “a potent inotropic agent and coronary vasodilator (44).  The 

effects of adenosine can often appear paradoxical because they depend on its 

extracellular concentration, as well as co-expression of its four known receptors.  

There has recently been an explosion of literature focusing on the emergence of 

adenosine as an innate immune molecule, particularly in the context of 

inflammatory diseases (Figure 1.4) (44).  Many of these studies suggest that 

adenosine is produced in elevated quantities by inflamed, damaged or stressed 

tissues (44).  There is an emerging link in the literature between the innate 

immune system and potentiation of inflammatory diseases such as asthma, by 

adenosine activity on effector cells such as MC (45).  

Under conditions of hypoxia or cellular stress, extracellular adenosine levels 

can rise by two orders of magnitude (44).  This increase in adenosine levels 

during cellular stress results in activation of low affinity adenosine receptors, 

which alters cellular responses.  There are four known G-protein coupled 

receptors for adenosine.  Human MC express two of the four receptors, the high 

affinity A2a receptor (A2aR), and the low affinity A2b receptor (A2bR) (46).   The 

A2aR has 100-fold higher affinity to adenosine than the other three receptors, and 

is thought to be the major homeostatic adenosine receptor in immune cells, 

because sub-micromolar levels of adenosine can stimulate A2aR but not the other 

receptors.   
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Figure 1.4 Adenosine synthesis and secretion pathways. Cellular stress caused by 

hypoxia has been reported in CF epithelial cells (EC).  This causes a reduction in 

ATP synthesis by mitochondria, as well as inactivation of adenosine kinase enzyme, 

raising intracellular levels of adenosine.  Adenosine is then transported into the 

extracellular space by equilibrative nucleoside transporters (ENT).  As adenosine 

levels rise in the submucosa, the A2b adenosine receptor is activated on MC, causing 

mediator release from these cells, which could then activate EC from the basolateral

surface.  CNT, concentrative nucleoside transporter.  A2a adenosine receptor inhibits 

MC degranulation.
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Figure 1.4 Adenosine synthesis and secretion pathways. Cellular stress caused by 

hypoxia has been reported in CF epithelial cells (EC).  This causes a reduction in 

ATP synthesis by mitochondria, as well as inactivation of adenosine kinase enzyme, 

raising intracellular levels of adenosine.  Adenosine is then transported into the 

extracellular space by equilibrative nucleoside transporters (ENT).  As adenosine 

levels rise in the submucosa, the A2b adenosine receptor is activated on MC, causing 

mediator release from these cells, which could then activate EC from the basolateral

surface.  CNT, concentrative nucleoside transporter.  A2a adenosine receptor inhibits 

MC degranulation.
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The activation of A2aR has inhibitory effects on many cell types, especially cells 

of the immune system (47, 48).  The opposing effects of adenosine in different 

tissues results from co-expression of A2aR with one or more of the remaining 

three receptor subtypes, which are differentially expressed depending on cell type, 

and species (47, 48).  Under homeostatic conditions, constitutive adenosine levels 

downregulate MC activation by activating the high affinity A2aR (46).  However, 

under conditions of decreased metabolic fuel, or cellular stress, high extracellular 

concentrations of adenosine can stimulate the lower affinity A2bR, which mediates 

activation of human MC (44, 49).   

3. Mast cell mediators 

MC are granular immune cells that are located at mucosal barriers and are 

involved in inflammation (50, 51).  These cells play a key role in diseases such as 

asthma and allergies (52, 53).  The granules of MC contain multiple inflammatory 

mediators such as histamine, heparin, and serine proteases.  Once activated, MC 

can release these granules into the surrounding tissue (39, 40, 52, 54, 55).  

Activation of MC degranulation and can be induced by various stimuli, such as 

through A2bR, FcεR1 and TLR-2 (21, 44, 56, 57) to name only a few.  MC can 

also release a large number of newly formed pro-inflammatory mediators such as 

cytokines and lipid mediators, and modify their pattern of secretion based on the 

stimulus they receive (1, 17).  Degranulation is associated with the early phase of 

inflammation, while release of some newly formed mediators is associated with 

late phase inflammation.   
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Figure 1.5 Main classes of mediators released by MC.  TNF, tumor necrosis factor; 

VEGF, vascular endothelial growth factor; FGF2, fibroblast growth factor 2; MBP, 

major basic protein; IL, interleukin; GM-CSF, granulocyte macrophage-colony 

stimulating factor; TGFβ, transforming growth factor-β; NO, nitric oxide; LTC4, 

leukotriene C4; LTB4, leukotriene B4; PGD2, prostaglandin D2; PGE2, prostaglandin 

E2; PAF, platelet activating factor; CCL, CC-chemokine; CXCL, CXC chemokine; 

MCP, macrophage chemotactic protein; MIG, monokine induced by IFNγ; IP-10, 

IFNγ-inducible protein-10; CRAMP, cathelicidin-related anti-microbial peptide; 

NGF, nerve growth factor; MIF, macrophage migration inhibitory factor.
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Figure 1.5 Main classes of mediators released by MC.  TNF, tumor necrosis factor; 

VEGF, vascular endothelial growth factor; FGF2, fibroblast growth factor 2; MBP, 

major basic protein; IL, interleukin; GM-CSF, granulocyte macrophage-colony 

stimulating factor; TGFβ, transforming growth factor-β; NO, nitric oxide; LTC4, 

leukotriene C4; LTB4, leukotriene B4; PGD2, prostaglandin D2; PGE2, prostaglandin 

E2; PAF, platelet activating factor; CCL, CC-chemokine; CXCL, CXC chemokine; 

MCP, macrophage chemotactic protein; MIG, monokine induced by IFNγ; IP-10, 

IFNγ-inducible protein-10; CRAMP, cathelicidin-related anti-microbial peptide; 

NGF, nerve growth factor; MIF, macrophage migration inhibitory factor.

Granule associated
histamine, serotonin

tryptase, chymase, 

carboxypeptidase, cathepsin G, 

TNF, VEGF, FGF2, MBP, acid 

hydrolase, peroxidase

Lipid derived
LTC4, PGD2, LTB4, PGE2 PAF

Cytokines
TNF, IL-1α/β, IL-3, IL-4, IL-5, 
IL-6, IL-9, IL-10, IL-11, IL-12, 
IL-13, IL-15, IL-16, IL-18, IL-25, 
GM-CSF, IFNα/β/γ, TGFβ, 
VEGF, NGF, MIF

Chemokines
CCL1(I-309), CCL2(MCP-1), 

CCL3(MIP-1α), CCL4(MIP-1β), 

CCL5(RANTES), CCL11(Eotaxin), 

CCL20(MIP-3α), CXCL1(Gro-α), 

CXCL2(MIP-2α), CXCL8(IL-8), 

CXCL9(MIG), CXCL10(IP-10), 

CXCL11(I-TAC)

Oxygen radicals
NO, superoxide radicals 

(O2
-)

Anti-microbial peptides
Cathelicidin, CRAMP

MCMC
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MC mediators are divided into four main classes:  1) granule associated 

preformed mediators, 2) de novo synthesized lipid derived mediators and 3) de 

novo synthesized cytokines/chemokines and growth factors and 4) oxygen 

radicals (Figure 1.5) (10, 40, 58).  MC have the ability to differentially synthesize 

mediators based on their microenvironment, as well as the stimulus they receive, 

such as TLR agonists, FcεR1 or FcγR1 aggregation (1, 10, 11, 36, 59-61).  This 

means that not all MC will produce all mediators listed in Figure 1.5 upon any 

given stimulus, but rather selectively release mediators to appropriately deal with 

a given situation in a given tissue.  Because of this arsenal of potent biologically 

active mediators, MC have long been considered key players in the induction of 

allergy and protection against certain unwanted parasites (10, 62).  MC can also 

release mediators either through selective release of individual granules (63), 

through piecemeal degranulation (61) or multivescicular compound exocytosis, in 

which multiple granules fuse together before being released from the cell (64).   

4. Mast cell secretory compartments 

a) Granules 

Mediator release from MC occurs from various subcellular compartments 

and is regulated by different mechanisms (Figure 1.6).  MC granules are 

lysosome-related organelles which are synthesized by incorporation of material 

from intermediate granules called progranules (Figure 1.6) (65).  MC granules 

have an acidic pH, and store mediators such as histamine, β-hexosaminidase (β-

hex), and proteases such as tryptase and chymase.  Upon stimulation of the cell by  
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Figure 1.6 MC compartments and secretory mediators released from selected

intracellular compartments.  Three compartments were analyzed in this thesis.  1) 

Release of β-hexosaminidase (β-hex) from stored mediator compartment (secretory 

granules).  2) Cytokine release from newly synthesized mediator compartment which 

consists of small secretory vescicles whose trafficking and contents is regulated by cell 

stimulation.  3)  Lipid mediator compartment.  Lipid mediators leukotriene C4 (LTC4) 

and prostaglandin D2 (PGD2) are not secreted by secretory vesicles, but are transported 

to the outside of the cell by eicosanoid transporters which are not well described (66).  

5-LO, 5-lipoxygenase; COX, cyclooxygenase.  FLAP, 5-lipoxygenase activating 

protein.
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Figure 1.6 MC compartments and secretory mediators released from selected

intracellular compartments.  Three compartments were analyzed in this thesis.  1) 

Release of β-hexosaminidase (β-hex) from stored mediator compartment (secretory 

granules).  2) Cytokine release from newly synthesized mediator compartment which 

consists of small secretory vescicles whose trafficking and contents is regulated by cell 

stimulation.  3)  Lipid mediator compartment.  Lipid mediators leukotriene C4 (LTC4) 

and prostaglandin D2 (PGD2) are not secreted by secretory vesicles, but are transported 

to the outside of the cell by eicosanoid transporters which are not well described (66).  

5-LO, 5-lipoxygenase; COX, cyclooxygenase.  FLAP, 5-lipoxygenase activating 

protein.

ER

Golgi

Adenosine

IgE/αααα-IgE

LPS

PGN +

IL-8, 

IL-6

Secretory

Vesicle

IL-8/IL-6

Secretory

Vesicle

IL-8/IL-6

Progranule

Secretory

Granule

(ββββ-hex)

regulated

by cell stimulation

LTC4,

PGD2

5-LO

COX-1/2

Eicosanoid

transporters

1

2

3

?

FLAP



 

 18 

mechanisms such as FcεR1 aggregation, a signalling cascade is initiated involving 

Ca
2+

 proteins of the synaptotagmin family, which initiates granule fusion with the 

plasma membrane and mediator release (65).  

  

b) Small secretory vesicles 

Another type of vesicle can form in MC called small secretory vesicles.  

The exact mechanism of formation of these vesicles has not been fully elucidated, 

but it is thought that proteins are specifically sorted to these vesicles in the Golgi, 

or that proteins not necessary in a specific vesicle are removed by budding off the 

secretory vesicles following release from the Golgi (65).  Once sorted and 

packaged, these vesicles leave the Golgi and migrate to the plasma membrane 

where they fuse and release their content extracellularly.  Some of these vesicles 

are not regulated by cell stimulation and carry constitutively synthesized and 

released cargo, whereas other small secretory vesicles are regulated by cell 

stimulation and only fuse to the plasma membrane upon stimulation of the cell, 

and carry inflammatory mediators such as CXCL8 (IL-8) and IL-6 (Figure 1.6). 

 

c) Lipid mediators 

Eicosanoids are not stored in granules or vesicles as are other mediators.  

Instead, following activation of the cells by external stimuli such as FcεR1 

aggregation, phospholipase A2 (PLA2) translocates to the nuclear membrane and 

converts nuclear membrane phospholipids to arachidonic acid (figure 1.6) (66).  

Arachidonic acid then binds to 5-lipoxygenase activating protein (FLAP), which 
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is anchored to the nuclear membrane and supplies the lipids to 5-lipoxygenase (5-

LO) for generation of LTA4 and subsequently LTC4 by a series of other enzymes.  

Prostaglandin D2 (PGD2) is synthesized in much the same way, but synthesis is 

mediated by the nuclear membrane anchored enzymes cyclooxygenase (COX)-1 

and -2 (66).  Once synthesized, LTC4 and PGD2 are released from the cells 

through an unidentified transporter (66).   

 

5. Mast cells in innate immunity and homeostasis 

It is becoming increasingly evident that MC have a sentinel role in the 

innate immune system, and their presence is critical in the recruitment of 

neutrophils and other immune cells in response to bacterial invasion (16, 39).  

Mast cells are multifunctional tissue dwelling cells critical in maintaining tissue 

integrity and function through the production of growth factors, angiogenic and 

neurogenic factors such as granulocyte macrophage-colony stimulating factor 

(GM-CSF), vascular endothelial growth factor (VEGF) and NGF respectively (1, 

67, 68).  They can promote homeostasis by participating in wound healing and 

tissue remodelling (69, 70).  They are also strategically located at many 

anatomical sites of potential entry by pathogens, and serve in the first line of 

defense against invading pathogens (39, 67).  When stimulated by pathogen 

associated molecular patterns (PAMP) from these organisms, MC become less 

responsive to FcεR1 activation, and upregulate genes associated with innate 

immunity (71-74).  MC and their production of neutrophil chemotactic factors 

such as tryptase, IL-8 and PAF are critical for the recruitment of neutrophils to the 
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site of bacterial infection (39, 75, 76).  MC also have a key role in the recruitment 

of neutrophils in autoimmune diseases (77, 78).  MC can differentially release 

cytokines depending on which stimulus activates the cell.  For example, rat MC 

activated by LPS through TLR-4 secrete TNF without degranulating, while TLR-

2 activation by PGN induces degranulation (79, 80).  Furthermore, LPS induces 

secretion of  TNF, IL-1, IL-6 and IL-13 from rat MC, whereas PGN induces 

secretion of IL-4, IL-6 and IL-13, but not IL-1 or TNF (81).   

6. Mast cells in disease  

MC are implicated in many diseases including chronic bronchitis, atopic 

dermatitis, systemic mastocytosis, atherosclerosis, inflammatory bowel disease, 

cancer, allergies and asthma (82-87).  MC have long been known to be key 

players in the initiation and propagation of both the early and late phase of the 

allergic response though production of histamine, cytokines and lipid mediators 

such as LTC4 and PGD2 (Figure 1.5)(29, 61).  MC numbers are increased within 

airway smooth muscle of asthmatic patients, which is thought to facilitate airway 

hyperresponsiveness through localized mediator release or direct cell-cell contact 

(83).  MC produce IL-4 and IL-5, classical TH2 cytokines that can induce B-cell 

class switching to IgE, and enhance eosinophil survival (88, 89).  Furthermore, 

MC can also produce pro-inflammatory cytokines such as TNF, and IL-6, as well 

as neutrophil chemotactic factors tryptase, CXCL8  

(IL-8) and platelet activating factor (PAF) (40, 75, 76, 89).  MC have been shown 

to produce IL-13, which promotes airway hyperresponsiveness (75, 89).   
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Recently, adenosine was implicated as an important mediator in allergic 

asthma (45, 90).  Elevated adenosine levels have been measured in exhaled breath 

condensates of asthmatic patients (91), and inhaled adenosine in these patients 

causes marked airway bronchoconstriction (45).  It has been suggested that 

adenosine is a better diagnostic tool for asthma than methacholine, because non-

asthmatics do not respond to inhaled adenosine (45).  The bronchoconstriction to 

inhaled adenosine results from activation of MC in the airway mucosa (21).  

Adenosine causes histamine and spasmogenic leukotriene release from MC, 

which both act as potent bronchoconstrictors (48).   

 

B. Introduction to mast cell Cl
-
 channels 

1. Overview of mast cell Cl
-
 conductance 

Chloride channels are the most abundant anion channels in mammals, 

since Cl
-
 is the most abundant extracellular anion (92).  Cl

-
 channels play a 

significant functional role in many cell types, regulating such things as 

intracellular pH, cell cycle, cell volume, apoptosis, synaptic transmission and cell 

excitability (92).  Many types of Cl
-
 channels have been described, including 

voltage dependent chloride channels (ClC) channels, protein kinase A 

(PKA)/nucleotide dependent cystic fibrosis transmembrane conductance regulator 

(CFTR), Ca
2+ 

dependent Cl
-
 channels (CaCC), volume regulated Cl

-
 channels 

(VRAC), ligand gated Cl
-
 channels such as gamma amino butyric acid (GABA), 

and outwardly rectifying Cl
-
 channels (ORCC), which are defined only  



 

 22 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.7 Schematic representation of transporters and Cl- channels in epithelial 

cells (EC) and mast cells (MC). A) In EC, Cl- enters the cell at the basolateral aspect 

through co-transporters or antiporters and exits at the apical aspect of the cell through 

various Cl- channels.  Expression of these transporters and Cl- channels varies for 

absorptive and secretory EC.  B) MC have a non-EC-like Ca2+ activated Cl-

conductance, as well as differential expression of ClC channels which is species 

dependent.  ClC-2 and ClC-7 are expressed in rat cultured MC (RCMC), but not rat 

peritoneal MC (PMC) and have not been well characterized in human MC.  MC also 

have a poorly characterized outward rectifying Cl- conductance (ORCC).  CFTR is 

expressed in rat and human MC, but its cellular localization is still uncertain.  Cl-

channels in human MC remain poorly characterized, but Cl- conductance plays a 

significant role in MC degranulation.
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Figure 1.7 Schematic representation of transporters and Cl- channels in epithelial 

cells (EC) and mast cells (MC). A) In EC, Cl- enters the cell at the basolateral aspect 

through co-transporters or antiporters and exits at the apical aspect of the cell through 

various Cl- channels.  Expression of these transporters and Cl- channels varies for 

absorptive and secretory EC.  B) MC have a non-EC-like Ca2+ activated Cl-

conductance, as well as differential expression of ClC channels which is species 

dependent.  ClC-2 and ClC-7 are expressed in rat cultured MC (RCMC), but not rat 

peritoneal MC (PMC) and have not been well characterized in human MC.  MC also 

have a poorly characterized outward rectifying Cl- conductance (ORCC).  CFTR is 

expressed in rat and human MC, but its cellular localization is still uncertain.  Cl-

channels in human MC remain poorly characterized, but Cl- conductance plays a 

significant role in MC degranulation.
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functionally so far (Figure 1.7) (92, 93).  Most of these channels have been 

described in epithelial cells (EC), but the expression of Cl
-
 channels in MC is not 

well characterized because of MC heterogeneity.  To date, several different types 

of Cl
- 
channels have been described on various MC of rodent and human origin 

(14, 93-101).   

MC degranulation is dependent upon ion flux, particularly Ca
2+

 influx; as 

such any ion currents (including Cl
-
) that modulate the flow of Ca

2+
 into MC will 

directly affect its secretory activity (102).  In MC, stimulation through FcεR1 

mechanisms induces significant Cl
-
 uptake by the cell regulating volume and 

excitability (96, 99).  It has been shown that hyperpolarization of the plasma 

membrane is required for full MC excitability as negative membrane potentials 

drive Ca
2+

 entry into the cell (98).  To maintain membrane hyperpolarization 

during activation, MC utilize Ca
2+

-dependent K
+
 efflux through large conductance 

KCa
2+ 

as well as Ca
2+

- independent Cl
-
 influx through Cl

-
 channels to counteract 

the depolarizing effect of Ca
2+

 influx into the cytoplasm (14, 96, 97, 100, 101, 

103).  Several substances have inhibitory effects on several inflammatory cells 

including MC (104, 105).  One such compound is sodium cromoglycate, which is 

derived from toothpickweed (Ammi visnaga) (104).  This compound has long 

been used as a MC stabilizer which inhibits MC Cl
- 

channels preventing 

hyperpolarization and degranulation (104-106).   

While Ca
2+

 independent outwardly rectifying Cl
- 

channels are only 

functionally defined, they have been shown to exist in cells of non-epithelial 

origin (92).  In 1989, a report was published describing a Ca
2+

-independent and 
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cAMP-dependent Cl
-
 conductance in rat PMC (14).  This Cl

-
 conductance took 

tens of seconds to develop, was sensitive to 4,4'-diisothiocyano-2,2'-stilbene 

disulphonic acid (DIDS) in a patch clamping assay, and responded to the non-

hydrolyzable guanine triphosphate-γ-S (GTP-γ-S), suggesting that a G-protein 

was involved in the development of this conductance.  This report also showed 

that activation of the Cl
-
 conductance made the cell more responsive to stimulus 

through hyperpolarization mechanisms (14).   Our previous work on rat peritoneal 

MC (PMC), as well as our observations of CFTR expression in rat PMC 

(Appendix 2), suggest that  this 1989 report was measuring a CFTR current in 

MC, and that CFTR regulates secretion of preformed inflammatory mediators 

from MC granules (107).   

At rest, MC are electrically silent, but activation of Cl
-
 channels during 

cellular activation acts to clamp the membrane potential at around -40 mV, 

maintaining the driving force for Ca
2+

 entry into the cell (96, 98).  Blocking Cl
-
 

conductance by DIDS or 5-nitro-2(3-phenylpropyl-amino) benzoate (NPPB) prior 

to activation of the cell by antigen downregulated degranulation of MC (96, 100).  

Recently, we showed that pharmacological inhibition of CFTR using 

diphenylamine-2-carboxylate (DPC) in PMC inhibits IgE-induced secretion of β-

hex (107).  MC CFTR was sensitive to cAMP stimulation and inhibition by DPC 

and glibenclamide, typical features of CFTR (108).  As CFTR inhibitors had no 

effect on β-hex release if cells were stimulated with the Ca
2+

 ionophore A23187 

or compound 48/80, this suggests that CFTR-mediated Cl
-
 conductance plays a 

role in antigen-mediated degranulation of MC, but not mediator secretion induced 
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by all secretagogues (108).  The above evidence suggests that mutant CFTR could 

cause long term changes in signalling in MC, which could contribute to the 

excessive inflammatory response seen in CF patients.  From this information it is 

reasonable to associate CFTR with MC secretion, and potentially implicate MC in 

CF pathology (see below). 

 

a) ClC chloride channels 

There are nine different genes that encode for ClC channels (92).  These 

channels are widely expressed in many cell types (109).  They are voltage-gated 

chloride channels and most are expressed intracellularly with the exception of 

ClC-1, 2 and 3 which are found on the plasma membrane (92, 109).  

Depolarization activates the fast gating ClC-1, whereas hyperpolarization triggers 

a slow gating, inwardly rectifying ClC-2 (92).  The kinetics and pharmacology of 

all ClC channel family members, and their physiological role is still incompletely 

understood, and their gating mechanisms and structures are complex (92).  It is 

thought that many ClC act as antiporters and regulate organellar pH by 

exchanging Cl
-
 for H

+
 (109).  ClC-1 is only expressed on skeletal muscle, whereas 

ClC-2 is thought to be ubiquitous (92).  ClC-4 has been shown to be co-localized 

with CFTR in enterocytes (110). ClC-5 and 7 have been shown to regulate ionic 

composition of intracellular compartments, whereas ClC-3 is important in the 

regulation of cell volume (96, 101).  The activity of ClC-3 is enhanced by cell 

swelling, but inhibited by PKC activation (92).  Some of the ClC channels such as 

ClC-3, 4 and 5 show strong outward rectification, and may be the elusive ORCC 
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channels described in MC (92, 111).  In our lab, we previously tested for the 

presence of mRNA for ClC-1 to 7 as well as protein expression of ClC-2, 3 and 7 

in rat PMC and rat cultured MC (RCMC).  We showed that RCMC expressed 

mRNA for ClC-2, -3, -4, -5 and -7, and protein expression for ClC-2, and -7, 

whereas rat PMC expressed mRNA for ClC-7 but did not express protein for any 

of the ClC tested (111).   

 

b) GABA receptors 

 The GABAA receptor is a protein complex composed of heteromeric units 

forming a Cl
-
 channel (112).  It is abundant in the brain.  Recently, MC have been 

found to express mRNA for the α-1, 3, 4, 5, β-1, 2, 3, and γ-1, 2, 3 subunits of the 

GABAA receptor (113).  The only subunit that was detected by Western blot was 

α-1 and GABA treatment of MC inhibited IgE-dependent degranulation (113).  

However, it is unknown whether these subunits form a functional GABA Cl
-
 

channel on MC.    

 

c) Ca
2+

 activated Cl
-
 channels (CaCC)    

Many excitable and non-excitable cells express CaCC (92).  These 

channels are small conductance, outwardly rectifying channels that alter the 

polarization of the plasma membrane in response to Ca
2+

, and are often coupled to 

the activity of voltage gated Cl
-
 channels (92).   The molecular characteristics of 

these channels is not resolved (92).  MC display Ca
2+

 activated Cl
-
 conductances 

that are not characteristic of EC or neuronal Ca
2+ 

 activated Cl
-
 conductances, and 
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thus likely occur through an as yet unidentified Cl
- 
channel (96, 97, 101).  Several 

studies have identified outwardly rectifying Cl
-
 conductances in MC, which are 

activated by immunological stimulation of the cells (93, 95, 97).  Another study 

screened human MC from various sources for Ca
2+

 activated Cl
-
, but did not find 

expression of Ca
2+

 activated Cl
-
 channels seen in EC (101). 

 

C. Introduction to CFTR 

1. CFTR structure and function 

CFTR, also known as ABCC7, is a member of the ATP binding cassette 

(ABC) family of transporters, which are membrane-spanning proteins that couple 

ATP hydrolysis to the transport of molecules  (Fig 1.8) (92, 114, 115).  This 

protein possesses two membrane-spanning domains (MSD), each containing six 

alpha helices linked by a PKA/PKC sensitive intracellular regulatory (R) domain, 

which is unique to this member of the ABC family (92).  To couple ATP 

hydrolysis to molecular transport, CFTR has two cytoplasmic nucleotide binding 

domains (NBD) (116).  CFTR is thought to open by PKA phosphorylation of the 

regulatory domain, which causes ATP binding to NBD1.  Binding of ATP on 

NBD1 causes a conformational shift in NBD2, which allows binding of ATP to 

NBD2.  The two NBDs then bind to each other and this opens the channel, 

allowing Cl
-
 to flow through (Fig 1.9) (92, 117).   
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Figure 1.8 Structural schematic of CFTR showing the N-and C-terminus, 

transmembrane domains (TMD) 1-12, the nucleotide binding domains (NBD1 

and NBD2), the regulatory domain (R), the major glycosylation site between 

TMD-7 and TMD-8 (denoted by *) as well as the protein binding PDZ domain 

near the end of the C-terminus.  Also shown are binding sites for mouse 

monoclonal antibodies MA1-935 and 24-1.  
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Figure 1.8 Structural schematic of CFTR showing the N-and C-terminus, 

transmembrane domains (TMD) 1-12, the nucleotide binding domains (NBD1 

and NBD2), the regulatory domain (R), the major glycosylation site between 

TMD-7 and TMD-8 (denoted by *) as well as the protein binding PDZ domain 

near the end of the C-terminus.  Also shown are binding sites for mouse 

monoclonal antibodies MA1-935 and 24-1.  
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Figure 1.9 Schematic representation of ATP driven channel gating of CFTR. 1) After 

phosphorylation of regulatory (R) domain by PKA (not shown), NBD1 undergoes 

conformational change and can bind ATP.  2) Binding of ATP at NBD1 changes 

conformation of NBD2 and allows ATP to bind.  3) NBD1 and NBD2 dimerize

through ATP binding and this is coupled to a conformational change in the 

transmembrane domains (TMD), that opens the (external) channel gate. 4) ATP 

hydrolysis drives conformational changes resulting in rapid channel closure, and return 

of NBD1 and 2 to resting state.  The number of anions crossing the membrane is not 

related to the number of ATP molecules hydrolysed.  However, on average, more than 

106 Cl- ions cross the membrane during one CFTR gating cycle (106 Cl-/ATP) 
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Figure 1.9 Schematic representation of ATP driven channel gating of CFTR. 1) After 

phosphorylation of regulatory (R) domain by PKA (not shown), NBD1 undergoes 

conformational change and can bind ATP.  2) Binding of ATP at NBD1 changes 

conformation of NBD2 and allows ATP to bind.  3) NBD1 and NBD2 dimerize

through ATP binding and this is coupled to a conformational change in the 

transmembrane domains (TMD), that opens the (external) channel gate. 4) ATP 

hydrolysis drives conformational changes resulting in rapid channel closure, and return 

of NBD1 and 2 to resting state.  The number of anions crossing the membrane is not 

related to the number of ATP molecules hydrolysed.  However, on average, more than 

106 Cl- ions cross the membrane during one CFTR gating cycle (106 Cl-/ATP) 
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Hydrolysis of ATP by CFTR causes another conformational change, which results 

in rapid pore closure and inactivation of the channel (7, 115).  Thus, the rate of 

binding of ATP at NBD1 controls the frequency of channel activity, whereas the 

rate of hydrolysis at NBD2 controls the duration of channel activity (7).  It has 

been shown that regulating CFTR activity by PKA and PKC phosphorylation 

modifies a number of different cellular processes (118-124).  Thus, functions of 

CFTR not obviously associated with ion channelopathy are becoming 

increasingly well recognized, but there is much controversy about these 

“regulator” functions and how CFTR acts to regulate cell function intracellularly. 

 

2. CFTR mutation classes and disease severity 

There are now over 1600 reported mutations in CFTR.  These mutations 

can be divided into five classes based on the defect resulting from the mutation 

(Figure1.10) (125).  There is a useful website on CFTR mutations 

(http://www.genet.sickkids.on.ca/cftr/) that gives a comprehensive list of the 

mutations, their location on the gene, along with the most common mutations 

around the world and their ethnic prevalence. There is also a wealth of useful 

links for CFTR research.  Much research has focused on abnormal synthesis, 

processing, recycling and degradation of mutant CFTR in various cellular 

compartments, but there are also mutations that affect CFTR activation and 

transport of anions. 
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Figure 1.10 Schematic representation of the different classes of mutations in Cystic 

Fibrosis.  Class I and V mutations result in no protein synthesis due to instability or 

lack of mRNA respectively.  Class II mutations result in folding and trafficking 

defects which lead to endoplasmic reticulum associated degradation (ERAD) in the 

proteasome. Class III and IV mutations result in reduction of channel phosphorylation

or Cl- conductance respectively.  
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Figure 1.10 Schematic representation of the different classes of mutations in Cystic 

Fibrosis.  Class I and V mutations result in no protein synthesis due to instability or 

lack of mRNA respectively.  Class II mutations result in folding and trafficking 

defects which lead to endoplasmic reticulum associated degradation (ERAD) in the 

proteasome. Class III and IV mutations result in reduction of channel phosphorylation

or Cl- conductance respectively.  

Nucleus

ER

Golgi

DNA

RNA

Intact

CFTR

misfolded

CFTR

Class V

mutationsX

Class I

mutationsX

Class II

mutations

Class III

mutations

PKA

X
Class IV

mutations

Cl-

X

proteosome

ERAD

Apical

Surface (lumen)



 

 32 

a) Class I mutations 

Class I mutations of CFTR result in the absence of the protein in the cell 

(125).  mRNA transcripts are present in the class I mutation, but the mRNA is 

unstable and not translated into protein.  Reading frame shifts insert premature 

stop codons in the mRNA, resulting in translational arrest (125).  There are 

several point mutations that result in this translational arrest, but the most 

common example is the G542X mutation, which is the most prevalent CFTR 

mutation in people of Spanish descent (http://www.genet.sickkids.on.ca/cftr/).  

Class I mutations result in severe clinical manifestations, including early onset 

pancreatic insufficiency and progressive lung disease (125).  Interestingly, 

aminoglycoside antibiotics such as Geneticin (G418) and neomycin can cause 

read through of the stop codon, and partially rescue CFTR translation (125-127). 

 

b) Class II mutations 

Class II mutations result in alterations of the three dimensional structure of 

CFTR.  These mutations result from changes or deletions of amino acids, which 

change the way that the protein folds or interacts with endoplasmic reticulum 

(ER) chaperones (92, 125).  Class II mutated CFTR completes translation in the 

ER, but is retained or inefficiently trafficked to the Golgi, which triggers the 

unfolded protein response and ER-associated degradation (ERAD) of the protein 

(125, 128-130).  The most common class II mutation is the delta F508 (∆F508), 

which is a deletion of the phenylalanine at position 508.  This deletion prevents 

the first NBD from folding, resulting in 99% of the protein being targeted for 
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ERAD (129, 130).  Class II mutations are associated with severe lung pathology, 

and have been overcome by chemical chaperones, or by lowering the temperature 

at which cells were incubated (131) (132).  However, because of the low 

temperature or the high concentrations of these molecular chaperones required to 

rescue CFTR expression in vitro, these therapies remain impractical in patients 

(125). 

 

c) Class III mutations 

Class III CFTR mutations disrupt activation and regulation of plasma 

membrane expressed CFTR (125).  For example, G551D CFTR localizes to the 

plasma membrane, but exhibits deficient ATP binding and Cl
-
 conductance in 

response to cAMP (125, 133, 134).  Many class III mutations are associated with 

pancreatic insufficiency, and severe phenotype (125).  Other class III mutations 

can also result in decreased R domain phosphorylation, or ATP hydrolysis (125).  

Molecules which can activate CFTR channel function such as genistein or 

therapies that restore these functions may alleviate the symptoms associated with 

class III mutations (125, 135).   

 

d) Class IV mutations 

Class IV mutations have normal synthesis, folding and trafficking to the 

plasma membrane, but display reduced Cl
-
 conductance due to defects of channel 

gating.  These mutations occur in regions of the molecule that form the ion pore 

(125).  An example of this class of mutation is R347P, which affects the attraction 
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of Cl
-
 into the pore and reduces Cl

-
 flow through the channel (125).  Other 

mutations such as R117H result in reduction of channel open time (125).  These 

mutations are associated with mild pancreatic insufficiency (125).  Type III 

phosphodiesterase (PDE) inhibitors such as Milrinone which are specific for 

PDE3, or adenosine nucleotides combined with IBMX, have been shown to 

induce Cl
-
 currents in class IV mutants such as R117H and A455E, suggesting 

that agents that prolong cAMP elevation in cells may be beneficial for treating 

class IV mutations by encouraging CFTR activation (125, 136). 

 

e) Class V mutations 

Class V mutations result from changes in the CFTR promoter, introns that 

regulate mRNA splicing, or amino acid substitutions that reduce the amount of 

normal CFTR protein expression (125).  Most of the mutations in this class are 

alternatively spliced mRNA transcripts such as 3849 + 10kbC�T which creates a 

partially active splice site in intron 19, inserting an 84 bp segment containing a 

stop codon between exon 19 and exon 20 (125, 137).  Therapeutic strategies for 

this type of mutation have included agents such as mitomycin C which elevate the 

production of CFTR mRNA (125, 138). 

3. Regulation of CFTR expression 

 

a) Regulation of transcription 

The precise mechanisms of the regulation of CFTR expression are slowly 

being elucidated.  Regulation of CFTR expression is highly complex and begins 
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at the chromosomal level (139).  CFTR shows a tightly regulated pattern of 

temporal and cell-type specific expression, which likely involves regulation by 

epigenetic mechanisms (139, 140).  The CFTR promoter has a cAMP response 

element (CRE) and several glucocorticoid response elements (GRE) (139).  The 

promoter also has binding sites for several transcription factors, including the 

cAMP CCAAT-enhancer binding protein (C/EBP), as well as NF-kB, Sp1, 

hGCN5, ATF-1 and CBP (139).  Hormones have also been shown to affect CFTR 

expression in female rodents, with maximal expression during the pro-oestrus 

phase (141).  Studies have also reported multiple transcriptional start sites in the 

promoter, depending on cell type and fetal vs adult CFTR gene (139, 142).   

CFTR introns 1, 2, 3, 10, 16, 17a, 18, 20 and 21 all have DNAse hypersensitive 

(DHS) sites. Only the DHS site in intron 1 was present in all cell lines tested in 

(139, 143, 144).  Intronic regulation of gene expression is not uncommon, and has 

been reported for heat shock protein-47 (hsp47), collagen-binding heat shock 

protein, flk-1, angiotensin II, protein C, troponin 1 and acetylcholinesterase (143).  

Thus, there may be transcription factor binding sites in these introns that may be 

active or inactive depending on cell type or epigenetic regulation. 

 

b) Regulation of translation 

Another important layer of regulation for CFTR expression is mRNA 

stability.  This regulation has also been shown to be stimulus and cell type 

dependent (145).  The regulation of CFTR mRNA stability is dependent on AU 

rich element (ARE) binding proteins (AREbp) such as HuR1 or tristetraprolin 
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(TTP), which are activated by MAP kinases (MAPK) and act as mRNA 

stabilizers or destabilizers (145, 146).  Many AREbp-mRNA interactions are 

induced by cytokine signalling.  In Calu-3 EC, IL-1β has been shown to 

destabilize CFTR mRNA in a p42/44 MAPK-dependent fashion, whereas in HT-

29 EC, TNF was shown to destabilize CFTR mRNA in a p38MAPK-dependent 

fashion (145).  Thus, CFTR expression may be tightly regulated by cytokine 

signals such as IL-1β, which has been shown to be  downregulated in 

bronchoalveolar lavage fluid (BALF) in CF (147). 

 

c) Post-translational modifications  

In EC, fully glycosylated mature CFTR is 1480 amino acid residues with a 

molecular weight (MW) of 168.14 kilodaltons (kDa) predicted by computer 

modelling (Protparam: Expasy online tools).  The mature protein is N-

glycosylated and matures from a non-glycosylated nascent protein in the 

endoplasmic reticulum (ER) (band A), becoming core glycosylated in the ER 

(band B), and fully glycosylated (band C) by further N-glycosylation in the Golgi 

apparatus (148, 149).  During synthesis, the nascent CFTR protein enters the 

endoplasmic reticulum through the ribosome-translocon complex (band A) and is 

co-translationally N-glycosylated with high mannose residues for recognition by 

chaperone proteins of the folding machinery (band B) (149, 150). CFTR is then 

shuttled to the Golgi where it is further glycosylated to its mature state (band C).  

The experimentally reported MW of the three forms of CFTR varies widely in the 

literature, ranging from 127-130 kDa for band A, , 130-150 kDa for band B  and 
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160-200 kDa for band C (148, 149, 151-160).  Thus from the immature to the 

mature form of CFTR, there is a reported molecular weight range of 127-200 

kDa. 

 

4. CFTR protein interactions 

The regulation for CFTR expression involves trafficking to the plasma 

membrane from the ER and Golgi.  This regulation occurs through protein-protein 

interactions between CFTR and its chaperones.  It has recently been shown in EC 

that CFTR can bind to many proteins and that these binding partners act in 

concert with CFTR to regulate cell function.  Binding partners for CFTR include 

ion channels, transporters, kinases, phosphatases, receptors, trafficking proteins 

and cytoskeletal elements (Figure 1.11) (161).  CFTR can bind to proteins either 

at its N-terminal or C-terminal ends, depending on the proteins.  Syntaxin 1A and 

SNAP-23 have been shown to interact with CFTR and downregulate its function 

(162, 163).  Whereas the N-terminal end of CFTR tends to associate with these 

SNAP receptor (SNARE) proteins, the C-terminal end can associate with many 

trafficking and cytoskeletal proteins via its post synaptic density protein (PSD95), 

Drosophila disc large tumor suppressor (DlgA), and zonula occludens-1 protein 

(zo-1) (PDZ) binding domain.  PDZ proteins mediate homotypic and heterotypic 

binding of proteins carrying the PDZ binding domain (Figure 1.11) (161).   
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Figure 1.11 Schematic illustration of putative CFTR topology and its interactions 

with various binding proteins.  Both the amino (N) and carboxyl (C) terminal tails of 

this membrane protein are cytoplasmically oriented and mediate the interaction 

between CFTR and a wide variety of binding proteins.  The C-terminal interactions 

are mediated by the interaction of the PDZ binding domain of CFTR with various 

PDZ adaptor proteins.  These proteins couple CFTR to other PDZ binding proteins 

which regulate CFTR trafficking, or other functions such as PKA sequestration (see 

section C.4 of text for abbreviations).
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Figure 1.11 Schematic illustration of putative CFTR topology and its interactions 

with various binding proteins.  Both the amino (N) and carboxyl (C) terminal tails of 

this membrane protein are cytoplasmically oriented and mediate the interaction 

between CFTR and a wide variety of binding proteins.  The C-terminal interactions 

are mediated by the interaction of the PDZ binding domain of CFTR with various 

PDZ adaptor proteins.  These proteins couple CFTR to other PDZ binding proteins 

which regulate CFTR trafficking, or other functions such as PKA sequestration (see 

section C.4 of text for abbreviations).
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Five PDZ proteins have been reported to bind to CFTR:  Na
+
/H

+
 exchange 

regulatory factor (NHERF)1, 2, NHERF-3 (E3KARP/CAP70), CFTR associated 

ligand (CAL) and NHERF-4 (IKEPP) (161).  CAL and NHERF-3 are trafficking 

proteins with opposing effects on CFTR expression (161).  NHERF proteins 

anchor CFTR to the cytoskeleton and to the β2 adrenergic (β2AR) and A2bR (164-

166).   Loss of these PDZ interactions results in dysregulation of CFTR 

trafficking (167).  The β2AR and the A2bR are expressed by human MC (49, 168), 

but it remains unknown whether they associate with CFTR as has been shown in 

EC (169).  Others have reported that CFTR can bind directly to clathrin-forming 

protein complexes (AP-2), and to AMP kinase (AMPK) as well as to PKA 

through ezrin binding (161, 170, 171).  AP-2 seems to regulate CFTR 

endocytosis, whereas AMPK binding inhibits CFTR function, and ezrin 

sequesters PKA near CFTR for activation (161). 

Through its PDZ domain, CFTR seems to be a negative regulator of the 

transcription factor NF-κB in EC, as it has been shown that CFTR deficient EC 

have constitutively high levels of active NF-κB and hypophosphorylated IκB-β 

resulting in increased IL-8 production (172, 173).  Interestingly, a recent study 

has linked CFTR to NF-kB signalling and production of RANTES via an ezrin-

dependent pathway (174).  This study showed that CFTR insertion into the 

plasma membrane and intact C-terminus of CFTR and ezrin binding protein of 50 

kDa (EBP50) are required for proper immune signalling via NF-kB and AP-1 

(174).    Furthermore, the authors suggest that EBP50 may act as a scaffolding 

protein linking CFTR to NF-kB binding and RANTES expression.  Similar 
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pathways may be dysregulated in CF, resulting in NF-kB-dependent inappropriate 

production of cytokines such as IL-8 and IL-10 (175, 176).  Interestingly, it has 

also been shown that cAMP can activate certain signaling pathways in a PKA 

independent manner, such as guanine nucleotide exchange factors (GEF)-like 

proteins that can cross talk with MAPK kinase pathways and activate NF-kB, 

leading to excess mediator secretion (177).  Thus, it is possible that lack of CFTR 

leads to loss of PKA sequestration, and inappropriate activation of NF-kB 

signalling pathways.   

5. Pharmacological inhibitors 

The most widely used CFTR blockers such as  5-nitro-2(3-phenylpropyl-

amino)benzoate (NPPB) and diphenylamine-2-carboxylate (DPC) are open 

channel blocking anions, which are attracted to the large inner vestibule of the 

intracellular CFTR pore by positively charged residues such as Lys95 (Table 1.1) 

(178-180).  NPPB and DPC are voltage and pH dependent arylaminobenzoate 

blockers of CFTR (178, 180, 181 #1254) capable of crossing the plasma 

membrane by non-ionic diffusion to access their binding site in the inner vestibule 

of the CFTR pore (179, 182).  It has been shown that upon addition of the drugs 

to cells, 50-95% of the drug makes it through the plasma membrane (179, 180).  

The use of these inhibitors to block CFTR is controversial because some studies 

report good specificity (182, 183), while others report non-specific effects such as 

inhibition of cAMP and COX at doses between 300-1000 µM (179, 184-186).  

Glibenclamide, another open channel blocker, inhibits CFTR by complex 

allosteric interactions with the NBD and inhibition of phosphorylation by PKA or 
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PKC, preventing the pore from opening (180, 187).  Despite the many known 

CFTR inhibitors, issues of specificity and potency have remained an intractable 

problem (188), until the recent discovery of several new, more specific CFTR 

inhibitors such as N-(2-naphthalenyl)-[(3,5-dibromo-2,4-dihydroxyphenyl) 

methylene]glycine hydrazide (GlyH-101) (189) and 3-[(3-trifluoromethyl) 

phenyl]-5-[(4-carboxyphenyl)methylene]-2-thioxo-4-thiazolidinone (CFTRinh-172) 

(182, 187-193) (Table 1.1).  CFTRinh-172 is a thiazolidinone drug highly specific 

for CFTR, but its main drawback is its limited solubility in water (about 5 µM), 

slow rapidity of action, and probable effect on Na
+
 transport (187-189).  For these 

reasons, the search continued for better CFTR inhibitors, and recently GlyH-101, 

was discovered (187, 189).  Unlike all other known CFTR inhibitors, GlyH-101 

blocks CFTR by occlusion of the pore on the extracellular side of the membrane 

(187, 189).  GlyH-101 overcomes the solubility problems of CFTRinh-172, (1 mM 

in water) (187, 189), and has a novel mechanism of action, and no reported non-

specific effects, which makes it the best blocker of CFTR available (189). 

Disulfonic stilbenes such as DIDS are structurally related to glibenclamide (183) 

and block CFTR only from the cytoplasmic side of the membrane, with no 

affinity for the extracellular pore (183).  DIDS is unable to cross the plasma 

membrane by diffusion and has profound inhibitory effects on Cl
-
 conductance 

from other Cl
-
 channels such as the K

+
/Cl

-
 co-transporter (179, 180). 
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Table 1.1  Commonly used CFTR inhibitors and their characteristics.  NPPB, 5-

nitro-2(3-phenylpropyl-amino)benzoate; DPC, diphenylamine-2-carboxylate; 

CFTRinh-172, 3-[(3-trifluoromethyl) phenyl]-5-[(4-carboxyphenyl)methylene]-2-

thioxo-4-thiazolidinone; GlyH-101, N-(2-naphthalenyl)-[(3,5-dibromo-2,4-

dihydroxyphenyl) methylene]glycine hydrazide; DIDS, (4,4'-diisothiocyano-2,2'-

stilbene disulphonic acid). 

Inhibitor IC50 Commonly 

used Doses 

Binding 

site 

Specific 

activities 

Possible non-

specific activities 
NPPB 40 µM 50 µM Pore inner 

vestibule 

Open 

channel 

blocker 

cAMP inhibition, 

Eicosanoid 

inhibitionNa
+
/K

+
/2Cl

-
 

transporter inhibition 

DPC 26 µM 10-1000 µM Pore inner 

vestibule 

Open 

channel 

blocker 

cAMP inhibition, 

Eicosanoid 

inhibitionNa
+
/K

+
/2Cl

-
 

transporter inhibition 

CFTRinh-172 300 nM 5-20 µM Pore inner 

vestibule 

Open 

channel 

blocker 

Decreased Na
+
 

conductance 

GlyH-101 5 µM 10-50 µM Outer pore Open 

channel 

blocker 

None reported 

DIDS (patch 

clamp only) 

30 µM 1.6-300 µM Pore inner 

vestibule  

Non-

selective Cl
-
 

conductance 

inhibitor 

General decrease in 

Cl- conductance and 

may affect cytosolic 

Ca
2+

 levels 
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6. CFTR in non-epithelial cells 

 

CFTR has long been considered to be exclusively expressed in EC, but 

evidence is emerging that many other cell types express CFTR (Table 1.2).  In 

some non-EC cell types, abundance of CFTR mRNA transcripts is 200 to 400 fold 

lower than in EC (194, 195).  In many cell types, the Cl
-
 transport function of 

CFTR contributes to the regulation of cellular processes, for example, in 

capacitation of mouse spermatozoa or membrane depolarization and growth rate 

of fibroblasts (194, 196, 197).  The protein binding capacity of CFTR also likely 

plays a significant role in cell signalling in many cell types, and the fact that the 

cause of the chronic inflammation in CF remains controversial strengthens this 

hypothesis.  Furthermore, there is evidence that inflammation in lungs of CF 

patients can occur at an early age, even in the absence of infection, suggesting that 

cell types other than EC play a role in the pathophysiology of CF (198-200).  Our 

recent work on MC and CFTR (107, 201), combined with that of others discussed 

below, suggests several regulatory roles for CFTR in cells of non-EC origin. 

Indeed, the polyfunctionality of CFTR has been the subject of considerable 

discussion, both in EC and in non-EC.   
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Table 1.2  CFTR expression in cells of non-EC origin.  Low expression levels is 

denoted by the symbol ± 

Cell type mRNA expression Protein expression 

Monocytes + + 

Macrophages + + 

T-Lymphocytes ± ± 

B-Lymphocytes + + 

Neutrophils + + 

Cardiac myocytes ± ± 

Hypothalamic neurons + + 

Spermatozoa ± + 

Endothelial cells + + 

Smooth muscle cells + + 

Mast cells ± ± 
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a) Neutrophils 

CFTR has been detected in neutrophils, and it has been shown that human 

neutrophils taken from lungs of CF patients display a dysfunctional phenotype 

(202, 203).  Neutrophils taken from CF patient lungs undergo conventional 

activation, but were found to mobilize CD63
+
 elastase rich granules, and lose 

surface expression of CD16 and CD14, which are key receptors in phagocytosis 

(203).  Furthermore, these cells express CD80, MHC class II, and the PGD2 

receptor chemoattractant receptor-homologous molecule expressed on TH2 cells 

(CRTH2) (DP-2), which were all normally associated with other cell lineages 

(203).  CF neutrophils are inefficient at phagocytosing zymosan particles or 

killing Pseudomonas aeruginosa, when compared to non-CF controls (202, 204, 

205).  In mice with severe combined immune deficiency (SCID) given human 

fetal lung grafts, neutrophils infiltrated airways of CF grafts to a greater extent 

than non CF grafts, suggesting that CF mutations predispose to neutrophilic 

inflammation (206).  Transgenic ∆F508 CF mice have a depressed anti-microbial 

response, as evidenced by reduced cellular uptake and clearance of P. aeruginosa 

and increased bacterial burdens (207).  Mice with a G551D mutation in CFTR 

showed enhanced neutrophil accumulation in the lungs and their macrophages 

were hypersensitive to LPS exposure (208).  These findings could partially 

explain the chronicity of inflammation in CF lungs.   
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b) Muscle 

CFTR has been reported in cardiac myocytes, and appears to mediate β2 

agonist and cAMP-dependent Cl
-
 flux (209-212).  CFTR expression in myocytes 

was detected in ventricular sub, mid and endocardium, but was not detected in the 

atrium (211, 212).  Furthermore, protein levels of CFTR in these cells seems to be 

extremely low, such that nested PCR was required to detect mRNA transcripts 

(211, 212).  Some researchers have reported CFTR expression in smooth muscle 

cells, and that the role of CFTR in these cells seems to be regulation of optimal 

Ca
2+

 release from sarcoplasmic reticulum and endothelium-independent 

vasorelaxation and bronchodilation (213-215).  

 

c) Endothelium 

CFTR was detected in endothelial cells of the cornea and lung (216, 217).  

In corneal endothelium, CFTR is responsible for maintaining corneal hydration 

and transparency, whereas in lung endothelium, CFTR seems to play an important 

role in regulation of the ceramide: sphingosine-1 phosphate ratio, which is linked 

to stress-induced apoptosis upon exposure to cellular stressors such as hydrogen 

peroxide (216).  The authors of this study suggest that CFTR regulates lung 

vascular homeostasis by providing death signals to redundant cells (216).   

 

d) Lymphocytes 

There are a number of reports on CFTR expression in lymphocytes (194, 

195, 199, 218-221).  In these cells, CFTR seems to play a role in cAMP 



 

 47 

dependent Cl
-
 currents (195, 199, 220, 221), as well as in secretion from these 

cells (218-220).  It was also shown that B-cells deficient in CFTR had reduced 

immunoglobulin light chain secretion (218).  Also, T-cells deficient in CFTR 

secreted lower levels of IL-10 and IFNγ than normal T-cells in response to 

phorbol myristate acteate (PMA) or concanavalin A (ConA) stimulation (219, 

220).  One study showed that CFTR antisense oligonucleotide (ASO) treatment 

eliminated the cell-cycle-dependent Cl
-
 permeability, inducing a CF phenotype on 

the cells.  However, the authors were unable to detect CFTR protein by Western 

blot or immunoprecipiation, and estimated that CFTR expression was 1000 fold 

lower in lymphocytes than in T84 EC (195). 

 

e) Monocytes and macrophages 

CFTR expression has also been detected in monocytes and macrophages 

(194, 222-226).  The role of CFTR in these cells has been reported to be in 

regulation of acidification of intracellular organelles such as the endosomes and 

lysosomes.  This hyperacidification interferes with proper regulation of endocytic 

compartment recycling of receptors such as the transferrin receptor (227).  

However, the direct involvement of CFTR in macrophage organelle 

hyperacidification has recently come under some criticism, and is no longer 

thought to be correct (228, 229).  A more accepted model for the role of CFTR in 

hyperacidification is the indirect downregulation of nitric oxide cGMP signalling 

cascade (230, 231).    
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f) Neurons 

CFTR expression was detected in hypothalamic neurons and heart 

ganglion cells, and seems to be involved in cAMP dependent Cl
-
 flux and the 

regulation of gonadotropin-releasing hormone (GnRH) secretion in the brain 

(232).   The effects of normal CFTR on GnRH secretion have not been evaluated 

in the context of mutant CFTR, although it is interesting that delayed sexual 

maturation occurs in CF (232).  This may result from a GnRH secretion defect 

which is linked to defects in CFTR signalling through its binding partner(s) in 

neurons.   

Many of the above studies suggest that a CFTR plays a central role in the 

regulation of secretion of various mediators. These reports and Bradbury 

summarized the literature on compromised exocytosis and endocytosis associated 

with mutant CFTR (233). Thus, a common model of CFTR function associated 

with several types of secretory cells, not just EC is evident.  If this is true, then 

MC are excellent models for study as professional secretory cells, and may 

contribute significantly to the pathology of CF if their secretion is dysregulated in 

this disease. 

 

g) Mast cells  

  

We have recently reported that CFTR is expressed in MC (107, 201).  

Using pharmacological inhibitors, we have shown that inhibition of CFTR 

downregulates rat PMC degranulation, and that CFTR is differentially regulated 
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by IFNγ in human MC and EC.  CFTR expression in MC and its functional 

significance will be discussed in greater detail in a subsequent section.  

D. Introduction to Cystic Fibrosis 

 Cystic fibrosis (CF) is the most common monogenic hereditary 

disease of people of European descent, with a frequency of 1:3200 in caucasians 

(234).  It is caused by mutations in the Cystic Fibrosis Transmembrane 

Conductance Regulator (CFTR), a protein widely expressed in polarized epithelial 

cells (EC) (235).  In CF, function of EC in many organs is affected, but the lung 

pathophysiology is the major source of morbidity and mortality in CF patients.  In 

lung EC, absence of CFTR results in deregulation of other ion channels and 

intracellular signalling, leading to hyperabsorption of Na
+
 and H2O, as well as 

abnormal cytokine secretion (198, 200, 206, 236, 237).  CFTR deficient EC are 

unable to properly regulate ion flux and absorptive processes, and the periciliary 

fluid or airway surface liquid (ASL) is abnormal (235, 238).  As a result, Na
+
 

hyperabsorption from the ASL, leads to osmotic H2O hyperabsorption and ASL 

volume reduction.  To compensate for this loss of ASL volume, the overlying 

mucous releases water into the ASL, thus becoming denser and severely 

impairing mucocilliary clearance rate (235).  Since mucocilliary clearance rate 

exerts no regulatory control over goblet cell activity, mucus production is not 

decreased, which creates mucous plugs that obstruct the airways (235).  Loss of 

mucocilliary clearance among other factors, leads to colonization of the lungs 

with Staphylococcus aureus and Hemophilus influenza soon after birth, followed 

by opportunistic and chronic colonization with P. aeruginosa (239, 240).  In 
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response to this, a chronic but ineffective neutrophilia develops, leading to 

perpetual inflammation of the airways.  This chronic inflammation is in part due 

to the EC, but likely involves cells of the immune system.  

Inflammation of the lungs is a hallmark of CF, but there is much debate as 

to whether colonization by bacteria occurs before the onset of inflammation, or if 

CFTR deficiency leads to an imbalance in homeostasis, which triggers 

inflammatory events in the CF lung (Figure 1.12) (206, 237, 241-244).  ASL from 

EC derived from CF patients is less efficient at microbial killing than ASL from 

healthy patients, an effect which is not dependent on salt concentrations or 

mediated by direct effects on leukocyte function (238).  Tracheobronchial EC 

lines or primary cells from CF patients can produce more inflammatory cytokines 

than those of normal patients (198, 200, 245, 246).  Furthermore, it has recently 

been shown that CF tracheal glands are unable to mount a normal antimicrobial 

response to P. aeruginosa (247).  Neutrophils infiltrate human fetal CF airway 

grafts in the absence of infection in a time dependent fashion (206).   
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Figure 1.12  Schematic of the controversy behind the onset of Cystic Fibrosis (CF) 

pathophysiology.  A) Birth of person with CF mutation results in an intrinsic defect 

in immune regulation which triggers inapropriate inflammation.  This leads into the 

vicious cycle of cellular stress, immune activation and inflammatory mediator 

release that recruits other inflammatory cells and generates perpetual inflammation. 

Colonization by bacteria is a secondary event in this model, and results from reduced 

mucocilliary clearance and thickened mucous.  B) Birth of a person with CF, 

followed by infection with bacteria due to poor mucociliary clearance and thick 

mucous.  Infection triggers immune activation and inflammation in the airways, and 

cannot be removed because of neutrophil defects in phagocytosis and bacterial 

killing.  MC are hypothesized to participate in both models.
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Conversely, other studies showed that primary cultured tracheobronchial 

EC or primary EC from CF patients do not produce more inflammatory cytokines 

than those of normal patients, unless they are first primed with TNF or TLR-2 

agonists (173, 248).  Perhaps the most compelling evidence that inflammation 

occurs before infection however, comes from the fact that many CF patients who 

receive lung transplants still suffer from chronic P. aeruginosa infections which 

continue to be the primary cause of death in these patients (249, 250).  It is 

tempting to speculate that immune cells repopulating the lung from bone marrow 

or other sites may be functionally abnormal because of lack of CFTR, and 

contribute to re-establishing the chronic lung inflammation even after 

transplantation, a process that may centrally involve MC.  All of this evidence 

argues that CFTR deficiency in EC alone is not sufficient to induce the chronic 

inflammation observed in CF.  Support for this hypothesis comes from the fact 

that CFTR is not only expressed on EC, but mRNA has been detected in many 

other cell types, and recently in MC as well (107, 201).   

 

1. Cystic Fibrosis and mast cells 

Little is known about the role that MC play in CF.  MC are classically 

known to be involved in the pathology of allergic diseases by their activation 

through FcεR1.  Interestingly, our group discovered that rat PMC, as well as 

human MC express CFTR, and that CFTR seems to play a functional role in 

stored mediator release from these cells (107, 201).  Our recent work on MC and 
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CFTR combined with work from others on other types of secretory immune cells 

such as B-lymphocytes, and T-lymphocytes, suggests that CFTR plays a 

regulatory role in mediator secretion in cells of non-epithelial origin (218, 219).  

If this is true, then MC are an excellent candidate to study this, since they are 

professional secretory cells.  MC possess the armamentarium of mediators, and 

are strategically located in tissues to initiate strong inflammatory responses, and 

communicate with cells of the adaptive and innate branches of the immune system 

(251).  Recently, focus has been on the involvement of MC in innate immunity 

and their ability to respond to pattern recognition receptors such as TLR-2 and -4, 

and other innate immune molecules such as adenosine (16, 49, 252).   

Adenosine is produced in large amounts in stressed cells, because of 

reduced ATP synthesis, increased ATP hydrolysis and simultaneous inhibition of 

adenosine kinase enzymes (Figure 1.3) (253).  Elevated adenosine is shunted to 

the extracellular space via equilibrating nucleoside transporters (ENT) (254).  

Absorptive EC in the lung possess ENTs only on their basolateral membrane, and 

under stress release substantial amounts of adenosine into the lamina propria, 

which can activate MC through the A2bR (48, 255).  Thus in CF, MC may be 

activated by the stressed epithelial production of molecules such as adenosine and 

in turn, mediators from MC could contribute to the inflammatory state of CF (49).  

More evidence for MC involvement in the pathology of CF comes from studies 

showing that MC are present in increased numbers in cftr
tm1UNC

  CFTR
-/-

 mouse 

intestines, human fetal CF lungs, adult CF patient nasal polyps, as well as in 

fibrosing colonopathy tissue from young children with CF (256-260).  
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Interestingly, in nasal polyps of CF patients, a high proportion of MC were found 

to have degranulated (256).  Furthermore, when cftr
tm1UNC

 CFTR null mice were 

compared to wild type controls, expression of 61 genes was more than two-fold 

increased in the gut of the CFTR null mice.  Several MC associated genes such as 

MCP-1 and -2, as well as CPA were among those genes upregulated (259).  

Recent evidence that EC and MC may communicate during lung homeostasis 

comes from a study showing that human alveolar EC express membrane bound, 

and soluble SCF (261).  It has been shown that soluble SCF, which is essential for 

MC growth and differentiation is released from human alveolar EC, influencing 

MC phenotype (261).  Human MC can suppress secretory leukocyte protease 

inhibitor (SLPI) production by EC, which is an elastase, cathepsin G, trypsin, 

chymotrypsin, chymase and tryptase inhibitor found to be deficient in CF (262, 

263).  MC secrete tryptase, and increased tryptase levels in asthmatic lungs have 

been linked to adenosine stimulation (264).  Furthermore, it has been reported that 

tryptase is elevated in CF and can activate EC when applied to the basolateral 

membrane, by cleaving and activating the protease activated receptor-2 (PAR-2) 

(263, 265).  Thus, bidirectional MC-EC interactions are important in the lung, and 

are likely dysregulated in CF.  

 

E. Conceptual model, central hypothesis and aims  

The fact that CF is not nearer to being cured than it was 20 years ago, 

makes it easy to speculate that we have been looking at the “small picture”, as far 

as the pathophysiology is concerned.  There is plenty of evidence in the literature 
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suggesting that cells other than EC are also involved in chronic inflammation and 

gastrointestinal pathology observed in CF.  Taken together, the evidence suggests 

that MC deficient in CFTR will be functionally different than normal MC.  There 

is strong evidence that the interaction between MC and EC is somehow 

dysregulated in CF and that MC may play a significant role in either the initiation 

and/or the perpetuation of inflammation.  Since MC are abundant in the lungs, 

and have been shown to increase in numbers and activation state in CF tissue, the 

elucidation of the role of CFTR in MC is an important endeavour.   

Our conceptual model is that in a CF lung, there is an EC-mediated 

dysregulation of the submucosal microenvironment.  This dysregulation involves 

cytokines and/or innate immune molecules such as adenosine, which could 

activate MC to release their armamentarium of mediators.  We also conceptualize 

that because CFTR is expressed in MC, mediator release from MC is dysregulated 

in CF because of the microenvironmental differences and/or CFTR deficiency in 

MC (figure 1.13).  Based on previous experiments (Appendix 2), we have 

evidence that CFTR expression pattern is different in MC than EC.  Thus, our 

global hypothesis is that dysregulation of inflammatory mediator secretion from 

MC contributes to the chronic inflammation observed in CF, an effect which is 

mediated through Cl
-
 anion transport and/or interaction with its protein binding 

partners.  We also postulate that CFTR expression is an important component of 

the regulation of MC response to various agonists, but will exert regulatory 

control over MC secretion in an agonist- and compartment-specific manner 
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Figure 1.13  Conceptual model of MC in the pathophysiology of CF.  

Microenvironmental changes in CF such as decreased levels of IFNγ and 

IL-10 secreted by T-cells may result in hyperactive MC underlying lung 

EC.  Chronic infection leads to EC stress and release of adenosine which 

activates MC to release mediators such as tryptase and cytokines, which 

contribute to hyperactivation of EC through protease activated receptors 

(PAR), or  as well as recruitment of more inflammatory cells and the 

perpetuation of inflammation in the CF airways.
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 (Figure 1.6).  To test components of this global hypothesis, this thesis has three 

specific aims.  1) To characterize the expression and subcellular localization of 

CFTR in human and rat MC in comparison to EC.  2)  To investigate the 

functions of CFTR in selected secretory pathways (IgE/anti-IgE, adenosine, 

innate immune activation) in human MC lines.  3) Compare growth, morphology, 

surface markers, and secretory function of primary cultures of human peripheral 

blood-derived MC (PBMC) from ∆F508 CF and non-CF subjects.   

Understanding these differences will enhance our knowledge of the 

regulation and functions of CFTR and its role in various secretory cells and in the 

pathogenesis of CF.  Therefore, we will test the above hypotheses using several 

different approaches in three different types of human MC 1) human mast cell 

line-1 (HMC-1), 2) Laboratory of Allergic Diseases-2 (LAD2), and peripheral 

blood-derived MC (PBMC) from non-CF and ∆F508 CF subjects.  Initially, we 

want to characterize the expression and subcellular localization of CFTR in MC in 

comparison to EC.  We have preliminary evidence (Appendix 2), that PMC 

express CFTR on their granules, and we want to determine if this is true for 

human MC and validate it using other methodologies.  Using these cell types, we 

will also examine the role of CFTR in Cl
-
 flux and mediator secretion originating 

from different cellular compartments (basal, stored, de novo synthesized and lipid 

synthesis pathways).  We will also assess release of mediators from these 

compartments following activation of MC with different stimuli.   
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F. Overview of Rationale and Experimental Design 

 

1. Aim 1:  Characterization of CFTR expression in mast cells 

It has been reported that glycosylation of proteins is differentially 

regulated in different cell types (149).  In EC, immature (band B) CFTR is 

thought to be expressed only in the ER, whereas the mature (band C) CFTR is 

expressed in compartments distal to the Golgi such as the plasma membrane or 

recycling endosome (266).  Other studies have shown that in polarized EC, most 

of the CFTR signal is located in the apical plasma membrane with little or no 

basolateral membrane and perinuclear staining (267, 268).  Interestingly, these 

same studies showed that in non-polarized cells HeLa and 3T3 cells, CFTR 

staining was mostly intracellular, which was markedly different than in EC.  Our 

confocal microscopy images (Appendix 2), suggest that rat PMC immunostained 

with anti CFTR antibodies exhibit patterns of staining consistent with MC 

granules, but these observations have yet to be confirmed.  The above evidence 

shows that CFTR glycosylation and localization can be cell-type dependent.  

Therefore, we wish to further characterize the expression and localization of 

CFTR in PMC by subcellular fractionation and Western blot, to determine if it is 

similar to that reported in EC.  Furthermore, we wish to examine expression and 

subcellular localization of CFTR in human MC.  This characterization will help to 

clarify the role this protein plays in the processes surrounding inflammatory 

mediator release. 
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Using Calu-3 EC as a positive control for CFTR expression, we will 

characterize the expression of CFTR by Western blot in PMC, HMC-1, LAD2 

and primary cultured human MC from peripheral blood CD34
+
 progenitors 

(PBMC).  We will examine intracellular localization of CFTR in human MC 

using confocal laser scanning microscopy in LAD2 cells. We will also investigate 

the subcellular localization of CFTR in PMC by subcellular fractionation and 

Western blot, using a method previously described by Swieter et al. (Figure 2.1) 

(269).  Once CFTR has been characterized and localization in MC has been 

established, further research into this protein’s role in MC activation and mediator 

secretion can be pursued. 

 

2. Aim 2:  Role of CFTR in human mast cell mediator secretion 

 

Since Cl
-
 plays an important role in MC secretion, we hypothesize that 

pharmacological inhibition of CFTR will affect mediator secretion in human MC.  

Furthermore, we hypothesize that absence of CFTR seen in ∆F508 CF patients 

will also affect secretion in human MC, as CFTR has been shown to participate in 

many protein-protein interactions in EC, which also undoubtedly occurs in MC.  

Furthermore, we hypothesize that CFTR regulation of MC secretion is not all-

encompassing, but rather stimulus-dependent and compartment-specific within 

the cell.  Thus, deficiency of CFTR function would differentially affect release of 

mediators originating from distinct cellular compartments such as secretory 

granules, small secretory vesicles, or lipid mediator synthesis.  The stimuli we 

chose to use were IgE/anti-IgE, as well as the adenosine agonist 5′-(N-
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Ethylcarboxamido)adenosine (NECA), which binds to the A2aR and A2bR, and 

has been linked to MC degranulation and asthmatic responses.  Adenosine likely 

plays a role in the pathophysiology of CF as the lungs are under the constant 

stress of bacterial infection (83, 270). 

To test our hypotheses that Cl
-
 regulation by CFTR is important in MC 

secretion, we pharmacologically inhibited CFTR in MC using the inhibitors 

NPPB, CFTRinh-172, and GlyH-101 (Table 1.1) in two human MC lines HMC-1, 

and LAD2.  We used DIDS as a control because it blocks many Cl
-
 channels, but 

not CFTR when administered extracellularly (183).  Since some of these 

inhibitors have been reported to have non-specific effects (Table 1.1), we also 

attempted to knock down CFTR using RNA interference (RNAi) technology.  

Following pharmacological inhibition or knockdown of CFTR in HMC-1 and 

LAD2 cells, we stimulated the cells with either NECA, or IgE/anti-IgE and 

assessed the effect of the various stimuli on Cl
-
 flux and release of β-hex from 

granule stores.  Furthermore, we assessed the effect of CFTR inhibition on an 

array of cytokines and chemokines including IL-8, and IL-6, which originate from 

small secretory vesicles, and have been reported to be elevated in CF (147, 271).  

Lastly, we also assessed lipid mediator secretion from LAD2 MC.   

 

3. Aim 3:  Comparison of peripheral blood progenitor derived human 

cultured mast cells (PBMC) from Cystic Fibrosis and non-Cystic 

Fibrosis donors 

 

 MC are difficult cells to study because they are tissue resident cells and 

are not present in the blood or body fluids (11, 272, 273).  Therefore, until 
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recently, they had to be isolated from tissues such as human foreskin and lung and 

the experiments performed on these cells were restricted by size of biopsy and 

number of cells contained within this tissue (274, 275).  Compounding this 

difficulty was the lack of highly differentiated human MC lines.  The most widely 

used cell line to study MC was HMC-1.  These cells were derived from a patient 

with mast cell leukaemia, and have a constitutive phosphorylation mutation in 

their SCF receptor c-Kit that renders them growth factor independent (276, 277).  

As a result, these cells replicate quickly, doubling every 3 days in 10% serum, and 

do not mature and develop granules typical of MC.  As a consequence, HMC-1 

are not heavily granulated and do not express FcεR1, so they do not respond to 

FcεR1 aggregation (276).  In 2003, a new MC line was developed by Drs. Arnold 

Kirshenbaum and Dean Metcalfe at the National Institutes of Health (NIH) (277).  

These cells were derived from a bone marrow biopsy of a mastocytosis patient.  

This cell line was named LAD2 (Laboratory of Allergic Disease-2), and was 

characterized as a MC.  LAD2 cells are SCF dependent and grow much more 

slowly than HMC-1, exhibiting features of mature MC such as granule formation, 

and release of granule stores, cytokines and lipid mediators in response to FcεR1 

aggregation.  Furthermore, these cells stain with toluidine blue, a hallmark feature 

of MC (Figure 1.2).  About 98% of the cells are positive for tryptase and 37% are 

positive for both tryptase and chymase (277).    

Recently, advances have been made in the availability of human MC.  The 

current gold standard for studying MC in vitro is the use of human cultured MC.  

Until recently, the main source of cultured MC was from CD34
+
 progenitors in 
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fetal cord blood called cord blood derived MC (CBMC).  These CD34
+
 cells 

differentiated into MC in culture in the presence of SCF and IL-6 for ≥ 8 weeks.  

CBMC respond to FcεR1 aggregation, and display the hallmark staining 

characteristics of MC, but may not necessarily reflect their tissue counterparts, 

and their phenotype and/or responsiveness may reflect different culture conditions 

used (278, 279).  More recently, MC cultured from adult peripheral blood CD34
+
 

progenitors, called peripheral blood derived MC (PBMC), have been widely 

accepted as a good source of MC (279).  These cells have been widely used in 

recent years, and are becoming as widely accepted as CBMC to study human MC.  

As we gained access to CD34
+
 PBMC progenitors from CF patients through 

collaboration with Dr. Neil Brown, the Director of the CF clinic at the University 

of Alberta Hospital, we conclude this thesis by examining expression and 

functional role of CFTR in PBMC.  We compared the expression and role of 

CFTR in PBMC from ∆F508 CF patients to PBMC from non-CF subjects.  We 

examined percentage of CD34
+
 progenitors in the blood, c-Kit and FcεR1 surface 

expression, CFTR expression, Cl
-
 flux, β-hex release, cytokine and lipid mediator 

secretion in response to FcεR1 aggregation and innate immune stimulation by P. 

aeruginosa.  This study has yielded valuable clues as to the role of MC in the 

pathophysiology of CF. 
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A. Cell Culture  

1. HMC-1 

The human MC line HMC-1 are a mast cell like cell line that was 

developed at the Mayo clinic by Dr. J.H. Butterfield) (276).  These cells are stem 

cell factor independent and are undergo rapid cell division.  They do not express 

the high affinity IgE receptor and do not become heavily granulated.  HMC-1 are 

a useful tool to study mediator secretion in response to agonists other than 

IgE/anti-IgE.  Cells were cultured in 75 cm
2
 flasks (BD Falcon, Mississauga ON) 

in Iscove’s complete media (IMDM) containing 2 mM L-glutamine (Invitrogen, 

Mississauga ON), and supplemented with 10% heat-inactivated FBS and 100 

U/ml penicillin and 100 µg/ml streptomycin (Invitrogen).  Supplemented IMDM 

is referred to as complete IMDM.  Cultures were seeded at 1 x 10
5
 cells/ml and 

maintained at 37°C and 5% CO2 by passaging every 3 d.  Passages were done by 

removing cells, counting and reseeding at the desired cell density in new 75 cm
2
 

flasks.  Fresh media was added to 10 ml final volume.  Cells were maintained for 

50 passages and then fresh cultures were started.  For cryopreservation of HMC-1, 

cells from a 75 cm
2
 flask were spun at 120 x g and media was removed.  Cells 

were resuspended in 0.5 ml heat inactivated FBS and 0.5ml heat inactivated FBS 

containing 20% dimethyl sulfoxide (DMSO) (Sigma Aldrich, Mississauga ON) 

was added.  Cells were slowly frozen by adding vials to a room temperature “Mr. 

Frosty” cryopreservation container (Fisher Scientific, Mississaugua ON), then 

placing at -20ºC overnight, followed by -80 ºC overnight.  Cells were then placed 

in liquid N2.  When thawing cells, frozen vials were thawed at 37ºC and cells 
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were added to 50 ml cold complete IMDM and spun at 120 x g for 5 min.  Cells 

were resuspended in 10 ml cold complete IMDM and placed in incubator at 37ºC 

in 5% CO2.  Cells were then passaged as described above.  All cells were 

incubated in a humidified atmosphere of 5% CO2 at 37°C and testing for 

Mycoplasma was conducted monthly using the MycoAlert Mycoplasma detection 

kit (Lonza, Rockland, ME). 

 

2. LAD2 

The LAD-2 mast cell line was recently developed by Dr. Arnold 

Kirshenbaum and Dr. Dean Metcalfe (Laboratory of Allergic Disease, NIH) and 

was cultured as previously described (277).  LAD2 cells are stem cell factor 

dependent and have a slower growth rate than HMC-1.  They contain more 

granulates than HMC-1 and unlike the latter, they express the high affinity IgE 

receptor FcεR1.  LAD2 cells were grown in 75 cm
2
 flasks (BD Falcon) in 

StemPro-34 serum free media (SFM) (Invitrogen) supplemented with supplied 

growth supplement, as well as 2 mM L-glutamine (Invitrogen), 100 U/ml 

penicillin, 100 µg/ml streptomycin (Invitrogen), and 100 ng/ml stem cell factor 

(Peprotech, Rocky Hill, NJ).  This supplemented media is referred to as complete 

Stempro-34.  Cells were incubated in a humidified atmosphere of 5% CO2 at 

37°C.  Cells were hemidepleted weekly by removing half of the old media and 

replenishing media to 10 ml with fresh complete Stempro-34.  When cell density 

reached 0.5 x 10
6
/ml, cells were split by resuspending the cells and pipetting half 

the volume of the flask into a new flask.  Volume was then replenished to 10 ml 
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in both flasks with complete Stempro-34.  Cell density was never allowed to 

exceed 0.5 x 10
6
/ml.  Cells were kept in culture until FcεR1 no longer caused β-

hex release, at which time cells were discarded and fresh cells were thawed 

(average of 50 passages).  For cryopreservation of cells, up to 1 x 10
7
 cells were 

pooled and resuspended in 1.5 ml Pzerve cryopreservative (Celox Laboratories, 

St-Paul MN) and 100 ng/ml recombinant SCF was added.  Cells were slowly 

frozen by placing vials in a room temperature “Mr. Frosty” cryopreservation 

container, then placing at -20ºC overnight, followed by placing at -70 ºC 

overnight, then in liquid N2.  When thawing, cells were removed from liquid N2, 

thawed and placed in a 25 cm
2
 flask on a rocking platform at room temperature 

for 6 h to equilibrate.  Following equilibration, 1.5 ml complete Stempro-34 was 

added and cells placed in a 37ºC, 5% CO2 incubator overnight.  On the following 

day, 3 ml complete Stempro-34 was added, and cells were allowed to proliferate 

for 1 wk, at which point regular hemidepletion was implemented as described 

above.  LAD2 cells were maintained in a humidified atmosphere of 5% CO2 at 

37°C, and Mycoplasma was conducted monthly using MycoAlert Mycoplasma 

detection kit. 

 

3. Peripheral blood-derived mast cells (PBMC) 

Ethical approval for Peripheral blood CD34
+
 cultures was obtained from 

the University of Alberta Health Research Ethics Board.  Non-CF donor 

volunteers were recruited from members of the laboratory.  CF donors were over 

18 y of age with a confirmed ∆F508 genotype CF by molecular diagnosis.  
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Donors were excluded if they had active infection, were within 30 d of either i.v. 

antibiotics, surgery, elective surgery or had a hemoglobin count less than 100 at 

their last visit to the clinic.  The donors were screened by Dr. Neil Brown, and 

informed consent was given.  Fifty ml of blood was drawn from the donors in 10 

ml Vacutainer Na
+
-heparin (NH) collection tubes (BD Biosciences) by standard 

phlebotomy techniques.  Blood from non-CF donors was obtained by the 

Pulmonary Research Group phlebotomist, whereas blood from CF donors was 

obtained at the University of Alberta Hospital.  To purify CD34
+
 progenitors, 

cells density gradients were prepared by overlaying 6 ml of whole blood onto 6 

ml of Histopaque 1077 (Sigma Aldrich) and tubes were spun at 450 x g for 30 

min at room temperature.  Buffy coat was removed from the tube by aspiration 

with a transfer pipette and washed 2 x by centrifugation in 50 ml sterile phosphate 

buffered saline (PBS) (1.62 mM NaH2PO4, 8.33 mM Na2HPO4, 154 mM NaCl, 

pH 7.2).  Cells were resuspended in 20 ml sterile PBS containing 1mM EDTA 

and 2% FBS (PBS/EDTA/FBS), counted in trypan blue and resuspended in 

PBS/EDTA/FBS at 2 x 10
8
 cells/ml.  Cells were subjected to magnetic separation 

using the EasySep CD34
+
 positive selection cell separation kit (StemCell 

Technologies, Vancouver, BC), according to manufacturer’s protocol.  This kit 

reports CD34
+
 cell average purity of 96%.  Magnetically purified cells were then 

resuspended in 1 ml Stempro-34.  CD34
+
 cells were counted, and transferred to 

25 cm
2
 flasks at a density of 50 000 cells/ml in Stempro-34.  Human recombinant 

SCF (Peprotech) as well as human recombinant IL-6 (Peprotech) were added at 

100 ng/ml, and human recombinant IL-3 (Peprotech) was added at 30 ng/ml.  
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Cells were incubated for 1 wk at 37ºC at which time cells were maintained in 

Stempro-34 containing SCF and IL-6 (100 ng/ml), but not IL-3 by hemidepletion 

every 4 d.  Cell density was maintained at 50 000 cell/ml and cells were 

transferred to 75cm
2
 flasks when volume of media exceeded 5 ml.  Cells were 

also transferred to new flasks when adherent cells were detected, and at wk 4, 

90% of the media was replaced with fresh media containing 100 ng/ml SCF and 

IL-6.  PBMC cultures were maintained in a humidified atmosphere of 5% CO2 at 

37°C, but were not subjected to Mycoplasma testing to minimize manipulation of 

the cultures.  

 

4. Calu-3 

Calu-3 cells were cultured in 75 cm
2
 flasks (BD Falcon) in Minimum 

Essential Medium (MEM) (Invitrogen) supplemented with 10% heat inactivated 

FBS, 2 mM L-glutamine, 100 U/ml penicillin, 100 µg/ml streptomycin, 100 nM 

non-essential amino acids (NEAA) (100x stock), 20 mM Na
+
 Pyruvate 

(Invitrogen), 15 mM HEPES and 20 mM NaHCO3
-
 (Sigma Aldrich).  This 

supplemented media is referred to as complete MEM.  Calu-3 media was replaced 

twice weekly, and cells were sub-cultured at 80% confluence.  Sub-culturing of  

Calu-3 cells was done by one rinse with 2.5 ml 0.05% (1X) trypsin-EDTA 

solution (Invitrogen) followed by a 20 min incubation with 2.5 ml 0.5% trypsin-

EDTA solution.  Cells were then diluted with 7.5 ml complete MEM to inactivate 

the trypsin, spun at 120 x g for 5 min, and resuspended in 10 ml complete MEM.  

Three ml of cell suspension was then added to new 75 cm
2
 flasks containing 7 ml 
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fresh complete MEM (BD Falcon).  All cells were incubated in a humidified 

atmosphere of 5% CO2 at 37°C, and Mycoplasma testing was conducted monthly 

using MycoAlert Mycoplasma detection kit.  Cells were frozen and thawed as 

described for HMC-1. 

 

5. T84 

Human intestinal EC (T84) were obtained as a generous gift from Dr. 

Karen Madsen in the Department of Medicine, University of Alberta.  Cells were 

cultured in 75 cm
2
 flasks (BD Falcon) in Ham’s/F12 (Invitrogen) supplemented 

with 2.5 mM L-glutamine, 100 U/ml penicillin, 100 µg/ml streptomycin 

(Invitrogen) and 10% heat inactivated FBS (Invitrogen).  Media was replaced 

twice weekly, and cells were sub-cultured at 80% confluence.  Sub-culturing of  

T84 cells was done as described for Calu-3 cells above, but complete Ham’s/F12 

was used instead of MEM.  All cells were incubated in a humidified atmosphere 

of 5% CO2 at 37°C, and Mycoplasma testing was conducted monthly using 

MycoAlert Mycoplasma detection kit.  Cells were frozen and thawed as described 

for HMC-1. 

 

a) HMC-1, LAD2 and Calu-3 proliferation 

To assess proliferation of cells in culture, HMC-1, LAD2 and Calu-3 cells 

were seeded at various densities in appropriate culture media on d 0.  For HMC-1, 

growth in both 5% and 10% heat inactivated FBS was assessed.  To count HMC-1 

and LAD2 cells, flasks were gently resuspended, and 1 ml of cell supernatant was 
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taken from the flask.  Cells were counted by trypan blue exclusion to determine 

cell number and viability, and cell suspension was then returned to the flask to 

maintain volume.  HMC-1 were counted daily, whereas LAD2 were counted only 

at 7 d and 14 d.  Having an adherent phenotype, Calu-3, are impossible to count 

without trypsinization, so we estimated % confluence daily rather than counting 

the cells.  Proliferation of T84 cells was not assessed, and cells were used when 

they appeared to be approximately 70-80% confluent. 

 

b) PBMC proliferation 

To determine whether non-CF and CF PBMC exhibit similar growth 

characteristics, cells were counted weekly starting at wk 2.  Briefly, cells were 

gently resuspended in their culture flasks, and 1 ml was removed, being careful to 

maintain sterile conditions.  From this aliquot, cells were taken and counted in 

trypan blue.  After counting, remaining cells were returned to their respective 

culture flasks and this procedure was repeated each wk until the cells were 

harvested for experiments at wk 8.   

 

B. Isolation of mouse bone marrow progenitors and rat peritoneal 

mast cells 

1. Mouse bone marrow progenitors 

Wild type and B6.129S6-Cftr
tm1Kth

 male mice, a generous gift from Dr. 

Marek Duszyk at the University of Alberta, were housed in a specific pathogen-

free environment at the Health Sciences Lab Animal Services (HSLAS) facilities, 
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in accordance with the Canadian Council on Animal Care (CCAC) guidelines and 

Health Sciences Animal Policy and Welfare Committee, University of Alberta.  

Animals were kept on a Peptamen (Nestlé Nutrition, Minnetonka, MN) liquid diet 

to prevent intestinal obstruction in the Cftr
-/-

 animals.  Animals were weaned at 21 

d and genotyped by ear clip genomic DNA analysis in Dr. Duszyk’s lab by Dr. 

Rebecca Lam as previously described (280).  Following DNA analysis, mice were 

sacrificed by CO2 asphyxiation followed by cervical dislocation.  Mice were 

placed ventral side up and small midline incision was made in the belly to allow 

access to the hip joint (femur-pelvis interface).  Both legs were removed at the hip 

joint and fur was removed by pulling skin over the foot.  Foot and skin were 

removed from the legs and legs placed in 25 ml RPMI on ice.  In a sterile hood, 

marrow was isolated from the femurs by cutting 3 mm in from the ends of the 

bone and flushing out the marrow with 2 x 2.5 ml RPMI using a 5 ml syringe with 

a 30 gauge needle.  Bone marrow was pipetted repeatedly to disperse cells, and 

centrifuged at 150 x g for 10 min at 4ºC.  Pellets were resuspended with 20 ml 

warm fresh RPMI supplemented with 2 mM L-glutamine, 100 U/ml penicillin, 

100 µg/ml streptomycin (Invitrogen) and 10% heat inactivated FBS.  Cells were 

cultured as previously described (281).  Briefly, cells were placed in a 75 cm
2
 

flask and murine recombinant IL-3 and SCF were added at 10ng/ml each.  Bone 

marrow cultures were given fresh media every 3 d following centrifugation and 

counting of cells.  Cells were resuspended in fresh 37ºC RPMI at a concentration 

of 1 x 10
6
/ml in new 75 cm

2
 flasks.  Fresh IL-3 and SCF were added at 10 ng/ml 
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each time.  After 3 wk in culture, 98% of cells are bone marrow-derived MC 

(BMMC) as described previously (281). 

2. Rat peritoneal mast cells 

Male Sprague-Dawley rats between 350-400 g (Charles River, St. 

Constant, QC) were sacrificed via CO2 inhalation followed by cervical 

dislocation.  After removal of hair and skin, peritoneal cavities were injected with 

20 ml of sterile, ice-cold HEPES-Tyrode’s buffer (HTB) (chemicals from Sigma 

Aldrich) (136 mM NaCl, 5.5 mM glucose, 2.6 mM KCl, 1 mM CaCl-2H20, 1% 

bovine serum albumin (BSA), 12 mM (4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid ) (HEPES), 0.52 mM NaH2PO4.H20, pH 7.2) and 

massaged gently for 1 min.  The fluid in the peritoneal cavity was then extracted 

through an incision and centrifuged and 120 x g for 3 min.  Cells from three rats 

were resuspended in a total of 5 ml ice cold HTB and layered over 30%/80% 

Percoll gradients prepared with complete RPMI and isotonic Percoll.  Isotonic 

Percoll was prepared by adding 4.7 ml 10X Hanks’ Balanced Salt Solution 

(HBSS) (Invitrogen), 0.5 ml 1 M HEPES and 3 drops 1N HCl (Fisher Scientific) 

to 50 ml of stock Percoll solution (GE Healthcare, Baie d’Urfe, QC).  Cells were 

centrifuged at 300 x g for 20 minutes and pelleted PMC were collected after 

removal of Percoll being careful not to disturb the pellet.  Purified PMC were then 

washed in ice-cold PBS three times and counted for cell number and viability by 

trypan blue exclusion method.    
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C. Characterization of CFTR expression by Western blot 

 

1. Cell lysis and protein extractions 

Whole cell pellets were washed 2x in PBS, then lysed by repeated 

pipetting in ice-cold lysis Radio Immuno Precipiation Assay (RIPA) buffer (25 

mM Tris-HCl, 150 mM NaCl, 1% Triton X-100, 1% Na deoxycholate, 0.1% 

Sodium dodecyl sulphate (SDS)) (Sigma Aldrich), with 1X Protease Arrest 

cocktail (G-Biosciences, Maryland Heights, MO) and incubated at 4˚C with 

agitation for 45 min.  Cell lysates were centrifuged at 12 000 x g for 20 min to 

remove cell debris.  Supernatants were collected and bicinchoninic acid (BCA) 

test (Pierce Biotechnology, Nepean, ON) was performed to measure protein 

concentration.  One volume of 2X protein loading buffer (125 mM Tris-HCl (pH 

6.8), 10% glycerol, 4% SDS, 1.8% β-mercapto ethanol (BME), 0.006% 

bromophenol blue) (Sigma Aldrich), was added.  Samples were either boiled for 3 

minutes or left unboiled depending on experiment performed, and loaded on 

polyacrylamide gels. 

 

2. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-

PAGE), Western blotting 

 

Western blotting was performed using either the photographic film 

method, or with Odyssey infra-red (IR) imager (Li-Cor Biosciences, Lincoln NE).  
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Samples were run on 7.5%-10% polyacrylamide gels in Tris-glycine running 

buffer (24.9 mM Tris-base, 191.9 mM glycine, 3.47 mM SDS) at 100 V for 90-

120 minutes using Mini-Protean 3 dual cell system (Bio-Rad Laboratories, 

Mississauga ON).  Polyvinylidene Fluoride (PVDF) or nitrocellulose membranes 

(Millipore, Billerica MA) and gels were equilibrated in transfer buffer (25 mM 

Tris-base, 190 mM glycine, 0.05% SDS, 20% Methanol, pH 8.0) (Sigma Aldrich) 

for 5 min.  Proteins were transferred onto nitrocellulose membrane via either 

semidry transfer at 15 V for 80 min, or overnight wet transfer at 0.1 amp constant 

current.  Transfer conditions were not method dependent, but rather optimization 

dependent.  Some blots were stained for 5 min with Ponceau S (0.1% Ponceau S, 

5% acetic acid) to assess protein loading.  Ponceau S stains protein bands bright 

red, and can be removed by washing with water, having no effect on subsequent 

blotting. 

For film method, membranes were blocked for 1-2 h at room temperature 

in blotto consisting of TBS-Tween (20 mM Tris-base, 136 mM NaCl, with 0.1% 

Tween 20) (Sigma Aldrich), containing 5% fat free milk (Bio-Rad Laboratories).  

For Odyssey IR method, proprietary blocking buffer (Li-Cor Biosciences) diluted 

1:1 in PBS was used and blocking was for 1 h at room temperature.  Primary 

antibodies were diluted in respective blocking buffer (see Tables 3.1 to 3.4 for 

dilutions) and incubated with the membrane overnight at 4˚C on a rocker 

platform.  Primary antibodies used were the MA1-935 mouse monoclonal anti-

human CFTR (Affinity BioReagents, Golden CO) or the 24-1 mouse monoclonal 

anti-human CFTR (R&D Systems, Burlington ON).  MA1-935 binds to an 



 

 75 

epitope in the first extracellular loop of CFTR, whereas 24-1 binds to the 

cytoplasmic tail of CFTR (Figures 1.8 and 4.1).  Isotype control antibodies for 

MA1-935 were mouse IgM (Serotec) and isotype control antibodies for 24-1 were 

mouse IgG2a (R&D Systems).  For traditional Western blot method, secondary 

antibodies for MA1-935/isotype and 24-1/isotype were goat anti-mouse IgM 

conjugated to horseradish peroxidase (HRP) (AbD Serotec, Raleigh, NC) and goat 

anti-rabbit IgG (rat adsorbed), conjugated to HRP (AbD Serotec) respectively.  

For Odyssey method, secondary antibodies to MA1-935/isotype or 24-1/isotype 

were either goat anti-mouse IgM conjugated to Alexa680  or goat anti-mouse IgG 

conjugated to 680nm or 800nm IRDye (Li-Cor Biosciences).  Membranes were 

washed 3 x 15 min in TBS-Tween and incubated for 1 h at room temperature with 

secondary antibodies diluted in appropriate blocking buffer (see tables 3.1 to 3.4 

for dilutions).  Membranes were rinsed and then washed 5 x 15 min in TBS-

Tween.  For film method, blots were incubated for 5 min in either SuperSignal 

West Femto or SuperSignal West Pico ECL (Pierce), exposed to Kodak BioMax 

MR film (Kodak, Toronto, ON), and developed on a SRX-101A developer 

(Konica, Mississauga ON).  For Odyssey, blots were scanned with Odyssey IR 

imager immediately following final washing step.  Blots were never stripped and 

reprobed when using the Odyssey method.   

To strip the blots for the film method, membranes were incubated at 50°C 

for 45 min in 50 ml stripping buffer (61.9 mM Tris-base, 69.4 mM SDS, pH 6.7) 

with 350µl β-mercaptoethanol (BME).  Membranes were then rinsed with TBS-

Tween twice and washed 2 x 10 min in TBS-Tween.  Reprobing of membranes 
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was performed as described above beginning with a new blocking step.  For film 

method, developed films were scanned as 8-bit grayscale images with 1200 dpi 

resolution.  After resizing images to 600 dpi with Photoshop 4.0 (Adobe, Toronto, 

ON), scanned images were digitized using Un-Scan-it gel (Silk Scientific, Orem 

UT).  Background was subtracted by lane upper and lower pixel intensity 

interpolation method.  Gels were digitized using linear density calculation in 

standard drawing mode.  Relative MW were calculated using the proportional to 

log MW comparison method, by entering known MW of Precision plus unstained 

or High Range MW standards (Bio-Rad Laboratories).  Interpolated MW were 

rounded to the nearest kDa.  For the Odyssey method, gels were background 

corrected using the Odyssey software v. 1.2 by linearization of the signal between 

the highest and lowest signal on the gel.  Band MW were calculated by 

comparison to known MW standards as above, and rounded to the nearest kDa. 

 

D. Subcellular localization of CFTR in human and rat mast cells 

 

1. Immunocytochemistry and confocal microscopy 

Cytospins were made on a Shandon cytospin 2 cytocentrifuge (Fisher 

Scientific).  Briefly, cytospin clips were assembled using superfrost plus 

microscope slides (Fisher Scientific) as per manufacturer’s instructions.  Cells 

were resuspended at 2 x 10
5
/ml in growth media and 100 µl cell suspension was 

added to cytospin funnel pre-loaded with 100 µl phosphate buffered saline PBS 

containing 20% heat inactivated FBS.  Cells were spun at 200 rpm (4 x g) for 5 
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min, slides removed from clips and allowed to air dry overnight.  Cells were used 

in experiments or wrapped back to back in aluminum foil and stored at -20ºC until 

needed. 

Cytospins were used for confocal microscopy.  Cell spot on cytospin was 

circled with hydrophobic PAP pen (Research Products International Corporation, 

Mount Prospect IL) and allowed to air dry.  In a humid chamber consisting of a 

petri dish, cells were fixed with 75%/25% acetone/ethanol for 20 min, then 

washed 3 x for 5 min in PBS.  Blocking and permeabilization was performed by 

incubating cells with PBS containing 3% BSA + 10% goat serum for 2 h at room 

temperature.  Cells were washed 3 x 5 min in PBS and primary antibody MA1-

935 or 24-1 (1:50) was added in PBS containing 3% BSA + 10% goat serum, and 

incubated 2 h 4ºC.  Isotype controls were the same as described in section C.2.  

Cells were washed in 3 x in PBS and secondary antibody goat anti-mouse IgM 

conjugated to Alexa:680 (Invitrogen) (1:50) or goat anti-mouse IgG conjugated to 

Alexa:488 (Invitrogen) (1:50) was added in PBS containing 3% BSA and 10% 

goat serum for 1 h at room temperature.  Cells were washed 1 x in PBS then 2 x in 

H2O to remove salts.  Slides were mounted immediately with 20 µl Fluormount G 

(Southern Biotech, Birmingham AL), dried overnight and analyzed by confocal 

microscopy on an FV-1000 confocal microscope (Olympus, Markham, ON).  

Settings on the microscope were set so that weak baseline fluorescence was 

visible on isotype control slides, and then were left untouched for analysis of all 

other slides.  Settings varied from experiment to experiment, but were always 

relative to isotype control slide. 
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Figure 2.1  Sub-cellular fractionation of rat peritoneal mast cells 

(PMC) using method described by Swieter et. al. 1987.  Mast cell 

pleomorphism:  properties of intestinal mast cells.  Adv Exp Med Biol

216A:613-623.  PBS, phosphate buffered saline.  
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2. Subcellular fractionation of rat peritoneal mast cells 

 

Subcellular fractionation was performed as previously described (269) 

(Figure 2.1).  Briefly; purified PMCs were suspended on ice in protein free PBS 

with 1X protease arrest (G-Biosciences), and sonicated for 3 s using a 60 Sonic 

Dismembrator probe sonicator (Fisher Scientific) on an intensity setting of 2.  

Cell suspensions were then centrifuged at 180 x g for 3 min and the supernatants 

collected.  Pellets were resuspended in PBS with Protease arrest, and the 

sonication, centrifugation, collection steps repeated 5 times.  Supernatants were 

pooled and centrifuged at 2100 x g for 20 min.  Pellets from this spin were 

collected and resuspended in ice-cold RIPA buffer containing 1X protease arrest.   

The pellet from this spin is referred to as the granule fraction (Figure 2.1).  The 

supernatant was spun at 1 x 10
5
 x g for 60 min on an XL-90 ultracentrifure 

(Beckman Coulter, Mississauga ON), using a Ti90 fixed angle rotor (Beckman 

Coulter).  The pellet from this high speed spin was resuspended in ice-cold RIPA 

buffer with 1X protease arrest and is referred to as the high speed pellet.  This 

fraction is thought to contain cellular components that were too light to pellet at 

2100 x g, such as small vesicles, plasma membrane, endoplasmic reticulum (ER) 

and Golgi membrane components.  Supernatant from the high speed spin was 

collected and proteins were concentrated using Ultrafree MC 10 000 NMWL 

filter unit (Millipore) spin columns.  This fraction contains mostly cytosolic 

components and proteins that did not have sufficient density to pellet at  

100 000 x g.   
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E. Role of CFTR in human mast cell secretion 

 

1. Pharmacological inhibition using CFTR inhibitors 

 To inhibit CFTR in MC, pharmacological inhibitors were preincubated 

with MC for 15 min in Cl
-
 flux experiments, or for 30 min in other experiments.  

Without washing out inhibitors, cells were used in Cl
-
 flux assay or were 

stimulated with NECA or anti-IgE.  For all experiments using CFTR inhibitors, 

these were present throughout the experiments and did not have any significant 

effect on cell viability unless doses reached 100 µM (not shown).    

2. Transfection of antisense and missense oligonucleotides (ASO) and 

(MSO) 

 Antisense Oligonucleotide technology was used to knock down CFTR as 

previously described (282).  Briefly, a pair of adjoining 18-mers                                                   

5’-CAGAGGCGACCTCTGCAT-3’ (ASO-1) and 5’-

GACAACGCTGGCCTTTTC-3’ (ASO-2) complementary to nucleotides 1-18 

and 19-36 of CFTR mRNA, along with control missense oligomers 5’-

CAGCGGCGACCGATGCAG-3’ (MSO-1) and 5’-

GACAACTCTGGACGTTTA-3’ (MSO-2) were synthesized by the Institute for 

Biomolecular Design (University of Alberta).  Phosphorothioated nucleotides 

were used to prevent rapid intracellular degradation by nucleases.  For 

transfection into cells, 6 µl of 20 µM oligo 1 (ASO-1 or MSO-1) and 6 µl of 20 

µM oligo-2 (ASO-2 or MSO-2), were combined and then added to 24 µl 
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liposomal transfection reagent DOTAP (N-(1-(2,3-dioleoyloxy)propyl)-N,N,N-

trimethyl-ammoniummethyl sulphate), (Roche Diagnostics, Indianapolis, IN).  

Mixture was incubated for 15 min at room temperature, and then added to 1 x 10
6
 

cells in 1 ml serum-free IMDM.  After 2 h incubation at 37ºC, 10% heat 

inactivated FBS was added to the cells, and cells were incubated for 12 h at 37 ºC.  

After 12 h incubation, the cells were washed, and the above treatment was 

repeated in serum-free medium to replenish the oligos.  After a further 2 h 

incubation at 37 ºC, 10% heat inactivated FBS was added to the cells.  After a 

total of 24 h incubation in the presence of FBS, the cells were washed and used in 

experiments. 

 

3. BLOCK-iT
™

 siRNA optimization 

Using BLOCK-iT
™

 siRNA (Invitrogen), which is a fluorescein 

isothiocyanate (FITC) labeled non-specific siRNA, HMC-1 cells were transfected 

using different doses of siRNA and either RNAifect (Qiagen, Mississauga ON), 

Lipofectamine (Invitrogen) or FuGene HD (Roche), to determine the best dose of 

siRNA and transfection reagent to use.  Briefly, HMC-1 cells were seeded at 500 

000/ml in 400 µl antibiotic-free complete IMDM in Corning 12-well plates 

(Fisher Scientific), and placed in incubator until ready to be transfected.  

Lipofectamine, RNAifect or FuGene HD and BLOCK-iT™ were diluted 

separately in Opti-MEM (Invitrogen) in 50 µl volumes at different doses and 

incubated for 5 min at room temperature.  Diluted siRNA was then added to 

diluted transfection reagent, and allowed to form nucleic acid:lipid complexes for 
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30 min in the dark at room temperature.  Following this incubation, 

siRNA:transfection reagent complexes (100 µl) were added dropwise to the cells, 

plates were rocked gently back and forth to mix and incubated at 37ºC, 5% CO2 

for 24 h.  The fluorescent viability dye To-Pro-3 (Invitrogen) was then added to 

the cells at 1/1000 dilution of stock.  Cells were washed 2x in flow buffer (PBS 

containing 0.1% BSA and 0.1% NaN3) and fixed in 1% paraformaldehyde (PFA).  

Cells were analyzed by flow cytometry on a FACSCalibur instrument (Beckton 

Dickinson, Mississauga ON) using 488 (FL-1) and 633 (FL-4) lasers.  The ratio of 

transfection reagent and siRNA giving the highest fluorescent signal by flow 

cytometry is used in subsequent experiments.  

 

4. Transient transfection using small inhibitory RNA (siRNA) 

Following optimization of lipid:siRNA ratio to use in MC transfections, 

we purchased several siRNA oligos (Table 2.1).  Lipofectamine transfection 

reagent was used to transfect these siRNA into the cells.  For CFTR knockdown 

experiments, siRNA (40 nM) in 50 µl Opti-Mem (Invitrogen) was incubated with 

1 µl Lipofectamine in 42 µl Opti-MEM for 30 min at room temperature to allow 

formation of complexes.  Complexes were added dropwise to 1 x 10
6
 cells in 900 

µl serum-free medium, and incubated for 3 h at 37ºC.  Following incubation, 10% 

heat inactivated FBS was added to the cells.  Cells were incubated for 24-72 h to 

allow knockdown of CFTR mRNA and, in turn, reduce protein levels.   
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Table 2.1 (CFTR and missense siRNA sequences) 

siRNA Source Sequence (5’ to 3’) 

 

CFTR siRNA Ambion GUG UCA UCU GAA UGU AGC CUC 

 

Non-silencing control 

#1 siRNA 

Ambion proprietary 

Stealth siRNA 503 Invitrogen GCA UAG GCU UAU GCC UUC UCU UUA U 

 

Stealth siRNA 794 Invitrogen CGU CUG CCU UCU GUG GAC UUG GUU U 

 

Stealth siRNA 2068 Invitrogen GGA UGU GAU UCU UUC GAC CAA UUU 

A 

 

Non-silencing siRNA Invitrogen GGU AGC AUA CUC AGC AAG AAA CCA A 
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This incubation time should be sufficient to reduce CFTR protein expression, as 

CFTR mRNA half life has been estimated at 10-12 h (283, 284).  Cells were then 

used in experiments.   

 

5. Confocal microscopy of transfected HMC-1 (BLOCK-iT 

optimization) 

 

Cytospins of transfected HMC-1 were used for confocal microscopy.  The 

cell spot on the cytospin was circled with hydrophobic PAP pen and allowed to 

air dry.  In a humid chamber, cells were fixed with 3% PFA for 20 min, then 

washed 3x for 5 min in PBS.  Blocking and permeabilization was performed by 

incubating cells with PBS containing 3% goat serum and 0.1% Triton X-100 and 

10 µg/ml 4’,6-diamidino-2-phenylindole (DAPI) (Invitrogen).  Cells were washed 

3 x 5 min in PBS then 2 x in water to remove salts.  Slides were mounted 

immediately with 20 µl Fluormount G (Southern Biotech), and dried overnight.  

Fluorescence was analyzed by confocal microscopy on an FV-1000 confocal 

microscope (Olympus) using ultraviolet laser and the 488 nm laser for DAPI and 

FITC respectively.   

 

6. Measurement of puromycin resistance in cell lines 

 Puromycin is an aminonucleoside antibiotic produced by Streptomyces 

alboniger.  It has an inhibitory effect on growth of many organisms including 

bacteria, protozoa, parasitic worms, algae, plants as well as mammalian cells 
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(285).  Puromycin has homology to phenylalanine, and can bind to tRNA and be 

transferred to nascent polypeptide chains on the ribosomes by its amino group 

(285).  However, the carboxy group of puromycin contains an amide group rather 

than an ester group, such that it does not allow further amino acids to bind, and 

this terminates translation (285).  Thus, the main mechanism of action of 

puromycin is inhibition of protein sysnthesis, which kills the cells by translational 

arrest.  The effects of puromycin can be counteracted by addition of the 

puromycin N-acetyl-transferase (PAC) enzyme, also found in S. alboniger.  PAC 

inactivates puromycin by acetylating the amino group such that it can no longer 

bind to nascent polypeptide chains (286).   

HMC-1, LAD2 and Calu-3 resistance to puromycin was assessed at the 

recommended dosage range supplied by the company (InvivoGen, San Diego, 

CA), but was found to kill HMC-1 and LAD2 at the lowest recommended dosage 

of 1000 ng/ml.  Therefore, we performed puromycin killing assays on HMC-1, 

LAD2 and Calu-3 to determine the optimal dose to use in transfection.  Briefly, 

untransfected cells were seeded at 100 000 cells/ml and puromycin was added at 

various doses to determine toxicity threshold for each cell line.  For HMC-1 and 

LAD2 cells, cells were counted daily by removal of 1 ml cell suspension and 

counting cells in trypan blue to determine viability.  Fresh media containing the 

same concentration of puromycin was added to the flask each time.  For Calu-3 

cells, confluence was estimated daily rather than trypan blue exclusion. 
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7. Stable transfection of CFTR short hairpin RNA (shRNA) 

To stably knock down CFTR expression in HMC-1 and LAD2 cells, we 

purchased GIPZ lentiviral vectors encoding either CFTR shRNA (V2LHS 

233316) or non-silencing scrambled (SCR) control short hairpin RNA (shRNA) 

(Open Biosystems, Huntsville AL).  Vectors were cloned according to 

manufacturer’s protocol and purified using the Qiaprep spin miniprep kit 

(Qiagen).  For transfections, 1 x 10
6 

cells were seeded in 1.8 ml or either complete 

IMDM without FBS for HMC-1, or complete Stempro-34 for LAD2.  DNA (4 

µg) was diluted in 100 µl Opti-mem (Invitrogen), and 16 µl FuGENE HD 

(Roche) was diluted in 100 µl Opti-MEM.  DNA was added to FuGENE HD and 

incubated at room temperature for 30 min to allow complexes to form.  DNA:lipid 

complexes were added to cells in a dropwise fashion, and allowed to incubate for 

3 h.  Following 3 h incubation, 3 ml complete media with 10% FBS was added to 

Calu-3 and HMC-1 but not LAD2 cells, where 3 ml complete Stempro-34 was 

added.  Cells were incubated for 48 h following transfection, and then puromycin 

was added to kill untransfected cells and establish stably transfected cell lines.  

For HMC-1, initial dose of puromycin was 200 ng/ml, doubled each wk until the 

maintenance dose of 8000 ng/ml was reached.  Cells were then grown in the 

presence of 8000 ng/ml puromycin to kill all untransfected cells.  In the case of 

LAD2 and Calu-3 cells, initial dose of puromycin was 200 ng/ml, and 2000 ng/ml 

respectively.  Final doses of puromycin for LAD2 and Calu-3 will be discussed in 

chapter 3. 
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F. Analysis of transfection efficiency and CFTR knockdown 

1. Vector expression by flow cytometry 

To assess the presence of CFTR or SCR shRNA as well as CFTR 

expression in HMC-1 cells, flow cytometry for green fluorescent protein (GFP) 

and CFTR using Alexa-647-conjugated anti-mouse IgG and IgM antibodies was 

performed.  Signals were acquired on a FACSCalibur instrument (BD 

Biosciences), using the 488 and 633 lasers respectively.  To prepare cells for flow 

cytometry, 100 000 cells/ treatment were fixed for 5 min in 5% formalin then 

washed and flow buffer containing 5% milk was added.  Blocking was done 

overnight at 4ºC.  For intracellular staining (24-1 antibody), blocking buffer also 

contained 0.1% saponin (Sigma Aldrich) to permeabilize the cells.  Primary 

antibodies were added to the cells at a 1/1000 dilution (MA1-935 and IgM 

isotype) in blocking buffer, or at 5 µg/ml (24-1 and IgG2a isotype) in 100 µl 

blocking buffer containing 0.1% saponin.  Primary antibody was incubated 

overnight at 4ºC.  Cells were then washed 1x by adding 1ml flow buffer and 

spinning at 120 x g for 5 min at room temperature, and resuspending in 100 µl 

blocking buffer.  Secondary antibodies (goat anti-mouse IgM:Alexa-647 or goat 

anti-mouse IgG2a:Alexa-647) were added at 1/100 dilution in blocking buffer and 

incubated in the dark for 1 h at room temperature.  Cells were washed 2x as 

described above and resuspended in 400 µl flow buffer.  Cells were kept cold and 

in the dark until same day analysis. 
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2. Cell lysis and mRNA extraction 

RNA extraction was performed by solution D method as previously 

described (287).  Briefly, up to 5 x 10
6
 cells were washed 1x in PBS, then lysed 

by repeated pipetting in 200 µl solution D containing 7.2 µl/ml ΒΜΕ in 1.5 ml 

eppendorf tubes and incubated on ice for 45 min.  To the lysate was added 24 µl 

2M sodium acetate (C2H3NaO2), 240 µl water saturated phenol and 48 µl 49:1 

chloroform:isoamyl alcohol, and mixture vortexed for 10 s.  Lysates were 

incubated 30 min on ice then spun at 12000 x g for 30 min at 4ºC.  Upper aqueous 

phase containing RNA was removed and transferred to a fresh 1.5 ml eppendorf 

tube, being careful not to disturb white interphase containing DNA.  Two volumes 

of ice cold absolute ethanol was added to tubes and incubated at -20 ºC overnight.  

RNA was pelleted at 12 000 x g for 30 min at 4 ºC then resuspended in 100 µl 

solution D containing 7.2 µl/ml BME.  RNA was precipitated by adding 2 

volumes of absolute ethanol and incubating at -20 ºC for 1 h.  RNA was pelleted 

at 12 000 x g for 30 min at 4 ºC, then resuspended in 75 µl diethylpyrocarbonate 

(DEPC) treated water.  RNA was precipitated once more by adding, 7 µl 2M 

C2H3NaO2, followed by 165 µl absolute ethanol and incubating at -20 ºC for 1 h.  

RNA was pelleted at 12 000 x g for 30 min at 4 ºC, then washed by overlaying 

with 200 µl 70% ethanol and spinning at 12 000 x g for 10 min.  Supernatant was 

discarded and RNA samples were air-dried for 10-20 min under vacuum until no 

liquid was visible, being careful not to overdry.  RNA was resuspended in 20 µl 

DEPC-treated water and heated at 60ºC for 10 min to fully solubilize.  RNA was 

quantitated by measuring absorbance at 260 nm and 280 nm on DU-640 
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spectrophotometer (Beckman Coulter).  RNA was then treated with Turbo DNAse 

(Ambion, Austin, TX) following manufacturer’s instructions to remove any 

contaminating genomic DNA.  Inactivation of DNAse was performed by adding 

0.75 µl 500 mM EDTA containing 40 U/ml RNAseOUT (Invitrogen) and heating 

at 75ºC for 10 min then cooling on ice, and either proceeding directly to reverse 

transcription, or freezing at -80ºC until use.  Quality of RNA was assessed by 

OD260/280 ratio ≥1.5 and when enough RNA was extracted, 1 µg was run on 1% 

agarose gels to determine quality and integrity of RNA before analysis by PCR 

(not shown).  

 

3. Heparinase digestion 

 It has been reported that in rodent MC RNA preparations, heparin is co-

purified with RNA because of its highly negative charge, and that this 

proteoglycan inhibits reverse transcriptase and Taq polymerase enzymes (288, 

289).  This has been speculated to occur in human MC as well, as it has been 

found that degranulation of human cord blood MC inhibited gene amplification 

when compared to unstimulated MC (290).  Thus, to improve the efficiency of 

our PCR reactions, we treated certain samples with heparinase I (Sigma Aldrich), 

as previously described to digest and remove the heparin contaminants in the 

RNA preparation (288) .  Briefly, 1 µg RNA was digested with 5 U of heparinase 

I in a reaction mixture (5 mM Tris-HCl pH 7.5, 1 mM CaCl2, 50 U RNAsin 

(Invitrogen)) for 2 h at room temperature.  Following digestion, RNA was used in 

RT-PCR reaction 
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4. Primer efficiency calculations for quantitative PCR (qPCR) 

Following reverse transcription of 100 ng RNA extracted as described 

above, two-fold dilutions (100 ng to 6.3 ng of cDNA assuming 100% RT 

efficiency) were prepared in 5 µl, and 2.5 µl of each dilution was used as starting 

template in a PCR reaction as described below, using 200 nM actin or CFTR 

primers (Table 2.2).  Following PCR reaction on a Rotorgene (Corbett Research, 

Montreal QC), threshold cycle (CT) for each dilution was determined using the 

RotorGene analysis software.  For each primer pair (actin or CFTR), primer 

efficiencies were determined by plotting the CT value of each cDNA dilution 

against the log concentration of cDNA in each dilution.  The slope of the resulting 

regression line was used in the following formula: 

 

Equation 1) Primer efficiency (E) = -1 + 10
(-1/slope)

 

5. Quantitative PCR (qPCR) 

 

Relative quantitation of transcripts was performed using a two-step 

realtime qPCR kit (Invitrogen) on a RotorGene realtime PCR machine (Corbett 

Research).  Following kit instructions, extracted RNA described above was used 

as starting template for reverse transcription in 20 µl reaction volume, by 

incubating with 10 µl 2x RT reaction mix, 2 µl RT enzyme mix, variable µl RNA 

(100 ng), variable µl DEPC H2O to 20 µl.  Reverse transcription mixture was 

incubated at 25ºC for 10 min, followed by 42ºC for 50 min for reverse 

transcription.  RT reaction was terminated by incubating at 85ºC for 5 min, and 
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finally, template RNA was removed by incubation with 2 U E. coli RNAse H 

(Invitrogen) at 37ºC for 20 min.  Following this reaction, 2.5 µl cDNA was added 

to  12.5 µl Platinum Quantitative PCR Supermix-UDG, 0.5 µl light upon 

extension (LUX) labeled primer (10 µM) (Table 2.2), 0.5 µl unlabeled primer (10 

µM) (Table 2.2), and variable µl ultrapure water (Sigma Aldrich) to 25 µl total 

volume.  Samples were place on Rotorgene and qPCR was perfomed as instructed 

in the two-step realtime PCR kit (Invitrogen) by one cycle of 50º for 2 min, one  

cycle of 95ºC for 2 min followed by 45 cycles of 95ºC for 15 s, 60ºC for 30 s.  

After final cycle, melt curve analysis was done by increasing temperature in 1ºC 

increments from 50ºC to 99ºC and acquiring signal at every step.  Calculation of 

fold change in mRNA expression were perfomed as follows: 

   

  Equation 2)  mRNA ratio =  (E target)
∆CT target (control - treated)

 

         (E reference)
∆CT reference (control - treated)

 

 

Where E is primer efficiency (equation 1), and ∆CT is the change in threshold 

cycle.  mRNA ratio refers to fold change in mRNA transcripts of a target gene in 

a particular treatment measured against change in the same target gene in a 

control sample.  This method of relative quantification of mRNA is based on the 

Pfaffl quantitation method and is considered to be more quantitative than the 

∆∆CT method which does not take primer efficiency of target and reference genes 

into account (291). 
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Table 2.2 reverse transcription and PCR primers 

Primer Source Sequence (5’ to 3’) 

 
Product  

Size (bp) 

β-actin reverse 

transcription primer 

Integrated DNA 

technologies 

TGG TCT CAA GTC AGT GT >1117 

CFTR reverse 

transcription primer 

Integrated DNA 

technologies 

TCG CAT CAA GCT ATC >1345 

CFTR sense (292) Integrated DNA 

technologies 

GAC AAC AGC ATC CAC ACG AA 796 

CFTR antisense 

(292) 

Integrated DNA 

technologies 

AAT TGG ACT CCT GCC TTC AG 796 

CFTR sense 

(nested) 

Integrated DNA 

technologies 

TGG AGA GCA TAC CAG CAG TG 638 

CFTR antisense 

(nested) 

Integrated DNA 

technologies 

CTC CTG CCT TCA GAT TCC AG 638 

CFTR sense 

(realtime PCR) 

Invitrogen GGC ATA CTG CTG GGA AGA 

AGC AA 

100 

CFTR antisense 

(realtime PCR) 

Invitrogen ACA TAG GCT GCC TTC CGA GTC 100 

β-actin sense Integrated DNA 

technologies 

AGA TGA CCC AGA TCA TGT TTG 326 

β-actin antisense Integrated DNA 

technologies 

ACG TAG CAC AGC TTC TCC TTA 326 

β-actin sense 

(realtime PCR) 

Invitrogen 

 D-LUX 

Not given 100 

β-actin antisense 

(realtime PCR) 

Invitrogen 

D-LUX 

Not given 100 
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6. Non-quantitative reverse transcription-PCR (RT-PCR) 

 

Following RNA extraction and DNAse digestion as described above, 1 µg 

RNA was reverse transcribed by adding either 1 µl oligo dT (Invitrogen) or 10 

pM each actin and CFTR specific RT primers (Figure 2.2 and Table 2.2), and 

sterile water (Sigma Aldrich) to a final volume of 11 µl in 200 µl PCR tubes 

(Axygen, Union City CA).  RNA was heated to 70ºC for 10 min and cooled to 4 

ºC prior to addition of 9 µl RT master mix (Invitrogen) (1 µl Moloney-murine 

leukemia virus (M-MLV) reverse transcriptase, 4 µl 5x first strand buffer, 2 µl 0.1 

M dithiothreitol (DTT), 1 µl 10 mM dNTP and 1 µl Sterile H2O) x number of 

samples.  RT reaction was carried out on Bio-Rad iCycler at 37 ºC for 1 h, 

followed by 70ºC for 10 min and 4ºC indefinite cooling step.   Following RT, 

PCR was performed by adding 2-4 µl of cDNA template to 18 µl master mix (2 µl 

10x PCR buffer, 0.4 µl 10 mM dNTP, 0.3 µl 5’ primer, 0.3 µl 3’ primer, 0.4 µl 

MgCl2, 0.2 µl Platinum Taq, 16.4 µl H2O).  All PCR reagents were from 

Invitrogen and PCR cycling was performed on Bio-Rad iCycler as follows for 

both actin and CFTR primers (292) (Figure 2.2 and Table 2.2) (1 cycle of 94 ºC 5 

min, 30 – 45 cycles of 94 ºC 1 min, 63 ºC 1 min, 72 ºC 3 min, 1 cycle of 72 ºC 5 

min, and indefinite 4 ºC cooling).  Following PCR, 1/10 volume of 10X loading 

buffer (30% glycerol, 0.025% Xylene cyanol, 0.025% bromophenol blue) was 

added and 10 µl PCR product was resolved on 1% agarose gels in Tris acetate 

EDTA (TAE buffer) (40 mM Tris-base, 1.1ml glacial acetic acid, 1 mM EDTA), 

using 1 Kb track-it DNA ladder (Invitrogen) as a size marker.   
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7. Nested RT-PCR 

In some experiments, nested PCR was performed when bands were not 

detected in the first PCR amplification.  Briefly, 1 µl of original PCR product was 

added to 19 µl of master mix (2 µl 10x PCR buffer, 0.4 µl 10 mM dNTP, 0.3 µl 5’ 

primer, 0.3 µl 3’ primer, 0.4 µl MgCl2, 0.2 µl Platinum Taq, 17.4 µl H2O).  PCR 

was performed on a Bio-Rad iCycler using same cycling parameters described in 

previous section but only allowing the reaction to perform 30 cycles of 

amplification.  CFTR nested primers are described in Table 2.2. 

 

G. Effect of inhibition of CFTR on mast cell function 

 

1.Measurement of Cl
-
 Flux in cuvette assay 

To determine whether ASO treatment affected Cl
-
 flux, 1x10

6
 cells/ml 

were resuspended in 1 ml HTB.  Cells were incubated for 30 min at 37 
o
C with 10 

mM N-(ethoxycarbonylmethyl)-6-methoxyquinolinium bromide (MQAE) 

(Molecular Probes, Eugene OR), which is quenched by Cl
-
 anions.  The cells were 

then washed twice and resuspended in 50 µl HTB.  To produce a driving force for 

Cl
-
 efflux, the cells were added to 1 ml of a Cl

- 
free solution, in which 140 mM 

NaCl of HTB was replaced by equimolar Na-gluconate. To compare the effects of 

ASO with those of 5-nitro-2-(3-phenylpropylamino) benzoic acid (NPPB, Sigma; 

50 µM), a Cl
-
 channel blocker commonly used to inhibit CFTR, experiments were 
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performed in the presence of this drug. When Cl
-
 leaves the cell, it dissociates 

from MQAE and fluorescence increases.  ASO to CFTR but not MSO should 

inhibit this readout.  MQAE fluorescence was excited at 350 nm and the emission 

was measured at 450 nm with a PTI spectrofluorimeter (Photon Technology Int., 

London, Ontario), using Felix software (version 1.42). All experiments were 

performed at 37 °C.  Cl
-
 flux was calculated as the initial rate of change of MQAE 

fluorescence after addition of cells to the low-Cl
-
 solution. The increase in MQAE 

fluorescence was linear for at least 1-2 min before reaching a plateau. The slope 

of this linear portion is proportional to Cl
-
 efflux. For quantitative analysis, the 

data collected in the first 60 s were fitted using linear regression, and the slope 

was used as a measure of Cl
-
 efflux. To compensate for variations in absolute Cl

-
 

flux between different cell preparations, each value in an individual data set was 

expressed relative to the mean control value for that set, and then the relative 

change in Cl
-
 flux was calculated from all sets. 

 

2. Increased throughput Cl
-
 flux microplate assay 

  To increase throughput of Cl
-
 flux assay, we used the Cl

-
 sensitive 

fluorescent dye MQAE (Molecular Probes) based on a 96 well plate assay as 

previously described (293).  Briefly, to determine whether CFTR regulates Cl
-
 

flux in human MC, 1x10
6
 cells were seeded in 1 ml of culture media.  Cells were 

then incubated with 10 mM MQAE for 1 h at 37
o
C.  Cells were washed twice in 

HTB and resuspended in 1 ml HTB containing appropriate drugs (Table 1.1).  

Cells were aliquoted into 1.5 ml eppendorf tubes (2.5 x 10
5
 in 200 µl volume), 
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and untransfected cells were pre-incubated in HTB with the inhibitors NPPB (50 

µM) (Sigma Aldrich) or CFTRinh-172 (100 nM) (Calbiochem, Gibbstown NJ) 15 

min prior to addition cAMP elevating agent forskolin (FSK) (50 µM) (Sigma 

Aldrich) and phosphodiesterase inhibitor isobutyl methylxanthine (IBMX) (50 

µM) (Sigma Aldrich) for 5 min in HTB to activate cAMP-dependent CFTR Cl
-
 

flux.  To produce a driving force for Cl
-
 efflux, the cells were centrifuged at 120 x 

g for 30 s and resuspended in 10 µl HTB containing inhibitors and/or FSK/IBMX.  

Cell suspensions were then added to 200 µl of Cl
-
 free buffer in which 140 mM 

NaCl of HTB was replaced by equimolar NaNO3.  This was done in the presence 

of inhibitors and/or FSK/IBMX, in flat bottom, 96 well black plates with clear 

bottoms (Fisher Scientific).  MQAE fluorescence was excited at 360 nm and the 

emission was measured at 460 nm on an FLX-800i fluorescence plate reader with 

temperature control capability (Fisher Scientific), reading from the bottom of the 

wells at sensitivity 60.  Fluorescence was measured every 10 s for 5 min, followed 

by addition of 0.2% Triton X-100 for maximum fluorescence and then 150 mM 

potassium thiocyanate (KSCN) (Sigma Aldrich) to quench MQAE signal and get 

background fluorescence.  Following background correction, initial fluorescence 

(F0) was adjusted to zero for all treatments, then Cl
-
 flux was calculated as Ft-F0, 

where Ft is the fluorescence at a given time point and F0 is fluorescence at time 0 

(293).  For quantitative analysis, the data were fitted using linear regression, and 

the slope was used as a measure of Cl
-
 efflux with slopes of all inhibitor 

treatments being compared to the slope of the positive controls during the first 60 

s of the assay.   
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3. . . . ββββ-hexosaminidase release 

As HMC-1 do not contain many granules, and do not express the high 

affinity IgE receptor (276), release of a stored mediator, β-hex, was measured 

from LAD2 MC.  Briefly, cells were washed in HTB and resuspended at 1 x 10
6 

cells/ml in complete Stempro 34.  Cells were then sensitized overnight in 1 µg/ml 

IgE (Calbiochem).  For assay, cells were washed twice in HTB and aliquoted in 

1.5 ml eppendorf tubes at 2 x 10
5
 cells in 200 µl volume.  Cells were then 

incubated with CFTR inhibitors (15 min), and activated with 2 µg/ml rabbit anti 

human IgE (Dako, Mississauga ON) for 30 min at 37
o
C.  The Ca

2+
 ionophore 

A23187 (200 nM) was used as a positive control for β-hex release.  After 30 min, 

supernatants were collected, and pellets were lysed in 0.2% Triton X-100, 

vortexed for 10 s on highest setting, and lysate spun at 120 x g for 1 min.  From 

each supernatant and lysate, 25 µl was diluted with 25 µl HTB in triplicate and 

incubated with 50 µl of β-hex substrate (4-methylumbelliferyl N-acetyl-β-D- 

glucosaminide) (Sigma Aldrich) in flat bottom, 96 well black plates with clear 

bottoms (Fisher Scientific) for 1 h at 37
 o

C.  Reaction was stopped using 100 µl 

0.2M Tris-base, and fluorescence was excited at 360 nm and the emission was 

measured at 460 nm on a FLX-800i fluorescence plate reader (Fisher Scientific), 

reading from the bottom of the wells at sensitivity 30.  To assess β-hex release, 

triplicate fluorescence values for pellets and supernatants were averaged, blank 
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readings (buffer + substrate) were averaged and subtracted from all readings and 

the following formula was used: 

 

Equation 3)   % release =         Supernatant___           x 100                       

                 (Supernatant + Pellet) 

 

 

4. Cytokine measurements 

Release of IL-8, IL-6 and TNF was measured with BD OptEIA human 

cytokine set kits (BD Pharmingen, San Diego CA).  Untreated, NPPB or GlyH-

101 treated HMC-1 cells (1x10
6
/ml in culture medium) were incubated with or 

without NECA (3 µM) for 24 h in complete growth medium.  Cytokine release 

from LAD2 was also assessed following CFTR inhibition and either NECA (3 

µM) or IgE (1 µg/ml)/anti-IgE (2 µg/ml) stimulation for 24 h.  After incubations, 

cells were spun at 120 x g for 30 s, and supernatants were frozen at -80ºC until 

analysis. The addition of inhibitors or NECA had no effect on cell viability in 

either cell types as established by trypan blue vital staining (not shown).  To 

screen for cytokine changes resulting from CFTR inhibition, LAD2 cells were 

treated with CFTR inhibitors and activated with anti-IgE (2 µg/ml) as described 

above.  Cell free supernatants were then assayed using the human cytokine array 

kit panel A (R&D Systems).  Membranes were developed by incubating 

membranes with ECL Western blot detection reagent (GE Healthcare) for 5 min, 

followed by exposure to Kodak Biomax MR film (Kodak) for 5 min.  Films were 

then developed on SRX-101A developer (Konica).  All membranes were 

developed on the same piece of film and the image was scanned as 16-bit 1200 



 

 100 

dpi grayscale and saved as a Tif image using an Epson Perfection 4490 photo 

scanner (Epson, Toronto ON).  Films were digitized using the Odyssey software 

version 1.2, and integrated pixel density was calculated by the computer for each 

spot on the membrane.  

 

5. Eicosanoid production by LAD2 and PBMC 

MC were sensitized with 1 µg/ml human IgE (Calbiochem) overnight at 

37ºC, 5% CO2.  Cells were washed 2 x in HTB, and resuspended at 1 x 10
6
/ml in 

complete StemPro-34 medium supplemented with IL-6 (100 ng/ml) for PBMC 

only.  LAD2 cells were preincubated with CFTR inhibitors for 15 min and then 

activated with 2 µg/ml rabbit anti-human IgE (Dako) for 30 min at 37ºC. PBMC 

were not treated with CFTR inhibitors, but were stimulated with 2 µg/ml rabbit 

anti-human IgE for 30 min at 37 ºC The reactions were stopped by centrifugation 

at 150 x g for 5 min at 4 ºC. The supernatants were retained at -80 ºC for assay of 

PGD2 and LTC4 using PGD2-MOX EIA kit or LTC4 EIA kit (Cayman Chemical, 

Ann Arbor, MI) according to the manufacturer’s instructions.  

H. Comparison of peripheral blood-derived human cultured  mast 

cells (PBMC) from non-Cystic Fibrosis and Cystic Fibrosis 

subjects. 

 

1. Tryptase chymase staining 

After 8 wk in culture, PBMC were stained for tryptase and chymase 

expression using the following protocol.  Briefly, cytospins were prepared as 
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described above and allowed to air dry overnight.  Cell spots on cytospins were 

then circled with PAP pen and pre fixed in 100% methanol containing 0.6% H2O2 

for 30 min at room temperature to inhibit endogenous peroxidase.  Cells were 

then rinsed with H2O and stored at 4 ºC for up to 1 wk.  To stain the cells, 50 µl of 

biotin-conjugated isotype control antibody clone 107.3 (BD Biosciences) or 

biotin-conjugated anti-chymase clone B7/B (Millipore) at 3 µg/ml were diluted 

with Dako antibody diluent with background reducing components (Dako).  

Slides were incubated overnight in a humid chamber.  Slides were rinsed with 75 

µl H2O then washed 3 x 5 min in 75 µl TBS containing 0.05% Tween 20, then 1 x 

in 75 µl H2O.  H2O was removed and 2 drops of ready to use streptavidin-HRP 

(Vector Laboratories, Burlingame CA) were added to the cells for 1 h at room 

temperature in a humid chamber.  Slides were washed as described above and 100 

µl NovaRED substrate was used to develop chymase color (Vector Laboratories).    

Reaction was stopped by immersing slides in H2O for 5 min.  Chymase stained 

slides were then incubated with 50 µl anti-tryptase antibody clone G3/AP 

(Chemicon) at 1.5 µg/ml diluted with antibody diluent with background reducing 

agent (Dako).  Slides were washed as described above, and tryptase color was 

developed by adding 2 drops of prepared substrate from the Vector Blue Alkaline 

Phosphatase kit (Vector Laboratories).  Cells were incubated with substrate for 

10-20 min in a dark humid chamber and reaction was stopped by adding assay 

buffer (100 mM Tris-HCl pH 8.2) then rinsing slides in H2O for 5 min.  

Permanent mounting of slides was done by adding 30 µl of CytosealTM (Fisher 
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Scientific) and placing a 1.8 x 1.8 mm coverslip (Fisher Scientific) onto mounting 

medium.  Slides were allowed to dry overnight before visualizing by microscopy. 

 

2. FcεεεεR1 and c-Kit expression 

Cells were resuspended at 1 x 10
6
/ml in flow buffer containing 5% milk 

(Bio-Rad Laboratories) and 10% human AB serum (Sigma Aldrich) and 

incubated for 30 min at 4ºC.  Cells were washed 2 x in flow buffer and then 

aliquoted into Falcon 2054 flow cytometry tubes (BD Biosciences) at 100 µl/tube.  

FITC conjugated FcεR1 and isotype antibodies (EBioscience, San Diego CA) 

were added to tubes.  Phosphatidylethanolamine (PE) conjugated isotype and c-

Kit antibodies (BD Biosciences) were added to separate tubes.  Cells were mixed 

and incubated at 4ºC for 1 h.  Cells were washed 2 x 5 min in flow buffer and 

resuspended in 400 µl flow buffer.  FcεR1 and c-Kit expression was analyzed on 

FACSscan flow cytometer (BD Biosciences), using FL-1 and FL-2 channels for 

FITC and PE respectively.  

 

3. Cytokine array 

We assessed synthesis and secretion of de novo synthesized mediators 

from non-CF and CF PBMC to determine if the two cell genotypes differentially 

expressed cytokines and chemokines.  Our initial strategy was to screen for 

cytokine and chemokine secretion using the Proteome Profiler™ cytokine array 

panel A (R&D Systems, Minneapolis, MN).  Briefly, cells were hemidepleted as 
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described previously and incubated with IgE (1 µg/ml) overnight at 1 x 10
6
/ml.  

Cells were then washed and resuspended in the same volume of Stempro-34 

containing 100 ng/ml SCF and 100 ng/ml IL-6 to maintain health of the cells.  

Cells were plated in 24-well plates at 1 x 10
6
/ml in 1000 µl volume.  Cells were 

treated with sham or anti-IgE (2 µg/ml) for 48 h.  After stimulation, cells were 

harvested and supernatant was added to protein array membranes and blotted for 

as per manufacturer’s instructions.  Membranes were then incubated with ECL 

reagent (GE Healthcare) for 5 min, and exposed to Hyperfilm (GE Healthcare) for 

5 min, then developed on a SRX-101A developer (Konica). 

To confirm and extend the data obtained with the protein array, PBMC 

supernatants were sent to for Searchlight multiplex analysis of cytokines and 

chemokines (Aushon Biosystems, Billerica, MA).  To prepare samples, cells were 

hemidepleted and incubated with IgE (1 µg/ml) overnight at 1 x 10
6
/ml.  Cells 

were then washed and resuspended in the same volume of Stempro-34 containing 

100 ng/ml SCF and 100 ng/ml IL-6, added to maintain health of the cells.  Cells 

were then aliquoted into 48 well plates at 1 x 10
6
/ml in 200 µl volume.  Cells 

were treated with anti-IgE (2 µg/ml).  After 48 h, cell-free supernatants were 

harvested and stored at -80ºC.  Cells were resuspended in 200 µl fresh Stempro 34 

and lysed by 3 cycles of 30 s freezing in liquid N2, followed by 120 s thawing in 

an FS30H sonicator bath (Fisher Scientific).  Lysate was spun at 10 000 x g for 5 

min to remove cell debris, and supernatant was frozen at -80ºC.  Samples were 

sent to Aushon for analysis in batches of 20 samples (2 separate non-CF PBMC) 

and 37 samples (3 separate experiments each of non-CF PBMC and CF PBMC).  
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In all experiments, one well of cells were stimulated with P. aeruginosa strain 

PAO1 rather than anti-IgE as P. aeruginosa has been reported to induce cytokine 

and chemokine secretion from human MC (294-296).  PAO1 strain of P. 

aeruginosa, was a generous gift from Dr. Randy Irvin, Medical Microbiology and 

Immunology, University of Alberta.  Bacteria were fixed by 0.1% formalin and 

killed with (100 µg/ml) gentamycin for 2 h  before adding to PBMC because live 

bacteria induce apoptosis in human MC (297).  Killed bacteria were added to MC 

at a multiplicity of infection (MOI) ratio of 25 bacteria:MC cell (25:1).   In these 

experiments, PBMC were incubated for 24 h as described previously (294-296).  

Harvesting of samples was conducted in the same way as with anti-IgE 

stimulation.   For both IgE/anti-IgE and PAO1 treatments, total cytokine content 

was calculated (supernatant + lysate), and % secretion was calculated as above 

(equation 3). 

 

I. Graphing and statistical analysis 

 

The InStat program (GraphPad Software, La Jolla CA) was used for 

statistical analysis.  All data are shown as mean values + SEM.  In all 

experiments, Tukey’s test comparing different treatments was perfomed following 

determination of significance by one way ANOVA analysis.  If data was not 

found to be significant by ANOVA, Tukey’s test was not performed by the 

software.  A p-value < 0.05 was considered statistically significant and 

represented by an asterix (*). 
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A. Cell proliferation 

1. HMC-1 growth curves 

HMC-1 have been extensively used to study MC.  The conditions of 

HMC-1 culture are either reported as passage schedule (3-4 d) or maintaining 

cells at a certain density (between 3 x 10
5
 and 1 x 10

6
 cells/ml), or are ambiguous 

(49, 298-300).  Studies reporting passage schedule often do not give seeding 

densities, whereas studies reporting seeding densities do not give passage 

schedule.  Thus, we standardized seeding densities and passage times in our 

laboratory and compared the growth characteristics of our HMC-1 with those in 

other studies.  HMC-1 proliferation experiments used 5% or 10% heat inactivated 

FBS at various seeding densities (Figure 3.1).  When HMC-1 cells were seeded at 

16 000, 33 000, 66 000 and 200 000 cells/ml in medium containing 5% FBS, they 

reached 1 x 10
6
 cells/ml within 7, 6, 4.5 and 2 d respectively (Figure 3.1 A).  

When HMC-1 were seeded at 25 000, 50 000 or 100 000 cells/ml in media 

containing 10% FBS, they reached 1 x 10
6
 cells/ml within 5, 4 and 3 d 

respectively (Figure 3.1 B).  Cells were not seeded at 200 000 cells/ml in 10% 

FBS as they would reach 1 x 10
6
 cells/ml within 24h.  When 200 000 cells/ml 

were seeded in 5% FBS, 1 x 10
6
 cells/ml was reached within 2 d, which required 

passaging every 2-3 d as viability began to drop at 4 d (Figure 3.1 A).  Seeding of 

cells at 100 000/ml in media containing 10% FBS resulted in proliferation of the 

cells so that the passage rate of 3-4 d and maximum cell density of 1 x 10
6
 

cells/ml reported previously could be achieved (49, 298). 
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A

B

Figure 3.1  Seeding densities and growth curves for HMC-1.  HMC-1 cells were 

seeded at various densities, and grown in A)  5% or B) 10% heat inactivated FBS 

respectively.  Cell density and viability were assessed daily by trypan blue 

exclusion.  (n=4) 
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2. LAD2 growth curves 

For LAD2 cells, the recommended maximal cell density was previously 

established as being 0.5 x 10
6
, and LAD2 cells have been reported to double every 

10 d (277, 301).  We performed growth experiments to confirm this in our hands.  

Cells seeded at either 1 x 10
5
 or 1.625 x 10

5
/ml in 10 ml complete Stempro-34 

were counted every wk to determine growth of the cells (Figure 3.2 A).  The 

proliferation slope for 1.625 x 10
5
cells/ml and 1 x 10

5
 cells/ml  were similar 

between 0 d and 7 d, but was steeper for 1.625 x 10
5
 cells/ml than for 1 x 10

5
 

cells/ml from 7 d to 14 d indicating more rapid proliferation with increased cell 

density (Figure 3.2A).  With initial seeding density of 1.625 x 10
5
 cells/ml, cell 

density at 14 d was near the recommended maximal cell density of 0.5 x 10
6
/ml, 

whereas using 1 x 10
5
 cells/ml the cell concentration still below the recommended 

maximal cell density.  Thus, to keep cell density below the recommended 

maximal cell density and prevent LAD2 overgrowth, we decided to use 1 x 10
5
 

cell/ml as an initial seeding concentration for maintaining the cells in culture.  

Furthermore, cells were never allowed to exceed 14 d in the same flasks without 

reseeding new flasks or using cells for experiments. 

 

3. Calu-3 growth curves 

Confluence in Calu-3 was determined as the absence of cell-free areas on 

the bottom of the flasks. Calu-3 cells were seeded at either 50 000 or 100 000 

cells/ml and confluence was estimated daily for 7 d (Figure 3.2 B).  
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Figure 3.2  Growth curves for LAD2 and Calu-3 cell lines seeded at various 

densities.  A) LAD2 cells seeded at two densities, and grown for 14 d in Stempro-34 

media containing 100 ng/ml stem cell factor (SCF).  Cell viability was assessed every 

7 d for 2 wk by trypan blue exclusion.  (n=1-2).  B) Calu-3 cells seeded at two 

densities, and grown in complete MEM supplemented with 10% heat inactivated FBS 

for 7 d.  Confluence and viability was estimated daily for 7 d by trypan blue 

exclusion. (n=1).

0 1 2 3 4 5 6 7

0
10
20
30
40
50
60
70
80
90

100

seeding density

50 000/m l

100 000/m l

Time (days)

C
a
lu
-3
 %
 C
o
n
fl
u
e
n
c
e

LAD2

Calu-3

10% FBS

A

B

0 5 10 15 20

0.0

0.1

0.2

0.3

0.4

0.5

100 000/m l 100 000/m l

10

20

30

40

50

60

70

80

90

100

162 500/m l 162 500/m l

s e ed ing  de ns ity viab ility

Time (days)

V
ia
b
le
 c
e
ll
s
/ 
m
l 
(x
1
0
6
)

%
 V
ia
b
ility

Figure 3.2  Growth curves for LAD2 and Calu-3 cell lines seeded at various 

densities.  A) LAD2 cells seeded at two densities, and grown for 14 d in Stempro-34 

media containing 100 ng/ml stem cell factor (SCF).  Cell viability was assessed every 

7 d for 2 wk by trypan blue exclusion.  (n=1-2).  B) Calu-3 cells seeded at two 

densities, and grown in complete MEM supplemented with 10% heat inactivated FBS 

for 7 d.  Confluence and viability was estimated daily for 7 d by trypan blue 

exclusion. (n=1).

0 1 2 3 4 5 6 7

0
10
20
30
40
50
60
70
80
90

100

seeding density

50 000/m l

100 000/m l

Time (days)

C
a
lu
-3
 %
 C
o
n
fl
u
e
n
c
e

0 1 2 3 4 5 6 7

0
10
20
30
40
50
60
70
80
90

100

seeding density

50 000/m l

100 000/m l

Time (days)

C
a
lu
-3
 %
 C
o
n
fl
u
e
n
c
e

LAD2

Calu-3

10% FBS



 

 110 

Confluence did not increase significantly until 3 d, at which point cell growth 

became exponential, and flasks reached 70-80% confluence after 7 d.  100% 

confluence was never observed, as the cells began to die and detach from the flask 

if they were not split at 7 d (not shown). 

 

4. Peripheral blood-derived mast cells cultured from CD34
+
 

progenitors     

 

We also determined proliferation characteristics of CF and non-CF PBMC 

(Figure 3.3).  We isolated CD34
+
 progenitors from peripheral blood by density 

separation and magnetic positive selection as described in chapter 2.  After 

purification, the recovery of CD34
+
 cells was 0.42% ± 0.15% and 0.29 ± 0.09% of 

the starting number of cells in non-CF and CF donors respectively (Figure 3.3 A).  

This difference was not statistically significant.  Purity of the cells after magnetic 

separation was not assessed as flow cytometric analysis would require the entire 

sample and there would be no cells left to culture.  Cells were placed in culture as 

described in chapter 2, and cell growth was tracked weekly starting at wk 2 to 

determine if any differences exist in growth characteristics of PBMC from CF and 

non-CF progenitors.  As can be seen in Figure 3.3 B, there is an exponential 

growth of cell numbers within the first 2 wk in culture, which appeared to reach 

its maximum at 2-3 wk and thereafter declined until about wk 6 when a constant 

cell number was reached.  We followed the growth of four CF and four non-CF 

cultures and found no statistically significant differences in growth profile and 

cell numbers during 8 wk culture period (Figure 3.3 B).   
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Figure 3.3  A) Comparison of non-CF and CF donor peripheral blood CD34+

progenitors as a percentage of total cells following positive selection by magnetic 

separation.  B)  Growth profile comparison of non-CF and CF mast cells (MC) 

derived from peripheral blood CD34+ progenitors during 8 wk culture period.  IL-3 

was present for the first week only, whereas IL-6 and stem cell factor (SCF) were 

present throughout 8 wk period.  (n=4 for each group).  Age distribution of the donors  

was not matched.
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Figure 3.3  A) Comparison of non-CF and CF donor peripheral blood CD34+

progenitors as a percentage of total cells following positive selection by magnetic 

separation.  B)  Growth profile comparison of non-CF and CF mast cells (MC) 

derived from peripheral blood CD34+ progenitors during 8 wk culture period.  IL-3 

was present for the first week only, whereas IL-6 and stem cell factor (SCF) were 

present throughout 8 wk period.  (n=4 for each group).  Age distribution of the donors  

was not matched.
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Also, PBMC from CF and non-CF donors did not appear different visually during 

the 8 wk period.   

 

B. Characterization of Cystic Fibrosis and non-Cystic Fibrosis 

PBMC 

1. CF but not non-CF PBMC express more MCTC than MCC 

To determine if MC cultured from CF and non-CF patient peripheral 

blood progenitors are phenotypically and biochemically similar, we examined 

tryptase and chymase expression in PBMC.  Figure 3.4A shows a representative 

field of PBMC from non-CF subjects, whereas Figure 3.4B shows a 

representative field of PBMC from ∆F508 CF patients.  Cells are stained for 

tryptase (blue), chymase (red) or tryptase/chymase (red and blue).  Double 

positive cells stain with both blue and red and are more difficult to identify than 

single positive cells.  These representative images suggest that non-CF PBMC 

have more intensely stained chymase positive cells (red) than non-CF PBMC, but 

if there are other differences, they are not obvious.  When counted by three people 

separately in a blinded fashion, non-CF PBMC are 20 ± 3% tryptase only 

positive, 44 ± 6% chymase only positive and 37 ± 5% tryptase/chymase double 

positive (Figure 3.5).  In non-CF PBMC, there were significantly more chymase 

only positive cells than tryptase only positive cells, but the difference between 

tryptase/chymase positive cells and either subtype of single positive cells was not 

significant (Figure 3.5).   



 

 113 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4  Comparison of tryptase (blue) (dashed arrow), chymase

(red) (black arrow) and tryptase/chymase (red/blue) (black arrowhead) 

staining in peripheral blood derived mast cells (PBMC) after 8 wk in 

culture.  PBMC derived from A) Non-Cystic fibrosis (CF) CD34+

peripheral blood progenitors and B) CF CD34+ peripheral blood 

progenitors.  Data is representative of 4 blindly counted slides counted 

in each group.                               
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Figure 3.5  Comparison of non-Cystic fibrosis (CF) and CF peripheral blood mast 

cells (PBMC) positive for tryptase, chymase or double positive for tryptase/chymase

after 8 wk in culture.  Data is reported as a percentage of total cell count.  

(n=3,*=p<0.05).
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Figure 3.5  Comparison of non-Cystic fibrosis (CF) and CF peripheral blood mast 

cells (PBMC) positive for tryptase, chymase or double positive for tryptase/chymase

after 8 wk in culture.  Data is reported as a percentage of total cell count.  

(n=3,*=p<0.05).
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In CF PBMC, 17 ± 3% were tryptase only positive, 32 ± 4% chymase only 

positive and 53 ± 4% tryptase/chymase positive (Figure 3.5).  In CF PBMC, there 

were significantly more chymase positive cells than tryptase positive cells, as well 

as significantly more tryptase/chymase positive cells than chymase only or 

tryptase only positive cells (Figure 3.5).  The difference between 

tryptase/chymase and chymase positive cells was also significant in CF, but not in 

non-CF PBMC (Figure 3.5).  Our data also suggests that there is no difference in 

tryptase only positive cells between CF and non-CF PBMC, but that there is a 

trend towards a greater proportion of tryptase/chymase double positive cells in CF 

PBMC.  This difference suggests that CF PBMC are more polarized towards the 

connective tissue MC phenotype than non-CF MC.  This may prove to be 

statistically significant, given the opportunity to test a larger sample size.  

 

2. CF PBMC appear to express less surface c-Kit than non-CF PBMC 

After 8 wk in culture, we compared the expression of both SCF receptor 

(c-Kit) and FcεR1 on the plasma membrane of non-CF and CF PBMC (Figure 

3.6).  From the 4 CF donors studied, we used the cells as efficiently as possible 

for all experiments, and as a result, we only had enough cells remaining to 

perform one experiment, which we paired with one experiment of non-CF cells 

for comparison.  In this experiment, 80% of non-CF PBMC were positive for c-

Kit, whereas 61% of CF PBMC were positive for c-Kit (Figure 3.6 A and C).   



 

 116 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

PE

A

Figure 3.6  Comparison of stem cell factor receptor (cKit) and high affinity 

IgE receptor (FcεR1) expression, after 8 wk in culture, on peripheral blood-

derived mast cells (PBMC) in A and B) non-CF  C and D) CF.  (n=1 in each 

group).   Dark shading represents isotype control whereas no shading 

represents c-Kit or FcεR1 antibodies
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IgE receptor (FcεR1) expression, after 8 wk in culture, on peripheral blood-
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In non-CF PBMC, there were two subpopulations of PBMC (c-Kit
lo

 and c-Kit
hi

).  

In CF PBMC, only one c-Kit subpopulation was present and appeared to be c-

Kit
mid

.  This data suggests that a difference in c-Kit expression exists between the 

two cell types which could be linked to uptake of SCF as c-Kit is a desensitizing 

and non-recycling receptor (302 ).  FcεR1 was similar between the two PBMC 

genotypes with 15% of the non-CF cells and 9% of the non-CF PBMC expressing 

FcεR1 (Figure 3.6 B and D).  Basal expression of FcεR1 is known to be low in 

MC and is significantly upregulated by IgE sensitization or IL-4 treatment (89, 

303).  Because of limited availability of CF PBMC, we were not able to compare 

IgE or IL-4 mediated upregulation of FcεR1 in non-CF and CF PBMC.  Although 

it remains to be tested, the difference in c-Kit expression in CF vs non-CF PBMC, 

may explain the differences in protease content as it has been shown that the 

presence or absence of SCF can regulate MC phenotype (CTMC vs MMC) (304, 

305).   

C. Mast cell mediator secretion 

 

1. HMC-1 produce IL-8 in response to adenosine agonist NECA 

stimulation  

  

 As a physiological stimulus of MC, we chose NECA (3 µM) which was 

previously shown to induce significant IL-8 release from HMC-1 cells (49).  This 

study also showed that addition of recombinant SCF to the cells concurrently with 

NECA potentiated the release of IL-8 (49).  We confirmed these findings, and 

showed that basal IL-8 secretion of 47 ± 6 pg/10
6
 cells non-significantly increased 
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to 100 ± 17 pg/10
6
 cells after addition of SCF alone, but significantly increased to 

600 ± 43 and 894 ± 103 pg/10
6
 cells after 8 h stimulation with NECA or with 

NECA and SCF respectively (Figure 3.7 A).   We also confirmed that increased 

doses of SCF did not increase potentiation of IL-8 release from HMC-1 over that 

seen with 100 ng/ml SCF, as previously reported (Figure 3.7 B) (49).   

 

2. LAD2 respond poorly to NECA, but strongly to Ca
2+

 ionophore 

A23187 and IgE/αααα-IgE stimulation 

   

We assessed the response of LAD2 cells to stimulation with various doses 

of A23187, IgE/anti-IgE and NECA (Figure 3.8).  LAD2 cells spontaneously 

released 6 ± 4% β-hex when sham treated (Figure 3.8 A and B).  Treatment with 

100 nM A23187 caused 74 ± 3% β-hex release from LAD2 cells, and doses of 

200 nM to 1000 nM A23187 did not increase β-hex release.  Thus, in subsequent 

experiments, we used 200 nM A23187 to stimulate LAD2 cells and ensure 

maximal release of β-hex as a positive control.   

We also assessed release of β-hex from LAD2 cells in response to FcεR1 

aggregation.  Maximal β-hex release of 42% was reached by stimulating the cells 

with 20 µg/ml anti-IgE (Figure 3.8 B).  We wanted to use a submaximal dose of 

anti-IgE to stimulate the cells so that any potential differences induced by CFTR 

inhibition would not be masked by over stimulation of the cells.  Thus, we chose 

to use 2 µg/ml in subsequent experiments because it gave similar results 
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Figure 3.7  5’-N-ethylcarboxamidoadenosine (NECA) (3 µM)-induced IL-8 release 

from HMC-1 cells.  A) Potentiation of NECA-induced IL-8 release by stem cell 

factor (SCF 100 ng/ml).  B) SCF alone does not increase IL-8 release from HMC-1 

cells. (n=4, *=p<0.05).  
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Figure 3.8  A)  LAD2 β-hexosaminidase (β-hex) release in response to Ca2+

ionophore A23187.  B) LAD2 β-hex release in response to stimulation with 

anti-IgE at various doses after overnight sensitization with IgE (1 µg/ml).  C)

LAD2 IL-8 secretion in response to 24 h NECA stimulation with  various doses 

of NECA. (n=1-4).
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Figure 3.8  A)  LAD2 β-hexosaminidase (β-hex) release in response to Ca2+

ionophore A23187.  B) LAD2 β-hex release in response to stimulation with 

anti-IgE at various doses after overnight sensitization with IgE (1 µg/ml).  C)

LAD2 IL-8 secretion in response to 24 h NECA stimulation with  various doses 

of NECA. (n=1-4).
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as 2.5 µg/ml (20-25% release) as shown in subsequent figures, and required less 

antibody.  As NECA did not induce β-hex release from LAD2 cells, we assessed 

the capacity of NECA to induce IL-8 secretion from LAD2 as previously 

demonstrated in HMC-1 cells (49).  We showed that LAD2 cells release 40 pg/ml 

IL-8 when stimulated with 3 µM NECA (Figure 3.8 C).  One hundred fold more 

NECA only increased IL-8 production to 80 pg/ml (Figure 3.8 C).  Thus, we used 

3 µM NECA in subsequent experiments, the same dose used in HMC-1 

stimulation (Figure 3.7). 

 

D. Characterization of CFTR expression in mast cells 

 

1. Mast cells express low levels of CFTR mRNA  

 Preliminary experiments to optimize PCR conditions showed that the best 

conditions to detect CFTR with the primers designed (Table 2.1) were with a 

melting temperature (Tm) of 63ºC and a MgCl2 concentration of 0.5 mM (not 

shown).  Under these conditions, we saw the strongest amplification with the 

lowest background (smearing) and non-specific amplification (multiple bands) 

after 30 cycles (not shown).  Thus, we used these conditions for subsequent RT-

PCR.   

Using both oligo dT and specific RT primers for CFTR and β-actin 

(Figure 2.2 and Table 2.2), we ran RT-PCR on HMC-1, LAD2, and Calu-3.  After 

30 cycles of amplification, we saw CFTR transcripts in Calu-3 lanes, but not 
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HMC-1 or LAD2 lanes, even in the presence of IFNγ which upregulates CFTR in 

MC (Appendix 2) (Figure 3.9).  Using the same cDNA, we ran another PCR using 

45 cycles of amplification testing for both β-actin and CFTR to ensure that the 

cDNA was of good quality in all treatments (Figure 3.10).  We show that reverse 

transcription was successful in Calu-3, LAD2 and HMC-1 by the presence of 

actin bands at 304 bp after 45 cycles of amplification (Figure 3.10).  CFTR 

transcripts also appeared in all treatments in this PCR reaction, but Calu-3 

expressed a strong signal, whereas in LAD2, LAD2 treated with IFNγ and HMC-

1 cells a very faint band appeared at the same product size as in Calu-3 cells 

(Figure 3.10).  In our previous work, we showed CFTR mRNA expression in rat 

MC by regular RT-PCR and in human MC by qPCR (107, 201).  In these 

experiments, we showed by regular RT-PCR that human MC CFTR express 

mRNA but that these transcripts are not abundant.  To determine if PBMC 

express CFTR mRNA, we also performed PCR on non-CF PBMC following 

mRNA extraction.  After 30 cycles of amplification, we saw the appearance of β-

actin transcripts at 304 bp in both PBMC and Calu-3 (Figure 3.11 A).  The actin 

signal was weaker in PBMC, and there seemed to be no difference in signal 

intensity with or without heparinase treatment.  Calu-3 and T84 cDNA were 

positive for CFTR transcripts at 796 bp, but no CFTR transcripts were detectable 

in PBMC (Figure 3.11 A).   
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Figure 3.9  CFTR mRNA expression by reverse transcription-PCR (RT-PCR) 

analysis in Calu-3, LAD2 and HMC-1 cells using either oligo dT or reverse 

transcription primers for CFTR and actin for 30 cycles.  IFNγ treatment has been 

shown to upregulate CFTR expression in LAD2 cells.   CFTR PCR product is 796 

bp.  PCR product can only be seen in Calu-3 lanes.  Representative gel of 5-6 

experiments.
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Figure 3.9  CFTR mRNA expression by reverse transcription-PCR (RT-PCR) 

analysis in Calu-3, LAD2 and HMC-1 cells using either oligo dT or reverse 

transcription primers for CFTR and actin for 30 cycles.  IFNγ treatment has been 

shown to upregulate CFTR expression in LAD2 cells.   CFTR PCR product is 796 

bp.  PCR product can only be seen in Calu-3 lanes.  Representative gel of 5-6 

experiments.
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Figure 3.10  CFTR mRNA expression by reverse transcription-PCR (RT-PCR) 

analysis in Calu-3, LAD2 and HMC-1 cells using β-acting (304 bp) or CFTR (796 

bp) primers for 45 cycles.  CFTR mRNA is present as a weak band in LAD2, LAD2 

+ IFNγ and HMC-1 cells (arrowhead), but expression is low compared to Calu-3 

CFTR mRNA (lane 7). Image was inverted and contrast adjusted to improve 

resolution of weak bands in lanes 8, 9 and 10 (n=1).  High cycle number resulted in 

appearance of multiple bands which may or may not be CFTR.
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Figure 3.10  CFTR mRNA expression by reverse transcription-PCR (RT-PCR) 

analysis in Calu-3, LAD2 and HMC-1 cells using β-acting (304 bp) or CFTR (796 

bp) primers for 45 cycles.  CFTR mRNA is present as a weak band in LAD2, LAD2 

+ IFNγ and HMC-1 cells (arrowhead), but expression is low compared to Calu-3 

CFTR mRNA (lane 7). Image was inverted and contrast adjusted to improve 

resolution of weak bands in lanes 8, 9 and 10 (n=1).  High cycle number resulted in 

appearance of multiple bands which may or may not be CFTR.
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Figure 3.11 A) CFTR mRNA expression by reverse transcription-PCR (RT-PCR) 

analysis in peripheral blood derived mast cells (PBMC) from non-Cystic fibrosis 

(CF) donors in comparison to Calu-3 and T84 epithelial cells.  PBMC mRNA was 

either heparinase or sham treated and PCR was performed for 30 cycles.  B) CFTR 

mRNA expression in heparinase digested PBMC and Calu-3 by nested PCR analysis.  

PBMC and Calu-3 cDNA was analyzed by PCR for 30 cycles (gel 1), then 1 µl of 

PCR product was re-amplified by nested PCR for another 30 cycles (gel 2).  Original

CFTR product is 796 bp, whereas nested PCR product is 638 bp. (n=1).
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Figure 3.11 A) CFTR mRNA expression by reverse transcription-PCR (RT-PCR) 

analysis in peripheral blood derived mast cells (PBMC) from non-Cystic fibrosis 

(CF) donors in comparison to Calu-3 and T84 epithelial cells.  PBMC mRNA was 

either heparinase or sham treated and PCR was performed for 30 cycles.  B) CFTR 

mRNA expression in heparinase digested PBMC and Calu-3 by nested PCR analysis.  

PBMC and Calu-3 cDNA was analyzed by PCR for 30 cycles (gel 1), then 1 µl of 

PCR product was re-amplified by nested PCR for another 30 cycles (gel 2).  Original

CFTR product is 796 bp, whereas nested PCR product is 638 bp. (n=1).
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In an attempt to boost the signal, we performed nested PCR reaction using 

only heparinase digested PBMC and Calu-3 cDNA.  After 30 cycles of 

amplification in the initial PCR reaction, we only saw the appearance of CFTR 

transcripts in the Calu-3 sample (Figure 3.11 B gel 1).After 30 cycles of 

reamplification of the product by nested PCR, CFTR transcripts were still 

undetectable in PBMC, but were detectable in Calu-3, with the appearance of the 

original 796 bp product, as well as the expected 638 bp nested PCR product and 

and unexpected band near the 2000 bp marker (Figure 3.11 B gel 2).  Thus, 

PBMC did not express transcripts for CFTR detectable by RT-PCR in these 

experiments.  The absence of mRNA transcripts in PBMC does not preclude 

expression of protein and could be due to several factors including cyclical 

transcription and message stability.  We have previously detected CFTR mRNA 

(201, 306). 

 

2.  CF-PBMC express intracellular but not plasma membrane CFTR  

   

The absence of mRNA transcripts in a cell does not always correlate with 

absence of protein expression, as protein turnover combined with epigenetic 

regulation of transcription, mRNA stability and other factors regulate the number 

of mRNA transcripts and proteins within cells.  Therefore, with a limited number 

of PBMC, we attempted to detect CFTR protein expression in PBMC by Western 

blot analysis.  Figure 3.12 shows results of this Western blot analysis with mouse 

monoclonal anti-human CFTR antibody 24-1 using Odyssey  
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Figure 3.12 A) CFTR protein expression in non-Cystic fibrosis (CF) peripheral 

blood mast cells (PBMC) compared to HMC-1, LAD2 and Calu-3 cells (Western 

blot analysis using 24-1 CFTR antibody and Odyssey).  B)  Ponceau S staining of 

nitrocellulose membrane showing absence of protein > 75 kDa selectively in PBMC.  
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Figure 3.12 A) CFTR protein expression in non-Cystic fibrosis (CF) peripheral 

blood mast cells (PBMC) compared to HMC-1, LAD2 and Calu-3 cells (Western 

blot analysis using 24-1 CFTR antibody and Odyssey).  B)  Ponceau S staining of 

nitrocellulose membrane showing absence of protein > 75 kDa selectively in PBMC.  
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IR on Calu-3, two separate HMC-1 lysates, LAD2 and PBMC.  Calu-3 express a 

weak band 169 kDa, as well as a band at 100 kDa.  One HMC-1 lysate did not 

express high MW bands, whereas the other lysate expressed a band at 

approximately 201 kDa.  Smaller bands in both HMC-1 lanes were detected at 98 

and 60 kDa.  In LAD2 cells, we detected a band at 185 kDa, and two smaller 

bands at 100 and 59 kDa.  In PBMC however, we did not detect any bands by 

Western blot.  To determine why PBMC showed no signal for CFTR, membranes 

were stained with Ponceau S prior to blotting.  The Ponceau S stained membrane 

shows that no proteins above 75 kDa transferred onto the membrane in PBMC 

sample, whereas good transfer occurred in Calu-3, HMC-1 and LAD2 samples 

(Figure 3.12 B).  While this experiment gave poor resolution of CFTR in Calu-3, 

HMC-1 and LAD2 cells,our interpolations are that the lack of detectable transfer 

of proteins above 75 kDa in PBMC is a result of abundance of MCP in the PBMC 

lysate.  It is well known that MCP are the most abundant proteins in fully 

differentiated MC (23, 307).  As PBMC are the most mature MC phenotype we 

have studied, it is likely that they contain significantly more proteases than HMC-

1 or even LAD2, resulting in undetectable amounts of CFTR being loaded into the 

gels in proportion to total protein contained in a defined quantity of cell lysate.   

Because of the difficulty in obtaining large numbers of PBMC for Western 

blot, we used flow cytometry to characterize CFTR protein expression in PBMC.  

Using Calu-3 EC as positive control for CFTR expression, we assessed CFTR 

expression in permeabilized CF and non-CF PBMC (Figure 3.13).  At least 45% 

of permeabilized Calu-3 cells were positive for CFTR when stained with 24-1  
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Figure 3.13 A) CFTR expression in permeabilized Calu-3 cells analyzed using 24-1 

antibody.  B) Plasma membrane CFTR expression in non-permeabilized peripheral 

blood mast cells (PBMC) from non-CF (shaded) and CF (open) using MA1-935 

antibody. Intracellular expression of CFTR was also analyzed in permeabilized C) 

non-CF and D) CF PBMC using isotype control (shaded) or 24-1 (open) antibodies.

Insets) Forward scatter (FSC) and side scatter (SSC) dot plots of A) of Calu-3 

epithelial cells (EC).  B) Non-CF vs. CF PBMC.  C) non-CF PBMC and D) CF 

PBMC. (n=1).
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Figure 3.13 A) CFTR expression in permeabilized Calu-3 cells analyzed using 24-1 

antibody.  B) Plasma membrane CFTR expression in non-permeabilized peripheral 

blood mast cells (PBMC) from non-CF (shaded) and CF (open) using MA1-935 

antibody. Intracellular expression of CFTR was also analyzed in permeabilized C) 

non-CF and D) CF PBMC using isotype control (shaded) or 24-1 (open) antibodies.

Insets) Forward scatter (FSC) and side scatter (SSC) dot plots of A) of Calu-3 

epithelial cells (EC).  B) Non-CF vs. CF PBMC.  C) non-CF PBMC and D) CF 

PBMC. (n=1).
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(Figure 3.13 A).  When non-CF and CF PBMC were stained with 24-1, 59% and 

54% of the cells were positive for CFTR respectively (Figure 3.13 C and D).  This 

is not surprising given that our CF donors are all of the ∆F508 genotype; a class II 

mutation resulting in loss of surface expression, but not of protein synthesis (125).  

When we stained unpermeablilized PBMC with MA1-935, the antibody 

recognizing the first extracellular loop of CFTR in unpermeabilized PBMC, we 

found that non-CF PBMC were positive for CFTR, whereas the CFTR signal did 

not appear in CF PBMC (Figure 3.13 B).  This data shows that PBMC derived 

from CF peripheral blood progenitors express CFTR intracellularly (Figure 3.13 

D), but that CFTR does not get to the plasma membrane (Figure 3.13 B).  This 

figure also shows that non-CF have less FSC compared to CF PBMC.  This 

indicates that non-CF PBMC are smaller than CF PBMC, which could implicate 

CFTR in volume regulation of the cells.  This will be discussed further in chapter 

4. 

3. HMC-1 express higher levels of CFTR protein than LAD2  

We compared extracellular and intracellular CFTR expression in HMC-1, 

T84, LAD2 and Calu-3 by confocal microscopy.  Isotype controls mouse IgM and 

mouse IgG2a did not result in significant staining in any of the cells tested, using 

the same settings on the microscope as for MA1-935 and 24-1.  Microscope 

settings varied between experiments and antibodies, but were never different than 

those used for isotype controls within experiments as described in chapter 2.  

Unpermeabilized HMC-1 cells showed sparse and weak punctuate staining with  
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Figure 3.14 Confocal microscopy analysis of CFTR expression in A)

Unpermeabilized HMC-1 using MA1-935 antibody.  B) Permeabilized HMC-1 using 

24-1 antibody.  C) Unpermeabilized T84 using MA1-935 antibody.  D) 

Permeabilized T84 using 24-1 antibody.  Insets) Differential interference contrast 

(DIC) images of cells in each panel. (n=1).
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Figure 3.14 Confocal microscopy analysis of CFTR expression in A)

Unpermeabilized HMC-1 using MA1-935 antibody.  B) Permeabilized HMC-1 using 

24-1 antibody.  C) Unpermeabilized T84 using MA1-935 antibody.  D) 

Permeabilized T84 using 24-1 antibody.  Insets) Differential interference contrast 

(DIC) images of cells in each panel. (n=1).
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Figure 3.15 A) Confocal microscopy analysis of CFTR expression in A)

Permeabilized LAD2 cells using 24-1antibody.  B) Permeabilized Calu-3 using 24-1 

antibody. Inset) Isotype control staining of LAD2 cells. (n=1)

A B

Figure 3.15 A) Confocal microscopy analysis of CFTR expression in A)

Permeabilized LAD2 cells using 24-1antibody.  B) Permeabilized Calu-3 using 24-1 

antibody. Inset) Isotype control staining of LAD2 cells. (n=1)
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the extracellular loop CFTR antibody MA1-935 (Figure 3.14 A).  This staining 

pattern is similar to that observed in unpermeabilized T84 cells, and is consistent 

with membrane expression of CFTR (Figure 3.14 C).  When HMC-1 were 

permeabilized with saponin and stained with the CFTR antibody 24-1, CFTR 

signal was more abundant and diffuse throughout the cells with some punctate 

intracellular localization (Figure 3.14 B).  Again, this staining pattern was  

consistent with that observed in permeabilized T84 cells, suggesting intracellular 

localization of CFTR in MC.   

Staining of unpermeabilized LAD2 by MA1-935 did not result in a CFTR 

signal above background (not shown), but permeabilization and staining of LAD2 

cells with 24-1 gave faint and diffuse intracellular staining (Figure 3.15 A).  

Staining of permeabilized Calu-3 cells with 24-1 antibody resulted in intense 

intracellular signal with weak signal in the nuclear region of the cells (Figure 3.15 

B).  This data shows that LAD2 express intracellular CFTR.  This data also 

suggests that either LAD2 do not express CFTR at the plasma membrane, or that 

CFTR is different in LAD2 cells such that fixation and preparation protocols 

removed the MA1-935 epitope(s) on LAD2 cells. 
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Figure 3.16 Calculated molecular weights (MW) of bands appearing in gels blotted 

for CFTR expression using either MA1-935 or 24-1 antibodies.  Band A, B and C 

are the unglycosylated, core glycosylated and fully glycosylated forms of CFTR 

with reported MW of 120, 150 and 172 kDa respectively.  Atypical CFTR bands 

which reproducibly appear on CFTR gels using either MA1-935 or 24-1 were named 

bands D and E.  These bands have either not been described or not well 

characterized, and did not appear on isotype control blot. (n=4-9).
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Figure 3.16 Calculated molecular weights (MW) of bands appearing in gels blotted 

for CFTR expression using either MA1-935 or 24-1 antibodies.  Band A, B and C 

are the unglycosylated, core glycosylated and fully glycosylated forms of CFTR 

with reported MW of 120, 150 and 172 kDa respectively.  Atypical CFTR bands 

which reproducibly appear on CFTR gels using either MA1-935 or 24-1 were named 

bands D and E.  These bands have either not been described or not well 

characterized, and did not appear on isotype control blot. (n=4-9).
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E. Comparison of epithelial cell and mast cell CFTR expression 

by Western blot analysis  

  

1. Calu-3  

 Because of the differences we observed between HMC-1 and LAD2 cells 

by confocal microscopy, we wanted to characterize CFTR expression in HMC-1 

and LAD2 cells by Western blot to determine if their pattern of expression is 

similar to Calu-3 EC. Western blot using MA1-935 or 24-1 isotype control 

antibodies did not result in the appearance of any bands (not shown). Western blot 

on Calu-3 lysate using CFTR antibodies MA1-935 or 24-1 yielded results similar 

to those reported previously (chapter 1).  Western blots of Calu-3 lysate showed a 

doublet appearing at the reported MW of bands B and C (Figure 3.17 and 3.18).  

The upper band of the doublet had a calculated average MW of 172 ± 3 kDa, and 

the lower band had a calculated average MW of 162 ± 3 kDa (Figure 3.16).  There 

was an average of 10 kDa separation between the two bands.  The higher band 

was observed in 6 of 9 separate gels (once by MA1-935 and 5 times by 24-1) and 

the lower band in 6 of 9 separate gels (once by MA1-935 and 5 times by 24-1) 

(Table 3.1).  Calu-3 band A had an average MW of 111 ± 4 kDa (Figure 3.16, 

3.17 and 3.18) and was observed in 3 of 9 separate gels (3 times with 24-1), but 

was not observed when MA1-935 was used (Figure 3.18) (Table 3.1).  Calu-3 also 

reproducibly expressed other prominent bands, one of which fell within the 

reported MW range of band A, the other two of which were atypical CFTR bands 

that we named bands D and E for the purposes of this analysis (Figure 3.16 to  
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Table 3.1  Calu-3:  Western blot conditions and results 

Blot Conditions Band C Band B Band A Band D Band E 

1 1° Antibody: MA1-

935, 1/1000 

2° Antibody: GAM-

IgM-HRP 1/5000 

ECL: Femto 

  117 98 89 

2 1° Antibody: MA1-

935, 1/1000 

2° Antibody: GAM-

IgM-HRP 1/5000 

ECL: Femto 

   89 76 

 

3 1° Antibody: MA1-

935, 1/1000 

2° Antibody: GAM-

IgM-HRP 1/5000 

ECL: Femto 

175 173   88 

       

4 1° Antibody: 24-1, 

1/1000 

2° Antibody: GAM-

IgG-HRP 1/5000 

ECL: Pico 

162 159 114 91 85 

5 1° Antibody: 24-1, 

1/1000 

2° Antibody: GAM-

IgG-HRP 1/5000 

ECL: Pico 

     

6 1° Antibody: 24-1, 

1/1000 

2° Antibody: GAM-

IgG-HRP 1/5000 

ECL: Pico 

184 169 115  76 

7 1° Antibody: 24-1, 

1/1000 

2° Antibody: GAM-

IgG-HRP 1/5000 

ECL: Pico 

167 152 101 80  

8 1° Antibody: 24-1, 

1/1000 

2° Antibody: GAM-

IgG-HRP 1/5000 

ECL: Pico 

176 168  96  

9 1° Antibody: 24-1, 

1/1000 

2° Antibody: GAM-

IgG-HRP 1/5000 

ECL: Pico 

170 155   74 

Average mass 172 ± 3 162 ± 3 111 ±  4 94 ± 2 81 ± 2 

1º, primary antibody; 2º, secondary antibody; GAM, goat anti-mouse; HRP, 

horseradish peroxidase; ECL, enhanced chemiluminescence reagent (pico or 

femto kit, Pierce);  
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Figure 3.17 Two representative Western blots of CFTR expression in 

HMC-1, LAD2 and Calu-3 cells showing amount of total protein loaded, 

expression profiles and molecular weights of CFTR bands.  All blots 

depicted were performed with 24-1 antibody using the traditional film 

method.  Band A, B and C are the unglycosylated, core glycosylated and 

fully glycosylated forms of CFTR.  Bands not reported in the literature wer

named bands D and E for the purpose of this analysis.  Representative blots 

of 3-6 blots from 3-6 separate cell lysates.
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Figure 3.17 Two representative Western blots of CFTR expression in 

HMC-1, LAD2 and Calu-3 cells showing amount of total protein loaded, 

expression profiles and molecular weights of CFTR bands.  All blots 

depicted were performed with 24-1 antibody using the traditional film 

method.  Band A, B and C are the unglycosylated, core glycosylated and 

fully glycosylated forms of CFTR.  Bands not reported in the literature wer

named bands D and E for the purpose of this analysis.  Representative blots 

of 3-6 blots from 3-6 separate cell lysates.
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Figure 3.18 Western blot analysis of CFTR expression showing banding patterns, 

expression profiles and molecular weights using MA1-935 antibody.  Missing band 

A in blots using MA1-935 (arrow).  A) Calu-3.  B) HMC-1.  C) LAD2. Band D (24-

1) and band E (MA1-935).  These bands were observed with both antibodies and 

their appearance is related to protein concentration. D) Isotype control Western blot 

for MA1-935 antibody (mouse IgM) with 10 minute exposure to femto ECL.  In all 

panels, Calu-3, HMC-1 and LAD2 blots were grouped together in a mosaic so that 

banding pattern could be compared from gel to gel for each cell type.  of all blots 

depicted here were performed using the traditional film method. Differences in 

intensity of bands in lanes blotted with same antibody are either due to different 

protein concentrations or times of exposure to the film.  Slight differences in 

migration of similar bands are due to different run times or different gel percentages. 

These mosaics are representative of 5-9 blots performed from 4-6 separate lysates.  

MWM, molecular weight marker.
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Figure 3.18 Western blot analysis of CFTR expression showing banding patterns, 

expression profiles and molecular weights using MA1-935 antibody.  Missing band 

A in blots using MA1-935 (arrow).  A) Calu-3.  B) HMC-1.  C) LAD2. Band D (24-

1) and band E (MA1-935).  These bands were observed with both antibodies and 

their appearance is related to protein concentration. D) Isotype control Western blot 

for MA1-935 antibody (mouse IgM) with 10 minute exposure to femto ECL.  In all 

panels, Calu-3, HMC-1 and LAD2 blots were grouped together in a mosaic so that 

banding pattern could be compared from gel to gel for each cell type.  of all blots 

depicted here were performed using the traditional film method. Differences in 

intensity of bands in lanes blotted with same antibody are either due to different 

protein concentrations or times of exposure to the film.  Slight differences in 

migration of similar bands are due to different run times or different gel percentages. 

These mosaics are representative of 5-9 blots performed from 4-6 separate lysates.  

MWM, molecular weight marker.
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3.18).    These bands appear with more variability than bands A, B and C.  The 

significance of this is unknown, but could represent some form of post-

translational processing such as cleavage or deglycosylation.  Band D had a 

calculated average molecular mass of 94 ± 2 kDa (Figure 3.16), and was observed 

in 5 of 9 separate gels (2 times by MA1-935 and 3 times by 24-1) (Figure 3.17) 

(Table 3.1).  Band E in Calu-3 had a calculated average MW of 81 ± 4 kDa 

(Figure 3.16), and was observed in 6 of 9 separate gels (3 times with MA1-935 

and 3 times with 24-1) (Table 3.1).   

2. LAD2  

 Detection of CFTR in LAD2 cells required the loading of 30 to 50 µg total 

protein in comparison with Calu-3 and HMC-1 which only routinely required the 

loading of 20-30 µg of lysate.  This suggests that CFTR is either less abundant in 

LAD2 cells than in Calu-3 or HMC-1, or as we saw in PMBC, there is abundant 

low MW protease content in LAD2 cells that reduces the amount of CFTR loaded 

as a proportion of total protein (Figure 3.13).  When we analyzed CFTR 

expression in LAD2 cells, we detected either a single band or a faint doublet near 

the reported MW of band B (Figure 3.17 and 3.18 C).  The single band in LAD2 

appeared to migrate to the reported MW of band B with a calculated average MW 

of 154 ± 4 kDa (Figure 3.16).  This single band appeared in 5 of 9 separate gels, 

(2 times by MA1-935 and 3 times by 24-1) (Table 3.2).  In 4 separate gels (1 time 

by MA1-935 and 3 times by 24-1) (Table 3.2), a doublet appeared rather than a 

single band.  The upper band of this doublet had a calculated average MW of 159 

± 4 kDa, whereas the lower band had a calculated average MW of 145 ± 2 kDa  
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Table 3.2 LAD2:  Western blot conditions and results  

 
Blot Conditions Band C Band B Band D Band E 

1 1° Antibody: MA1-935, 

1/1000 

2° Antibody: GAM-IgM-

HRP 1/5000 

ECL: Femto 

169 142   

2 1° Antibody: MA1-935, 

1/1000 

2° Antibody: GAM-IgM-

HRP 1/5000 

ECL: Femto 

 142 89 76 

3 1° Antibody: MA1-935, 

1/1000 

2° Antibody: GAM-IgM-

HRP 1/5000 

ECL: Femto 

163  85 67 

      

4 1° Antibody: 24-1, 1/1000 

2° Antibody: GAM-IgG-

HRP 1/5000 

ECL: Pico 

162 152   

5 1° Antibody: 24-1, 1/1000 

2° Antibody: GAM-IgG-

HRP 1/5000 

ECL: Pico 

151 145   

6 1° Antibody: 24-1, 1/1000 

2° Antibody: GAM-IgG-

HRP 1/5000 

ECL: Pico 

166    

7 1° Antibody: 24-1, 1/1000 

2° Antibody: GAM-IgG-

HRP 1/5000 

ECL: Pico 

144  75 60 

8 1° Antibody: 24-1, 1/1000 

2° Antibody: GAM-IgG-

HRP 1/5000 

ECL: Pico 

162  92  74  

9 1° Antibody: 24-1, 1/1000 

2° Antibody: GAM-IgG-

HRP 1/5000 

ECL: Pico 

153 143   

Average mass 

 

159 ± 3 

 

145 ± 2 85 ± 4 69 ± 4 

1º, primary antibody; 2º, secondary antibody; GAM, goat anti-mouse; HRP, 

horseradish peroxidase; ECL, enhanced chemiluminescence reagent (pico or 

femto kit, Pierce);  
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(Figure 3.16 and 3.17).  Furthermore, we show that when run on the same gels as 

Calu-3, the high band in the LAD2 doublet migrates to within 5 kDa of the low 

band of the Calu-3 doublet (Figure 3.17).  This suggests that glycosylation of 

CFTR in LAD2 may not be complete, or may have a different pattern than in EC.  

In addition to the doublet at high MW, LAD2 cells also expressed bands D and E.  

Band D had a calculated average MW of 85 ± 4 kDa and appeared in 4 of 9 

separate gels (2 times with MA1-935 and 3 times with 24-1) (Table 3.2).   Band E 

had a calculated average MW of 69 ± 4 kDa, and appeared in 4 of 9 separate gels 

(2 times with MA1-935 and 2 times with 24-1).  These bands were observed in 

some, but not all of the gels, and seemed to appear with loading of more cell 

lysate than for Calu-3 cells (40-50 µg vs. 20-30 µg) of total protein in each lane 

(Figure 3.16). 

 

3. HMC-1  

 In HMC-1, we consistently observed a high MW doublet near the reported 

MW of CFTR.  The upper band of this doublet had a calculated average MW of 

167 ± 6 kDa, while the lower band of the doublet had a calculated average MW of 

145 ± 2 kDa (Figure 3.16 and 3.17).  The upper band of the doublet was observed 

5 times from 5 gels (2 times with MA1-935 and 3 times with 24-1) (Table 3.3) 

and these two bands corresponded well with the reported MW of bands C and 

band B in EC (Figure 3.16).  HMC-1 also expressed, in 1 of 5 separate gels (with 

24-1), a band at 140 kDa which falls between the reported size of bands A and B.  

In that same gel, the doublet band was at 174 and 161 kDa, indicating the band at  
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Table 3.3  HMC-1:  Western blot conditions and results 

Blot Conditions Band C Band B Band A Band D Band E 

1 1° Antibody: MA1-

935, 1/1000 

2° Antibody: GAM-

IgM-HRP 1/5000 

ECL: Femto 

171   97 88 

2 1° Antibody: MA1-

935, 1/1000 

2° Antibody: GAM-

IgM-HRP 1/5000 

ECL: Femto 

175 147  86 75 

       

3 1° Antibody: 24-1, 

1/1000 

2° Antibody: GAM-

IgG-HRP 1/5000 

ECL: Pico 

174 161 140 120 77 

4 1° Antibody: 24-1, 

1/1000 

2° Antibody: GAM-

IgG-HRP 1/5000 

ECL: Pico 

172 147  88 83 

5 1° Antibody: 24-1, 

1/1000 

2° Antibody: GAM-

IgG-HRP 1/5000 

ECL: Pico 

145 142  94 60 

Average 

mass 

167 ± 6 167 ±  6 145 ± 2 140 ± 0 97 ± 6 77 ± 5 

1º, primary antibody; 2º, secondary antibody; GAM, goat anti-mouse; HRP, 

horseradish peroxidase; ECL, enhanced chemiluminescence reagent (pico or 

femto kit, Pierce);  
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140 kDa may in fact be band A (Figure 3.18 B).  HMC-1 also reproducibly 

expressed bands D and E in 5 of 5 separate gels (2 times by MA1-935 and 3 times 

by 24-1).  Bands D and E reproducibly appeared on the same gels, and had 

calculated average MW of  97 ± 6 kDa and 77 ± 5 kDa respectively (Figure 3.16).  

In a few gels a band as low as 43 kDa appeared, which could represent 

degradation products of CFTR, whereas bands D and E could represent alternative 

splice variants of CFTR. 

 

4. PMC 

 When probed for CFTR, PMC only exhibited a band at 80 kDa, and no 

signal was observed at the reported size ranges of band A, B and C, unless films 

were exposed for longer times (Figure 3.19 B versus A).  With longer exposure, 

LAD2 and Calu-3 lanes were overexposed (not shown), and  PMC expressed a 

single band near the reported MW of band B with an average molecular mass of 

137 ± 5 kDa (Figure 3.16 and 3.19 B).  This band was very faint, and was 

observed once with MA1-935 and twice with 24-1 (Table 3.4).  Whole cell PMC 

lysate also expressed a band at 82 ± 4 kDa when probed with MA1-935 and with 

24-1 (Figure 3.16 and 3.19 B).  When membranes were overexposed we also 

detected similar fragments of CFTR as we observed in Calu-3, HMC-1 and LAD2 

cells.  This suggests that CFTR expression in PMC is less abundant than LAD2 

MC.   
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Table 3.4 PMC:  Western blot conditions and results 

 
Blot Conditions Band C Band B Band A Band D Band E 

6 1° Antibody: 24-1, 

1/1000 

2° Antibody: GAM-

IgG-HRP 1/5000 

ECL: Pico 

 130   77 

9 1° Antibody: 24-1, 

1/1000 

2° Antibody: GAM-

IgG-HRP 1/5000 

ECL: Pico 

    92 

10 1° Antibody: 24-1, 

1/1000 

2° Antibody: GAM-

IgG-HRP 1/5000 

ECL: Pico 

 136   74 

11 1° Antibody: MA1-

935, 1/1000 

2° Antibody: GAM-

IgM-HRP 1/5000 

ECL: Femto 

 147   85 

Average mass  137 ± 5   82 ± 4 

1º, primary antibody; 2º, secondary antibody; GAM, goat anti-mouse; HRP, 

horseradish peroxidase; ECL, enhanced chemiluminescence reagent (pico or 

femto kit, Pierce)  
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Figure 3.19 A) Western blot showing CFTR expression in whole PMC as well as 

PMC granule, membrane and cytosol preparations using MA1-935.  Calu-3 and 

LAD2 whole cell lysates were run as controls.  Lanes 1=Marker, 2=LAD2, 3=Calu-

3, 4=PMC, 5=PMC granules, 6=PMC membrane, 7=PMC cytosol, 8=Marker, 

9=PMC.  Weak CFTR band in membrane (arrow).  B) Overexposure of blot in 

panel A showing CFTR signal appearing in membrane and cytosol fractions.  Lanes 

1=PMC granules, 2=PMC membrane, 3=PMC cytosol, 4=Marker, 5=PMC.  C)

Strip and reprobe of blot in panel A, with stem cell factor receptor cKit antibodies.  

Whole PMC as well as PMC membrane preparation are positive for cKit.  D) Strip 

and reprobe of blot in panel A staining for rat mast cell protease 5 (RMCP5).  Faint 

band in membrane lane is leftover signal from previous blot.
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Figure 3.19 A) Western blot showing CFTR expression in whole PMC as well as 

PMC granule, membrane and cytosol preparations using MA1-935.  Calu-3 and 

LAD2 whole cell lysates were run as controls.  Lanes 1=Marker, 2=LAD2, 3=Calu-

3, 4=PMC, 5=PMC granules, 6=PMC membrane, 7=PMC cytosol, 8=Marker, 

9=PMC.  Weak CFTR band in membrane (arrow).  B) Overexposure of blot in 

panel A showing CFTR signal appearing in membrane and cytosol fractions.  Lanes 

1=PMC granules, 2=PMC membrane, 3=PMC cytosol, 4=Marker, 5=PMC.  C)

Strip and reprobe of blot in panel A, with stem cell factor receptor cKit antibodies.  

Whole PMC as well as PMC membrane preparation are positive for cKit.  D) Strip 

and reprobe of blot in panel A staining for rat mast cell protease 5 (RMCP5).  Faint 

band in membrane lane is leftover signal from previous blot.
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Figure 3.19 A) Western blot showing CFTR expression in whole PMC as well as 

PMC granule, membrane and cytosol preparations using MA1-935.  Calu-3 and 

LAD2 whole cell lysates were run as controls.  Lanes 1=Marker, 2=LAD2, 3=Calu-

3, 4=PMC, 5=PMC granules, 6=PMC membrane, 7=PMC cytosol, 8=Marker, 

9=PMC.  Weak CFTR band in membrane (arrow).  B) Overexposure of blot in 

panel A showing CFTR signal appearing in membrane and cytosol fractions.  Lanes 

1=PMC granules, 2=PMC membrane, 3=PMC cytosol, 4=Marker, 5=PMC.  C)

Strip and reprobe of blot in panel A, with stem cell factor receptor cKit antibodies.  

Whole PMC as well as PMC membrane preparation are positive for cKit.  D) Strip 

and reprobe of blot in panel A staining for rat mast cell protease 5 (RMCP5).  Faint 

band in membrane lane is leftover signal from previous blot.
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5. Rat peritoneal mast cells express both plama membrane and 

intracellular CFTR, which is upregulated by IFNγγγγ 

  

 Detection of CFTR expression in PMC is difficult, and our previous 

results did not demonstrate plasma membrane staining in PMC, as the fixation  

and permeabilization method used compromised the integrity of the cells 

(Appendix 2).  Thus, we used flow cytometry with MA1-935 and 24-1 to 

differentiate between surface and intracellular staining of CFTR in PMC (Figure 

3.20).  Using both MA1-935 and 24-1 which recognize extracellular and 

intracellular epitopes respectively (Figure 3.20 B), we stained unpermeabilized 

and permeabilized cells to determine if CFTR is localized to the plasma 

membrane and/or intracellularly in PMC.  Our flow cytometry data shows that 

PMC express intracellular as well as plasma membrane CFTR, as both staining 

with MA1-935 in unpermeabilized cells and 24-1 in permeabilized cells gave a 

signal for CFTR (Figure 3.20 C and D).  We also showed that IFNγ upregulation 

of CFTR signal previously shown in Appendix 2, resulted in increase in CFTR 

expression both intracellularly and on the plasma membrane (Figure 3.20 C and 

D). 

6. CFTR is not detected in rat PMC granules by Western blotting: 

  

 To pursue our preliminary data that MC express CFTR on their granules 

(Appendix 2), as well as our data suggesting that PMC express both plasma 

membrane and intracellular CFTR, we performed subcellular fractionation of 

PMC as previously described, and performed Western blot analysis for CFTR on  
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Figure 3.20    CFTR localization analysis in rat peritoneal mast cells (PMC).  A)  

Scatter plot showing forward (FSC) and side (SSC) scatter analysis of PMC 

population.  B) Schematic representation of CFTR showing extracellular and 

intracellular binding sites for MA1-935 and 24-1 respectively.  C) Flow cytometric

experiment in permeabilized PMC showing untreated CFTR expression (black), as 

well as IFNγ-mediated upregulation (light) of CFTR in PMC.  D) Flow cytometric

experiment in unpermeablilized PMC showing untreated (black) CFTR expression 

as well as IFNγ-mediated (light) CFTR expression on the plasma membrane. (n=1). 

Isotype control also shown (shaded).

A B

C D

NBD1 NBD2
R

N

C

Extracellular

YMA1-935

24-1

Y

FSC

Unstained cells

Permeabilized (24-1) Unpermeabilized (MA1-935)

S
S
C

Sham = 30% shift

IFNγγγγ = 44% shift

Sham = 26% shift

IFNγγγγ = 74% shift

Figure 3.20    CFTR localization analysis in rat peritoneal mast cells (PMC).  A)  

Scatter plot showing forward (FSC) and side (SSC) scatter analysis of PMC 

population.  B) Schematic representation of CFTR showing extracellular and 

intracellular binding sites for MA1-935 and 24-1 respectively.  C) Flow cytometric

experiment in permeabilized PMC showing untreated CFTR expression (black), as 

well as IFNγ-mediated upregulation (light) of CFTR in PMC.  D) Flow cytometric

experiment in unpermeablilized PMC showing untreated (black) CFTR expression 

as well as IFNγ-mediated (light) CFTR expression on the plasma membrane. (n=1). 

Isotype control also shown (shaded).
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 the various fractions (Figure 3.19).  Using rat MC protease-5 (MCP-5) antibodies 

as a marker of rat MC granule protein, we confirmed that our granule preparations 

contained granule-associated proteins (Figure 3.19 D).   However, we were not 

able to detected CFTR in PMC granule fractions in our experiments using 

Western blot analysis even if blots were overexposed (Figure 3.19 B).  PMC 

membrane and cytosol fractions were characterized by staining with membrane 

associated SCF receptor c-Kit (Figure 3.19 C).  The whole PMC as well as 

membrane fractions, but not granule or cytosol fractions exhibited doublet bands 

at calculated MW of 165 and 136 kDa, which is near the reported sizes of mature 

and immature c-Kit protein at 145 and 125 kDa respectively (308, 309) (Figure 

3.19 C).  The pellet of the PMC high speed fraction represents cellular membrane, 

components which include plasma membrane, and intracellular membranes, but 

exclude membrane from intact secretory granules.  The pellet of the PMC high 

speed fraction expressed bands at calculated MW of 149, 99 and 76 kDa when 

probed with MA1-935 (Figure 3.19 B lane 2).  The supernatant of the PMC high 

speed fraction (Figure 3.19 B lane 3), which represents cytosolic components 

expressed bands at calculated MW of 127 and 83 kDa when probed with MA1-

935.  This data shows that PMC express CFTR on cellular membranes, but not on 

granule membranes.  Figure 3.19B (lane 5) also suggests that PMC express 

similar CFTR fragments as Calu-3, HMC-1 and LAD2 cells.   

 Thus, we established that MC express CFTR, although levels of 

expression appear to be cell type dependent.  Moreover, we consistently detected 

unexpected bands in both MC and Calu-3.  We postulate that bands D and E may 
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be alternative splice variants of CFTR and that smaller bands appearing at lower 

than 50 kDa in CFTR Western blots may be degradation products of CFTR.  This 

hypothesis will be addressed in chapter 4.   

 

F. Effect of pharmacological inhibition of CFTR on mast cell 

function 

 

1. Pharmacological inhibitors downregulate c-AMP-dependent Cl
-
 flux 

in HMC-1 

 

The effect of CFTR on the regulation of MC Cl
-
 flux induced by an intra- 

to extracellular Cl
- 

gradient was studied in HMC-1 cells using an MQAE assay 

which measures intracellular Cl
-
 levels.  To activate CFTR we used the cAMP 

elevating agent forskolin (FSK) (50 µM) and the non-specific phosphodiesterase  

inhibitor isobutyl methylxanthine (IBMX) (50 µM) at doses previously reported 

in order to prevent degradation of cAMP and prolong the activity of CFTR 

(Figure 3.21) (310, 311).  Under basal conditions, HMC-1 cells did not respond to 

NPPB (50 µM) or CFTRinh-172 (100 nM) (Figure 3.21 A and B).  GlyH-101 (50 

µM) decreased basal Cl
-
 flux in unstimulated HMC-1 cells by 70 ± 10% which 

was a puzzling result as cAMP activation of CFTR was not present (not shown).  

The reported specificity of GlyH-101 for CFTR suggests that application of this 

drug to the cells should have no effect on Cl
-
 flux unless cAMP is present.  

Therefore, upon further investigation of this phenomenon, we showed that 

decrease in fluorescence by GlyH-101 is a result of direct quenching of MQAE by  
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Figure 3.21 Effect of CFTR inhibitors (50 µM) and DIDS (50 µM) on Cl- flux from 

HMC-1 cells assessed by N-[ethoxycarbonylmethyl]-6-methoxy-quinolinium 

bromide (MQAE) unquenching in a Cl- free extracellular buffer.  A)  Unstimulated 

or C) Forskolin (FSK) (50 µM) and isobutyl methylxanthine (IBMX) (50 µM) 

treated HMC-1.  Cells were pretreated with NPPB (50 µM) or CFTRinh-172 (100 nM) 

for 15 min prior to addition of FSK/IBMX for 5 min, followed by addition of the 

cells to Cl- free buffer for 5 min.  B) Slope of Cl- efflux from HMC-1 cells during 

the first minute of the assay compared by linear regression analysis and One-way 

ANOVA. (n=7, *=p<0.05).  D) MQAE quenching by CFTR inhibitors.  Inhibitors 

were placed in wells containing MQAE (1 mM) without cells and fluorescence was 

determined.  (n= 3, *= p<0.05).
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Figure 3.21 Effect of CFTR inhibitors (50 µM) and DIDS (50 µM) on Cl- flux from 

HMC-1 cells assessed by N-[ethoxycarbonylmethyl]-6-methoxy-quinolinium 

bromide (MQAE) unquenching in a Cl- free extracellular buffer.  A)  Unstimulated 

or C) Forskolin (FSK) (50 µM) and isobutyl methylxanthine (IBMX) (50 µM) 

treated HMC-1.  Cells were pretreated with NPPB (50 µM) or CFTRinh-172 (100 nM) 

for 15 min prior to addition of FSK/IBMX for 5 min, followed by addition of the 

cells to Cl- free buffer for 5 min.  B) Slope of Cl- efflux from HMC-1 cells during 

the first minute of the assay compared by linear regression analysis and One-way 

ANOVA. (n=7, *=p<0.05).  D) MQAE quenching by CFTR inhibitors.  Inhibitors 

were placed in wells containing MQAE (1 mM) without cells and fluorescence was 

determined.  (n= 3, *= p<0.05).
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GlyH-101, which did not occur with the other inhibitors (Fig 3.21 D).   As a 

result, we stopped using GlyH-101 in our MQAE experiments.  Elevation of 

cAMP with FSK/IMBX in HMC-1 resulted in a 54 ± 7% increase of in the slope 

of Cl
-
 flux during the first minute compared to sham treated cells (Figure 3.21 B 

and C).  The increase in Cl
-
 flux was significantly inhibited by NPPB (50 µM) 

and CFTRinh-172 (100 nM) by (29 ± 7% and 52 ± 11% respectively), as assessed by 

slope comparisons (Figure 3.21 B).  Neither NPPB nor CFTRinh-172 at the doses 

used were toxic as assessed by trypan blue dye exclusion (data not shown).  This 

data shows that CFTR is involved in cAMP-mediated Cl
-
 flux in human MC.   

 

2. Pharmacological inhibitors differentially affect NECA-induced IL-8 

and IL-6 secretion in HMC-1 

 

Next, we wanted to assess the role of pharmacological inhibition of CFTR 

on production of newly synthesized cytokines in response to the adenosine 

receptor agonist NECA.  We chose to measure release of IL-8 and IL-6 by HMC-

1 cells, since these mediators are produced by HMC-1 and have been shown to be 

elevated in CF (Figure 3.22) (49, 147).  HMC-1 cells spontaneously release IL-8 

(355 ± 24 pg/ml) and IL-6 (60 ± 5 pg/10
6
 cells) after 24 h in culture (Figure 3.22 

A and B).  Stimulation with NECA for 24 h significantly increased secretion of 

IL-8 and IL-6 from HMC-1 (1588 ± 112 pg/10
6
 cells and 79 ± 3 pg/10

6
 cells 

respectively p<0.05) (Figure 3.22 A and B).  In the absence of stimulation, 

treatment with NPPB had no effect on IL-8 secretion, but significantly increased 

IL-6 secretion compared to sham treated HMC-1 cells (82 ± 5 pg/10
6
 vs 60 ± 5  
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Figure 3.22 Effect of CFTR inhibitors on A) IL-8 and B) IL-6 production 

in HMC-1 cells.  Cells were preincubated with CFTR inhibitors for 30 min 

then NECA (3 µM) was added.  Cells were incubated for 24 h then 

supernatants were harvested for ELISA assay. (n=7-14, *=p<0.05 

compared to unstimulated). (**=P<0.05 compared to sham).
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pg/10
6
 cells respectively) (Figure 3.22 B).  NPPB significantly increased NECA-

induced secretion of both IL-8 and IL-6 from HMC-1 (2545 ± 156 pg/10
6
 cell and 

109 ± 6 pg/10
6
 cells respectively) (Fig 3.22 A and B).   When unstimulated cells 

were treated with GlyH-101, IL-8 secretion was not affected, but GlyH-101 

significantly increased IL-6 secretion from unstimulated cells compared to sham 

treatment (110 ± 5 pg/10
6
 vs 60 ± 5 pg/10

6
 cells respectively).  NECA stimulation 

of GlyH-101 treated cells resulted in a significant downregulation of IL-8 

secretion compared to control treatment (1130 ± 58 pg/10
6
 vs 1588 ± 112 pg/10

6
 

cells) (Figure 3.22 A).  Neither DIDS nor DPC had any significant effects on IL-8 

or IL-6 release from HMC-1 cells when compared to sham treatment (Figure 3.22 

A and B).  These data suggest that CFTR has a role in cytokine secretion from 

MC, with different effects on IL-8 and IL-6 secretion, presumably downstream of 

transcription factor activation.   

 

3. Pharmacological inhibitors affect anti-IgE-induced but not NECA-

induced degranulation in LAD2 

 

To determine whether pharmacological inhibition of CFTR affected 

release of stored mediators from MC, we measured β-hex secretion in LAD2 cells 

30 min following anti-IgE stimulation.  LAD2 spontaneously released 2 ± 0.2 % 

β-hex after 30 min of sham stimulation.  In the absence of anti-IgE stimulation, 

none of the inhibitors significantly changed this spontaneous release (Figure 3.23 

A).  NECA stimulation did not induce β-hex release from LAD2 in any of the 

conditions tested (Figure 3.23 A).  Stimulation of LAD2 with Ca
2+ 

ionophore 
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A23187 or anti-IgE increased β-hex release to 72 + 2 % and 23 + 1 % 

respectively (Fig 3.23 A).  Pre-treatment of cells with DIDS (50 µM) or NPPB 

(50 µM) significantly inhibited anti-IgE-mediated β-hex release by 57 + 0.5% and 

29 + 3% respectively (Figure 3.23 A).  Neither GlyH-101 (50 µM) nor DPC (50 

µM) inhibited β-hex release from LAD2 upon anti-IgE stimulation (Figure 3.23 

A).  Neither A23187 or CFTR inhibitors had any toxic effects on cell viability as 

established by trypan blue vital staining (not shown).  This data suggests that 

CFTR-mediated Cl
-
 flux is not involved in release of stored mediators from LAD2 

MC.  Thus, inhibition of β-hex release by NPPB and DIDS is likely through a 

non-CFTR-mediated event. 

 

4. Pharmacological inhibitors affect NECA and anti-IgE-induced 

cytokine release in LAD2  

 

To investigate whether CFTR influences release of newly synthesized 

inflammatory cytokines shown to be upregulated in CF, we measured the effects 

of various pharmacological inhibitors of CFTR on secretion of IL-8, IL-6 and 

TNF from LAD2 in response to the adenosine agonist NECA, or IgE/anti-IgE 

stimulation (Figure 3.23 B).  Neither IL-6 nor TNF could be detected in LAD2 

following NECA or IgE/anti-IgE stimulation (data not shown).  The effect of 

CFTR on NECA or IgE/anti-IgE-induced IL-8 secretion in LAD2 was assessed 

using NPPB, GlyH-101 and DPC.  LAD2 spontaneously released 13 + 3 pg/10
6
 

cells of IL-8 and anti-IgE treatment increased secretion to 77 + 11 pg/10
6
 cells.   
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Figure 3.23  Effect of CFTR inhibitors on mediator release from LAD2 cells.  A) β-

hexosaminidase (β-hex) B) IL-8 C) array of cytokines and chemokines released after 

stimulation with 2 µg/ml anti-IgE.  D) Leukotriene C4 (LTC4) and prostaglandin D2

(PGD2).  In all cases, release was assessed following overnight incubation with 1 

µg/ml IgE, followed by washing and 15 min preincubation with CFTR inhibitors and 

stimulation with anti-IgE (2 µg/ml) or Ca2+ ionophore A23187 (200 nM). (n=4-10, 

*=p<0.05 compared to sham treatment) (ns=not significant).
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Figure 3.23  Effect of CFTR inhibitors on mediator release from LAD2 cells.  A) β-

hexosaminidase (β-hex) B) IL-8 C) array of cytokines and chemokines released after 

stimulation with 2 µg/ml anti-IgE.  D) Leukotriene C4 (LTC4) and prostaglandin D2

(PGD2).  In all cases, release was assessed following overnight incubation with 1 

µg/ml IgE, followed by washing and 15 min preincubation with CFTR inhibitors and 

stimulation with anti-IgE (2 µg/ml) or Ca2+ ionophore A23187 (200 nM). (n=4-10, 

*=p<0.05 compared to sham treatment) (ns=not significant).
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Pretreatment of LAD2 cells with NPPB or DPC significantly potentiated IL-8 

release to 111 + 9 pg/10
6
 and 134 + 4 pg/10

6
 cells respectively (Figure 3.23 B).  

However, GlyH-101 or DIDS did not affect IL-8 secretion from these cells in 

response to anti-IgE (Figure 3.23 B).In contrast, neither NPPB nor GlyH-101 had 

any effect on NECA-induced IL-8 release of 63 + 7 pg/10
6
 cells, but pretreatment 

with DIDS or DPC significantly reduced NECA-induced IL-8 secretion in LAD2 

cells (Figure 3.23 B).  This suggests that CFTR mediated Cl
-
 flux is not involved 

in LAD2 IL-8 secretion.   

Because we could not detect IL-6 or TNF secretion from LAD2 cells in 

response to IgE/anti-IgE, we performed a protein array to screen for other 

cytokines synthesized by LAD2 cells in response to anti-IgE stimulation (Figure 

3.23 C).  Cytokines were considered to be secreted from LAD2 cells when a 

discernable spot appeared on the film following exposure to the membrane for 5 

min.  Change in cytokine expression was quantitated by densitometric comparison 

of integrated pixel density between treatments.  For cytokines with integrated 

pixel density above 1 x 10
4
, inhibition of was assessed as a decrease in signal by 

at least 1 x 10
4
 pixels compared to sham treatment.  For cytokines with integrated 

pixel density under 1 x 10
4
, inhibition was assessed as decrease in signal by least 

1 x 10
3
 pixels in inhibitor treatment + anti-IgE, compared to sham treatment + 

anti-IgE. (Figure 3.23 C).  Using this approach, we showed that LAD2 cells 

secrete IL-1 receptor antagonist (IL-1ra), granulocyte-macrophage colony 

stimulating factor (GM-CSF), macrophage migration inhibitory factor (MIF), IL-

13, IL-16, tissue plasminogen activator-inhibitor-1 (PAI-1 or SerpinE1) and I-309 
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(CCL1) in response to anti-IgE (Figure 3.23 C).  NPPB treatment had no effect on 

anti-IgE stimulated IL-1ra, GM-CSF or PAI-1 secretion, but appeared to 

downregulate anti-IgE mediated MIF, IL-13, IL-16 and CCL1 secretion (Figure 

3.23 C).  GlyH-101 treatment gave similar results, as NPPB.  DIDS treatment 

downregulated anti-IgE mediated secretion of all of the above cytokines except 

PAI-1 (Figure 3.23 C).  Interestingly, IL-8 was not detected on the array, 

suggesting that the detection limit of the array, for this cytokine at least, is 

somewhere in the range of 150 pg/ml (see Figure 3.23 B).  This data also suggests 

that CFTR is involved in secretion of the other newly synthesized mediators MIF, 

IL-13, IL-16, SerpinE1 and I-309. 

5. Pharmacological inhibitors do not affect anti-IgE-induced eicosanoid 

production in LAD2 

In sham-treated LAD2 cells, LTC4 production was 83 ± 4 pg/10
6 

cells 

(Figure 3.23 D).  When cells
 
were stimulated with anti-IgE for 30 min, LTC4 

production significantly increased to 322 ± 47 pg/10
6
 (Figure 3.23 D).  None of 

the inhibitors at the doses tested had any significant effects on LTC4 production in 

LAD2 cells.  Unstimulated LAD2 cells also produced 48 ± 4 pg/10
6 

PGD2 (Figure 

3.23 D).  Following anti-IgE stimulation, PGD2 production significantly increased 

to 281 ± 48 pg/10
6 

cells (Figure 3.23 D).  Although NPPB, GlyH-101, DIDS and 

DPC all showed a trend towards decreased PGD2 production in MC, this decrease 

was not statistically significant for any of the inhibitors (n=5-8) (Figure 3.23 D).   

Our results suggest that some Cl
-
 flux occurs through CFTR in MC, but 

that this Cl
-
 flux is not involved in MC degranulation.  However, CFTR function 

seems to be involved in secretion of IL-8 and other cytokines, as there was a 
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downregulation of several cytokines in HMC-1 and LAD2 following inhibition of 

CFTR using GlyH-101, the more specific CFTR inhibitor.  The opposing effects 

of NPPB, DPC and GlyH-101 in certain assays may be due to non-specific 

activity of NPPB or DPC (Table 1.1).  These effects of CFTR may be associated 

with localization to lipid rafts (312). 

G. Antisense oligonucleotide (ASO) knockdown of CFTR 

expression in MC 

 

1. CFTR knockout does not affect NECA-induced IL-6 secretion in 

mouse bone marrow cultured MC (BMMC)  

  

 Because of the potential for known or unknown non-specific effects of 

CFTR pharmacological inhibitors, we wanted to further test our hypothesis that 

CFTR is involved in MC function by removing it from MC.  Our initial approach 

was to use bone marrow cultured (BMMC) from wild type and CFTR knockout 

mice as described in chapter 2.  Mature BMMC were stimulated with various 

doses of the adenosine receptor agonist NECA (Figure 3.24).  After 24 h 

stimulation, we measured the amount of IL-6 secreted by the cells.  Sham-treated 

BMMC from wild type and CFTR knockout mice spontaneously released 226 ± 

223 pg/ml and 100 ± 98 pg/ml respectively (Figure 3.24).  When stimulated with 

NECA at various doses, there was no significant difference (even at 1 µM) in IL-6 

secretion by wild type or CFTR knockout BMMC as determined by one way 

ANOVA (Figure 3.24).  This data suggests that CFTR is not involved in IL-6 

release from mouse BMMC in response to NECA. 
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Figure 3.24  Effect of NECA on IL-6 release from mouse bone marrow cultured 

mast cells (BMMC).  After 3 wk in culture, BMMC from wild type or cftr knockout 

mice were stimulated with NECA for 24 h and IL-6 secretion was assessed by 

ELISA. (n=4). (ns= not significant wild type vs cftr knockout).

0 1 10 100 1000
0

100

200

300

400

500

600

700

800

Wildtype

Knockout

NECA (uM)

IL
-6
 (
p
g
/m
L
)

Figure 3.24  Effect of NECA on IL-6 release from mouse bone marrow cultured 

mast cells (BMMC).  After 3 wk in culture, BMMC from wild type or cftr knockout 

mice were stimulated with NECA for 24 h and IL-6 secretion was assessed by 

ELISA. (n=4). (ns= not significant wild type vs cftr knockout).
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2. ASO downregulates Cl
-
 flux in HMC-1  

 

As CFTR knockout mice do not suffer from lung pathology as CF patients 

do and mouse and human MC exhibit many species differences, CFTR may be 

involved in human but not mouse MC cytokine secretion, function and CF 

pathophysiology.  To test this, we knocked down CFTR in human MC HMC-1 

using antisense oligonucleotide technology as described in chapter 2 (Figure 

3.25).  This work was initiated by Dr. Andreas Schwingshackl, a Post Doctoral 

fellow in our laboratory.  After 24 h transfection of HMC-1 cells with sham, ASO 

or MSO, Dr. Scwhingshackl showed that CFTR expression was decreased in ASO 

treated cells, but not in sham or MSO transfected cells.  Using these transfected 

cells in the MQAE Cl
-
 flux assay and both a β-hex and IL-6 release assay using 

the Ca
2+

 ionophore A23187, Dr. Schwingshackl showed that ASO but not MSO 

treatment downregulated Cl
-
 flux, β-hex release and IL-6 secretion for HMC-1 

cells (unpublished data).  However, this work did not use a physiological stimulus 

nor did it study a MC type more representative of mature MC.  Thus I used 

NECA as a stimulus instead of A23187 (49).  When I transfected HMC with ASO 

I could not confirm the decrease in protein expression on HMC-1 cells shown by 

Dr. Schwingshackl (Figure 3.25 A).  However, I did reproduce Dr. 

Schwingshackl’s data on Cl
-
 flux in ASO transfected HMC-1 (Figure 3.25 B).  

Our data showed that sham and MSO transfected HMC-1 had similar slopes 

during the first minute (0.14 ± 0.003 and 0.12 ± 0.002 respectively), indicating 

that MSO treatment had no effect on MC Cl
-
 flux (Figure 3.25 B and C).   
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A

Figure 3.25  Effect of antisense (ASO) or missense (MSO) oligos on HMC-1 cells 

A)  CFTR protein expression by Western blot analysis.  B) Effect of ASO, MSO and 

NPPB (50 µM) on gradient induced Cl- efflux.   C) Linear regression analysis of 

slopes calculated during the first min of the Cl- flux assay. (n=4, *=p<0.05).
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Figure 3.25  Effect of antisense (ASO) or missense (MSO) oligos on HMC-1 cells 

A)  CFTR protein expression by Western blot analysis.  B) Effect of ASO, MSO and 

NPPB (50 µM) on gradient induced Cl- efflux.   C) Linear regression analysis of 

slopes calculated during the first min of the Cl- flux assay. (n=4, *=p<0.05).

0 20 40 60

control

MSO

ASO

NPPB

M
ea

n
 F

lu
o
r
es

ce
n

ce

In
te

n
si

ty
 (

x
1
0

6
)

Time (sec)

0

4

6

10

8

2

0 20 40 60

control

MSO

ASO

NPPB

M
ea

n
 F

lu
o
r
es

ce
n

ce

In
te

n
si

ty
 (

x
1
0

6
)

Time (sec)

0

4

6

10

8

2

B C

0.00

0.05

0.10

0.15

0.20

0.25

*

*

*

ASO MSO NPPBSham

 S
lo
p
e
 c
o
m
p
a
ri
s
o
n

204

123

80

48
S
h
a
m

S
h
a
m

A
S
O

A
S
O

M
S
O

M
S
O

CFTR

ββββ-actin

204

123

80

48
S
h
a
m

S
h
a
m

A
S
O

A
S
O

M
S
O

M
S
O

CFTR

ββββ-actin



 

 162 

The slope of ASO and NPPB (50 mM)-treated cells were 0.05 ± 0.005 and 0.09 ± 

0.01 respectively, indicating that these two treatments significantly downregulated 

Cl
-
 efflux from HMC-1 compared to sham or MSO treatments (Figure 3.25 B and 

C).   

  

3. CFTR ASO non-specifically increases IL-6 and IL-8 secretion from 

HMC-1 

 Having determined that NECA is a good physiological stimulus to induce 

IL-8 secretion from HMC-1 cells, we used it to stimulated HMC-1 cells 

transfected with ASO and MSO.  Spontaneous release of IL-8 from sham 

stimulated, untransfected, ASO or MSO transfected HMC-1 was 299 ± 14, 749 ± 

423, and 945 ± 67 pg/10
6
 cells respectively (Figure 3.26 A).  Upon 24 h 

stimulation with NECA (3 µM) and SCF (100 ng/ml), HMC-1 secretion of IL-8 

increased to 2160 ± pg/106 cells in untransfected cells (Figure 3.26 A).  In ASO 

treated cells, NECA/SCF stimulated IL-8 secretion was significantly increased to 

3540 ± 96 pg/10
6
 cells.  However, a significant increase in IL-8 secretion also 

occurred in MSO treated cells (3815 ± 85 pg/10
6
 cells) (Figure 3.26 A).  The 

same phenomena occurred when we examined IL-6 release from ASO and MSO  

treated HMC-1 (Figure 3.26 B).  Spontaneous release of IL-6 from HMC-1 after 

24 h was 60 ± 8 pg/10
6
 cells (Figure 3.26 B).  When cells were stimulated with 

NECA for 24 h, IL-6 secretion significantly increased to 148 ± 21 pg/10
6
 cells.   
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A

Figure 3.26  Effect of antisense (ASO) and missense (MSO) oligos on A)  IL-8 and 

B) IL-6 release from HMC-1 cells.  After 24 h treatment with ASO or MSO, cells 

were stimulated with NECA (3 µM) and stem cell factor (SCF) (100 ng/ml) and 

incubated for further 24 h.  Cell free supernatant was harvested and cytokines were 

measured by ELISA. (n=4, *=p<0.05 vs sham).
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Figure 3.26  Effect of antisense (ASO) and missense (MSO) oligos on A)  IL-8 and 
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incubated for further 24 h.  Cell free supernatant was harvested and cytokines were 
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ASO and MSO treatment did not significantly affect spontaneous IL-6 secretion.  

When ASO treated cells were stimulated with NECA, IL-6 secretion was 

significantly increased to 329 ± 10 pg/10
6
 cells compared to sham treated NECA 

stimulated cells.  Similarly, MSO treatment significantly increased IL-6 secretion 

to 362 ± 21 pg/10
6
 cells.  These data indicate that the ASO and MSO are non-

specifically activating the cells, and that the effects we observed are not due to 

CFTR inhibition.  Thus, we were forced to find an alternate way to reduce CFTR 

expression in MC, which lead us to the use of RNA interference (RNAi) by small 

inhibitory RNA (siRNA). 

 Although we appeared to be successful at knocking down CFTR using 

ASO technology when we measured Cl
-
 flux, we had difficulty in validating 

CFTR expression by Western blot.  Although ASO seemed to downregulate Cl
-
 

flux in MC, we cannot be sure that it did so in a CFTR-specific fashion as both 

ASO and MSO induced strong potentiation of  IL-8 secretion from HMC-1 as a 

result of NECA stimulation.  

 

H. Knockdown of CFTR expression in MC using siRNA 

 

1. Optimization of siRNA transfection of MC by BLOCK-iT siRNA 

 Given that ASO and MSO non-specifically activated cytokine secretion 

from HMC-1, we moved to siRNA technology, a state-of-the-art method of 

knocking down proteins.  When we began looking for alternate strategies to ASO 

technology, siRNA was gaining popularity.  However, at the time, only two 
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papers on MC transfection had been published, including one study on 

electroporation and one study on lipofectamine transfection of rat basophilic 

leukemia-2H3 cells (RBL-2H3), a mucosal-like MC line (313, 314).  We avoided 

electroporation as it is hard on the cells and MC may be particularly susceptible to 

activation, degranulation and death using this technique.  We transfected cells 

with Lipofectamine and other transfection reagents such as RNAifect and FuGene 

HD.  The Lipofectamine study on RBL-2H3 cells incubated the cells for 48 h with 

siRNA, but lacked detail about the transfection conditions.  Thus, we optimized 

transfection of HMC-1 with BLOCK-iT FITC labeled siRNA complexed with 

increasing doses of Lipofectamine (Figure 3.27).  Flow cytometric analysis 

showed that transfection of HMC-1 with 40 nM BLOCK-iT siRNA without 

Lipofectamine resulted in a 1% transfection rate (Figure 3.27 A).  Transfection of 

cells with various ratios of siRNA:Lipofectamine increased the transfection rate to 

a maximum of 70% using 80 nM BLOCK-iT and 1 µl Lipofectamine (Figure 3.27 

C).  Transfection of HMC-1 using 160 nM:1.5 µl BLOCK-iT:Lipofectamine 

reduced transfection rate to 58% (Figure 3.27 D).   

 We also assessed RNAifect transfection efficiency in HMC-1 by flow 

cytometry using various BLOCK-iT:RNAifect ratios (Figure 3.28 A).  We 

showed that RNAifect was not an effective transfection reagent for HMC-1 as the 

highest FITC signal achieved was 15 ± 5% using 7.7 µl Block-iT and 18 µl 

RNAifect as directed by manufacturer’s instructions (Figure 3.28 A).  However, 

when Lipofectamine was used instead of RNAifect, cells were 70% positive for 

FITC using 80 nM siRNA and 1 µl Lipofectamine per transfection reaction 
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(Figure 3.28 B).  Several flow cytometry experiments showed that 40 nM siRNA 

and 1µl Lipofectamine gave similar results (63 ± 7%) (Figure 3.28 B), and we 

used 40:1 ratio of siRNA:transfection reagent in subsequent transfection 

experiments in an attempt to minimize non-specific effects and cell activation.  

  

2. Optimization of realtime PCR CFTR and ββββ-actin primers  

 Using Calu-3 cells as positive control for knockdown, we transfected the 

cells using 40 nM siRNA complexed with 1 µl Lipofectamine.  After 48 h 

incubation with siRNA, we extracted RNA from the cells for realtime PCR 

analysis.  We used some of the sham treated Calu-3 cDNA for determination of 

primer efficiencies to use in the Pfaffl realtime PCR calculations (chapter 2) 

(291).  Based on the slope of the ∆CT at different concentrations of cDNA, the 

efficiency of our β-actin primers was 1.97, whereas the efficiency or our CFTR 

primers was 1.14 (Figure 3.28 C).  Primer efficiency of 2 represents 100% 

efficiency, thus our β-actin primers are 95% efficient, whereas our CFTR primers 

are 60% efficient.  Due to this difference in efficiency, we did not perform 

multiplex PCR, but analyzed transcripts for β-actin and CFTR in separate tubes 

containing the same template material.  In Calu-3, two separate experiments 

demonstrated that siRNA 503 and 794 transfected with Lipofectamine showed no 

reduction of CFTR mRNA levels (Figure 3.28 D).  Since we saw no 

downregulation of message in Calu-3, and our intention was to transfect MC, we  
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Figure 3.27  Optimization of transfection efficiency in HMC-1 using various 

ratios of nucleic acid:lipid (nM BLOCK-iT siRNA:µl lipofectamine).  Cells 

were transfected for 24 h at 37ºC and flow cytometric analysis was 

performed using FL-1 (FITC) and FL-4 (To-Pro3) channels.  FITC measured 

BLOCK-iT fluorescence whereas To-Pro3 is a non-permeable nucleic acid 

stain that detects dead cells with compromised membrane integrity.  

Numbers in each quadrant represent % positive cells in that quadrant.  (n=2).
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BLOCK-iT fluorescence whereas To-Pro3 is a non-permeable nucleic acid 

stain that detects dead cells with compromised membrane integrity.  
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Figure 3.28  A) Effect of transfection reagent RNAifect (µl stock) used at various 

ratios with fluorescent BLOCK-iT siRNA (µl stock) in 24 h transfection of HMC-1 

cells.  Results were obtained by flow cytometric analysis (n=4).  B) Graphical 

representation of  flow cytometry performed in Figure 3.28. (n=2).  C) Realtime

quantitative PCR primer efficiency calculations for CFTR and β-actin primers 

(Table 2.2) (n=2).  D)  Transfection of Calu-3 cells for 24 h using scrambled (SCR) 

siRNA or CFTR siRNA (503, 794 or 2068) (Table 2.1), with 1 µl Lipofectamine or 

8 µl FuGENE HD (n=2-3) (ns=not significant).   
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Figure 3.28  A) Effect of transfection reagent RNAifect (µl stock) used at various 

ratios with fluorescent BLOCK-iT siRNA (µl stock) in 24 h transfection of HMC-1 

cells.  Results were obtained by flow cytometric analysis (n=4).  B) Graphical 

representation of  flow cytometry performed in Figure 3.28. (n=2).  C) Realtime

quantitative PCR primer efficiency calculations for CFTR and β-actin primers 

(Table 2.2) (n=2).  D)  Transfection of Calu-3 cells for 24 h using scrambled (SCR) 

siRNA or CFTR siRNA (503, 794 or 2068) (Table 2.1), with 1 µl Lipofectamine or 

8 µl FuGENE HD (n=2-3) (ns=not significant).   
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Figure 3.29  Optimization of transfection efficiency in HMC-1 using various 

ratios of nucleic lipid:nucleic acid (µl FuGENE HD:nM BLOCK-iT siRNA).  

Cells were transfected for 24 h at 37ºC and flow cytometric analysis was 

performed using FL-1 (FITC) and FL-4 (To-Pro3) channels.  FITC measured 

BLOCK-iT fluorescence whereas To-Pro3 is a non-permeable nucleic acid 

stain that detects dead cells with compromised membrane integrity.  Numbers 

in each quadrant represent % positive cells in that quadrant.  (n=2).
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Figure 3.29  Optimization of transfection efficiency in HMC-1 using various 

ratios of nucleic lipid:nucleic acid (µl FuGENE HD:nM BLOCK-iT siRNA).  

Cells were transfected for 24 h at 37ºC and flow cytometric analysis was 

performed using FL-1 (FITC) and FL-4 (To-Pro3) channels.  FITC measured 

BLOCK-iT fluorescence whereas To-Pro3 is a non-permeable nucleic acid 

stain that detects dead cells with compromised membrane integrity.  Numbers 

in each quadrant represent % positive cells in that quadrant.  (n=2).
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purchased FuGene HD transfection reagent, which according to the manufacturer, 

is better at transfecting non-adherent cells than Lipofectamine.  We performed 

flow cytometry experiments using several FuGene HD:BLOCK-iT ratios as we 

did for Lipofectamine and RNAifect (Figure 3.29).  We showed that without 

FuGene or siRNA, 0.2 and 0.1% of HMC-1 cells were positive for FITC signal 

(Figure 3.29 A and B).  When 3 µl FuGene HD is used to transfect 40nM siRNA, 

15% of the cells were positive for FITC, whereas when 8 µl FuGene is used to 

transfect 40 nM siRNA, 63% of the cells were positive for FITC (Figure 3.29 C 

and D).  Transfection of cells with more than 8 µl FuGene HD (9 and 10 µl) with 

40 nM siRNA decreased percentage of FITC positive cells (data not shown). 

  

3.CFTR siRNA does not reduce CFTR protein expression in HMC-1 

  

 Transfection of Calu-3 cells with 503 and 794 complexed to FuGene HD 

rather than Lipofectamine resulted in downregulation of CFTR mRNA levels by 

26 ± 23% and 40 ± 11% respectively (Figure 3.28 D).  Protein analysis was not 

performed as Calu-3 overexpress CFTR and we did not expect to find a reduction 

in protein expression with an mRNA reduction of less than 50%.  Thus we 

proceeded directly to transfection of HMC-1 cells using siRNA 794 with the 

optimized transfection conditions for FuGene HD (Figure 3.29).  To determine if 

794 siRNA downregulated CFTR protein expression in HMC-1 after 48 h, we 

performed flow cytometry using the 24-1 IgG2a antibody on permeabilized HMC-

1 cells (Figure 3.30).   
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Figure 3.30  Effect of 48 h CFTR 794 siRNA transfection using 1 µl 

Lipofectamine on intracellular CFTR protein expression in permeabilized

HMC-1 cells using 24-1 antibodies.  A) Isotype control background 

fluorescence.  B) Intracellular CFTR expression in sham transfected HMC-1 

cells.  C) Intracellular CFTR expression in Scrambled (SCR) siRNA transfected 

cells.  D) Intracellular CFTR expression in 794 CFTR siRNA transfected cells.  

(representative experiment of 3 separate experiments).  
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Figure 3.30  Effect of 48 h CFTR 794 siRNA transfection using 1 µl 

Lipofectamine on intracellular CFTR protein expression in permeabilized

HMC-1 cells using 24-1 antibodies.  A) Isotype control background 

fluorescence.  B) Intracellular CFTR expression in sham transfected HMC-1 

cells.  C) Intracellular CFTR expression in Scrambled (SCR) siRNA transfected 

cells.  D) Intracellular CFTR expression in 794 CFTR siRNA transfected cells.  

(representative experiment of 3 separate experiments).  
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Background fluorescence in untransfected cells stained with isotype control 

antibody was 3% (Figure 3.30 A).  When 24-1 antibody was used instead of 

isotype, untransfected cells were 89% positive for CFTR.  We found no 

differences in staining between FuGene only (no siRNA), scrambled siRNA (SCR 

siRNA) or CFTR siRNA (794 siRNA) when we assessed percentage of  FITC 

positive cells (89%, 89% and 90% respectively) (Figure 3.30 B, C and D).  

Western blot analysis of 794 as well as Ambion siRNA in HMC-1 cells suggests 

that CFTR was not knocked down by this method after 48 h (not shown). 

4. CFTR siRNA 794 does not affect IL-8 or IL-6 secretion from HMC-1 

 

 After 48 h transfection with CFTR siRNA 794, cells were harvested and 

stimulated with NECA (3µM) for 24 h to assess the effect of CFTR siRNA on IL-

6 and IL-8 secretion (Figure 3.31).  Untransfected and unstimulated cells 

spontaneously released 316 ± 86 pg/10
6
 cells of IL-8, whereas missense or 794 

siRNA treatment did not significantly alter spontaneous IL-8 release from the 

cells (308 ± 75 and
 
397 ± 161 pg/10

6
 cells respectively) (Figure 3.31 A).  After 24 

h treatment with NECA, untransfected HMC-1 released significantly more IL-8 

than was spontaneously released (893 ± 250 pg/10
6
 cells).  Neither SCR siRNA 

nor 794 siRNA significantly changed IL-8 release from the cells upon NECA 

stimulation (1122 ± 327 and 683 ± 183 pg/10
6
 cells respectively) (Figure 3.31 A). 

 Untransfected and unstimulated HMC-1 also spontaneously released IL-6 

(40 ± 19 pg/10
6
) (Figure 3.31 B).   
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Figure 3.31  Effect of 48 h CFTR siRNA (794) on A)  IL-8 and B)  IL-6 release 

from transfected HMC-1 cells measured by ELISA.  Open bars represent HMC-1 

transfected with FuGENE only (vehicle only).  (n=3-4).  
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Figure 3.32  Confocal microscopy of experiments performed in Figure 3.28. 

Optimization of transfection efficiency in HMC-1 using various ratios of nucleic 

acid:lipid (nM BLOCK-iT siRNA:ml lipofectamine).  A) 40:0 B) 40:0.5 C) 80:1 D) 

160:1.5.  Cells were transfected for 24 h at 37ºC and confocal microscopy analysis 

was performed measuring BLOCK-iT (FITC) and nuclear stain 4',6-diamidino-2-

phenylindole (DAPI). (n=1).  Magnification= 400x 
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Figure 3.32  Confocal microscopy of experiments performed in Figure 3.28. 

Optimization of transfection efficiency in HMC-1 using various ratios of nucleic 

acid:lipid (nM BLOCK-iT siRNA:ml lipofectamine).  A) 40:0 B) 40:0.5 C) 80:1 D) 

160:1.5.  Cells were transfected for 24 h at 37ºC and confocal microscopy analysis 

was performed measuring BLOCK-iT (FITC) and nuclear stain 4',6-diamidino-2-

phenylindole (DAPI). (n=1).  Magnification= 400x 
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Neither treatment with SCR siRNA or 794 siRNA had any effect on spontaneous 

release of IL-6 from the cells (89 ± 42 pg/10
6 

and
 

71 ± 40 pg/10
6
 cells 

respectively).  After 24 h stimulation with NECA, IL-6 release from untransfected 

HMC-1 increased to 68 ± 21 pg/10
6
 cells.  Neither missense nor 794 siRNA had 

any effect on IL-6 release from NECA stimulated HMC-1 cells (71 ± 40 pg/10
6 

and 97 ± 96 pg/10
6 

cells respectively) (Figure 3.31 B). 

 

5. Confocal microscopy of BLOCK-iT transfected cells using short 

hairpin RNA (shRNA) 

  

To investigate why the siRNA for CFTR was not reducing CFTR protein 

levels, we transfected HMC-1 with the BLOCK-iT:Lipofectamine ratios used 

previously and we performed confocal microscopy on the cells to determine the 

location of the fluorescent signal (Figure 3.28).  Our results suggest that a large 

proportion of the BLOCK-iT fluorescent siRNA is stuck to the outside of the cells 

(Figure 3.32).   

The siRNA data above suggest that little siRNA is getting inside the cells.  

This was also supported by an observation we made upon trypan blue staining of 

freshly transfected HMC-1 cells, which were viable, but had dark blue spots all 

around their periphery (not shown).  At the time, we did not realize what this 

meant, but as trypan blue is a nucleic acid stain, we later realized that trypan blue 

was likely staining extracellular siRNA:lipid complexes.  
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Figure 3.33  A) Effect of various doses of puromycin on cell 

viability in untransfected HMC-1.  Cells were seeded at 100 000/ml in 

the presence of puromycin and viability was assessed daily by trypan

blue exclusion.  B) Effect of puromycin on CFTR shRNA vector 

transfected HMC-1 after 45 d in culture.  Cells were seeded at 100 

000/ml and viability was assessed daily by trypan blue exclusion 

method.  (n=1-2).
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Figure 3.34  Effect of various doses of puromycin on cell viability in 

A) LAD2 and B) Calu-3.   Cells were seeded at 100 000/ml and 

viability was assessed daily by trypan blue exclusion. (n=1-2).
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Figure 3.34  Effect of various doses of puromycin on cell viability in 

A) LAD2 and B) Calu-3.   Cells were seeded at 100 000/ml and 

viability was assessed daily by trypan blue exclusion. (n=1-2).
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I.  Stable knockdown of CFTR in HMC-1  

  

Having tried siRNA with several cell types and several different siRNA 

from different companies, and having had no success with CFTR knockdown, we 

suspected  that most of the siRNA was not entering the cells.  Moreover, 

transfection in HMC-1 was inefficient and CFTR siRNA was not being delivered  

in a manner to knock down the protein.  Therefore, we attempted to stably 

transfect MC using a lentiviral vector system with a puromycin selection marker.   

1. Determination of HMC-1, LAD2 and Calu-3 puromycin 

susceptibility 

  

As described in chapter 2, puromycin is used to stop translation of mRNA 

into protein, and doses that interfere with metabolic processes kills cells within a 

few days.  To determine the best dose of puromycin to use in our cell lines, we 

performed experiments to generate puromycin kill curves using untransfected 

cells as described in chapter 2.  For HMC-1 as well as LAD2 cells, the presence 

of up to 150 ng/ml puromycin, had no effect and the cells proliferated until the 

flasks were overgrown and viability began to decline (Figure 3.33 A and 3.34 A).  

However, in the presence of 200 ng/ml puromycin, the cells began to die after 24 

h and viability continued to decline until 7 d.  In both cell types, higher doses of 

puromycin accelerated the decline of cell viability (figure 3.33 A and 3.34 A).   

For Calu-3 cells, the presence of up to 500 ng/ml puromycin did not affect 

confluency of the flasks.  When 1000 ng/ml puromycin was present, cell growth 

was slowed and confluence was delayed past 7 d.  When 2000 ng/ml puromycin 
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was present, cells began to die at 3 d and were nearly all detached by 7 d (Figure 

3.34 B).  Remaining Calu-3 cells were unhealthy looking, sparse with clumps of 

cells still attached to the flask and confluence was estimated at 2-5%.  Therefore, 

200 ng/ml puromycin for HMC-1 and LAD2 and 2000 ng/ml puromycin for Calu-

3 were chosen as initial doses of puromycin to add to transfected cells to establish 

stable transfected cell lines (Figure 3.33 and 3.34). 

   

2. Transfection of HMC-1 with lentiviral CFTR shRNA vector 

 To transfect HMC-1, LAD2 and Calu-3 with the vector, we complexed 2 

µg/ml vector DNA according to manufacturer’s recommendations, with 8 µl 

FuGENE HD determined to be the best ratio in previous experiments (Figure 

3.29).  After 24 h transfection, few cells were positive for green fluorescent 

protein (GFP) in HMC-1, LAD2 and Calu-3, confirming our previous findings 

that the transfection efficiency is low in these cell types (Figure 3.35).  For HMC-

1 puromycin was added 48 h after transfection and the dose was gradually 

doubled weekly until 8 µg/ml was reached over 7 wk (Figure 3.33 B).  At 3 d in 

the presence of 200 ng/ml puromycin, untransfected HMC-1 viability had 

declined to 55%, and then to 15% by 7 d, but transfected cells were totally 

resistant to those doses (Figure 3.33 B).  Transfected cells only began to die after 

the addition of 16  µg/ml puromycin (Figure 3.33 B).  After 7 wk in culture with 

puromycin (8 µg/ml), scrambled control (SCR shRNA) and CFTR shRNA 

transfected cells were >90% viable, and 96% positive for GFP (Figure 3.36).    
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Figure 3.35 Imaging of green fluorescent protein (GFP) positive cells 24 h 

following transfection of CFTR shRNA.  Presence of GFP indicates translation 

of CFTR shRNA in the cell.  A) HMC-1.  B) LAD2.  C) Calu-3.  Note in all 

cell types the low number of GFP positive cells compared to total number of 

cells in the fields.  Magnification is 100x.
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When 200 ng/ml puromycin was added to LAD2 cells, the culture seemed to be 

more sensitive than established by previous experiments, as the cells succumbed 

to the puromycin.  Cells were retransfected, using 10 ng/ml starting dose of  

puromycin and dose was increased to 50 ng/ml over 6 wk.  However, cells were 

lost due to an incubator failure after 12 wk in culture, and after starting a new 

LAD2 cutlure, cells had to be transfected once again.  This caused a 6-8 month 

delay in our LAD2 work.  After 2 wk in the presence of puromycin (100 ng/ml) 

only 3-4% of cells were positive for GFP in SCR shRNA and CFTR shRNA and 

only 14-15% of cells were positive for the dead cell stain propidium iodide.  Thus, 

after retransfection of LAD2 cells, puromycin resistance seems to be the same as 

previously established and thus has recently been increased to 200 ng/ml.  

Transfected LAD2 cells are currently in the selection and expansion phase in the 

presence of increasing doses of puromycin and were not ready for use at the time 

of writing of this thesis.   

Transfected Calu-3 cells also proved to be difficult to culture in the 

presence of puromycin.  As we had determined in previous experiments (Figure 

3.34 B), we seeded transfected Calu-3 cells in various doses of puromycin, 

including 1500 ng/ml, a dose which was between the survival and lethal doses of 

1000 and 2000 ng/ml respectively.  The transfected Calu-3 cells did not survive in 

1500 or 2000 ng/ml puromycin, but survived in 1000 ng/ml.  However, the 

untransfected Calu-3 also survived in 1000 ng/ml of puromycin.  We attempted 

three separate transfections, but were not successful in generating a stable CFTR 

knockdown Calu-3 cell line. 
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Figure 3.36  Confocal microscopy of untransfected and CFTR 

shRNA transfected HMC-1 after 45 d in culture.  A) 

untransfected HMC-1 showing background fluorescence for 

green fluorescent protein (GFP) cultured without puromycin.  B) 

Digital interference contrast (DIC) image of untransfected

HMC-1 in panel A.  C)  CFTR shRNA transfected HMC-1 in 

the presence of 8 µg/ml puromycin.  D) DIC image of cells in 

panel C.  E) Flow cytometric analysis of GFP expression in 

untransfected HMC-1 (red) and CFTR shRNA transfected cells 

(open).  Magnification is 100x. (n=1).
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3. CFTR shRNA but not scrambled control reduces CFTR mRNA 

expression in HMC-1 

  

Having established a stably transfected HMC-1 cell line >96% positive for 

GFP, we proceeded to assess CFTR mRNA and protein expression levels.  Our  

realtime PCR results show that CFTR mRNA is reduced 4 fold when comparing 

sham to CFTR shRNA, and when comparing SCR shRNA to CFTR shRNA (3.39 

A).  However, mRNA levels are unchanged when comparing sham vs SCR 

shRNA (Figure 3.37 A).  SCR shRNA increased CFTR mRNA levels 0.5 fold 

compared to sham treatment (Figure 3.37 A).  PCR products from this experiment 

were run on a gel to show that only one product was produced in the reaction 

(Figure 3.37 B black arrow).  In lanes containing no template, primer dimers 

routinely form, and are <100 bp, which is smaller than the products observed in 

the other lanes (3.37 B).  Specificity of the PCR product was also confirmed by 

melt curve analysis (Figure 3.37 C).   

4. CFTR shRNA but not scrambled control reduces CFTR protein 

expression in HMC-1 

 

When Western blot was performed on transfected HMC-1 cells, we were 

surprised to find that the CFTR shRNA did not knock down the 167 kDa band as 

expected, but rather increased the intensity of this band (Figure 3.38 band C).  

CFTR shRNA also reduced the intensity of two bands at 93 and 86 kDa, which 

was observed using both MA1-935 and 24-1 antibodies (Figure 3.38 D band B  
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Figure 3.37  Effect of scrambled (SCR) and CFTR shRNA transfection on CFTR 

mRNA and protein expression in HMC-1 after establishment of stable transfection.  

A) Realtime PCR comparison of CFTR:β-actin mRNA ratio between untransfected

(sham), scrambled (SCR) and CFTR shRNA. (n=1).  B) Agarose gel of PCR 

products obtained by realtime PCR shown in panel A.  Lane 1= H2O, Lane 2=Calu-3 

control, Lane 3=Sham transfected cells, Lane 4=SCR shRNA transfected cells, Lane 

5=CFTR shRNA transfected cells.  Smaller product in lane 1 represents primer

dimer.  Image was inverted for better resolution.  C) Melt curve analysis of CFTR 

PCR reaction depicted in panel B. D) Melt curve analysis of β-actin PCR reaction 

depicted in panel B. Note lower melting point of small product in lane 1.  (n=1)
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Figure 3.38 Western blot analysis of CFTR protein expression in HMC-1 

following stable transfection with CFTR shRNA or scrambled (SCR) 

shRNA.  A)  Traditional film method showing CFTR expression using 

MA1-935 in LAD2, Calu-3, untransfected and CFTR shRNA transfected 

HMC-1.  SCR control was not performed in this analysis. B) Western blot 

analysis of CFTR protein expression in LAD2 (lane 3), Sham transfected 

HMC-1 (lane 4), SCR shRNA transfected HMC-1 (lane 5) and CFTR 

transfected HMC-1 (lane 6).  Lanes 1 and 2 are MW markers.  Similar 

results were obtained when probing with MA1-935 (blot 1) or 24-1 (blot 2) 

antibodies. Proposed location of bands A, B and C are indicated by arrows. 
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Figure 3.38 Western blot analysis of CFTR protein expression in HMC-1 

following stable transfection with CFTR shRNA or scrambled (SCR) 

shRNA.  A)  Traditional film method showing CFTR expression using 

MA1-935 in LAD2, Calu-3, untransfected and CFTR shRNA transfected 

HMC-1.  SCR control was not performed in this analysis. B) Western blot 

analysis of CFTR protein expression in LAD2 (lane 3), Sham transfected 

HMC-1 (lane 4), SCR shRNA transfected HMC-1 (lane 5) and CFTR 

transfected HMC-1 (lane 6).  Lanes 1 and 2 are MW markers.  Similar 

results were obtained when probing with MA1-935 (blot 1) or 24-1 (blot 2) 

antibodies. Proposed location of bands A, B and C are indicated by arrows. 
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and A).  Furthermore, the doublet expressed at 167 and 145 kDa was shifted from 

strong lower band and weak upper band in the sham and SCR shRNA treatments, 

to weak lower band and strong upper band in the CFTR shRNA (Figure 3.38).  

This result was obtained using both MA1-935 and 24-1 antibodies as well as 

traditional film and Odyssey IR Western blot methods (Figure 3.38).  This data 

suggests that CFTR is translated as a 90 kDa molecule in HMC-1, maturing to its 

final MW of 150-170 kDa.  In untransfected cells, fully mature CFTR turnover 

results in little 167 kDa CFTR expression, which seems to be altered in CFTR 

shRNA HMC-1.  Changes in intensity of the bands at 145 and 167 kDa suggests 

that knockdown of CFTR mRNA may increase stability of mature CFTR, 

resulting in more protein being expressed at 167 kDa in CFTR shRNA HMC-1.  

SCR shRNA Western blots also indicate that this stability effect may be partially 

mediated by transfection and/or by the vector as SCR shRNA cells had more 167 

kDa CFTR than sham HMC-1, but less than CFTR shRNA HMC-1 (Figure 3.38).  

We believe that CFTR antibodies also detect cleaved CFTR fragments, some of 

which are undetectable using traditional film method, but appear when the more 

sensitive Odyssey IR imaging system is used.  This hypothesis will be discussed 

in Chapter 4. 

Having established that CFTR is knocked down in CFTR shRNA but not 

SCR transfected cells, we wanted to dissect the localization of the knocked down 

proteins.  Thus, we performed flow cytometry on unpermeabilized HMC-1 using 

the extracellular epitope antibody MA1-935, to determine if CFTR knockdown 

resulted in reduction of plasma membrane CFTR (Figure 3.39 A-I).   
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Figure 3.41  Flow cytometric analysis of CFTR expression in unpermeabilized

HMC-1 using MA1-935 antibody.  A-C) Forward (FSC) and side (SSC) scatter 

analysis of untransfected, scrambled (SCR) and CFTR shRNA transfected cells.  D-

F) Green fluorescent protein (GFP) and MA1-935 isotype control staining of 

untransfected, SCR and CFTR shRNA transfected cells.  G-I) GFP and MA1-935 

staining for CFTR expression in untransfected, SCR and  CFTR shRNA transfected 

cells.  Numbers in quadrants represent % positive cells in that quadrant.  (n=1).
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Untransfected and SCR shRNA HMC-1 had similar SSC and FSC profiles, 

whereas we observed that the CFTR shRNA transfected cells displayed an 

increase in FSC (33% vs 19% and 17% in lower right quadrant), and a slight 

increase in SSC (29% vs 11% and 13% in upper right quadrant) (Figure 3.39 A – 

C).  Background fluorescence for GFP was set at 1.5% in untransfected cells.  

SCR shRNA and CFTR shRNA transfected cells were 41% and 31.5% positive 

for GFP, indicating the presence of the vector in these cells (Figure 3.39 E and F).  

Background fluorescence using isotype control IgM antibody staining was set as 

0.9, 2 and 6.5% in untransfected, SCR shRNA and CFTR shRNA respectively 

(Figure 3.39 D-F).  When cells were stained with MA1-935 CFTR antibody, 

untransfected and SCR shRNA transfected cells were 29% and 31% positive for 

CFTR, but CFTR shRNA transfected cells were only 21.5% positive for CFTR 

(Figure 3.39 G-I).  In figure 3.39, quadrants are identical in all panels, but if 

quadrants were set so that background fluorescence for CFTR was 0 in each 

treatment, CFTR expression in untransfected, SCR shRNA and CFTR shRNA 

would actually be 28%, 29% and 15% respectively.  This data shows that CFTR 

shRNA is reducing plasma membrane CFTR expression by approximately 35-

50% compared to sham and SCR shRNA treatments.  In SCR and CFTR shRNA 

transfected cells, 16% and 13 % of the cells were double positive for CFTR and 

GFP respectively.  These cells may represent a subpopulation of cells in which the 

167 kDa band is present at higher levels than in untransfected controls  (see figure 

3.39).  Another explanation is that since double positive cells (upper right  
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Figure 3.42  Flow cytometric analysis of CFTR expression in permeabilized HMC-1 

using 24-1 antibody.  A-C) Forward (FSC) and side (SSC) scatter analysis of 

untransfected, scrambled (SCR) and CFTR shRNA transfected cells.  D-F) Green 

fluorescent protein (GFP) and 24-1 isotype control staining of untransfected, SCR 

and CFTR shRNA transfected cells.  G-I) GFP and 24-1 staining for CFTR 

expression in untransfected, SCR and  CFTR shRNA transfected cells.  Numbers in 

quadrants represent % positive cells in that quadrant.  (n=1).
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Figure 3.42  Flow cytometric analysis of CFTR expression in permeabilized HMC-1 

using 24-1 antibody.  A-C) Forward (FSC) and side (SSC) scatter analysis of 

untransfected, scrambled (SCR) and CFTR shRNA transfected cells.  D-F) Green 

fluorescent protein (GFP) and 24-1 isotype control staining of untransfected, SCR 
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expression in untransfected, SCR and  CFTR shRNA transfected cells.  Numbers in 
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quadrant) were weakly positive for GFP (compared to untransfected GFP), 

indicating that a small population of CFTR shRNA HMC-1 cells is transfected 

with a low abundance of vector making them GFP positive, but still capable of 

producing CFTR.  Flow cytometry was also performed on permeabilized HMC-1 

using 24-1 antibody to determine if CFTR knockdown resulted in reduction of 

intracellular CFTR (Figure 3.40 A-I).  As observed in MA1-935 experiments, 

untransfected and SCR shRNA transfected cells had similar SSC and FSC 

profiles, whereas CFTR shRNA transfected cells displayed an increase in FSC 

(11% vs 5% and 2% in lower right quadrant), and a slight increase in SSC (8% vs 

3% and 2% in upper right quadrant) (Figure 3.40 A – C).  This shift in FSC 

indicates that CFTR shRNA cells are slightly bigger than their untransfected and 

SCR shRNA transfected counterparts.  Background fluorescence for GFP was set 

at 0.6% in untransfected cells and CFTR background fluorescence was set at 

between 1 and 1.3 using isotype control IgG2a antibody in the three treatments 

(Figure 3.40 D-F).  GFP signal was low when using 24-1 antibody, but this may 

be attributed to fixation of the cells as previously described (7).  When cells were 

stained with 24-1 antibody, untransfected and SCR shRNA transfected cells were 

52% and 40% positive for CFTR respectively (figure 3.40 G and H).  

Unexpectedly, CFTR shRNA transfected cells were 69% positive for CFTR when 

stained with 24-1 antibody (Figure 3.40 I).  This data suggests that the CFTR 

band at 90 kDa and at 145 kDa which are reduced in intensity in figure 3.38 D 

may be the forms of CFTR expressed at the plasma membrane, whereas the band  
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Figure 3.41  Effect of CFTR shRNA on Cl- flux in HMC-1 cells.  A)  Cl- flux in 

untransfected and scrambled (SCR) shRNA transfected cells.  Cells are either 

unstimulated, or stimulated with forskolin (FSK) (50 µM) and isobutyl 

methylxanthine (IBMX) (50 µM) for 5 min prior to start of assay.  B) Cl- flux in 

untransfected and CFTR shRNA transfected cells.  Cells are either unstimulated, 

or stimulated with forskolin (FSK) (50 µM) and isobutyl methylxanthine (IBMX) 

(50 µM) for 5 min prior to start of assay.  FSK and IBMX are present throughout 

assay.  C) Linear regression analysis of slopes in panels A and B during the first 

minute of the assay.  (n=6, *=p<0.05).
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untransfected and scrambled (SCR) shRNA transfected cells.  Cells are either 
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methylxanthine (IBMX) (50 µM) for 5 min prior to start of assay.  B) Cl- flux in 

untransfected and CFTR shRNA transfected cells.  Cells are either unstimulated, 

or stimulated with forskolin (FSK) (50 µM) and isobutyl methylxanthine (IBMX) 

(50 µM) for 5 min prior to start of assay.  FSK and IBMX are present throughout 

assay.  C) Linear regression analysis of slopes in panels A and B during the first 

minute of the assay.  (n=6, *=p<0.05).
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assay.  C) Linear regression analysis of slopes in panels A and B during the first 

minute of the assay.  (n=6, *=p<0.05).
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at 167 kDa which increases in intensity may be a form of CFTR which is 

expressed intracellularly.  As these two experiments were some of the last 

experiments performed for this thesis, we only had time to perform the 

experiment once for each antibody. 

 

5. CFTR shRNA reduces cAMP-dependent Cl
-
 flux in HMC-1  

 Knowing that CFTR expression is reduced in CFTR shRNA treated HMC-

1, we next examined the effect of CFTR shRNA on Cl
-
 flux in HMC-1 cells.   

SCR shRNA transfected HMC-1 displayed a basal Cl
-
 flux which was similar to  

basal Cl
-
 flux in untransfected cells during the entire assay. (Figure 3.41 A).  

Slopes for sham and SCR shRNA transfected HMC-1 during the 1st min of the 

assay were not statistically different (0.9 ± 0.13 vs. 1.6 ± .16, n=7) (Figure 3.41 

C).  The unstimulated Cl
-
 flux in CFTR shRNA transfected cells was also not 

statistically different to that observed in untransfected and SCR shRNA 

transfected HMC-1, but only during the 1st min of the assay (0.9 ± 0.13 vs. 1.3 ± 

0.1, n=7) (Figure 3.41 B and C).  Interestingly, unlike in SCR shRNA transfected 

cells, unstimulated Cl
-
 flux in CFTR shRNA transfected cells, was significantly 

increased during the 2nd min of the assay compared to that of untransfected and 

SCR shRNA transfected HMC-1 (Figure 3.41 A and B).  From the beginning of 

the 3rd min to the end of the assay, the Cl
-
 flux resumed its parallel increase in a 

similar fashion to untransfected and SCR shRNA transfected cells (Figure 3.41 

B).  This suggests that absence of CFTR upregulates other Cl
-
 channel function in 

HMC-1. 
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When FSK was added to cells, there was a significant increase of 45 ± 

11%  and 58 ± 6% and in Cl
-
 flux during the 1st min in both untransfected and 

SCR shRNA transfected HMC-1 respectively, compared to their respective 

unstimulated counterparts (Figure 3.41 A and C).  In contrast, this 1st min 

increase in FSK-activated Cl
-
 flux was not significant in CFTR shRNA 

transfected cells when compared to its unstimulated counterpart (Figure 3.41  B 

and C).  These data strengthen evidence that CFTR is expressed at the plasma 

membrane and show that CFTR shRNA reduces cAMP-dependent Cl
-
 flux in 

HMC-1.  Furthermore, this evidence suggests that there may be some 

dysregulation of Cl
-
 flux by other channels after the first minute of the assay due 

to the absence of CFTR in CFTR shRNA transfected cells, as this phenomenon is 

not present in sham or SCR shRNA cells. 

6. CFTR shRNA ablates HMC-1 response to A2bR agonist NECA 

Having established that CFTR plays a role in cAMP-dependent Cl
-
 flux in 

HMC-1, we wanted to determine whether CFTR also regulates secretion of newly 

synthesized cytokines in MC.  To do this we used our stably transfected HMC-1 

cells.  When untransfected HMC-1 cells were stimulated with NECA, IL-8 

secretion significantly increased from 321 ± 37 pg/10
6
 cells to 813 ± 176 pg/10

6
 

cells (Figure 3.42 A).  In SCR shRNA transfected cells, IL-8 secretion was similar 

to that in untransfected cells, going from 320 ± 58 pg/10
6 

cells to 824 ± 109 

pg/10
6 

cells following NECA stimulation (Figure 3.42 A).  However, in CFTR 

shRNA transfected cells, response to NECA was not significant, and IL-8  
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secretion was 264 ± 40 pg/10
6
 and 388 ± 32 pg/10

6
 cells in sham and NECA 

treated cells respectively (Figure 3.42 A).  When untransfected, SCR or CFTR 

shRNA transfected cells were stimulated with NECA, IL-6 secretion was not 

significantly increased (Figure 3.42 B).  Although IL-6 secretion did not seem to 

be increased by NECA stimulation, basal IL-6 secretion significantly decreased in 

CFTR shRNA transfected cells compared to untransfected or SCR transfected 

cells.(43 ± 4 pg/10
6
 cells vs 73 ± 7 pg/10

6
 to 83 ± 12 pg/10

6 
cells respectively) 

(Figure 3.42 B).  This data shows that CFTR is involved in cytokine secretion in 

HMC-1 in response to NECA, and also suggests that there is some dysregulation 

of  

intracellular signaling pathways involved in cytokine secretion, as basal 

IL-6 secretion is decreased in response to removal of CFTR. 

Thus, we have shown that CFTR expression is reduced by CFTR shRNA 

but not by SCR control.  HMC-1 cells lacking CFTR seem to have a 

dysregulation of cAMP-dependent Cl
-
 flux, as well as a profound dysregulation of 

IL-8 and IL-6 secretion in response to NECA stimulation.  We hypothesize that 

this loss of NECA response is due to downregulation of A2bR which has been 

shown to associate with CFTR in EC.   These data also suggest that there is a 

divergence in the CFTR related signalling pathway between IL-8 and IL-6 

secretion downstream of NF-kB, as CFTR downregulation had no effect of basal 

IL-8 secretion, but reduced basal IL-6 secretion.  We hypothesize that CFTR is 

acting at a transcriptional level, or that CFTR is dysregulating secretion of small 

secretory vescicles carrying IL-6 but not IL-8 in the absence of NECA 
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stimulation, which could explain this difference as well.  These hypotheses 

remain to be tested and will be discussed further in chapter 4.  

J. Comparison of Cystic Fibrosis and non-Cystic Fibrosis 

peripheral blood derived mast cells 

 

1. CF PBMC may have dysregulated Cl
-
 efflux in response to IgE/anti-

IgE stimulation
 

  

Having established that CFTR is involved in function of HMC-1, we 

wanted to examine the role of CFTR in primary MC cultures using peripheral 

blood CD34
+
 progenitor derived MC from non-CF and CF donors as described in 

chapter 2.  When non-stimulated non-CF PBMC were loaded with MQAE and 

placed in Cl
-
 free buffer, the slope of Cl

-
 flux during the 1st min was 2.9 ± 0.6, 

(n=5).  A plateau was reached at 120 s (Figure 3.43 A).  When non-CF PBMC 

were loaded with MQAE and placed in Cl
-
 free buffer containing anti-IgE (2 

µg/ml), the slope of Cl
-
 flux during the first min was significantly increased to 4.6 

± 0.6 (p>0.05, n=3) (Figure 3.43 A).  In stimulated non-CF PBMC, Cl
-
 flux 

reached a plateau at 60s, which lasted for 1 min and then Cl
-
 efflux began to 

increase again until the end of the assay (Figure 3.43 A).  Cl
-
 flux in unstimulated 

CF PBMC exhibited a slope of 1.5 ± 0.4 (n=2) during the 1st min of the assay 

(Figure 3.43 A).  The plateau of Cl
-
 flux was reached before the end of the 1st min 

in CF PBMC, and Cl
-
 flux was reversed during the 2nd min, a phenomenon which 

did not occur in sham treated non-CF PBMC.  When CF PBMC were stimulated  



 

 197 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

0

10

20

30

40

50

60

CF

Non-CF

αααα-IgE (µµµµg/ml)

0 0.1 0.5 1 2 5   A23187
(200 nM)

ββ ββ
-H
e
x
o
s
a
m
in
id
a
s
e
 (
%
 R
e
le
a
s
e
)
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vehicle or anti-IgE (2 µg/ml). (n=2-4, not significant).  B)  Comparison of β-
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with anti-IgE (2 µg/ml), increase in Cl
-
 flux was similar to that seen in anti-IgE-

stimulated non-CF PBMC with a slope of 3.4 ± 0.9 (n=2).  However, the Cl
-
 flux 

was reversed during the 2nd min, which did not occur in stimulated non-CF 

PBMC (Figure 3.43 A).  ANOVA analysis of Cl
-
 flux in non-CF vs. CF PBMC 

revealed that this effect was not significant.  We speculate that this is due to small 

sample size.  These data suggest that CFTR has a role in Cl
-
 flux in PBMC and 

that the absence of CFTR in CF PBMC may promote re-uptake of secreted Cl
-
 by 

other Cl
-
 channels, which quenches the fluorescence. 

 

2. ββββ-hex secretion from CF PBMC in response to IgE/anti-IgE 

stimulation is not affected by absence of plasma membrane CFTR  

 

We next examined the capacity of CF PBMC to release β-hex in response 

to classical IgE/anti-IgE stimulation in comparison to non-CF PBMC (Figure 3.43 

B).  Unstimulated non-CF and CF PBMC spontaneously released 1.3 ± 0.3% and 

1.7 ± 0.7% β-hex respectively (Figure 3.43 B).  When stimulated with anti-IgE, 

non-CF PBMC showed a dose dependent increase in β-hex release from 11 ± 2%, 

19 ± 4%, 21 ± 4%, 27 ± 2%, and 21 ± 3% with 0.1, 0.5, 1, 2 and 5 µg/ml anti-IgE 

respectively (Figure 3.43 B).  In CF PBMC, there was also a dose dependent 

increase in β-hex release in response to stimulation with anti-IgE going from 18 ± 

9%, 26 ± 10%, 28 ± 19%, 27 ± 7% and 35 ± 18% in response to 0.1, 0.5, 1, 2 and 

5 µg/ml anti-IgE respectively (Figure 3.43 B).  The difference in β-hex secretion 
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between non-CF and CF PBMC was not significant, indicating that CFTR is not 

involved in release of β-hex from human PBMC (Figure 3.43 B).  

 

3. PBMC from CF and non-CF donors exhibit differences in release of 

newly synthesized mediators in response to IgE/anti-IgE 

  

The R&D protein array used for LAD2 was also used in non-CF and CF 

PBMC as an initial semi-quantitative screen to determine which cytokines were 

secreted by PBMC in response to anti-IgE treatment.  This array was used to 

screen which cytokines are produced by PBMC following IgE/anti-IgE 

stimulation.  The array includes three positive control spots on each membrane 

which give maximal obtainable signal in a reproducible way (Figure 3.44).  This 

assay can be used to semi-quantify cytokine secretion by performing 

densitometric analysis of integrated pixel density.  R&D Systems does not 

provide inter-assay variability data for their product, but we found that with 

proper technique, the array is very reproducible when following manufacturer’s 

instructions.  In a similar fashion to multiplex analysis of cytokine secretion, 

inter-assay variability is dependent on the samples themselves and not on the 

assay.  Cytokines which appeared as a detectable spot on the array were later 

analyzed by Searchlight multiplex assay only if changes were observed between 

CF and non-CF PBMC following treatment with anti-IgE.  When supernatants 

from sham treated non-CF and CF PBMC were placed on the array, several 

potential differences were apparent (Figure 3.44 A).  Unstimulated non-CF 

PBMC appeared to secrete more GM-CSF but less IL-1ra, MIF and SerpinE1 than  



 

 200 

A

3

B

P
C

P
C

P
C

G
M
-C
S
F

IL
-1
ra

IL
-6

IL
-8

M
IF

S
er
pi
n-
E
1

0

25

50

75

100

125

150
αααα -IgE

Non CF sham

CF sham

CF αααα -IgE

In
te
g
ra
te
d
 p
ix
e
l 
d
e
n
s
it
y

(1
0
3
 p
ix
e
ls
/m
m
2
)

Figure 3.44  Comparison of cytokine release from non-Cystic fibrosis (CF) and CF 

peripheral blood derived mast cells (PBMC), using a protein dot blot array from 

R&D systems.  A) PBMC were sensitized with IgE (1 µg/ml) and stimulated for 48 h 

with anti-IgE (2 µg/ml).  Supernatants incubated overnight with membrane and spots

developed by enhanced chemiluminescence (ECL) using Hyperfilm.  Cytokine 

antibodies are spotted in duplicate on the array and dark spots in the corners of each 

membrane are internal positive controls.  Membrane 1=non-CF untreated; membrane 

2=non-CF + anti-IgE; membrane 3=CF untreated; membrane 4=CF + anti-IgE B)

Arrays were scanned and densitometry of integrated pixel intensity was calculated 

using Odyssey software.  Positive control (PC) spots are included in analysis. (n=1)
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developed by enhanced chemiluminescence (ECL) using Hyperfilm.  Cytokine 

antibodies are spotted in duplicate on the array and dark spots in the corners of each 
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unstimulated CF PBMC (Figure 3.44 A).  When stimulated with anti-IgE (2 

µg/ml) for 48 h, non-CF PBMC appeared to secrete more GM-CSF, IL-1ra, MIF, 

and serpinE1, but less IL-6 and IL-8 than CF PBMC (Figure 3.44 B).  This data 

indicates that there are some differences between non-CF and CF PBMC in the 

production and/or secretion of various cytokines and chemokines.  

To validate these observations, three separate experiments for non-CF and 

three separate experiments for CF PBMC were performed as described in chapter 

2 and samples were sent to Searchlight for analysis.  By sending both supernatants 

and cell lysates for analysis, we were able to differentiate between synthesis and 

secretion of cytokines from PBMC.  The data can be found in Appendix 1, 

Figures 1-9.  The results have been tabulated for the reader (Table 3.5), and 

trends.  Although the sample size is low this data suggests that there are several 

potential differences in both synthesis as well as secretion of several mediators 

from non-CF and CF PBMC.  Basal synthesis of GM-CSF, IL-8, MIF, IL-1ra, IL-

1α, and CCL20 was higher in CF PBMC than in non-CF PBMC.. This data also 

suggests that CF PBMC also have increased basal secretion GM-CSF, IL-8 and 

CCL20 compared to basal secretion in non-CF PBMC.  Interestingly, although 

basal synthesis of MIF, IL-1ra and IL-1α was enhanced in CF PBMC, there were 

no differences in MIF and IL-1ra secretion.  Interestingly, although basal 

synthesis of IL-1α was higher in CF PBMC, basal secretion of IL-1α from CF 

PBMC was significantly less IL-1α is secreted from the cells compared to non-CF 

PBMC.  This finding of increased synthesis of IL-1α correlates with another 

study showing increased gene transcription of IL-1α in CF tracheal glands (247).   
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Table 3.5  Differences in total and secreted cytokine from non-CF and CF PBMC 

in unstimulated and IgE/anti-IgE-stimulated cells 
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This data, although not statistically significant due to small sample size, with the 

exception of IL-1α secretion, suggests that there are some profound differences 

between CF and non-CF PBMC cytokine synthesis and ability to secrete these 

cytokines.  These may be linked to CFTR protein interactions which may alter 

intracellular vesicle trafficking from the Golgi to the plasma membrane. 

When CF and non-CF PBMC were stimulated with anti-IgE at various doses, 

there was a trend towards increased synthesis of GM-CSF, MIF, IL-1α, CCL4 

and CCL20 from non-CF PBMC compared to CF PBMC (Table 3.5).  CF PBMC 

secreted more MIF and IL-1ra than non-CF PBMC.  In contrast to our array data, 

the searchlight analysis suggests that anti-IgE-stimulated non-CF PBMC 

synthesize more IL-8, but no differences were observed in secretion.  

Interestingly, synthesis of SerpinE1 was lower in CF than in non-CF PBMC, but 

more SerpinE1 was released from the cells by CF-PBMC.  Although not 

statistically significant due to small sample size, these trends show that non-CF 

and CF PBMC differentially synthesize and secrete cytokines and chemokines, 

which could contribute to inflammatory cytokine imbalance in CF lungs.  

Increasing sample size will be important before we can reach conclusions about 

the role of CFTR in cytokine synthesis and secretion from PBMC. 

4.  PBMC from CF and non-CF donors exhibit differences in release of 

newly synthesized mediators in response to Pseudomonas aeruginosa 

  

In an attempt do discern between allergic and innate immune responses of 

MC we examined the response of non-CF and CF PBMC to innate immune 

stimulation by P. aeruginosa (PAO1) bacteria.  The data for these experiments 
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can be found in Appendix 1, Figures 10-18, and the data has been tabulated for 

the reader (Table 3.6).  When PBMC were exposed to killed PAO1 for 24 h, there 

was a trend toward increased synthesis of GM-CSF, IL-8, IL-6, MIF, IL-1ra, IL-

1α, CCL4 and CCL20 in CF PBMC compared to non-CF PBMC.  Although 

synthesis of these cytokines was increased in CF PBMC, only GM-CSF, IL-1α 

and CCL4 showed increased secretion from the cells.  Also, there appeared to be 

no difference in the synthesis of PAI-1 between the two genotypes, but secretion 

of PAI-1 seemed to be increased in CF PBMC.  These data suggest that PBMC 

are involved in response to bacterial invasion, and that this response may be 

dysregulated in CF and that CFTR deficiency may lead to an innapropriate 

preprogrammed microbial response signature as has been shown previously (247).  

However, sample size will need to be increased to confirm these findings 

statistically.  

5. Absence of plasma membrane CFTR does not change LTC4 and 

PGD2 secretion in PBMC  

  

Constitutive secretion of PGD2 in CF PBMC was not detectable (Figure 

3.45 A).    When non-CF cells were stimulated with anti-IgE at 0.1, 0.5, 1, 5 and 

10 µg/ml respectively, there was a dose dependent increase in PGD2 production 

which was not statistically different than that observed when CF PBMC were 

stimulated with the same doses of anti-IgE (Figure 3.45 A).  

 Constitutive secretion of LTC4 in both non-CF and CF PBMC was not 

detectable (Figure 3.45 B).  When non-CF cells were stimulated with anti-IgE, at 

0.1, 0.5, 1, 2 and 10 µg/ml, there was a dose dependent increase in LTC4  



 

 205 

 

 

 

 

 

 

 

 

 

 

Table 3.6  Differences in total and secreted cytokine from non-CF and CF PBMC 

in P. aeruginosa-stimulated cells 
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production which was not statistically different than that observed in CF PBMC 

stimulated with the same doses of anti-IgE.  Although we have limited data due to 

small sample size, this data correlates with pharmacological inhibition of CFTR 

data in LAD2 (Figure 3.23 D) and suggests that absence or dysfunction of CFTR 

does not affect LTC4 secretion from PBMC. 

6.  Summary  

 

The data presented above suggests that the lack of CFTR at the plasma 

membrane in PBMC causes a dysregulation of both basal secretion, and also of 

the preprogrammed response to stimuli such as IgE/anti-IgE or P. aeruginosa.  If 

one examines the CF literature, many of the same mediators shown to be 

dysregulated in CF PBMC are also dysregulated in CF EC.  Thus, it would appear 

that CFTR regulates intracellular signalling pathways common to many of these  
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Figure 3.45  Comparison of lipid mediator secretion from non-Cystic fibrosis (CF) 

and CF peripheral blood derived mast cells (PBMC).  PBMC were sensitized 

overnight with IgE (1 µg/ml) and stimulated with anti-IgE (0.1-10 µg/ml) or Ca2+

ionophore A23187 for 30 min. Cell-free supernatants were analyzed for A)

Prostaglandin D2 (PGD2) B) Leukotriene C4 (LTC4) (n=1-3).
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cytokines, but may also regulate their transport in small secretory vesicles once 

they are synthesized, which could explain the difference in basal secretion of 

many of these cytokines. 
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Chapter 4.  Discussion and future directions 
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 Since its discovery in 1989, CFTR has been extensively studied, and 

although some therapeutic advances have been made, we still do not fully 

understand its full functional responsibilities.  There have been thousands of 

studies examining CFTR in EC, but only a handful of studies have examined the 

role of CFTR in other cell types.  To compound the problem, the research 

community does not appreciate the full picture of CF and most CF reviews, 

although excellent, fail to acknowledge the role of many of these cells in the 

pathophysiology of CF, including MC (14, 200, 315, 316).  Evidence about CFTR 

function in other cell types is beginning to emerge and be appreciated.  Presently, 

most people do not think of MC in the context of CF because they are thought of 

primarily as cells involved in allergy.  However, recent evidence shows that MC 

are critical innate immune cells, and can be key players in orchestrating the 

response to invading pathogens.  In this thesis, I have attempted to address some 

of these gaps in our knowledge by examining the expression and functional 

significance of CFTR in human MC.  This has been a challenging undertaking 

due to the low expression of CFTR in MC, together with the challenges associated 

with obtaining and maintaining human MC cell lines and primary cultures, and 

the painstaking process of optimization of CFTR RNA interference and 

pharmacological inhibition of CFTR in MC.  

I have shown that the MW profile of CFTR is different in MC than it is in 

EC.  These results, taken together with our previous work on CFTR regulation by 

IFNγ suggest that glycosylation may be different in MC, which could lead to 

trafficking and localization differences in CFTR between two cell types.  These 
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differences could in turn lead to different functional roles for CFTR between MC 

and EC.  The results show that CFTR regulates both Cl
-
 flux as well as mediator 

secretion in MC.  Upon pharmacological inhibition or knockdown of CFTR, there 

is a disturbance of normal Cl
-
 flux through MC, which appears to involve both 

CFTR channel function, as well as regulation of other Cl
-
 channels.  We have 

shown that the role of CFTR in MC mediator secretion does not apply to all 

mediators, but rather is stimulus and secretory compartment-specific.  

Pharmacological inhibition of CFTR in LAD2 cells, or absence of plasma 

membrane CFTR in CF PBMC does not affect β-hex release, suggesting that Cl
-
 

flux through CFTR does not significantly influence secretion of mediators stored 

in granules, a process that involves hyperpolarization and Ca
2+

 entry.  Initially, 

this was surprising because our previous work showed that β-hex release from rat 

PMC was inhibited by DPC, and that PMC appeared to express CFTR on their 

granules (Appendix 2) (107).  These findings will be discussed further below.   

Although inhibition or removal of CFTR does not affect release of stored 

mediators from human MC, it has a significant inhibitory effect on the release of 

certain newly synthesized cytokines and chemokines, but not on the release of 

lipid mediators LTC4 and PGD2 in response to the classical IgE/anti-IgE stimulus.  

CFTR may also be a key regulator of innate immune stimulation in MC, as 

differences appear to exist in non-CF and CF responses to P. aeruginosa 

stimulation.  This would suggest that MC contribute to the pathophysiology of 

CF, and warrant further investigation for their role in this disease.  These findings 

will be discussed in the sections that follow. 
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A.  Characterization of CFTR expression in MC 

1. CFTR mRNA expression in human mast cells  

In our previous work, we showed that rat and human MC express CFTR 

mRNA (107, 201).  In these experiments, we showed by regular RT-PCR that rat 

MC express CFTR mRNA, but human MC were not analyzed in this study.  We 

wanted to identify CFTR transcripts in human PBMC by RT-PCR so we used 

human CFTR primers previously described (292).  We optimized temperature and 

MgCl2 concentration and detected CFTR expression in Calu-3, HMC-1 and 

LAD2 cells in our system.  CFTR mRNA is present in MC lines in low 

abundance, which correlates with previous findings of low abundance CFTR 

mRNA (194, 195, 211, 212).  We only had enough cells to perform one RNA 

extraction in PMBC.  Nested RT-PCR results suggest that CFTR transcripts were 

not present at detectable levels in PBMC.  As CFTR mRNA is expressed at low 

levels in MC degradation during the RNA extraction or DNAse digestion phase 

may be a problem.  Another possible explanation for our inability to detect CFTR 

mRNA in PBMC is that CFTR mRNA expression may be cyclical, and was not 

expressed at the time of cell lysis (317).  Lack of mRNA does not always imply 

lack of protein, and these findings do not indicate that MC do not express CFTR 

protein.  When more cells become available, these experiments should be 

repeated with RNA isolation at various time points during 8 wk culture of the 
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cells, to see if CFTR mRNA can be detected and might be regulated by MC 

maturation and culture conditions. 

 

2.  CFTR protein expression in human mast cells 

 The MW of the three reported forms of CFTR (bands A, B and C) is an 

issue under contention and varies widely in the literature.  Protparam Expasy tools 

online reports fully mature CFTR (band C) as having a MW of 168 kDa based on 

the amino acid sequence and similarly, another study suggests that MW of fully 

mature CFTR is 160 kDa (149).  Others have reported fully glycosylated CFTR to 

have a molecular mass of 180–200 kDa and others suggest a MW of 170 kDa for 

band C (160, 318).  This sets the range for fully mature CFTR at anywhere 

between 160-200 kDa.  Band B also has a wide reported MW range of 130-150 

kDa, but the reported MW of band A is not as variable, and has been reported 

between 127-130 kDa (148, 152, 154-156).  These discrepancies can be explained 

by variation in Western blotting protocols for CFTR.  Most of these studies used 

gradient or non-gradient gels at different percentages, running buffers and MW 

standards, which can all have an impact on the reported MW of proteins.  MW 

markers have different migration patterns in Tris-Glycine and Tris-HCl, and 

companies usually report MW in only one buffer and only 1 gel density.  This 

complicates CFTR MW comparison between studies, and introduces significant 

variation in the literature.  We carefully standardized our protocols and compared 

CFTR expression in MC and EC.  
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 Our experiments confirmed that Calu-3 cells express CFTR in easily 

detectable levels.  Both 24-1 and MA1-935 antibodies detected CFTR.  Since 

these monoclonal antibodies recognize distinct epitopes of CFTR, detection by 

both antibodies reduces the possibility of nonspecific binding.  CFTR in Calu-3 

cells appeared as a distinct “doublet” pattern near 170 kDa with the higher band 

being 172 ± 3 kDa and the lower band 162 ± 3 kDa.  This pattern was observed 

repeatedly with an average of 10 kDa separation between the two bands.  This 

closely spaced doublet is consistent with bands C and B respectively, which have 

been reported near those MW ranges.   

 The characteristics of CFTR were different in MC than in EC when 

studied by Western blot.  In both HMC-1 and LAD2 cells, CFTR expression was 

similar to that in Calu-3 cells, but the doublet bands reproducibly migrated at 

slightly different MW when run on the same gels (Figure 3.17).  We routinely 

detected bands at 167 ± 6 and 145 ± 2 kDa, which is slightly below the reported 

MW range of bands C and B respectively in EC.  In one gel, we saw the 

appearance of an additional band at 140 kDa, which is slightly higher than the 

reported MW of band A.  LAD2 cells showed significant differences in the 

characteristics of CFTR compared to EC.  In LAD2 cells, CFTR appeared as 

either a doublet at 159 ± 3 and 145 ± 2 kDa, or a single band at 155 ± 4 kDa.  The 

upper band of the LAD2 doublet is consistently of equivalent MW to the lower 

band of the Calu-3 doublet when run on the same gel (Figure 3.17).  When only a 

single band appeared, it was associated with reduced protein loading (≥30 µg) as 

longer exposure time makes the LAD2 doublet appear, but obscures the Calu-3 
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doublet by overexposure (Figure 3.17).  In rat PMC, we detected a single band at 

137 ± 5 kDa, which is near the reported MW of band B.  As MC populations can 

be heterogeneous, these differences in CFTR maturity in different MC may be 

associated with MC phenotype and expression or activity of glycosylation 

enzymes, which may change CFTR maturation and/or trafficking patterns.  If this 

is true, then CFTR expression and maturation may be linked to cell maturation.  

This suggests that full glycosylation from band B to band C in more mature MC 

such as LAD2 and PMC does not occur, because of glycosylation pathway 

differences.  Glycosylation differences for CFTR in different cell types have been 

previously reported (149).  Also, because CFTR expression is lower in LAD2 and 

PMC relative to total protein in comparison to EC, it is also possible that band B 

glycosylation to band C occurs below detectable limits by Western blotting.  Also, 

several atypical CFTR bands were detected by 24-1 and MA1-935 in our Western 

blots and will be discussed in a later section. 

 

3. Atypical CFTR bands 

It is interesting to note that all four cell types tested (Calu-3, LAD-2, 

HMC-1 and PMC) expressed other bands that were reactive for both monoclonal 

antibodies, but not isotype control antibody.  These bands have not been routinely 

reported nor well characterized in the literature, although in the rare studies that 

show full gels for CFTR, some atypical CFTR bands are shown.  For the purpose 

of this thesis, we named the two most reproducible atypical bands, band “D” and 

“E”.  Band D occurred at  MW of 94 ± 2, 97 ± 6 and 85 ± 4 kDa in Calu-3, HMC-
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1, LAD2 respectively, but did not occur in PMC.  Band E occurred at a MW of 81 

± 2, 77 ± 5, 68 ±4, and 82 ± 4 kDa in Calu-3, HMC-1, LAD2 and PMC 

respectively.  Since band A (unglycosylated CFTR) is reported as being 120-130 

kDa, it is unlikely that bands D or E are analogous to band A.  One possibility is 

that these bands represent proteolytically degraded fragments of CFTR.  More 

recently, when we probed for CFTR using the more sensitive Odyssey IR imager, 

we detected more bands than when we used the traditional film method for 

Western blots.  The fact that bands D and E were detected by both antibodies, but 

not by isotype control antibodies helps rule out the possibility that they are the 

result of non-specific binding.  It is interesting to note that most reports on CFTR 

which use Western blotting, show only fragments of gels, usually cutting off what 

falls below 100 kDa or what is not of “interest” for their purposes.  It has been 

reported in other cell types such as kidney cells, that CFTR exists not only in its 

full length form, but also as a truncated splice variant named TNF-CFTR.  This 

altered form of CFTR is reported as a functional half CFTR molecule with a MW 

of 75-80 kDa (319, 320).  TNR-CFTR is localized to endosomes and the 

functional role of TNF-CFTR has not been fully determined.  It has also been 

reported that a truncated form of CFTR without exon 5 is present in cardiac tissue 

(156).  This splice variant of CFTR has a 30 amino acid deletion in the first 

extracellular loop, and is expressed only as a core glycosylated form at 140 kDa 

(156).  This exon 5 splice variant has lower conductance than wild type CFTR 

and was localized to intracellular membranes.  Other functional roles of this splice 

variant are unknown.  Our LAD2 Western blot data shows that a band at 
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approximately 140 kDa appears in MC when 24-1 is used, but not MA1-935 

(figure 3.18 and 3.38 B lane 3).  Since MA1-935, but not 24-1 binds to the first 

extracellular loop of CFTR, this suggests that the exon 5 splice variant is present 

in MC.  This hypothesis does not preclude expression of differentially 

glycosylated wild type CFTR in MC.  Furthermore, it is also possible that TNR-

CFTR is expressed in MC as a band appears at 80-90 kDa, which is the reported 

MW of TNF-CFTR (153, 321).  However, these hypotheses remain to be 

investigated. 

One possible explanation for the number of bands we detect in our 

Western blots may lie in proteolytic cleavage of CFTR at proline-glutamic acid-

serine-threonine (PEST) recognition motifs that act as proteolytic cleavage signals 

(322).  It has been reported that there are at least 5 PEST sequences in CFTR 

(195, 323).  However, when we ran the CFTR amino acid sequence through the 

PEST-FIND program (322), as many as 18 potential PEST sequences were 

returned by the algorithm (figure 4.1).  The major PEST sequence between amino 

acid 716 and 733 would result in cleavage of CFTR into two roughly equal halves 

with MW at around 80 kDa (Figure 4.1).  Other cleavage sites could potentially 

lead to peptide fragments of as little as 241 and 178 amino acids that could still be 

detected by MA1-935 and 24-1 respectively (Figure 4.1 arrows).  These peptide 

fragments are roughly 12-16% of the total amino acid content and which would 

equate to a MW of approximately 20-27 kDa based on amino acid content.  

Differential regulation of PEST sequences by glycosylation or metabolic 

pathways may occur in various cell types, or under various activation states, 
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which may explain the multiple bands observed within as well as between cell 

types in our Western blot experiments (323).  If the other atypical bands we 

detected using the Odyssey IR method or Western blotting are actually fragments 

of CFTR, what proteases are responsible for the cleavage? What regulates this 

degradation?  Do these peptides have any function(s)?  These are all interesting 

questions that require further investigation to answer.  Interestingly, calpain is 

speculated to be one of the proteases responsible for PEST sequence degradation 

(324).  We have previously shown that calpain activity is downregulated by IFNγ 

treatment in MC in a nitric oxide-dependent way (325).  Thus, inhibition of 

calpain may be a mechanism by which IFNγ upregulates CFTR expression in MC.  

This hypothesis remains to be tested.  It would also be informative to isolate 

protein from these bands by two-dimensional gel electrophoresis and sequence 

them to determine their nature. We were unable to determine the precise 

intracellular locations of CFTR in MC.  Reliable detection of CFTR often requires 

experimental overexpression (266).  We showed that rat PMC and PBMC from 

non-CF donors express CFTR on the plasma membrane.  Moreover, much of the 

CFTR signal is intracellular in rat and human MC.  There are interesting 

differences in MW and banding pattern of CFTR between 
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Figure 4.1  Potential proline-glutamic acid-serine-threonine (PEST) 

sequences in CFTR protein sequence.  Dark PEST sequence, if active in 

mast cells (MC), could result in two equal halves of CFTR with 

molecular weight (MW) of approximately 80 kDa.  Included are the 

actual amino acid binding sites for MA1-935 (103-117) and 24-1 (1377-

1480).  Black arrows represent smallest possible CFTR fragments that 

could be recognized by MA1-935 and 24-1.
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MA1-935 and 24-1 antibodies, suggesting that at least some of the CFTR 

expressed in MC may be alternately spliced as previously reported (156).  

Although these results do not offer a clear picture of the differences in CFTR 

localization, processing, and trafficking between MC and EC, they do provide 

evidence that these processes vary among cells and represent novel information 

about CFTR in MC.  Hopefully, further characterization of the glycosylation state, 

alternate splicing and localization of CFTR in MC can further elucidate the role of 

CFTR in MC.  By understanding the differences in CFTR localization and 

processing pathways between these cell types we hope to gain further 

understanding of the basis of the pathophysiology of CF associated with a large 

spectrum of mutations in CFTR. 

4. CFTR subcellular localization in rat peritoneal mast cells   

 To further explore subcellular localization of CFTR expression in MC, we 

studied in vivo-derived rat PMC as we had evidence that CFTR was associated 

with granules in these cells (Appendix 2).  CFTR was found in PMC using both 

24-1 and MA1-935 monoclonal antibodies.  PMC display a single band for CFTR 

that has an average weight of 137 kDa.  This band is 22 kDa smaller than the 

upper band and 8 kDa smaller than the lower band of the LAD2 doublet.  The size 

differences observed between CFTR in MC and EC suggest that there could be 

different processing pathways, different localization in the cells, as well as 

different function(s) of CFTR.   

 When PMC were fractionated into granule, organelles and membranes 

(high speed pellet) and cytosol (high speed supernatant), CFTR was found in the 
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high-speed fraction pellet in only one experiment at a MW of 139 kDa (Figure 

3.19), and was not found in the cytosolic fraction.  Whole PMC lysate ran on the 

same gel expressed the same band.  Controls were run to characterize the 

localization of plasma membrane and MC granule in the fractions.  We used rat 

MCP-5 as a marker for granules (23).  Rat MCP-5 localized to the granule 

fraction in a band corresponding to 25 kDa.  We used c-Kit as a marker for MC 

membranes.  This protein, a membrane bound MC cell growth factor receptor was 

found in the whole PMC and PMC high-speed fraction pellet, indicating that there 

is little membrane contamination in the cytosolic fraction (high speed fraction 

supernatant).  The c-Kit signal appeared as a doublet of 145 kDa and 165 kDa 

(figure 3.19 C) in the high-speed fraction pellet, which is likely to contain plasma 

membrane proteins, as well as other membrane bound organelles such as the 

endoplasmic reticulum, Golgi, microsomes, and other small vesicles.  Localizing 

CFTR to this fraction provides at least three possibilities for the subcellular 

location of CFTR.  The first is that CFTR localizes to MC plasma membrane.  

This conclusion is consistent with CFTR localization in EC.  This possibility does 

not contrast our initial confocal-microscopy based hypothesis suggesting 

vesicular/granular localization, as plasma membrane integrity was lost in this 

study due to fixation protocol (Appendix 2).  The next possibility is that CFTR is 

present in MC in the ER/Golgi pathway and is localized to these organelles.  

Although it is likely that MC CFTR travels through these organelles as it is 

processed, it is unlikely that this is the final destination for CFTR.  Finally, it is 

possible that CFTR localizes to some small membrane bound vesicles in the cell.  
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This observation would support our previous data (Appendix 2) and offer the 

possibility of a vesicular trafficking pathway from the Golgi to the plasma 

membrane in MC.  Such a pool of CFTR has been observed in EC (326).  One 

explanation for such a pathway could be linked to a recycling or storage 

compartment for CFTR.  A proposed functional role for this CFTR trafficking 

pathway in MC is delivery of CFTR to the plasma membrane upon MC 

activation, which could help depolarize the cell and regulate subsequent mediator 

production, as a form of negative feedback mechanism.  Localization of CFTR 

may be carbohydrate-dependent with the fully processed, larger, upper band in 

EC (172 ± 3 kDa) being targeted to the plasma membrane and the lower band 

(162 ± 3 kDa) being targeted to membrane bound vesicles.  This hypothesis is 

supported by the fact that both forms of CFTR are found in EC (which exhibit 

both PM and endosomal localizations of CFTR) while only the smaller form is 

found in MC (154 ± 4 kDa).  In our fractionation experiments, we were not able 

to detect CFTR in MC granules.  At this time, we cannot explain lack of cross 

validation with our confocal studies (Appendix 2), other than to suggest that there 

are differences in sensitivity or epitope preservation between the two techniques 

that may allow detection of weak signals by confocal but not by Western blot. 

 Since MC consistently express CFTR of a lower molecular weight than 

EC, it is likely that the size difference seen between MC CFTR and Calu-3 CFTR 

is related to protein function.  We know that CFTR is in the high-speed fraction of 

rat PMC which contains fragments of PM, but also intracellular organelles and 

their membranes.  It would be valuable to perform more precise sub-cellular 
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fractionation procedures to obtain greater resolution, although this may prove to 

be a challenging undertaking.  This data neither confirms nor rejects the 

hypothesis that CFTR is present in a different subcellular location in MC than in 

EC, and technical challenges of CFTR imaging in LAD2 cells restricted further 

analysis of CFTR subcellular localization in human MC by confocal microscopy.  

However, when our Western blot results are combined with previous confocal 

pictures the possibility of differential localization is likely and requires further 

study (Appendix 2). 

 In conclusion, I speculate that CFTR expression in MC is different than in 

EC.  It appears that MC have similar bands A and B, but that band C is different 

than in EC which could be due to glycosylation differences.  These differences 

could result in alternate CFTR trafficking in MC, and lead to different functions 

of CFTR in these cells.  

B. Effect of pharmacological inhibition of CFTR on mast cell 

function 

 

The role of CFTR in MC was studied using a spectrum of pharmacological 

inhibitors.  CFTR regulates production and/or secretion of some newly 

synthesized mediators, but does not appear to affect stored mediator secretion 

from MC granules.  Specificity and dosage have long been an issue with 

pharmacological agents used to block CFTR and we used several CFTR inhibitors 

with doses as low as possible to try to circumvent problems (see table 1.1).  We 

used NPPB and DPC which have been shown to inhibit CFTR, but also have 
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some non-specific effects at higher doses (327, 328).  We also used the newly 

characterized CFTR blockers CFTRinh-172 and GlyH-101, which have been shown 

to be more specific for CFTR than previous inhibitors.  Furthermore, GlyH-101 is 

thought to be the most specific CFTR inhibitor and is unique because it possess a 

novel inhibition mechanism involving occlusion of CFTR near the extracellular 

pore (189).  Inhibition of CFTR with NPPB and CFTRinh-172 significantly 

inhibited Cl
-
 flux, but only NPPB significantly inhibited IgE/anti-IgE-induced β-

hex secretion in MC (LAD2, PBMC).  We also showed that NPPB in HMC-1 

potentiated adenosine-induced release of IL-8, and IL-6, whereas GlyH-101 

inhibited cytokine release from HMC-1.  We also have evidence suggesting that 

GlyH-101 and NPPB inhibited IL-13 and IL-16 release, but only GyH-101 

seemed to inhibit SerpinE1 and I-309 release from LAD2 cells.  Our description 

of this difference is only semi-quantitative at present, but could be linked to 

specificity of the drugs or possibly to conformational changes in CFTR in 

response to the drugs which have different binding sites.  These could change 

CFTR binding protein interactions leading to divergent downstream signaling.  

This has been shown in MC cytokine production in response to SCF and TNF, 

and is linked to activation of either MAPK or NF-kB (329).   

In addition, we showed that neither NPPB nor GlyH-101 had any effect on 

eicosanoid production in human MC (Figure 3.23 D).  There is a report 

suggesting that NPPB inhibits COX enzymes with an IC50 of 8 µM in rat 

mesangial cells (330).  It is possible that some degree of COX inhibition occurs in 
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MC, but that the IC50 is higher than in mesangial cells.  Thus, our data suggests 

that CFTR is not involved in eicosanoid production in MC. 

1. Cl
-
 flux 

We began pharmacological studies of CFTR inhibition by measuring 

cAMP-induced Cl
-
 flux in HMC-1 and LAD2 treated with CFTR inhibitors.  In all 

treatments, there was a linear increase in MQAE fluorescence associated with Cl
-
 

efflux during the first minute.  Treatment with CFTR inhibitors changed the slope 

of this increase during the first minute.  Because this method measures activity of 

several Cl
-
 channels, we used two inhibitors of CFTR, NPPB and CFTRinh-172 to 

isolate the CFTR-dependent portion of Cl
-
 flux.  At the dose used, neither NPPB 

nor CFTRinh-172 inhibited basal Cl
-
 efflux, which would indicate that these 

inhibitors are not blocking other Cl
-
 channels such as ClC or Na

+
/K

+
/2Cl

-
 

exchangers.  As shown in the literature, NPPB in a dose range of 10-50 µM, 

inhibits CFTR-dependent Cl
-
 flux (331, 332).  In preliminary experiments, GlyH-

101 treatment (25-50 µM) appeared to inhibit a larger portion of Cl
-
 flux than did 

NPPB, including a portion of the basal Cl
-
 flux, and appeared to show strong 

inhibition of cAMP activated Cl
-
 flux.  This corresponds with data showing that 

50 µM GlyH-101 almost completely abrogates apical Cl
-
 currents in EC mounted 

in Ussing chambers (189).  However, we established that GlyH-101 is a direct 

quencher of MQAE (Figure 3.21 D), and therefore, the effects on Cl
-
 flux in our 

study, are likely due to direct quenching of the fluorescent signal rather than 

CFTR inhibition.  Thus, we stopped using this inhibitor in the MQAE assay and 
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replaced it with CFTRinh-172.  We did not see MQAE quenching when using 

CFTRinh-172, but we did see inhibition of cAMP-mediated Cl
-
 flux.   

2. ββββ-hex secretion 

Although it is not fully understood where Cl
-
 channels fit into the puzzle 

of stimulus-secretion coupling and MC activation, regulation of these channels 

appears to be closely linked to changes in intracellular Ca
2+

 concentrations and 

Ca
2+

 channel activation (93).  One mechanism to explain this may be through 

cAMP dependent outward rectification of Cl
-
 ions through CFTR, which 

depolarizes the membrane, reducing the electrical gradient for Ca
2+

 entry (214, 

333).  A main obstacle to more precisely define the role of Cl
-
 channels in MC 

function is that the intracellular Cl
-
 concentration, which varies widely between 

cells (97, 334), is not known for mature human MC in vivo (93).  In light of 

increasing evidence for non-Cl
-
 transport-related functions of CFTR in non-EC, 

Cl
-
 transport may not be the sole regulatory function of CFTR in MC.    

In this study, β-hex results showed that NPPB decreased, whereas GlyH-

101 had no effect on β-hex release from LAD2 MC.  Furthermore, we showed 

that the ∆F508 mutation of CFTR in PBMC from CF patients had no effect on 

IgE/anti-IgE-mediated β-hex release.  Our previous data shows that DPC 

inhibited β-hex release in rat PMC (107).  In our experiments, DPC did not have 

an effect on β-hex release in LAD2 cells, but this could be attributed to lower 

dose used in comparison to our previous rat studies.  To have greater confidence 

in specificity of action and due to difficulty in obtaining large numbers of cells to 
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study β-hex release in LAD2 cells, we chose a dose of DPC that was between the 

lowest and second lowest significant dose in our previous study, which is roughly 

twice the IC50 (Table 1.1) (107).  Our results suggest that GlyH-101 and DPC may 

be more specific CFTR inhibitors than NPPB at the doses used.  There is evidence 

that the dose range of DPC that maintains specificity for CFTR is greater than 

NPPB (335, 336).    In EC there are reports that both DPC and NPPB have non-

CFTR specific effects such as inhibition of cAMP (300 – 1000 µM), inhibition of 

volume, Ca
2+

, and outwardly rectifying Cl
-
 channels at doses ranging from 50-100 

µM (179, 183-185, 337-339).  Taken together, this data suggests that 50 µM 

NPPB may have inhibitory activity on inwardly rectifying Ca
2+

 activated Cl
-
 

channels which reduces hyperpolarization and Ca2+ entry in MC (Figure 4.2).  At 

the dose used, it appears that DPC did not have this effect.  For β-hex release in 

human MC, DPC may have the same effect as NPPB when used at a higher dose, 

but may still be CFTR specific at 50 µM, which explains why DPC and GlyH-101 

both had no effect on β-hex secretion.  As GlyH-101 is more specific and does not 

cross the plasma membrane, it only acted on CFTR, and caused no significant 

changes in MC degranulation.  DIDS had similar effects as NPPB on 

degranulation, suggesting that NPPB is acting through a non-CFTR effect.  Our 

data on β-hex release in non-CF and CF PBMC although not statistically 

significant due to small sample size, strengthens the evidence that CFTR does not 

play a significant role in MC degranulation (Figure 3.45B). 
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Figure 4.2  Potential mechanism of action of inhibitors NPPB, GlyH-

101 and CFTRinh-172 on human mast cell (MC) degranulation.  At rest, 

MC are electrically silent and the intracellular Cl- concentration is 

between 0-40 mM.  Upon stimulation with anti-IgE, Ca2+ is released 

from stores which triggers activation of inwardly rectifying Ca2+ release 

activated Ca2+ channels (CRAC), letting in extracellular Ca2+. Opening 

of Cl- channels hyperpolarizes the membrane and increases MC 

degranulation. Activation also opens inwardly rectifying Ca2+ activated 

Cl- channels and causes a transient cAMP increase which activates 

CFTR.   NPPB may inhibit β-hex release through non-CFTR specific 

inhibition of Ca2+ gated Cl- channel (ClCa
2+), an effect not observed 

when the more CFTR specific GlyH-101 is used.  DPC may not have 

been used at a dose high enough to have the same effect in our 

experiments.  DIDS blocked MC degranulation in a CFTR non-specific 

fashion. (See table 1.1 for full names of inhibitors).  Inhibitors used at 

50 µM.
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3. IgE/anti-IgE-mediated cytokine secretion  

Using these inhibitors, we assessed the effect of CFTR on newly 

synthesized mediator secretion in MC.  In EC CFTR has previously been shown 

to regulate RANTES production (340), nitric oxide synthase expression (341),
 

outwardly-rectifying Cl
-
 channels (342), the epithelial Na

+
 channel (ENaC) (343) 

and aquaporin-3 water channels (344).  CFTR also regulates intracellular 

acidification (225, 230) protein processing, IL-8 production and apoptosis (345-

347).  Similarly, in lymphocytes from CF patients a reduction in IFNγ secretion 

has been reported (219), while EC in CF, enhanced intracellular accumulation of 

IL-6 and IL-8 has been reported (348).  Reduced CFTR expression has been 

linked to impaired innate immune responses in CF, in particular defense 

mechanisms against P. aeruginosa, reduced production of nitric oxide through 

inducible nitric oxide synthase (NOS2) and gene expression associated with 

innate immune stimulus (247, 349, 350).   

Recently, the effects of CFTR on secretion of mediators has been linked to 

channel function of CFTR, as well the presence of intact CFTR within lipid rafts 

(312, 351-353).  When CFTR Cl
-
 channel function was blocked by CFTRinh-172, 

EC secreted more IL-8 (312).  The authors linked these events to CFTR channel 

function and increased proteasomal degradation of NF-kB inhibitor I-kBα and 

this was attributed to loss of HCO3
-
 and glutathione transport and imbalance of 

intracellular pH (312, 351, 352).  However, since activation of CFTR by cAMP 

changes the conformation of the two NBD and the channel pore, one could 

speculate that CFTR inhibitors also prevent certain conformational changes that 
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Figure 4.3  Proposed mechanism of CFTR-adenosine 2b receptor 

(A2bR) interactions and regulation of IL-8 production.  Both CFTR and 

A2bR associate with lipid rafts (gray boxes) through cytoskeletal Na+-

H+ exchange regulatory factor-3 (NHERF3)-ezrin binding.  A2bR is 

linked to CFTR by NHERF3-ezrin.  GRK2 can phosphorylate PI3K 

which can then bind to ezrin and also associate with G-protein coupled 

receptor kinase-2 (GRK2). PI3K-GRK2 complex upregulates A2bR 

desensitization when compared to uncoupled GRK2 as a negative 

feedback mechanism following CFTR activation.  Potential mechanism 

of action of GlyH-101 is inhibition of ezrin-PI3K binding by preventing 

conformational change in CFTR, leading to increased receptor 

desensitization.  PI3K can activate PKC and phospholipase D (PLD), 

which leads to phosphorylation of Bcl10/Malt1 and sphingosine 1 

phosphate (S1P), which can activate NF-kB.  GRK2 may also have 

“black box” effects which lead to hypersecretion of cytokines in CF due 

to uncoupling to PI3K-NHERF3.
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promote CFTR association with its binding partners and downstream intracellular 

signaling.  This idea is strengthened by a recent study showing that CFTR is 

associated with lipid rafts and regulation of cell stimulation (312).  When the PDZ 

domain of CFTR was removed or inactivated, CFTR could no longer associate 

with lipid rafts resulting in a loss of negative regulation of TNF, IL-1β and TLR 

mediated NF-kB signaling (312, 353).  This suggests a significant role for CFTR 

protein interactions in regulation of cell stimulation, but the mechanism leading 

from CFTR to NF-kB activation is unclear and could be linked to CFTR 

conformational events that alter PDZ binding (Figure 4.3).  Thus, CFTR is more 

than an ion channel, having functional roles through protein interactions and 

intracellular signaling.  Given this information, MC in CF patients may be more 

responsive to certain stimuli than MC of non-CF patients.  To test this hypothesis, 

I examined the role of CFTR in the production of secretory mediators by LAD2 

and HMC-1 using the pharmacological inhibitors identified above.  Although we 

showed in LAD2 that MC β-hex secretion is not impaired by pharmacological 

inhibition of CFTR, evidence suggests that CFTR balances whole cell currents in 

a delayed fashion, or has a channel-associated role on intracellular signaling that 

is not linked to Cl
-
 flux (351, 352).  Stimulation of channel opening by cAMP 

changes intracellular CFTR conformation, such that differences in protein binding 

and intracellular signaling may occur as a result of CFTR activation, which are 

independent of ion transport.  Our data on the effects of inhibitors on LAD2 

shows that NPPB and DPC enhanced IL-8 secretion in response to IgE/anti-IgE, 

whereas DPC but not NPPB affected NECA-induced release of IL-8.  
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Enhancement or suppression of IL-8 release by NPPB and DPC may be linked to 

inhibition of non-CFTR Cl
-
 channels (Figure 4.4).  Alternately, the enhancement 

of IL-8 by NPPB and DPC may be linked to inhibition of cAMP in LAD2 cells, 

which may lead to reduced expression of an early repressor gene, which 

suppresses MC synthesis and secretion of cytokines in response to IgE/anti-IgE 

stimulation (figure 4.4) (354, 355).  Suppression of NECA-induced IL-8 release in 

LAD2 by DPC but not NPPB, is more difficult to interpret, and may not be linked 

to membrane hyperpolarization and Ca
2+

 entry, but rather to interactions with 

CFTR binding partners that are regulated by NECA stimulation (Figure 4.3).  

These interactions will be discussed below as we examine our HMC-1 data.   

4. NECA-mediated cytokine secretion 

DPC had no effect on NECA stimulated release of IL-8 and IL-6 in HMC-

1 cells.  In contrast, NPPB enhanced, whereas GlyH-101 decreased IL-8 secretion 

(Figure 3.23).  Furthermore, the effects of NPPB and GlyH-101 on IL-6 secretion 

seemed to be unrelated to cell stimulation, as this enhancement also occurred in 

unstimulated cells (Figure 3.23).  HMC-1 do not express FcεR1, and thus do not 

respond to IgE/anti-IgE stimulation (276).  However, they secrete IL-8 in 

response to the adenosine receptor agonist NECA (49, 356).  To stimulate the 

cells, we used a relatively low dose of NECA (3 µM) for 24 h, and induced a 

significant release of IL-8 and IL-6.  Our data suggests that under normal 

conditions, CFTR regulates release of these cytokines in MC, since inhibition of 

CFTR by NPPB potentiated, whereas GlyH-101 inhibited release of these  
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Figure 4.4  Potential mechanism of action of inhibitors NPPB, GlyH-

101 and CFTRinh-172 on LAD2 mast cell (MC) cytokine release in 

response to IgE/anti-IgE. Upon stimulation with anti-IgE, Ca2+ is 

released from stores which triggers activation of inwardly rectifying 

Ca2+ release activated Ca2+ channels (CRAC), letting in extracellular 

Ca2+. Opening of Cl- channels hyperpolarizes the membrane and 

increases Ca2+ influx.  Activation also opens inwardly rectifying Ca2+ 

activated Cl- channels and causes a transient cAMP increase which 

activates CFTR and also negatively regulates secretion by cAMP

response element binding protein (CREB) activation which initiates 

transcription of early repressor gene.  In LAD2, NPPB and DPC may 

enhance IL-8 and IL-6 release through non-CFTR specific inhibition of 

cAMP and reduced early repressor generation. DIDS blocked LAD2 

cytokine release in a CFTR non-specific fashion. (See table 1.1 for full 

names of inhibitors).  Inhibitors used at 50 µM.
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Figure 4.5  Proposed mechanism of action of CFTR inhibitors NPPB, 

GlyH-101 and CFTRinh-172 on HMC-1 cytokine production and release 

in response to adenosine 2b receptor (A2bR) agonist NECA. Upon 

stimulation with NECA, there is activation of PKC and cAMP via Gαq

and Gαs respectively.  This leads to an increase in intracellular Ca2+, 

causing NF-kB activation, as well as increase in early repressor 

expression which regulates cytokine secretion. NPPB may enhance IL-8 

production and release through non-CFTR specific inhibition of cAMP

and reduced early repressor generation. GlyH-101 blocks CFTR 

conformational changes which alters the interactions of CFTR with its 

binding partners, leading to A2bR desensitization and reduction in 

signalling. (See table 1.1 for full names of inhibitors).
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cytokines.  Assuming that GlyH-101 activity is CFTR specific, our data contrasts 

with previous reports that CFTR inhibition with CFTRinh-172 results in increased 

IL-8 secretion in EC (312).  As we have demonstrated that CFTR is differentially 

regulated in MC and EC, this difference could be cell type-dependent and involve 

differences in expression and interaction of CFTR binding partners.  This 

difference may also involve inhibition of cAMP and activation of an early 

repressor gene in a similar fashion as in IgE/anti-IgE stimulation (Figure 4.5). 

It has been shown that G-protein coupled receptor kinase-2 (GRK2) can 

desensitize β2AR and suppress signaling through this receptor (Figure 4.3) (357).  

These events are mediated by phosphorylation, ubiquitination and endocytosis of 

the receptor.  Interestingly, it has also been shown that GRK2 is upregulated in 

CF cells, and that this kinase can phosphorylate ezrin, which associates with 

CFTR through the PDZ binding protein NHERF1 (357, 358).  PI3K has been 

linked to NF-kB activation in MC through PKC activation and downstream 

phosphorylation of Bcl10 and Malt1 (359).  Furthermore, PI3K can interact with 

both phospho-ezrin and GRK2, suggesting that there may be an association 

between β2 adrenergic receptor (β2) signaling and CFTR expression (357).  

Inhibition of PI3K/GRK2 binding markedly suppresses receptor desensitization 

and prolongs signaling through the β2AR (357).  In addition to β2AR interaction 

with CFTR through NHERF1, there are reports of A2bR association with CFTR 

through NHERF3 (E3KARP) (166).  Thus, PI3K may sequester GRK2 and 

regulate the rate of G-protein coupled receptor desensitization (Figure 4.3).  

Inhibition of CFTR with pharmacological inhibitors may disrupt conformational 
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changes which promote NHERF3-ezrin-PI3K-GRK2 interactions, thus 

accelerating A2bR desensitization and reducing IL-8 production/secretion.  The 

non-NECA mediated effects of CFTR inhibitors on IL-6 production is difficult to 

interpret, but may be linked to threshold levels of NF-kB required for binding to 

various cytokine promoters, or to basal activation of the cell by these drugs which 

is not significant when IL-8 is measured, as release of IL-8 occurs at a much 

higher concentration.   

In HMC-1 cells, there was a potentiation of IL-8 and IL-6 release, in 

response to NECA, which did not occur in the more mature LAD2 cell line.  One 

explanation for this observation lies in potential differences in expression of A2aR 

or A2bR in the two cell lines, compounded by potential differences in G-protein 

signaling from the A2bR.  It has been shown that A2bR can be coupled to both Gαs 

and/or Gαq depending on cell type.  In HMC-1, the A2bR couples to Gαq and Gαs 

which activates PLCγ and cAMP/PKA (360).  We speculate that G-protein 

coupling may differ in LAD2, or that HMC-1 and LAD2 differentially express 

A2aR and A2bR, a hypothesis that may explain the differences in NECA 

responsiveness between the two cell types.  HMC-1 and LAD2 MC may also 

possess differences in GRK expression.  It has been shown that GRK2 is 

responsible for β2AR ubiquitination and endocytosis (357).  Combinations of all 

of these factors may be involved in the differences in secretion between HMC-1 

and LAD2 depending on readout and experimental design. 

In conclusion, CFTR may be an important molecule in the regulation of 

non-epithelial cells such as MC.  Whether it exerts its functions directly via 
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regulation of Cl
-
 flux and Ca

2+
 entry, or indirectly via receptor desensitization or 

activation of other pathways is still unclear.  We attempted to address the issue of 

inhibitor specificity by using several CFTR inhibitors, but the picture of the role 

of these inhibitors on MC secretion is unclear.  Our data suggests that these 

inhibitors have differing effects on CFTR depending on the stimulus used and the 

secretory compartment examined.  Thus, while pharmacological inhibition of 

CFTR yields some important clues as to its function with regards to Cl
-
 flux, it 

also poses new questions as to the role of channel function in MC intracellular 

signaling.   

 

C. CFTR knockdown in mast cells 

 

1. Antisense oligonucleotides (ASO) 

To complement our data with pharmacological inhibitors, we examined 

secretion from CFTR deficient HMC-1 and PBMC from CF and non-CF patients.  

When we used ASO, to knock down CFTR we were not able to detect differences 

in CFTR protein levels by Western blot, but we did show reduction in Cl
-
 flux in 

HMC-1 (Figure 3.25).  However, we did not use FSK activation in these 

experiments, so the decrease in Cl
-
 flux we observed may be linked to non-

specific effects of ASO and not a specific CFTR deficiency.  We also unable to 

show differences in β-hex release from HMC-1 using Ca
2+

 ionophore A23187.  

When we used the physiological stimulus NECA to stimulate ASO and MSO 

treated cells rather than A23187, we saw the appearance of non-specific effects of 
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the ASO and MSO, as the MSO treatment resulted in as much potentiation of the 

IL-8 and IL-6 secretion as the ASO (Figure 3.26).  As our ASO and MSO are 

phosphorothioate modified oligonucleotides, they could potentially enhance 

HMC-1 response to CpG motifs through TLR-9 as has been demonstrated (361, 

362).  As a result, we abandoned the ASO strategy and moved to CFTR inhibition 

by siRNA, a more state-of-the-art method of RNA interference.   

 

2. CFTR small inhibitory RNA (siRNA)  

 At this point in our studies, the use of ASO was beginning to decrease as 

the discovery of siRNA to knock down proteins was proving to be a better and 

more physiological methodology.  It did not use chemically modified nucleic 

acids and had been shown to be an elegant mechanism to downregulate gene 

expression (363).  In our hands, although we attempted to optimize transfection 

conditions using BLOCK-iT fluorescent siRNA, transfection experiments with 

CFTR siRNA only modestly reduced CFTR expression in Calu-3 cells and did not 

reduce CFTR expression in HMC-1 (Figure 3.28, 3.30 and 3.31).  Incubation of 

the cells with siRNA for 48 h should have been sufficient to reduce CFTR mRNA 

and protein expression, as CFTR half life has been estimated at 10-12 h (283, 

284).  When we probed deeper into this puzzling result using confocal 

microscopy, we found that the siRNA appeared to be sticking to the outside of the 

cells and insufficient siRNA transfection for CFTR knockdown (Figure 3.32).  

After struggling with siRNA transfection into MC for a long time, we decided to 

adopt a stable transfection system using a CFTR short hairpin (CFTR sh) RNA 
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transfection system with a lentiviral vector containing a puromycin resistance 

gene. 

3. CFTR short hairpin RNA (shRNA) 

Using CFTR shRNA, we were successful in knocking down CFTR mRNA 

and protein expression in HMC-1 cells.  Knockdown is not 100% effective, but 

seems to have reduced CFTR transcript levels and expression of the 100 kDa anti-

CFTR reactive protein (Figure 3.37 and 3.38).  Interestingly, our CFTR shRNA 

treated cells displayed a shift in expression of two bands at 167 and 145 kDa.  In 

untransfected and SCR transfected cells, a weak band at 167 kDa and a strong 

lower band at 145 kDa is visible.  The intensity of the band at 167 kDa increases 

slightly with SCR shRNA treatment, but there is a complete reversal in intensity 

when cells are transfected with CFTR shRNA (Figure 38. B lane 6).  Furthermore, 

two other bands at 93 and 86 kDa have lower intensity in CFTR shRNA, but not 

SCR shRNA treatment.  These results were obtained on two different transfected 

HMC-1 preparations, performed 2 y apart and the second experiment gave very 

similar results using both CFTR antibodies, which strengthens the data (Figure 

3.38).  The band at 96 kDa which disappears in shRNA CFTR could in fact be 

band A.  The  difference between the MW in this gel and the reported MW of 

band A in EC could be attributed to gel density, running buffer and MW marker 

differences, as we have shown that the MW of CFTR band A is very similar in 

HMC and Calu-3 cells (Figure 3.17).  This 96 kDa band was also similar to Calu-

3 band A in our previous result, but we did not run a Calu-3 lysate in the latest gel 

(Figure 3.38 B).   
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This data is difficult to interpret.  It has been widely accepted that only 

fully glycosylated CFTR migrates to the plasma membrane, but this has come 

under some debate (364, 365).   Thus, we should not take for granted that the 

highest MW form of CFTR is found at the plasma membrane in MC.  Our data 

showing inhibition of cAMP-dependent Cl
-
 flux and NECA-induced secretion of 

IL-8 and IL-6 with CFTR shRNA treatment suggest that some form of CFTR is 

not present on the plasma membrane of CFTR shRNA-treated cells (Figure 4.3).   

Thus this data argues that either the 93, 86 or 145 kDa form of CFTR are 

expressed at the plasma membrane and expression of one or more of these bands 

is reduced at the cell surface by CFTR shRNA.  It is unlikely that the 167 kDa 

form which is upregulated by CFTR shRNA is expressed at the plasma 

membrane, as we did not see enhancement of cAMP-mediated Cl
-
 flux in CFTR 

shRNA during the 1st min of the assay.  We saw potentiation of FSK-induced Cl
-
 

flux in CFTR shRNA transfected cells after 1 min, but it is more likely that this 

increase in Cl
-
 flux comes from loss of CFTR regulation of other Cl

-
 channels in 

MC, and that the 167 kDa band represents some form of intracellular pool of 

CFTR (Figure 4.6).  One possible explanation is that this pool of CFTR could be 

an endosomal recycling pathway of CFTR that has become blocked by the 

disruption of the rab11b endosomal recycling pathway (Figure 4.6) (326, 366).  

We hypothesize that 167 kDa CFTR is removed from the cell surface by 

endocytosis, but that it does not recycle to the plasma membrane in CFTR 

shRNA, becoming trapped inside the cell where is accumulates and is not  
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Figure 4.6 Proposed synthesis and processing pathways of CFTR in MC.  

Following synthesis, a pool of unglycosylated, fully mature CFTR or TNF-CFTR 

migrate to the plasma membrane by passing through the Golgi apparatus.  

Recycling of CFTR occurs at the plasma membrane, regulating expression and  

proteolytic degradation of CFTR.  Other degradation pathways may occur through 

other proteases such as calpain.  Following CFTR shRNA treatment, endosomal

recycling as well as proteasomal degradation may be inhibited, such that fully 

mature CFTR accumulates inside the cells.  Reduction in mature CFTR at the 

surface may upregulate synthesis and trafficking of TNR-CFTR or unglycosylated

CFTR which may be expressed at the surface in an attempt to compensate for the 

loss of mature CFTR at the plasma membrane.
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Figure 4.6 Proposed synthesis and processing pathways of CFTR in MC.  

Following synthesis, a pool of unglycosylated, fully mature CFTR or TNF-CFTR 

migrate to the plasma membrane by passing through the Golgi apparatus.  

Recycling of CFTR occurs at the plasma membrane, regulating expression and  

proteolytic degradation of CFTR.  Other degradation pathways may occur through 

other proteases such as calpain.  Following CFTR shRNA treatment, endosomal

recycling as well as proteasomal degradation may be inhibited, such that fully 

mature CFTR accumulates inside the cells.  Reduction in mature CFTR at the 

surface may upregulate synthesis and trafficking of TNR-CFTR or unglycosylated

CFTR which may be expressed at the surface in an attempt to compensate for the 

loss of mature CFTR at the plasma membrane.
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degraded (Figure 4.6).  Alternately, there could be a pool of fully glycosylated 

CFTR within the Golgi that is also protected from proteolytic degradation, but is 

unable to migrate to the cell surface by disruption of CFTR trafficking.  These 

hypotheses attempt to explain these findings, but remain to be tested.  These 

results suggest that the 96 and 83 kDa bands in HMC-1 may represent functional 

TNF-CFTR.  TNR-CFTR may be expressed in MC and get to the plasma 

membrane where it forms functional channels as previously described (Figure 

4.6) (319, 320, 367).  TNR-CFTR may dimerize and loss of dimerized TNR-

CFTR could give the impression of a reduction of 167 kDa band.  The shift in 

band intensity at 150 kDa between sham, SCR and CFTR shRNA could be 

attributed to changes in turnover rate of CFTR induced either by the vector or by 

the reduction of unglycosylated CFTR production.  The lower band at 150 kDa 

may also represent band B, and the upper band represent band C, which indicates 

changes in CFTR glycosylation pathways by CFTR shRNA treatment.  Such 

changes are difficult to interpret, but could be attributed to upregulation of 

glycosyltransferase and glycosylation of CFTR. 

So far we have assumed that knockdown of CFTR is homogeneous in our 

HMC-1 population.  However, our flow cytometry using MA1-935 antibody in 

unpermeabilized cells suggests that this is not the case.  When we stained with 

MA1-935, we detected the presence of HMC-1 with various amounts of plasma 

membrane CFTR expression based on the intensity of the signal.  This suggests 

that not all the cells are transfected equally, and are expressing various amounts of 

CFTR protein (Figure 3.39).  When we stained permeabilized cells with 24-1 
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antibody, we saw an increase in CFTR signal in CFTR shRNA transfected cells.  

Using these two antibodies in tandem, we can deduce that CFTR shRNA 

transfected cells have more CFTR signal than the untransfected and SCR shRNA 

transfected cells (Figure 3.40 H and I), but that less CFTR is present at the plasma 

membrane (Figure 3.39 H and I).  This data strengthens our hypothesis that there 

is an internal pool of CFTR that is sequestered from degradation by the 

transfection of CFTR shRNA.   

 

D. Cystic Fibrosis vs non-Cystic Fibrosis peripheral blood derived mast 

cells 

Having established that CFTR has a role in Cl
-
 flux and secretion in MC, 

we wanted to investigate CFTR in primary MC cultures.  To do this we obtained 

consent of the University of Alberta Health Research Ethics Board to obtain 

peripheral blood from non-CF and CF donors in collaboration with Dr. Neil 

Brown, Director of the University of Alberta Hospital’s CF clinic.  In total, 4 CF 

and 4 non-CF patients were recruited into the pilot study and MC were cultured 

from their peripheral blood progenitors as described in chapter 2.  We compared 

numbers of CD34
+
 cells in peripheral blood of CF and non-CF donors and found 

no differences (Figure 3.3).  After 8 weeks in culture, CF and non-CF PBMC 

were compared head to head in a battery of functional tests including tryptase 

chymase staining, expression of c-Kit and FcεR1, β-hex release, cytokine 

production and secretion, and production of lipid mediators.  These tests were 

conducted in response to IgE/anti-IgE stimulation, but cytokine release was also 
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assessed in response to innate immune stimulation.  For some comparisons, we 

only had enough cells to perform one experiment as we used most of the cells for 

analysis of secretion.   Here we show that there is no significant difference in 

tryptase chymase staining, expression of c-Kit and FcεR1, β-hex release and lipid 

mediator synthesis between CF and non-CF PBMC.  Our data shows that CF 

PBMC do not express plasma membrane CFTR, are bigger than non-CF PBMC 

(Figure 3.12 B-D), and differentially synthesize and secrete cytokines.  These 

results will be discussed below.   

CFTR expression in PBMC could not be assessed by Western blot, as our 

Ponceau S data suggests that the cells are laden with low molecular weight 

protein, which precludes analysis of CFTR by this method (Figure 3.13).  We 

therefore analyzed CFTR expression by flow cytometry using MA1-935 and 24-1 

for surface and intracellular expression respectively.  Because of our small sample 

size, we only had enough cells to perform one experiment.  When we stained 

PBMC for surface expression of CFTR using MA1-935 in unpermeabilized cells, 

we saw that CF PBMC had lower surface expression than non-CF PBMC.  

However, intracellular staining with 24-1 revealed that CF and non-CF PBMC 

had similar CFTR expression.  Although we did not do it because of sample size 

and technical difficulties, it would be interesting to compare CFTR expression in 

PBMC to that in LAD2 and HMC-1 by Western blot to determine if the same 

banding patterns occur in these cells.  This may give additional clues as to the 

molecular characterization of CFTR in primary human MC.   
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Interestingly, when we performed flow cytometry on CF and non-CF 

PBMC as well as on CFTR shRNA HMC-1, we made the observation that CF 

deficient MC have increased FSC compared to untransfected, SCR shRNA of 

non-CF PBMC counterparts (Figures 3.12 insets, 3.39 and 3.40 panels A-C).  This 

observation indicates that CFTR deficient MC are larger than CFTR sufficient 

cells, suggesting that CFTR has some role in regulation of cell volume.  It has 

reported that airway cells from CF patients are swollen, but this has been 

attributed to edema and infection (368).  One report has shown that CF null 

mutant mice intestinal crypts do not undergo volume reduction in response to 

secretagogues as do wild type mouse crypts (369).  This is not confined to the gut, 

as others have reported that loss of CFTR results in loss of volume control in 

airway (370).  Other reports have associated CFTR with cell volume and shown 

that CFTR deficient cells lose regulatory volume decrease (RVD) function and 

appear different than their CFTR sufficient counterparts (368).  In mammalian 

cells, RVD occurs through simultaneous activation of K
+
 and Cl

-
 channels 

accompanied osmotically by H2O (371).  It was recently found that in EC, RVD is 

initiated by TRPV4, a non-selective cation channel that is responsive to 

mechanical stress, heat, pH changes, endogenous ligands and cell volume (372).  

When cells swell, TRPV4 is activated and allows Ca
2+

 entry which triggers Ca
2+

 

sensing outwardly rectifying K
+
 channels.  Loss of K

+
 through these channels is 

accompanied by vectorial Cl
-
 transport and osmotic H2O loss, thus reducing cell 

volume (368, 372).  It was shown that the TRPV4-mediated Ca
2+

 influx is absent 

in CF EC (372).  This effect is not associated with reduced TRPV4 expression, 
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and is still not clearly understood.  A similar process may be occurring in PBMC, 

accounting for increased cell size in CF PBMC.  This observation requires further 

study as loss of RVD response in CF PBMC may be a source of cell 

hyperpolarization and activation and cytokine hypersecretion upon activation. 

When we compared cytokine secretion from these cells using the R&D 

Systems protein array, several differences were apparent between non-CF and CF 

cells (Figure 3.44).  This data suggested that CF PBMC secreted more IL-8 and 

serpinE1, but less IL-1ra, IL-6, and MIF when stimulated with anti-IgE.  We 

repeated the experiment with three separate CF and three separate non-CF PBMC 

cultures and sent the samples to Aushon Biosystems for Searchlight analysis.  The 

Searchlight data showed that CF-PBMC appear to have higher basal secretion of 

GM-CSF, IL-8, IL-1ra, CCL4 and CCL20 than non-CF PBMC (Table 3.5).  

Interestingly, unstimulated CF PBMC synthesized significant more but secreted 

significantly less IL-1α than non-CF PBMC.  A recent study showed that CF 

tracheal glands synthesized and secreted more IL-1α than their non-CF 

counterparts (247).  CF PBMC also showed a trend toward increased synthesis of 

IL-6, MIF, IL-1ra, and CCL20.  When stimulated with anti-IgE, CF PBMC 

secreted more GM-CSF, MIF, IL-1ra, CCL4 and CCL20 than their non-CF 

counterparts (Table 3.5).  This increase in GM-CSF, IL-6, CCL4 in CF has been 

previously reported (147).  In contrast to a previous report in EC (198), CF PBMC 

seemed to secrete more IL-1ra than non-CF PBMC.  CF PBMC also appear to 

secrete less IL-8 than non-CF PBMC, which correlates with our data in HMC-1 

where CFTR shRNA transfected cells do not secrete IL-8 in response to NECA 
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(Figure 3.42 A).  Taken together, this data shows that PBMC from CF patients 

show a trend towards differences in secretion, as well as synthesis in most of the 

cytokines tested.  Although the data showed that these differences were not 

statistically significant, we believe that this was due to small sample size.   Since 

lack of CFTR does not affect degranulation from MC, these data suggest that 

absence of CFTR may act downstream of Ca
2+

 on transcription factors such as 

NF-kB (Figure 1.3).  Another possibility is that absence of CFTR dysregulates the 

MC secretory compartments in some way such that various cytokines such as IL-8 

or IL-6 may be differentially released from MC following activation (Figure 1.6).  

Thus, absence of CFTR at the plasma membrane may affect either synthesis of 

cytokines (total protein) or % release of the total protein (secretion) through 

dysregulation of secretory vesicle trafficking.  Therefore, it is important to repeat 

this experiment to increase sample size.  In our opinion, this will further highlight 

differences in cytokine synthesis and secretion between CF and non-CF PBMC   

As CF patients have chronic P. aeruginosa infections, we also wanted to 

determine whether CF MC respond differently than non-CF MC to innate immune 

stimulation.  We stimulated the cells with a selected dose of fixed and killed P. 

aeruginosa PAO1 strain.  As we had limited numbers of cells, we selected one 

dose (multiplicity of infection (MOI) of 25:1 P. aeruginosa) and one stimulation 

time point (24 h), based on previous reports as well as personal communication 

with Dr. Tong-Jun Lin at Dalhousie University (294-297).  In our experiments, 

when stimulated with P. aeruginosa, CF PBMC secreted more GM-CSF, IL-8, 

MIF, IL-1ra, CCL4, CCL20 and significantly more IL-1α than non-CF PBMC 
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(Table 3.6).  Furthermore, CF PBMC had increased synthesis of CCL20 when 

stimulated with P. aeruginosa.  Although IL-8 secretion was lower in CF PBMC, 

overall differences in cytokine synthesis and secretion suggest that CF MC 

possess a pro-inflammatory phenotype compared to non-CF PBMC, both in 

response to classical allergic as well as innate immune stimulation.  Thus, 

although further investigation is required, this data supports the hypothesis that 

MC contribute to the pathophysiology of CF.   

. 

E. Future directions 

 During the course of this work, we have also made several observations 

which we did not have time to pursue.  These observations relate to the regulation 

of CFTR expression in MC and EC.  We have shown in Appendix 2 that IFNγ 

upregulates CFTR mRNA and protein expression in MC, whereas it has the 

opposite effect in EC and we hypothesize that there are at least two potential 

mechanisms for this regulation by IFNγ.  These will be discussed in the next 

section.   

 

1. mRNA stability 

Many proteins are translated from mRNA containing 3’-untranslated 

regions (3’UTR) that possess Adenine/Uracil-Rich Elements (ARE) (373, 374).  

These motifs are binding sites for ARE binding proteins (AREbp), which are 

under the regulation of MAP kinases (375, 376).   
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Figure 4.7 A) Proposed mechanism of CFTR regulation in EC and MC by IFNγ.  

In EC, IFNγ stimulation activates JAK phosphorylation of STAT1, which 

dimerizes, migrates to the nucleus and initiates gene transcription including 

extracellular regulated kinase (ERK).  ERK can phosphorylate AU rich element 

(ARE) binding protein (AREbp) tristetraprolin (TTP).  When phosphorylated, TTP 

can bind to 3’untranslated regions of mRNA transcripts and promote their 

degradation through destabilization.  B)  In MC, IFNγ stimulation upregulates

CFTR through a STAT1 independent mechanism probably by inducing p38 MAP 

kinase (p38 MAPK) activation which phosphorylates AREbp HuR.  HuR can bind 

to 3’UTR of mRNA transcripts and inhibit their degradation (ie., enhanced 

stability).
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Figure 4.7 A) Proposed mechanism of CFTR regulation in EC and MC by IFNγ.  

In EC, IFNγ stimulation activates JAK phosphorylation of STAT1, which 

dimerizes, migrates to the nucleus and initiates gene transcription including 

extracellular regulated kinase (ERK).  ERK can phosphorylate AU rich element 

(ARE) binding protein (AREbp) tristetraprolin (TTP).  When phosphorylated, TTP 

can bind to 3’untranslated regions of mRNA transcripts and promote their 

degradation through destabilization.  B)  In MC, IFNγ stimulation upregulates

CFTR through a STAT1 independent mechanism probably by inducing p38 MAP 

kinase (p38 MAPK) activation which phosphorylates AREbp HuR.  HuR can bind 

to 3’UTR of mRNA transcripts and inhibit their degradation (ie., enhanced 

stability).
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Regulation of AREbp activity by MAPK is a way for cells to regulate mRNA 

stability through increased or decreased stability of the transcript.  It has been 

shown in EC that CFTR mRNA has a 3’ untranslated region (3’UTR), and that 

this region contains several ARE which act as recognition motifs for mRNA 

stabilizing or destabilizing AREbp (145).  Regulation of mRNA stability is 

complex, involving many AREbp, the expression of which is cell type specific, 

such that in T84 and Calu-3 EC, CFTR mRNA expression is differentially 

regulated by treatment with IL-1β or TNF (145).   

In our previous work (Appendix 2), we have shown that CFTR is 

upregulated in MC, but dowregulated in EC by 24 h IFNγ treatment (201).  We 

showed that regulation of CFTR expression by IFNγ is STAT1-dependent in EC, 

and p38 MAPK-dependent in MC (Figure 4.7).  We propose that the mechanism 

of IFNγ CFTR downregulation in EC may involve STAT1 phosphorylation and 

transcription of new genes, among which is the mRNA destabilizing AREbp 

tristetraprolin (TTP).  We propose that when phosphorylated by ERK, TTP can 

bind to CFTR mRNA, reducing its stability (Figure 4.7 A).  IFNγ has been shown 

to upregulate transcription of TTP, and ERK phosphorylation of TTP has been 

described in mature dendritic cells (377, 378).  In MC, however, the JAK/STAT 

inhibitor AG490 had no effect on  CFTR mRNA expression in MC, suggesting 

that the ERK/TTP pathway was is not involved.   

However, when MC were treated with p38 MAPK inhibitors prior to IFNγ 

treatment, CFTR expression was reduced, suggesting that a stabilizing AREbp is 

being phosphorylated through a STAT-1 independent pathway, as JAK inhibitors 



 

 251 

had no effect of CFTR expression in MC.  We hypothesize that the AREbp 

involved in IFNγ regulation of MC CFTR expression is a member of the HuR 

family, as these proteins stabilize mRNA (373). 

It would be interesting to determine which AREbp are expressed in human 

MC, and which ones are regulated by IFNγ.  Doing this would allow us to dissect 

this pathway and to elucidate the precise mechanism of the regulation of CFTR 

expression in MC.  If we can find novel ways to enhance CFTR expression 

through these mechanisms, this may provide new therapeutic strategies to treat 

CF. 

 

2. WT-1 

 It is interesting that several reports suggest that the first intron of CFTR 

contains a DHS site which is thought to be a transcriptional regulatory element 

(139, 140, 143, 144).  These identity and role of this regulatory element is not 

fully understood.  We ran the sequence of the first intron of CFTR through an 

online program called Transcriptional Element Search System (TESS) and 

discovered that a 30 nucleotide thymine guanine (TG) repeat segment is a putative 

binding site for the Wilm’s Tumor-1 (WT-1) protein (Figure 4.8).  Co-

incidentally, a previous student in our lab studied the role of WT-1 on MMP-9 

transcription in EC (379).  WT-1 is a repressor of MMP-9, which translocates 

from the nucleus to the cytoplasm upon phosphorylation in a nitric oxide (NO) 

dependent pathway.  The effects of NO on WT-1 translocation were attributed to 

soluble guanylate cyclase (sGC)-dependent PKA activation.     
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Figure 4.8  Putative binding site for WT-1 in first intron of CFTR.  Blown up box 

shows WT-1 binding site which consists of a 30 nucleotide repeat of  tg.

Figure 4.8  Putative binding site for WT-1 in first intron of CFTR.  Blown up box 

shows WT-1 binding site which consists of a 30 nucleotide repeat of  tg.
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Figure 4.9 Proposed mechanism of WT-1 regulation of CFTR mRNA expression 

in EC and MC through nitric oxide (NO) soluble guanylate cyclase (sGC) 

activation of PKA.  STAT1 initiates nitric oxide synthase (NOS) expression which 

makes NO from L-arginine.  NO activates sGC which in turn upregulates PKA 

phosphorylation of WT-1 in the nucleus, releasing it from the first intron of CFTR.  

Inhibition of WT-1-CFTR interaction by phosphorylation leads to derepression of 

CFTR and transcription of mRNA.  Similar de-repression of WT-1 may also occur 

as a result of Gαs protein coupled receptor activation.  Stimulation of adenosine 2b 

receptor (A2βR) or β2 adrenergic receptor (β2R) may result in PKA activation 

which leads to CFTR upregulation through WT-1 interactions.  

P

S
T
A
T
1S

T
A
T
1

P

IFNγγγγR

JAK

Translation

WT-1

WT-1

P

CFTR

mRNA

P

S
T
A
T
1S

T
A
T
1

P

NOS

mRNA

NOS

NO

sGC

PKA

CFTR

expression

IFNγγγγ

L-arginine L-citrulline

NECA/isoproterenol

A2bR/ββββ2R

cAMP

Figure 4.9 Proposed mechanism of WT-1 regulation of CFTR mRNA expression 

in EC and MC through nitric oxide (NO) soluble guanylate cyclase (sGC) 

activation of PKA.  STAT1 initiates nitric oxide synthase (NOS) expression which 

makes NO from L-arginine.  NO activates sGC which in turn upregulates PKA 

phosphorylation of WT-1 in the nucleus, releasing it from the first intron of CFTR.  

Inhibition of WT-1-CFTR interaction by phosphorylation leads to derepression of 

CFTR and transcription of mRNA.  Similar de-repression of WT-1 may also occur 

as a result of Gαs protein coupled receptor activation.  Stimulation of adenosine 2b 

receptor (A2βR) or β2 adrenergic receptor (β2R) may result in PKA activation 

which leads to CFTR upregulation through WT-1 interactions.  
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We hypothesize that NO synthesis by NOS enzymes causes activation of PKA 

through sGC activation and that PKA phosphorylates WT-1 which de-represses 

CFTR expression (Figure 4.9).  Alternately, CFTR de-repression by WT-1 

phosphorylation may occur through activation of A2bR of β2AR Gαs protein 

coupled receptors.  It has been shown that β2AR activation upregulates CFTR 

expression in human EC (380).  The authors claim that this effect is post-

transcriptional, but this does not rule out transcriptional events which are 

beingmasked by changes in mRNA stability.  If WT-1 binds to and represses 

transcription of the CFTR gene, a better understanding of the regulation of WT-1 

phosphorylation is necessary which will shed more light on the regulation of 

CFTR expression and may uncover more therapeutic strategies for the treatment 

of CF. 

F. Conclusion 

In this thesis, we attempted to dissect the localization and functional role 

of CFTR in human MC using CFTR pharmacological inhibitors and RNA 

interference.  These experiments have shown that CFTR is expressed in MC, but 

at low levels compared to EC.  The fact that expression of a protein is low does 

not preclude its functional significance, as T-cells express CFTR at levels 400-

1000 fold lower than EC, but yet CFTR is functional in these cells (195).  We 

have shown that CFTR deficient MC exhibit different cytokine secretion profiles, 

which may be a contributing factor to the cytokine imbalance seen in CF.  The 

differences in cytokine synthesis and secretion between IgE/anti-IgE and PAO1 

stimulated PBMC underscores the complexity of receptor-coupled secretion.  
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With over 31,000 published articles on CF, and over 5900 published articles on 

CFTR, it is surprising that many of the functions of this complex protein are not 

well understood and still controversial.  Thus, we need to expand our horizons 

when it comes to CFTR study, as it is now well accepted that Cl
- 

channel 

dysfunction in EC is not the only cause of CF.  Continued study of the effects of 

CFTR on MC function is necessary to help us better understand CF, and to 

continue to move towards a cure.  
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Endnotes 

 

The work on CFTR inhibitors in HMC-1 and LAD2 has been submitted for 

publication to the Journal of Pharmacology and Experimental 

Therapeutics,September 2009
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Appendix 1 
 

Cytokine and Chemokine Synthesis and Secretion by Cystic Fibrosis 

and Non-Cystic Fibrosis Donor Peripheral Blood-Derived Mast Cells 
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Figure A1 Comparison of granulocyte-macrophage colony-stimulating factor (GM-

CSF) production and release from non-Cystic fibrosis (CF) and CF peripheral blood 

derived mast cells (PBMC).  PBMC were sensitized overnight with IgE (1 µg/ml) 

and stimulated for 48 h with anti-IgE (2 µg/ml).  A) Total cytokine content after 48 

h (supernatant and lysate).  B) Percent secretion after 48 h (see equation 3, chapter 

2). (n=1-3).
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Figure A1 Comparison of granulocyte-macrophage colony-stimulating factor (GM-

CSF) production and release from non-Cystic fibrosis (CF) and CF peripheral blood 

derived mast cells (PBMC).  PBMC were sensitized overnight with IgE (1 µg/ml) 

and stimulated for 48 h with anti-IgE (2 µg/ml).  A) Total cytokine content after 48 

h (supernatant and lysate).  B) Percent secretion after 48 h (see equation 3, chapter 

2). (n=1-3).
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Figure A2  Comparison of IL-8 production and release from non-Cystic fibrosis 

(CF) and CF peripheral blood derived mast cells (PBMC).  PBMC were 

sensitized overnight with IgE (1 µg/ml) and stimulated for 48 h with anti-IgE (2 

µg/ml).  A) Total cytokine content after 48 h (supernatant and lysate).  B)

Percent secretion after 48 h (see equation 3, chapter 2). (n=1-3).
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Figure A2  Comparison of IL-8 production and release from non-Cystic fibrosis 

(CF) and CF peripheral blood derived mast cells (PBMC).  PBMC were 

sensitized overnight with IgE (1 µg/ml) and stimulated for 48 h with anti-IgE (2 

µg/ml).  A) Total cytokine content after 48 h (supernatant and lysate).  B)

Percent secretion after 48 h (see equation 3, chapter 2). (n=1-3).
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Figure A3 Comparison of IL-6 production and release from non-Cystic fibrosis 

(CF) and CF peripheral blood derived mast cells (PBMC).  PBMC were sensitized 

overnight with IgE (1 µg/ml) and stimulated for 48 h with anti-IgE (2 µg/ml).  A)

Total cytokine content after 48 h (supernatant and lysate).  B) Percent secretion 

after 48 h (see equation 3, chapter 2). (n=1-3).
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Figure A3 Comparison of IL-6 production and release from non-Cystic fibrosis 

(CF) and CF peripheral blood derived mast cells (PBMC).  PBMC were sensitized 

overnight with IgE (1 µg/ml) and stimulated for 48 h with anti-IgE (2 µg/ml).  A)

Total cytokine content after 48 h (supernatant and lysate).  B) Percent secretion 

after 48 h (see equation 3, chapter 2). (n=1-3).
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Figure A4 Comparison of macrophage migration inhibitory factor (MIF) production 

and release from non-Cystic fibrosis (CF) and CF peripheral blood derived mast 

cells (PBMC).  PBMC were sensitized overnight with IgE (1 µg/ml) and stimulated 

for 48 h with anti-IgE (2 µg/ml).  A) Total cytokine content after 48 h (supernatant 

and lysate).  B) Percent secretion after 48 h (see equation 3, chapter 2). (n=1-3).
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Figure A4 Comparison of macrophage migration inhibitory factor (MIF) production 

and release from non-Cystic fibrosis (CF) and CF peripheral blood derived mast 

cells (PBMC).  PBMC were sensitized overnight with IgE (1 µg/ml) and stimulated 

for 48 h with anti-IgE (2 µg/ml).  A) Total cytokine content after 48 h (supernatant 

and lysate).  B) Percent secretion after 48 h (see equation 3, chapter 2). (n=1-3).
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Figure A5  Comparison of IL-1 receptor antagonis (IL-1ra) production and release 

from non-Cystic fibrosis (CF) and CF peripheral blood derived mast cells (PBMC).  

PBMC were sensitized overnight with IgE (1 µg/ml) and stimulated for 48 h with 

anti-IgE (2 µg/ml).  A) Total cytokine content after 48 h (supernatant and lysate).  

B) Percent secretion after 48 h (see equation 3, chapter 2). (n=1-3).
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Figure A5  Comparison of IL-1 receptor antagonis (IL-1ra) production and release 

from non-Cystic fibrosis (CF) and CF peripheral blood derived mast cells (PBMC).  

PBMC were sensitized overnight with IgE (1 µg/ml) and stimulated for 48 h with 

anti-IgE (2 µg/ml).  A) Total cytokine content after 48 h (supernatant and lysate).  

B) Percent secretion after 48 h (see equation 3, chapter 2). (n=1-3).
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Figure A6  Comparison of plasminogen activator-inhibitor-1 (PAI-1, SerpinE1) 

production and release from non-Cystic fibrosis (CF) and CF peripheral blood 

derived mast cells (PBMC). PBMC were sensitized overnight with IgE (1 µg/ml) 

and stimulated for 48 h with anti-IgE (2 µg/ml).  A) Total cytokine content after 48 

h (supernatant and lysate).  B) Percent secretion after 48 h (see equation 3, chapter 

2). (n=1-3).
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Figure A6  Comparison of plasminogen activator-inhibitor-1 (PAI-1, SerpinE1) 

production and release from non-Cystic fibrosis (CF) and CF peripheral blood 

derived mast cells (PBMC). PBMC were sensitized overnight with IgE (1 µg/ml) 

and stimulated for 48 h with anti-IgE (2 µg/ml).  A) Total cytokine content after 48 

h (supernatant and lysate).  B) Percent secretion after 48 h (see equation 3, chapter 

2). (n=1-3).
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Figure A7  Comparison of IL-1α production and release from non-Cystic fibrosis 

(CF) and CF peripheral blood derived mast cells (PBMC). PBMC were sensitized 

overnight with IgE (1 µg/ml) and stimulated for 48 h with anti-IgE (2 µg/ml).  A)

Total cytokine content after 48 h (supernatant and lysate).  B) Percent secretion 

after 48 h (see equation 3, chapter 2). (n=1-3).
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Figure A7  Comparison of IL-1α production and release from non-Cystic fibrosis 

(CF) and CF peripheral blood derived mast cells (PBMC). PBMC were sensitized 

overnight with IgE (1 µg/ml) and stimulated for 48 h with anti-IgE (2 µg/ml).  A)

Total cytokine content after 48 h (supernatant and lysate).  B) Percent secretion 

after 48 h (see equation 3, chapter 2). (n=1-3).

A

B

0

10

20

30

40

50

60

70

80

90

100
non-CF

CF

0 0.5 1 2

anti-IgE (µµµµg/ml)

IL
-1

αα αα
 (
%
 r
e
le
a
s
e
)

*

0.0

2.5

5.0

7.5

10.0

12.5

15.0
non-CF

CF

0 0.5 1 2

anti-IgE (µµµµg/ml)

IL
-1

αα αα
 (
p
g
/1
0
6
 c
e
ll
s
)

Total protein

Cytokine % release



 

 300 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A8  Comparison of CCL4 (MIP-1β) production and release from non-Cystic 

fibrosis (CF) and CF peripheral blood derived mast cells (PBMC). PBMC were 

sensitized overnight with IgE (1 µg/ml) and stimulated for 48 h with anti-IgE (2 

µg/ml).  A) Total cytokine content after 48 h (supernatant and lysate).  B) Percent 

secretion after 48 h (see equation 3, chapter 2). (n=1-3).
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Figure A8  Comparison of CCL4 (MIP-1β) production and release from non-Cystic 

fibrosis (CF) and CF peripheral blood derived mast cells (PBMC). PBMC were 

sensitized overnight with IgE (1 µg/ml) and stimulated for 48 h with anti-IgE (2 

µg/ml).  A) Total cytokine content after 48 h (supernatant and lysate).  B) Percent 

secretion after 48 h (see equation 3, chapter 2). (n=1-3).
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Figure A9  Comparison of CCL20 (MIP-3α) production and release from non-

Cystic fibrosis (CF) and CF peripheral blood derived mast cells (PBMC). PBMC 

were sensitized overnight with IgE (1 µg/ml) and stimulated for 48 h with anti-IgE

(2 µg/ml).  A) Total cytokine content after 48 h (supernatant and lysate).  B)

Percent secretion after 48 h (see equation 3, chapter 2). (n=1-3).
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Figure A9  Comparison of CCL20 (MIP-3α) production and release from non-

Cystic fibrosis (CF) and CF peripheral blood derived mast cells (PBMC). PBMC 

were sensitized overnight with IgE (1 µg/ml) and stimulated for 48 h with anti-IgE

(2 µg/ml).  A) Total cytokine content after 48 h (supernatant and lysate).  B)

Percent secretion after 48 h (see equation 3, chapter 2). (n=1-3).
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Figure A10  Comparison of granulocyte-macrophage colony-stimulating factor 

(GM-CSF) production and release from non-Cystic fibrosis (CF) and CF peripheral 

blood derived mast cells (PBMC).  PBMC were sensitized overnight with IgE (1 

µg/ml) and stimulated for 24 h with 0.1% formalin fixed and gentamicin-killed (100 

ng/ml, 2 h) Pseudomonas aeruginosa strain O1 (PAO1) at 25 bacteria:mast cell 

(25:1).  A) Amount of total protein synthesized by PBMC.  B) Percentage of 

cytokine secreted from the cells.  (n=1-3).
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Figure A10  Comparison of granulocyte-macrophage colony-stimulating factor 

(GM-CSF) production and release from non-Cystic fibrosis (CF) and CF peripheral 

blood derived mast cells (PBMC).  PBMC were sensitized overnight with IgE (1 

µg/ml) and stimulated for 24 h with 0.1% formalin fixed and gentamicin-killed (100 

ng/ml, 2 h) Pseudomonas aeruginosa strain O1 (PAO1) at 25 bacteria:mast cell 

(25:1).  A) Amount of total protein synthesized by PBMC.  B) Percentage of 

cytokine secreted from the cells.  (n=1-3).
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Figure A10  Comparison of granulocyte-macrophage colony-stimulating factor 

(GM-CSF) production and release from non-Cystic fibrosis (CF) and CF peripheral 

blood derived mast cells (PBMC).  PBMC were sensitized overnight with IgE (1 

µg/ml) and stimulated for 24 h with 0.1% formalin fixed and gentamicin-killed (100 

ng/ml, 2 h) Pseudomonas aeruginosa strain O1 (PAO1) at 25 bacteria:mast cell 

(25:1).  A) Amount of total protein synthesized by PBMC.  B) Percentage of 

cytokine secreted from the cells.  (n=1-3).
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Figure A11  Comparison of IL-8 production and release from non-Cystic fibrosis 

(CF) and CF peripheral blood derived mast cells (PBMC).  PBMC were sensitized 

overnight with IgE (1 µg/ml) and stimulated for 24 h with 0.1% formalin fixed and 

gentamicin-killed (100 ng/ml, 2 h) Pseudomonas aeruginosa strain O1 (PAO1) at 25 

bacteria:mast cell (25:1). A) Amount of total protein synthesized by PBMC.  B)

Percentage of cytokine secreted from the cells.  (n=1-3).
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Figure A11  Comparison of IL-8 production and release from non-Cystic fibrosis 

(CF) and CF peripheral blood derived mast cells (PBMC).  PBMC were sensitized 

overnight with IgE (1 µg/ml) and stimulated for 24 h with 0.1% formalin fixed and 

gentamicin-killed (100 ng/ml, 2 h) Pseudomonas aeruginosa strain O1 (PAO1) at 25 

bacteria:mast cell (25:1). A) Amount of total protein synthesized by PBMC.  B)

Percentage of cytokine secreted from the cells.  (n=1-3).
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Figure A11  Comparison of IL-8 production and release from non-Cystic fibrosis 

(CF) and CF peripheral blood derived mast cells (PBMC).  PBMC were sensitized 

overnight with IgE (1 µg/ml) and stimulated for 24 h with 0.1% formalin fixed and 

gentamicin-killed (100 ng/ml, 2 h) Pseudomonas aeruginosa strain O1 (PAO1) at 25 

bacteria:mast cell (25:1). A) Amount of total protein synthesized by PBMC.  B)

Percentage of cytokine secreted from the cells.  (n=1-3).
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Figure A12  Comparison of IL-6 production and release from non-Cystic fibrosis 

(CF) and CF peripheral blood derived mast cells (PBMC).  PBMC were sensitized 

overnight with IgE (1 µg/ml) and stimulated for 24 h with 0.1% formalin fixed and 

gentamicin-killed (100 ng/ml, 2 h) Pseudomonas aeruginosa strain O1 (PAO1) at 25 

bacteria:mast cell (25:1). A) Amount of total protein synthesized by PBMC.  B)

Percentage of cytokine secreted from the cells.  (n=1-3).
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Figure A12  Comparison of IL-6 production and release from non-Cystic fibrosis 

(CF) and CF peripheral blood derived mast cells (PBMC).  PBMC were sensitized 

overnight with IgE (1 µg/ml) and stimulated for 24 h with 0.1% formalin fixed and 

gentamicin-killed (100 ng/ml, 2 h) Pseudomonas aeruginosa strain O1 (PAO1) at 25 

bacteria:mast cell (25:1). A) Amount of total protein synthesized by PBMC.  B)

Percentage of cytokine secreted from the cells.  (n=1-3).
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Figure A12  Comparison of IL-6 production and release from non-Cystic fibrosis 

(CF) and CF peripheral blood derived mast cells (PBMC).  PBMC were sensitized 

overnight with IgE (1 µg/ml) and stimulated for 24 h with 0.1% formalin fixed and 

gentamicin-killed (100 ng/ml, 2 h) Pseudomonas aeruginosa strain O1 (PAO1) at 25 

bacteria:mast cell (25:1). A) Amount of total protein synthesized by PBMC.  B)

Percentage of cytokine secreted from the cells.  (n=1-3).
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Figure A13  Comparison of macrophage migration inhibitory factor (MIF) 

production and release from non-Cystic fibrosis (CF) and CF peripheral blood 

derived mast cells (PBMC).  PBMC were sensitized overnight with IgE (1 µg/ml) 

and stimulated for 24 h with 0.1% formalin fixed and gentamicin-killed (100 ng/ml, 

2 h) Pseudomonas aeruginosa strain O1 (PAO1) at 25 bacteria:mast cell (25:1). A)

Amount of total protein synthesized by PBMC.  B) Percentage of cytokine secreted 

from the cells.  (n=1-3).
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Figure A13  Comparison of macrophage migration inhibitory factor (MIF) 

production and release from non-Cystic fibrosis (CF) and CF peripheral blood 

derived mast cells (PBMC).  PBMC were sensitized overnight with IgE (1 µg/ml) 

and stimulated for 24 h with 0.1% formalin fixed and gentamicin-killed (100 ng/ml, 

2 h) Pseudomonas aeruginosa strain O1 (PAO1) at 25 bacteria:mast cell (25:1). A)

Amount of total protein synthesized by PBMC.  B) Percentage of cytokine secreted 

from the cells.  (n=1-3).
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Figure A13  Comparison of macrophage migration inhibitory factor (MIF) 

production and release from non-Cystic fibrosis (CF) and CF peripheral blood 

derived mast cells (PBMC).  PBMC were sensitized overnight with IgE (1 µg/ml) 

and stimulated for 24 h with 0.1% formalin fixed and gentamicin-killed (100 ng/ml, 

2 h) Pseudomonas aeruginosa strain O1 (PAO1) at 25 bacteria:mast cell (25:1). A)

Amount of total protein synthesized by PBMC.  B) Percentage of cytokine secreted 

from the cells.  (n=1-3).
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Figure A14 Comparison of IL-1 receptor antagonist (IL-1ra) production and release 

from non-Cystic fibrosis (CF) and CF peripheral blood derived mast cells (PBMC).  

PBMC were sensitized overnight with IgE (1 µg/ml) and stimulated for 24 h with 

0.1% formalin fixed and gentamicin-killed (100 ng/ml, 2 h) Pseudomonas 

aeruginosa strain O1 (PAO1) at 25 bacteria:mast cell (25:1). A) Amount of total 

protein synthesized by PBMC.  B) Percentage of cytokine secreted from the cells.  

(n=1-3).
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Figure A14 Comparison of IL-1 receptor antagonist (IL-1ra) production and release 

from non-Cystic fibrosis (CF) and CF peripheral blood derived mast cells (PBMC).  

PBMC were sensitized overnight with IgE (1 µg/ml) and stimulated for 24 h with 

0.1% formalin fixed and gentamicin-killed (100 ng/ml, 2 h) Pseudomonas 

aeruginosa strain O1 (PAO1) at 25 bacteria:mast cell (25:1). A) Amount of total 

protein synthesized by PBMC.  B) Percentage of cytokine secreted from the cells.  

(n=1-3).
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Figure A14 Comparison of IL-1 receptor antagonist (IL-1ra) production and release 

from non-Cystic fibrosis (CF) and CF peripheral blood derived mast cells (PBMC).  

PBMC were sensitized overnight with IgE (1 µg/ml) and stimulated for 24 h with 

0.1% formalin fixed and gentamicin-killed (100 ng/ml, 2 h) Pseudomonas 

aeruginosa strain O1 (PAO1) at 25 bacteria:mast cell (25:1). A) Amount of total 

protein synthesized by PBMC.  B) Percentage of cytokine secreted from the cells.  

(n=1-3).
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Figure A15  Comparison of plasminogen activator inhibitor-1 (SerpinE1) production 

and release from non-Cystic fibrosis (CF) and CF peripheral blood derived mast cells 

(PBMC).  PBMC were sensitized overnight with IgE (1 µg/ml) and stimulated for 24 

h with 0.1% formalin fixed and gentamicin-killed (100 ng/ml, 2 h) Pseudomonas 

aeruginosa strain O1 (PAO1) at 25 bacteria:mast cell (25:1). A) Amount of total 

protein synthesized by PBMC.  B) Percentage of cytokine secreted from the cells.  

(n=1-3).
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Figure A15  Comparison of plasminogen activator inhibitor-1 (SerpinE1) production 

and release from non-Cystic fibrosis (CF) and CF peripheral blood derived mast cells 

(PBMC).  PBMC were sensitized overnight with IgE (1 µg/ml) and stimulated for 24 

h with 0.1% formalin fixed and gentamicin-killed (100 ng/ml, 2 h) Pseudomonas 

aeruginosa strain O1 (PAO1) at 25 bacteria:mast cell (25:1). A) Amount of total 

protein synthesized by PBMC.  B) Percentage of cytokine secreted from the cells.  

(n=1-3).
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Figure A15  Comparison of plasminogen activator inhibitor-1 (SerpinE1) production 

and release from non-Cystic fibrosis (CF) and CF peripheral blood derived mast cells 

(PBMC).  PBMC were sensitized overnight with IgE (1 µg/ml) and stimulated for 24 

h with 0.1% formalin fixed and gentamicin-killed (100 ng/ml, 2 h) Pseudomonas 

aeruginosa strain O1 (PAO1) at 25 bacteria:mast cell (25:1). A) Amount of total 

protein synthesized by PBMC.  B) Percentage of cytokine secreted from the cells.  

(n=1-3).
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Figure A16  Comparison of IL-1α production and release from non-Cystic fibrosis 

(CF) and CF peripheral blood derived mast cells (PBMC).  PBMC were sensitized 

overnight with IgE (1 µg/ml) and stimulated for 24 h with 0.1% formalin fixed and 

gentamicin-killed (100 ng/ml, 2 h) Pseudomonas aeruginosa strain O1 (PAO1) at 25 

bacteria:mast cell (25:1). A) Amount of total protein synthesized by PBMC.  B)

Percentage of cytokine secreted from the cells.  (n=1-3).
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Figure A16  Comparison of IL-1α production and release from non-Cystic fibrosis 

(CF) and CF peripheral blood derived mast cells (PBMC).  PBMC were sensitized 

overnight with IgE (1 µg/ml) and stimulated for 24 h with 0.1% formalin fixed and 

gentamicin-killed (100 ng/ml, 2 h) Pseudomonas aeruginosa strain O1 (PAO1) at 25 

bacteria:mast cell (25:1). A) Amount of total protein synthesized by PBMC.  B)

Percentage of cytokine secreted from the cells.  (n=1-3).
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Figure A16  Comparison of IL-1α production and release from non-Cystic fibrosis 

(CF) and CF peripheral blood derived mast cells (PBMC).  PBMC were sensitized 

overnight with IgE (1 µg/ml) and stimulated for 24 h with 0.1% formalin fixed and 

gentamicin-killed (100 ng/ml, 2 h) Pseudomonas aeruginosa strain O1 (PAO1) at 25 

bacteria:mast cell (25:1). A) Amount of total protein synthesized by PBMC.  B)

Percentage of cytokine secreted from the cells.  (n=1-3).
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Figure A17  Comparison of CCL4 (MIP-1β) production and release from non-Cystic 

fibrosis (CF) and CF peripheral blood derived mast cells (PBMC). PBMC were 

sensitized overnight with IgE (1 µg/ml) and stimulated for 24 h with 0.1% formalin 

fixed and gentamicin-killed (100 ng/ml, 2 h) Pseudomonas aeruginosa strain O1 

(PAO1) at 25 bacteria:mast cell (25:1).  A) Amount of total protein synthesized by 

PBMC.  B) Percentage of cytokine secreted from the cells.  (n=1-3).
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Figure A17  Comparison of CCL4 (MIP-1β) production and release from non-Cystic 

fibrosis (CF) and CF peripheral blood derived mast cells (PBMC). PBMC were 

sensitized overnight with IgE (1 µg/ml) and stimulated for 24 h with 0.1% formalin 

fixed and gentamicin-killed (100 ng/ml, 2 h) Pseudomonas aeruginosa strain O1 

(PAO1) at 25 bacteria:mast cell (25:1).  A) Amount of total protein synthesized by 

PBMC.  B) Percentage of cytokine secreted from the cells.  (n=1-3).
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(PAO1) at 25 bacteria:mast cell (25:1).  A) Amount of total protein synthesized by 

PBMC.  B) Percentage of cytokine secreted from the cells.  (n=1-3).
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Figure A18  Comparison of CCL20 (MIP-3α) production and release from non-

Cystic fibrosis (CF) and CF peripheral blood derived mast cells (PBMC).  PBMC 

were sensitized overnight with IgE (1 µg/ml) and stimulated for 24 h with 0.1% 

formalin fixed and gentamicin-killed (100 ng/ml, 2 h) Pseudomonas aeruginosa

strain O1 (PAO1) at 25 bacteria:mast cell (25:1).  A) Amount of total protein 

synthesized by PBMC.  B) Percentage of cytokine secreted from the cells.  (n=1-3).
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Cystic fibrosis (CF) and CF peripheral blood derived mast cells (PBMC).  PBMC 

were sensitized overnight with IgE (1 µg/ml) and stimulated for 24 h with 0.1% 

formalin fixed and gentamicin-killed (100 ng/ml, 2 h) Pseudomonas aeruginosa

strain O1 (PAO1) at 25 bacteria:mast cell (25:1).  A) Amount of total protein 

synthesized by PBMC.  B) Percentage of cytokine secreted from the cells.  (n=1-3).
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were sensitized overnight with IgE (1 µg/ml) and stimulated for 24 h with 0.1% 

formalin fixed and gentamicin-killed (100 ng/ml, 2 h) Pseudomonas aeruginosa

strain O1 (PAO1) at 25 bacteria:mast cell (25:1).  A) Amount of total protein 

synthesized by PBMC.  B) Percentage of cytokine secreted from the cells.  (n=1-3).
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ABSTRACT 

 

 Cystic fibrosis transmembrane conductance regulator (CFTR) is a cAMP-

dependent chloride channel in epithelial cells; recently we identified it in mast 

cells.  Previous work that we confirmed showed that IFNγ downregulated CFTR 

expression in epithelial cells (T84), but by contrast, we found that IFNγ 

upregulated CFTR mRNA and protein expression in rat and human mast cells.  

IFNγ upregulation of CFTR in mast cells was inhibited by p38 and ERK kinase 

inhibitors but not a JAK2 inhibitor, whereas in T84 cells IFNγ-mediated 

downregulation of CFTR was JAK2 dependent, and ERK and p38 independent.  

Furthermore, IFNγ downregulation of CFTR in T84 epithelial cells was STAT1 

dependent, but upregulation of CFTR in mast cells was STAT1 independent.  

Thus, differential regulatory pathways of CFTR expression in mast cells and 

epithelial cells exist that are dependent upon either p38/ERK or JAK/STAT 

pathways, respectively.  Surprisingly, IFNγ treatment of mast cells inhibited Cl
-
 

efflux, in contrast to upregulation of CFTR/mRNA and protein expression.  

However, downregulation of C1
-
 flux correlated with IFNγ-mediated inhibition of 

mediator secretion.  This and other work suggests that the effect of IFNγ on CFTR 

expression in mast cells is important for their function.    
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Introduction: 

 

 The cystic fibrosis transmembrane conductance regulator (CFTR) is a 

cAMP-dependent Cl
-
 channel that controls transepithelial electrolyte transport, 

fluid flow and ion concentrations in the intestine, lungs, pancreas and sweat 

glands (Gibson et al., 2003).  Over 1,200 disease-associated mutations in the 

cystic fibrosis gene have been reported to the Cystic Fibrosis Genetic Analysis 

Consortium database (www.genet.sickkids.on.ca/cftr/). About 70% of patients 

with the disease have a deletion of phenylalanine at amino acid position 508 

(∆508) that severely decreases CFTR expression in the plasma membrane and 

compromises permeability to Cl
-1

.  CFTR expression in epithelial cells is 

temporally and spatially complex and can be regulated by many factors including 

the cytokine IFN-γ
 
(Besancon et al, 1994).   Non-epithelial cells such as cardiac 

myocytes (Davies et al, 2004), lymphocytes and mast cells also express CFTR 

(Kraus et al, 1992; Dong et al, 1995; Kulka et al, 2002a). 

In mast cells , several specific Cl
-
 conductances have been identified and 

linked with degranulation.  Following antigen stimulation of rat peritoneal mast 

cells (PMC), there is an increase in Cl
-
 uptake (Romanin et al, 1991; Friis et al, 

1994).  Cl
-
 channel blockers such as 5-nitro-2-(3-phenylpropylamino) benzoic 

acid (NPPB) inhibit both mast cell Cl
-
 current and degranulation (Romanin et al, 

1991), while diphenylamine-2-carboxylate (DPC), blocks FcεRI-stimulated 

degranulation and forskolin-induced Cl
-
 current in PMC (Kulka et al, 2002a).  

Moreover, mast cell stabilizing compounds, cromolyn and nedocromil inhibit 

mast cell degranulation, as well as Cl
-
 ion flux (Alton and Norris, 1996).  We have 
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identified CFTR and voltage-gated chloride channel (ClC) family members ClC-

2,3,4,5,7 in rat mast cells (Kulka et al, 2002a; Kulka et al, 2002b), and others have 

identified ClC3, 5 and 7 in human mast cells (Duffy et al, 2001; Bradding et al, 

2003). Thus, given that CFTR in mast cells may be important for their functions, 

we have studied the regulation of CFTR expression in mast cells.    

In epithelial cells, IFNγ downregulates expression of CFTR resulting in a 

significant decrease in CFTR-mediated Cl
-
 current (Besancon et al, 1994).  IFNγ 

is a member of a family of inducible secretory proteins produced largely by 

activated T lymphocytes and natural killer cells (Schroder et al, 2004).  IFNγ 

modulates gene expression by activating Janus Kinase (JAK) resulting in signal 

transducer and activator of transcription (STAT) 1 binding and phosphorylation.  

Phosphorylated STAT1 dimerizes and translocates into the nucleus where it binds 

to γ-activated sequence (GAS) elements and initiates transcription (Schroder et al, 

2004).  In addition to the JAK/STAT pathway, IFNγ activates other signal-

transduction proteins such as p38 mitogen-activated protein kinases (MAPK) and 

extracellular signal-regulated kinase (ERK) 1/2 MAPK (14).  With regard to mast 

cells, IFNγ can inhibit proliferation, TNF-mediated cytotoxicity, cell 

differentiation and mediator release (Bissonnette and Befus, 1990; Holliday et al, 

1994; Kirshenbaum et al, 1988).  We hypothesized that IFNγ may downregulate 

CFTR expression in mast cells by a JAK/STAT1 dependent pathway, as in 

epithelial cells.  However, in contrast to epithelial cells, we found that IFNγ 

upregulated CFTR expression in both rat and human mast cells and in a 

JAK/STAT1 independent manner.  Surprisingly, Cl
-
 flux measurements indicate 
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that IFNγ treatment of mast cells reduces Cl
-
 flux despite the upregulation of 

CFTR levels. 
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Materials and Methods: 

Materials 

 The JAK2 inhibitor, AG-490 (α-Cyano-(3,4-dihydroxy)-N-

benzylcinnamide tyrphostin B42), was obtained from Calbiochem (La Jolla, CA), 

the p38 inhibitor SB202190 (C20H14FN3O) and the ERK inhibitor U0126 (1,4-

Diamino-2,3-dicyano-1,4-bis(2-aminophenylthio)-butadiene) were from Cell 

Signaling (Beverly, MA).  Phorbol 12 myristate 13 acetate (PMA) was obtained 

from Sigma-Aldrich (St. Louis, MO).  Stem cell factor, TNF and IFNγ (rat and 

human) were purchased from PeproTech (Rocky Hill, NJ). 

 

Rats and PMC Isolation 

Male Sprague Dawley rats (300-350 g; Charles River, St. Constant, 

Quebec, Canada) were housed in a pathogen-free viral antibody-free facility.  

Rats were sacrificed by cervical dislocation under anesthesia and PMC were 

isolated as previously described (Kulka et al, 2002a). Briefly, 20 mL of Hepes 

Tyrode’s buffer (HTB, containing (mM): 137 NaCl, 5.5 glucose, 2.7 KCl, 0.5 

NaH2PO4, 1 CaCl2, 12 HEPES (pH 7.2), and 1% BSA) was injected into the 

peritoneal cavity and massaged gently for 30 sec; the peritoneal cavity was 

opened, the buffer collected and kept at 4
o
C.   Following centrifugation at 200 g 

for 5 min the cell pellet was resuspended in 5 mL of HTB, layered on top of a 

30%/80% Percoll gradient, centrifuged at 500 g for 20 min, and the MC were 

collected from the pellet.  PMC were >98% pure and >96% viable as measured by 

trypan blue exclusion.   
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Nippostrongylus brasiliensis Sensitization 

Sprague Dawley rats were sensitized to Nippostrongylus brasiliensis  by a 

single subcutaneous injection of 3000 L3 larvae (Befus et al, 1982).  The adult 

worms were expelled after 10 days, but the mast cells remained sensitized with 

worm antigen specific IgE for several weeks.  The rats were used for experiments 

30-40 days post infection. 

 

Cell Culture 

The rat cultured MC line (RCMC) 1.11.2 (kindly provided by B. Chan and 

A. Froese, Winnipeg, Manitoba) was cultured in RPMI 1640 medium containing 

5% FBS (Invitrogen, Grand Island, NY), 100 U/mL penicillin, 100 µg/mL 

streptomycin and 10 mM HEPES (Sigma-Aldrich). The recently established 

human mast cell line, Laboratory for Allergic Diseases (LAD) 2 (Kirschenbaum 

et al, 2003) (a generous gift from Drs. Kirschenbaum, Akin and Metcalfe, NIH), 

was cultured in serum free media (StemPro-34 SFM, Invitrogen) supplemented 

with 2 mM L-glutamine,
 
100 U/mL

 
penicillin, 50 µg/mL streptomycin and 100 

ng/mL stem cell factor.  The T84 epithelial cell line was cultured in F-12/DMEM 

media (Invitrogen) containing 5% FBS, 100 U/mL penicillin and 100 µg/mL 

streptomycin.  All cells were incubated in a humidified atmosphere of 5% CO2 in 

air at 37
o
C.  

 

Quantitative real-time polymerase chain reaction 
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Our previous study (Kulka et al, 2002a) established that mast cells express 

mRNA for CFTR and confirmed that the sequence was authentic CFTR. In the 

current study RNA was isolated as described previously (Gilchrist et al, 1997) and 

quantitative real-time PCR assay of transcripts was performed using gene-specific 

fluorescently-labeled primers
 
and a 7700 Sequence Detector (Applied Biosystems, 

Foster City, CA).
 
 All primers and reagents were obtained from Invitrogen.  

Primers were designed using the LUX
®

 primer design tool, and are listed along 

with their Invitrogen reference code (Table 1). Each primer set consisted of one 

labeled (6-carboxy fluorescein
 
(FAM) fluorescent reporter at the 5' end) and one 

unlabeled primer. Lower case nucleotides in the labeled primer sequence 

represent hairpin-generating segments of the labeled primer.  Data was collected 

during the annealing/extension phase of PCR and analyzed using the comparative 

Ct method (Nazarenko et al, 2002). 

 

Western blot  

Cells were washed with PBS and 1 x 10
6 

cells lysed in buffer containing 

loading dye solution (Lithium dodecyl sulphate [LDS]) sample buffer 

(Invitrogen), 10% β-mercaptoethanol (Sigma-Aldrich), 0.1 M dithiothreitol (DTT; 

Sigma-Aldrich) and protease inhibitor cocktail (Roche, Indianapolis, IN).  Whole 

cell lysates (30 µg) were separated on 4-12% Bis-Tris SDS-PAGE gels 

(Invitrogen) and transferred onto nitrocellulose membranes.  The membranes 

were blocked with 3% milk in TBS-0.05% Tween for 1 hr and then probed with 

primary antibodies against CFTR (clone H-182) and STAT1 (Santa Cruz 
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Biotechnology, Santa Cruz, CA), phosphoSTAT1 (BD Transduction Labs, 

Chicago, IL), phospho-stress-activated MAPK (SAPK) /c-Jun NH2-terminal 

kinase (JNK) (Thr183/Tyr185; Cell Signaling Technology), phospho-p38 MAPK 

(Thr180/Tyr182; Cell Signaling Technology), and phospho ERK1/2 

(Thr202/Tyr204; Cell Signaling Technology), or anti-actin (Sigma-Aldrich) in 4% 

BSA/PBS for 1 hr at room temp. The membranes were washed with TBS-Tween 

3X and then incubated with the horseradish peroxidase-linked secondary antibody 

(sheep anti-rabbit, Jackson ImmunoResearch Laboratories, West Grove, PA, or 

goat anti-mouse, Santa Cruz Biotechnology) for 1 hr.  The nitrocellulose 

membranes were developed with chemiluminescence reagent (Invitrogen) for 1 

min and exposed to high performance chemiluminescence film for 1-5 min. 

 

Confocal microscopy 

IFNg treated (80 ng/ml), 24 h) rat PMCs and human T84.  After incubation, T84 

cells were detached by 10 min incubation with trypsin-EDTA at room 

temperature and 50 000 PMCs or T84 were then cytocentrifuged onto Superfrost 

plus charged slides using a Shandon Cytospin 2 (Fisher Scientific, Mississauga, 

ON, Canada) at 5g for 6 min in PBS containing 20% FBS.  Cells were then air-

dried overnight and fixed in 75% acetone/25% absolute ethanol for 15 min at -

20ºC.  Non-specific binding sites were blocked by incubation in blocking buffer 

(PBS containing 3% BSA and 10% normal goat serum) for 2 h at room 

temperature.  Slides were then incubated with mouse anti-human CFTR primary 

antibody (MA1-935; Affinity Bioreagents, Golden, CO) at 1/50 dilution in 
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blocking buffer for 2 h at room temperature.  After three washes in PBS, specific 

antibody binding was detected using Alexa 568-conjugated goat anti-mouse IgM 

(Molecular Probes, Eugene, OR) at 1/2000 dilution in blockin buffer for 1 h at 

room temperature.  Cell images were obtained using an Olympus FV1000 laser 

scanning confocal microscope (Carsen Group, Markham, ON, Canada) with 400x 

magnification. 

 

36
Cl
-
 Flux Measurements 

 Changes in [Cl
-
] were measured by incubating 1 x 10

6
 cells/mL with 8.7 

mM Na
36

C1 (ICN, Aurora, OH) in flux buffer (137 mM NaCl, 4 mM KCI, 1 mM 

MgSO4, 1 mM CaCl2, 20 mM HEPES, 1 mg/mL BSA, 1 mg/mL glucose) at 37°C 

for 30 min (Friis et al, 1994).  The incubation was terminated by transferring 100 

µL of the cell suspension onto 120 µL of silicone oil in long, thin Eppendorf 

tubes.  The tubes were centrifuged at 18,000 g for 30 s and then placed into a 

freezing methanol bath. The bottom of each tube was cut off and placed into a 

scintillation vial with 48 mM NaOH.  Each scintillation vial was vortexed for 1 

min after which 5 mL of scintillation fluid was added and the vial was counted 

using a Beckman scintillation counter.  
36

Cl
-
 uptake was calculated based on the 

specific activity of 
36

Cl
-
 in the extracellular medium, calculated as the sum of 

extracellular Cl
-
 and added 36 Cl

-
 concentrations (in nmol) divided by the 

radioactivity of the added 
36

Cl
-
 (in cpm). All values of 

36
Cl

-
 uptake were corrected 

for 
36

Cl
-
 trapped in the extracellular space, which was determined by measuring 

cpm immediately after 
36

Cl
-
 addition (50 ± 10.2 cpm).  
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MQAE Measurements 

Fluorescence measurements were performed in HTB. Gluconate, Br
-
, or I

-
 

buffers were identical to HTB except that 137 mM NaCl was replaced by 

equivalent amounts of sodium gluconate, NaBr, or NaI, respectively. One million 

cells/mL were incubated with 5 mM of the Cl
-
-sensitive dye N-

(ethoxycarbonylmethyl)-6-methoxyquinolinium bromide (MQAE, Molecular 

Probes, Eugene, OR) in 1 mL HTB for 30 min at 37
o
C.  Cells were washed twice 

and resuspended in 50 µl HTB. MQAE is quenched by Cl
-
 anions and thus, when 

Cl
-
 leaves the cell, it dissociates from MQAE and fluorescence increases. MQAE 

fluorescence was excited at 350 nm and the emission was measured at 450 nm 

with a PTI spectrofluorimeter (Photon Technology Int., London, Ontario), using 

Felix software (version 1.42). All experiments were performed at 37°C. To 

produce a driving force for Cl
-
 efflux, the cells were added to 1 mL of gluconate 

buffer and MQAE fluorescence was monitored for up to 10 min. Cl
-
 efflux was 

calculated as the initial rate of change of MQAE fluorescence after addition of 

cells to the gluconate buffer. For quantitative analysis, the data collected in the 

first 60 sec were fitted using linear regression, and the slope was used as a 

measure of Cl
-
 efflux. All traces were normalized to initial baseline reading 

(buffer, no cells). 

In some experiments 10 worm equivalents/mL of Nippostrongylus 

brasiliensis antigen (Befus et al, 1982) was added to the cell suspension, and 

changes in fluorescence were monitored for up to 10 min. 
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Statistics 

 All data is presented as mean of at least three independent experiments 

with standard error of the mean (SEM).  Where indicated, data was analysed 

using a paired t-test for sample means, ANOVA or the Tukey-Kramer multiple 

comparisons test.
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Results: 

Interferon-γγγγ upregulates CFTR mRNA and protein expression in rat and 

human mast cells 

 PMA, TNF and IFNγ downregulate CFTR expression in epithelial cells ( 

Nakamura et al, 1992; Sen et al, 1993; Besancon et al, 1994).  To determine if 

CFTR in mast cells was similarly regulated, rat RCMC were treated with PMA, 

TNF or IFNγ for 24 hr and CFTR expression was identified by western blotting as 

we have done previously (confirmed using isotype controls for flow cytometry, 

western blot and immunohistochemistry, Kulka et al, 2002a). As expected, TNF 

and IFNγ decreased CFTR expression in T84 cells (Fig 1A).  Surprisingly, 

however, TNF and IFNγ upregulated CFTR expression in RCMC.  PMA had no 

detectable effect on CFTR expression in RCMC or T84 (Fig 1B).   Because IFNγ 

upregulates STAT1 expression (Hu et al, 2002), membranes were stripped and re-

probed with anti-STAT1. As expected, STAT1 protein (visible as a double band, 

representing STAT1α and STAT1β) was upregulated in both RCMC and T84 by 

PMA, TNF and IFNγ.   

 Confocal analysis of CFTR expression in T84 cells showed a largely 

cytoplasmic distribution and as expected from the results of Western blot analysis, 

the intensity of CFTR staining was decreased after IFNγ treatment (80 ng/ml, 24 

h; Fig. 1C).  By contrast, CFTR expression in rat PMC was increased after IFNg 

treatment and seemed to be associated with granules (Fig. 1D).  Studies of 

nonpermeabilized cells identified some CFTR in a plasma membrane-like 
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distribution on T84, but there was no obvious CFTR with such a distribution on 

PMC (not shown). 

To further characterize upregulation of CFTR in mast cells, CFTR mRNA 

expression following IFNγ dose response and time course treatments was 

analyzed in RCMC, human LAD2 and T84 cells (Fig 2). Quantitative PCR 

analysis confirmed that IFNγ (10 ng/mL) significantly (p<0.05) upregulated 

CFTR mRNA expression in RCMC by 3 hr following treatment and the 

magnitude of this upregulation was 39 + 13 % at 12 hr. In LAD2 MC the 

upregulation of CFTR was statistically significant by 8 hr of IFNγ treatment and 

by 12 hr was 54 + 17 % greater than in untreated cells (Fig 2A).  Significant 

upregulation of CFTR was induced in mast cells within 8 hr with as little as 1 

ng/mL (RCMC) or 10 ng/mL (LAD2) of IFNγ (Fig 2B).   

By contrast, IFNγ significantly decreased CFTR mRNA expression in T84 

cells within 3 hr (Fig 2A and B) and by 12 hr the magnitude of decrease was 49 + 

4 % at 12 hr of treatment.  The IFNγ effect was dose dependent such that 1, 10 

and 100 ng/mL of IFNγ decreased CFTR mRNA expression in T84 cells by 23, 

50 and 83 % after 8 hr (all statistically significant decreases compared to the 

untreated group).   

 Western blot analysis showed that by 6 hr, CFTR expression was 

increased compared to untreated RCMC and by 24 hr, CFTR expression was 

significantly upregulated (Fig 2C).  In T84 cells, decrease in CFTR protein 

expression was observable at 6 hr and remained low at 24 hr (Fig 2D).  In both 
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T84 and RCMC, STAT1 protein was upregulated after 6 hr of treatment and 

remained elevated up to 24 hr.   

 

IFNγγγγ upregulation of CFTR is inhibited by MAP kinase inhibitors 

To determine which IFNγ signalling pathways were activated in mast cells 

as compared to epithelial cells, RCMC were treated with IFNγ and whole cell 

lysates were analysed for phosphorylated STAT1, p38, ERK, and JNK (Fig 3).   

IFNγ activated STAT1, ERK and p38, but not JNK phosphorylation.  STAT1 was 

activated at 5 min and remained activated for up to 30 min.  ERK2 (bottom band) 

was constitutively activated, but phosphorylation of both ERK1 (top band) and 

ERK2 (bottom band) was induced after 5 min.  p38 was activated at 15 min, later 

than STAT1 or ERK.  

To determine if JAK/STAT1, p38 or ERK signalling pathways were 

involved in IFNγ-mediated upregulation of CFTR, RCMC, LAD2 and T84 cells 

were treated with IFNγ in the presence of a JAK2 inhibitor (AG-490), a p38 

kinase inhibitor (SB202190) that blocks its phosphorylation (Marone et al, 2002) 

and an ERK MAP kinase inhibitor (U0126).  In RCMC and LAD2, AG-490 did 

not affect IFNγ-mediated upregulation of CFTR protein expression, but both 

SB202190 and U0126 partially inhibited IFNγ-mediated upregulation of CFTR 

(Fig 4).  By contrast, in T84 cells, AG-490 blocked IFNγ-mediated 

downregulation of CFTR.  Membranes were stripped and reblotted with anti-

STAT1 to compare regulation of another IFNγ responsive protein.  STAT1 

upregulation in RCMC was sensitive to AG-490 but in human LAD2 cells, 
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STAT1 upregulation was inhibited by AG-490, SB202190 and U0126.  T84 cells 

were similar to the RCMC in that STAT1 upregulation was only blocked by AG-

490 but not SB202190 and U0126.  Densitometry analysis of three independent 

blotting experiments confirmed that AG-490 did not affect IFNγ-mediated 

upregulation of CFTR protein expression in both LAD2 and RCMC cells (Fig. 5, 

p<0.05).   

To confirm the actions of AG-490, SB202190 and U0126, RCMC were 

treated with IFNγ (10 ng/mL) in the presence of these inhibitors and STAT1, p38 

and ERK1/2 phosphorylation was assessed by western blotting (Fig 6).   As 

expected, AG-490 but not SB202190 or U0126 inhibited STAT1 constitutive and 

IFNγ-induced phosphorylation (Fig. 6A).  U0126 inhibited ERK1/2 constitutive 

and IFNγ-induced phosphorylation (Fig. 6B).  SB202190 inhibited IFNγ induced 

p38 phosphorylation (Fig. 6C). 

 

IFNγγγγ inhibits both constitutive and antigen-induced Cl
-
 flux in mast cells 

 To determine the effect of IFNγ on Cl
-
 flux in resting and antigen-IgE 

activated mast cells, we employed two methods: measurement of 
36

Cl
-
 uptake and 

assessment of Cl
-
 sensitive fluorescence using MQAE.  Studies with 

36
Cl

-
 have 

shown that IFNγ treatment decreases Cl
-
 uptake of PMC (Fig 7A, p<0.01).  A 

time-course of PMC Cl
-
 uptake shows that IFNγ did not have an effect at the 

earlier treatment points (less than 2 hr) but decreased Cl
-
 uptake at 20 and 24 hr 

(Fig 7B).  Similar results were obtained with 
36

Cl
-
 uptake measurements in 

RCMC (data not shown). 
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Fluorescence measurements were performed with mast cells loaded with 

MQAE in HTB solution and chloride efflux was measured after placing cells in 

gluconate buffer. Figure 7C shows that IFNγ treatment significantly reduced Cl
-
 

flux in sensitized PMC not challenged with antigen (P<0.05; n=8 and 11, control 

and IFNγ treated cells, respectively). Following antigen challenge (10 WE/mL) 

the magnitude of the IFNγ mediated depression in Cl
-
 efflux was reduced (Fig. 

7D). Although antigen challenge in the absence of IFNγ treatment showed a trend 

towards reduced Cl
- 

efflux, this was not statistically significant (P>0.5, n=3). 

Identical results were obtained in both PMC and RCMC under conditions when 

the cells were loaded in gluconate buffer and placed in HTB to measure Cl
-
 influx 

(data not shown). 

 Measurements of halide permeabilities indicated that Br
-
 was more 

permeable that Cl
-
 and I

-
 in PMC cells (Br

-
(1.34) > Cl

-
(1.00) ≥ I

-
 (0.68), n=3 in 

each set). Similar results were obtained with RCMC (Br
-
(1.19) ≥ Cl

-
(1.00) > I

-
 

(0.61), n=3 in each set). The halide permeability sequence, Br
-
 ≥ Cl

-
 > I

-
, is 

characteristic of CFTR Cl
-
 channels (Illek et al, 1999), and suggests that CFTR 

channels are an important component of Cl
-
 flux in mast cells. 
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Discussion: 

 

 This is the first study demonstrating that CFTR expression is regulated 

differently in epithelial and non-epithelial cells.  Moreover, we show that IFNγ-

induced upregulation of CFTR in MC involved MAPK signalling pathways, 

whereas IFNγ-induced downregulation of CFTR in epithelial cells involved 

JAK/STAT pathways.   Paradoxically we also show that despite IFNγ 

upregulation of CFTR in mast cells, IFNγ treatment depressed mast cell Cl
-
 flux 

in multiple assay systems. 

 It is now well established that CFTR gene expression is regulated in a 

complex, cell- and stimulus-specific manner that may involve both transcriptional 

and posttranscriptional mechanisms.  For example, TNF decreases CFTR mRNA 

in human colonic epithelial cells but not in airway epithelial cells, whereas IL-

1β increases it only in airway epithelial cells (Beaudouin-Legros et al., 2005).  

Although stimulation of CFTR gene expression by IL-1β involves activation of 

the CFTR promoter (Brouillard et al., 2001), downregulation of CFTR by TNF 

and IFNγ involves mainly posttranscriptional mechanisms (Beaudouin-Legros et 

al., 2005).  The results of this study show that in mast cells both TNF and IFNγ 

increase CFTR mRNA, but whether this process affects CFTR gene transcription 

and/or mRNA stability is presently unknown.  However, the fact that IFNγ 

increased CFTR protein levels to a greater extent than the mRNA suggests that 

IFNγ treatment may increase mRNA stability rather than CFTR gene 

transcription. 
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 IFNγ modulation of gene expression is mediated by both STAT1-

dependent and independent pathways.  Microarray analysis shows that IFNγ 

regulates the expression of at least 150 genes in STAT1 null mice (Gil et al, 

2001).  Therefore, IFNγ activates STAT1 independent pathways that can also 

modulate gene expression.  Certainly, our results show that IFNγ activates 

STAT1, ERK1/2 and p38 but not JNK, suggesting that these pathways are also 

induced in mast cells.  Using inhibitors to JAK/STAT, ERK and p38, we 

determined that in both rat and human mast cells, CFTR upregulation is 

JAK/STAT independent but requires activation of the MAPK pathways mediated 

by ERK and p38.  In T84 cells, IFNγ-mediated downregulation of CFTR is 

inhibited by AG-490, but is unaffected by the p38 and ERK inhibitors.  STAT1 

expression, by comparison, is upregulated by IFNγ in both mast cells and T84 

epithelial cells and is inhibited by AG-490, suggesting that STAT1 upregulation is 

a positive feedback mechanism that sensitizes mast cells to IFNγ as previously 

observed in human macrophages (Duffy et al, 2001).  AG-490 is a member of the 

tyrphostin family of tyrosine kinase inhibitors that blocks JAK2 phosphorylation 

(Valdembri et al, 2002) and can therefore inhibit the JAK/STAT signalling 

pathway.  Our results show that AG-490 does not inhibit ERK or p38 activation, 

suggesting that these pathways are not dependent upon JAK2 phosphorylation.  In 

human LAD2 cells, IFNγ-mediated upregulation of STAT1 is also sensitive to 

ERK and p38 inhibitors perhaps indicating the importance of MAPK pathways in 

IFNγ signalling.  Therefore, IFNγ activates at least two pathways in mast cells - 
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the JAK/STAT pathway responsible for upregulation of STAT1 and the p38/ERK 

pathway(s) that is responsible for upregulation of CFTR.  

Although ERK activation is involved in CFTR upregulation, PMA 

activates ERK but does not upregulate CFTR (Fig 1).  This suggests that ERK 

activation requires activation of other molecules, perhaps p38, for initiation of 

CFTR transcription.  The CFTR promoter contains several elements involved in 

regulation of transcription, which include potential binding sites for the 

ubiquitous transcription factor Sp1, and activator protein-1, (Denamur and 

Chehab, 1994).  Phorbol esters induce activator protein-1 activation and 

downregulate CFTR expression.  The cAMP response element binding protein 

(CREB) binds an element in the 5’ region of the CFTR promoter, directly 

upstream from the transcription initiation site (Matthews and McKnight, 1996).  

CREB has been linked with IFNγ signalling, although the nature of their 

interaction is poorly understood.  A CREB-binding protein acts synergistically 

with STAT1 and nuclear transcription factor kappaB (NF-κB) to activate 

transcription of CXC chemokines in response to IFNγ (30) demonstrating that 

IFNγ may influence CREB activity and thereby activate CFTR transcription.  

However, the role of transcription factors in initiating CFTR transcription in 

epithelial cells is still poorly understood.  For example, the CCAAT-enhancer 

binding protein (C/EBP) also binds an element on the CFTR promoter (Valdembri 

et al, 2002), and IFNγ induces expression and activation of C/EBPβ in T84 

epithelial cells (Salmenperä et al, 2003).  Since IFNγ downregulates CFTR 
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expression in T84 cells, C/EBPβ activation may inhibit CFTR transcription by an 

unknown mechanism. 

 The mechanisms controlling the complex developmental and tissue-

specific expression of CFTR are not well understood. Distinct, tissue-specific 

patterns of CFTR transcription start sites have been identified in both human and 

mouse (White et al, 1998). The fact that CFTR is controlled by a weak, “house 

keeping” promoter (Yoshimura et al, 1991) and that CFTR is expressed in a 

variety of cell types suggests that CFTR may play a role in cellular homeostasis 

(Shen et al, 1993).  If so, modulation of CFTR expression by cytokines may have 

consequences for cell function and response to stimuli.  The exact role of CFTR 

in mast cell function is unknown and is the subject of other work in our lab.  To 

date we have established that DPC, a drug known to inhibit CFTR, but to also 

have other activities, blocks FcεRI-stimulated degranulation of PMC (Kulka et al, 

2002a).  Moreover, knockdown of CFTR expression by antisense 

oligonucleotides in the human mast cell line HMC-1 reduces Cl
-
 flux, adhesion to 

fibronectin and calcium ionophore A23187 induced degranulation and IL-6 

production (A. Schwingshackl and R. Dery, unpublished results).  Our working 

hypothesis is that CFTR in mast cells is an important component of Cl
-
 flux and 

perhaps of other activities, as recognized for epithelial cells (Rowe et al, 2005).  

 In turn, the role of mast cells in cystic fibrosis is unclear.  Recently, mast 

cells have been recognized as important players in innate and acquired immune 

responses (Marshall, 2004).  Moreover, there are increased numbers of mast cells 

in nasal polyps from cystic fibrosis patients compared to non-cystic fibrosis 
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patients and many show signs of activation in cystic fibrosis (Henderson and Chi, 

1992).  Differences have also been found in mast cell numbers in human fetal 

trachea between cystic fibrosis and non-cystic fibrosis specimens (Hubeau et al, 

2001).  Interestingly, mast cell numbers and mast cell specific genes and others 

genes associated with innate immunity are upregulated in the intestine in CFTR 

null mice that show a severe intestinal phenotype (Norkina et al, 2004).  Thus, the 

role of mast cells in cystic fibrosis warrants further investigation. 

 The finding of IFN-γ mediated increase in CFTR expression and decrease 

in Cl
-
 flux could be explained in several ways. For example, if IFNγ treatment 

leads to cell depolarization, this would tend to reduce Cl
-
 flux under our 

experimental conditions, perhaps by channels other than CFTR. Alternately, IFNγ 

may modulate expression of other proteins involved in Cl
-
 flux, e.g other Cl

-
 

channels; SNARE proteins, which inhibit CFTR activity by decreasing channel 

open probability (Cormet-Boyaka et al, 2002).  It is also possible that although 

IFNγ increases CFTR expression in mast cells, this may not involve maturation of 

CFTR and its translocation to the plasma membrane, where it could be fully 

functional.  We are pursuing studies to elucidate the mechanism involved. 

The role of IFNγ-mediated upregulation of CFTR in mast cell physiology 

is difficult to determine.  Further studies are required to characterize the 

functional effects of increased CFTR on mast cell functions such as Cl
-
 transport, 

degranulation and mediator release in response to stimuli such as allergens.  

Furthermore, the transcription factors involved in CFTR upregulation in mast 

cells must also be examined to provide insight into regulation of the CFTR 
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promoter. The mechanisms that modulate CFTR gene expression through 

extracellular and intracellular signals may ultimately provide targets for therapy in 

cystic fibrosis where CFTR expression is abnormal. 
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Figure Legends 

 

Figure 1.  Western blot analysis of CFTR and STAT1 expression in untreated 

(lane 1), PMA treated (lane 2), TNF treated (lane 3) and IFNγ treated (lane 4) T84 

(panel A) and RCMC (panel B). T84 cells were treated with PMA (10 ng/mL), 

human recombinant TNF (10 ng/mL) or IFNγ (10 ng/mL) for 24 hr.  RCMC were 

treated with PMA (10 ng/mL) or rat recombinant TNF (10 ng/mL) or IFNγ (10 

ng/mL) for 24 hr.   Cell lysates were resolved on an 4-12% SDS-PAGE and 

blotted with anti-CFTR, anti-STAT1 or anti-actin antibody. Western blots shown 

represent three independent experiments.  The effect of 24 h IFNγ treatment (80 

ng/ml) on CFTR expression was characterized in T84 cells (C) and rat peritoneal 

mast cells (D), using confocal laser scanning microscopy (bar on the figure 

represents 10 µM) 

 

Figure 2.  Quantitative PCR analysis of CFTR expression in RCMC LAD2 and 

T84 cells following different times and doses of IFNγ treatment (A and B). 

Asterisks represent statistical significance as determined by student t test, 

compared to untreated sample (time=0) in each case (p<0.05).  The dose used in 

Fig. 2A was 10 ng/mL, and in Fig. 2B treatment was for 8 hr. Western blot 

analysis of CFTR, STAT and actin expression in RCMC and T84 following a 

timecourse (hr) of 10 ng/mL IFNγ treatment (C and D). (n=3)  
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Figure 3.  Western blot analysis of STAT1 and MAP kinase activation following 

IFNγ treatment.  RCMC were treated with 10 ng/mL of IFNγ for indicated times 

and cell lysates were probed with antibodies to phosphorylated STAT1, p38, ERK 

or JNK.  Blots were stripped and probed with anti-actin to show equal loading. 

Representative of three independent experiments. 

 

Figure 4.  IFNγ-mediated upregulation of mast cell CFTR protein requires 

activation of JAK2 and/or p38 and ERK. RCMC, LAD2 and T84 cells were 

treated with IFNγ (10 ng/mL) with or without JAK2 inhibitor (AG-490; 30 

mg/mL), p38 inhibitor (SB202190; 30 mg/mL), or ERK MAPK inhibitor (U0126; 

30 mg/mL) for 24 hr. Representative of three independent experiments. 

 

Figure 5.  Densitometry summary of data in Fig. 4. RCMC were treated with IFNγ 

(10 ng/mL) with or without JAK2 inhibitor (AG-490; 30 mg/mL), p38 inhibitor 

(SP202190; 30 mg/mL), or ERK inhibitor (U0126; 30 mg/mL) for 24 hr and 

expression of CFTR (black bars) and STAT1 (grey bars) was analysed by western 

blot.  Numbers on the X-axis represent the treatment groups in Fig. 4. (n=3 

independent experiments; error bars represent SEM). Asterisks represent 

statistical significance as determined by student t test (p<0.05).  

 

Figure 6.  RCMC were treated with IFNγ (10 ng/mL) alone (IFN) or pretreated 

with AG-490 (IFN+A; 30 mg/mL), SB202190 (IFN+S ; 30 mg/mL) or U0126 

(IFN+U ; 30 mg/mL) for 10 min, then stimulated with IFNγ (10 ng/mL) and for 1 



 

 347 

to 30 min.  Cell lysates were analyzed for phosphorylation of STAT1 (A), 

ERK1/2 (B) or p38 (C) and β-actin (D) was assessed as a loading control.  

Representative of three independent experiments. 

 

Figure 7.  IFNγ decreases C1
-
 flux.  Rat peritoneal mast cells were purified 

(>95%) and treated with IFNγ at various doses (A; 24hr) or for various times (B; 

80 ng/mL).  After treatment, mast cells were washed and incubated with 
36

C1
-
 for 

30 min.  Mast cells were spun through oil and radioactivity of cell pellets was 

measured in a scintillation counter (n=5 independent experiments; p<0.01 

compared to untreated).  Effects of IFNγ on C1
-
 flux in PMC as measured by 

MQAE (7C,D).  Effects of IFNγ (80 ng/mL, 24 hr pretreatment) on C1
-
 efflux 

from sensitized rat peritoneal mast cells.  After IFNγ pretreatment cells were 

loaded with the C1
-
 sensitive dye N-(ethoxycarbonylmethyl)-6-

methoxyquinoliaium bromide (MQAE) and the driving force for C1
-
 efflux 

involved placing them in gluconate buffer with or without antigen challenge (10 

worm equivalents/mL); (n=8 to 11 independent experiments; p<0.01). 
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Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Figure 6 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Control

IFN-γ

Untreated Ag-treated

R
e
la
ti
v
e
 C
l 
e
ff
lu
x
 r
a
te

-

C

0.0

0.4

0.8

1.2
 Control
 IFN-γ

0 1 2 3 4 5 6

1.00

1.04

1.08

1.12

 Time (min)

D

0 1 10 80 100
0

20

40

60

0 0.2 2 20 24
0

15

30

45

60

75

IFN-  (ng/mL)γ

 C
l 
u
p
ta
k
e
 (
n
m
o
le
/1
0
 c
e
lls
)

-
6

IFN-  treatment (hr)γ

 C
l 
u
p
ta
k
e
 (
n
m
o
le
/1
0
 c
e
lls
)

-
6

P<0.01

A B

* * *

*

*
*


