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Abstract 

Mucus overproduction is an important feature of chronic inflammatory airway diseases 

including cystic fibrosis, chronic bronchitis, bronchiectasis and severe asthma. Inhaled 

drugs are often delivered to such diseased airways where mucus hypersecretion is likely 

to alter the deposition pattern of the drug particles, encouraging more central deposition 

where more mucus is present than in the airways of the periphery. The effect of the mucus 

on drug absorption is poorly understood, since there are few in vitro systems capable of 

modeling the effect of mucus on drug permeability. This project aims to characterize and 

develop selected lung cell lines as potential models of the airways to study drug 

permeability in the presence of mucus, whilst also using these models to study potential 

adverse effects of drug treatment in the airways. Currently there is no published work on 

drug permeability studies in the presence of mucus, using the chosen lung cell lines. 

The Calu-3, SPOC1 and UNCN3T cell lines were each shown to express the predominant 

airway mucins MUC5AC and MUC5B (human (Calu-3, UNCN3T)) and Muc5ac and 

Muc5b (rat (SPOC1)), using quantitative real-time polymerase chain reaction (qRT-

PCR). Evidence that these mucins were glycosylated was provided by histology, staining 

cross-sections of each cell line with appropriate lectins, which were labeled with 

horseradish peroxidase (HRP). The labeled lectins were then visualized with a coloured 

substrate, 3, 3’, 5, 5’-tetramethylbenzidene (TMB).  

Mucin secretion was measured using an optimized enzyme-linked lectin assay (ELLA), 

using the non-hydrolysable analogue of adenosine triphosphate (ATP), adenylyl-

imidodiphosphate (AMP-PNP) as a mucin secretagogue in SPOC1 and UNCN3T cells 

and ionomycin in Calu-3 cells. By measuring the trans-epithelial electrical resistance 
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(TER) of the cells, before and after treatment with ionomycin as well as the permeability 

of a paracellular marker, ionomycin was found to compromise the integrity of the Calu-3 

cell layer grown at air-liquid interface (ALI). This cell line was therefore excluded from 

drug permeability experiments. These findings with regards to the effect of ionomycin on 

Calu-3 cells are novel. 

The treatment of SPOC1 cells grown at ALI with AMP-PNP (100 M) resulted in 

enhanced mucin secretion of 3 fold greater than baseline levels, in accordance with 

previous studies. SPOC1 cells were cultured at ALI and subjected to treatment with 

transport medium only or transport medium plus AMP-PNP (100 M), followed by 

application of the drug of interest to the apical surface. The quantification of each drug 

as it accumulated in the basolateral chamber over time using liquid chromatography-mass 

spectrometry (LC-MS) enabled the calculation of the apparent permeability coefficient of 

each drug (Papp) and the comparison of this in untreated wells with that obtained from 

wells treated with AMP-PNP.  

The SPOC1 model was further optimized by the development of a secretagogue-free or 

mucus-depleted (MD) method, in which control cells cultured at ALI on Geltrex™ coated 

Transwell-Clear™ inserts were washed repeatedly to deplete the mucus layer, leaving a 

second group of wells unwashed. The amount of mucus in the unwashed wells was almost 

8 fold higher than in the washed (mucus-depleted) cultures. It was found that the increased 

mucus in the treated wells significantly decreased the permeability of testosterone (P < 

0.05), but had no effect on the permeability of budesonide, ipratropium, tiotropium or 

salbutamol. These findings have thus far not been published and are therefore novel. The 

MD model was then used to study a homologous series of beta-blockers, as part of the 

model’s validation and to study the relationship between permeability and 
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physicochemical properties of drugs. This study confirmed that the higher levels of mucus 

caused a decrease in the permeability of testosterone. In addition, a positive correlation 

between the apparent permeability coefficients of the homologous series of beta blockers 

and lipophilicity (LogP and LogD) was also observed. 

Mucin secretion and cytokine release were used as potential indicators of drug irritancy, 

with the finding that salbutamol significantly increased the release of interleukin 6 (IL-6) 

from SPOC1 cells at 50 M and 25 M (P < 0.01). Both testosterone (50 M) and 

ipratropium (25 M) enhanced mucin secretion in SPOC1 cells (P < 0.05).  

Work has been undertaken to further characterize the novel human bronchial epithelial 

cell line UNCN3T, with the aim of developing this model to study mucin and cytokine 

secretion and the effect of mucus as a barrier to drug absorption in the airways using a 

human cell line. The treatment of UNCN3T cells grown at ALI with AMP-PNP (100 M) 

resulted in an approximately 2 fold increase in mucin secretion compared to untreated 

cultures. Using the mucus-depleted (MD) UNCN3T model, the difference in mucus levels 

between the washed and unwashed cultures was 4 fold. The permeability of testosterone 

was shown to be significantly decreased (P < 0.01) in the presence of mucus, using the 

MD model. Salbutamol, tiotropium and budesonide all increased secretion of IL-6 and 

IL-8 from UNCN3T cells (P < 0.05) at the highest concentration used (20 M). 

As further validation and to study the relationship between permeability and various 

physicochemical properties of compounds, a blind study of eleven compounds was 

carried out using the MD SPOC1 model. Whilst some relationship was observed for pre-

determined parameters for these compounds, the effect of mucus on those relationships 

could not be determined, due to the variable nature of the compounds chosen. 
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 Introduction 

   General Introduction 

The principal characteristic of chronic inflammatory airway diseases is that of mucus 

hypersecretion (Kreda, Davis, and Rose 2012). Such diseases include cystic fibrosis (CF), 

chronic obstructive pulmonary disease (COPD), bronchiectasis and severe asthma. 

Mucus hypersecretion is likely to modify the deposition pattern of drug particles delivered 

to the airways, resulting in a more central deposition (where more mucus is present) than 

in the periphery. 

In his review of nanomedicine fate in the lung, Todoroff et al. (2011) refers to the lung as 

an inverted tree, with the trachea undergoing 23 bifurcations until the alveolar sacs. The 

first 16 bifurcations compose the conducting region, where air is conducted to the 

respiratory region whilst being filtered, warmed and humidified. The respiratory region 

includes the respiratory bronchioles, alveolar ducts and sacs (Todoroff and Vanbever 

2011).  

It is a common feature of epithelial surfaces such as those of the respiratory tract that they 

are lined by a glycoprotein-rich mucus layer at the luminal surface. In healthy lungs, 

mucus is comprised of both glandular and surface epithelial cell (mucous/goblet cell) 

secretions, from the level of the trachea to the bronchioles. The mucus layer itself is thin 

and contains a small amount of mucin, detectable by histochemistry. In diseased airways, 

mucin production is increased due to mucous cell metaplasia and hyperplasia, resulting 

in thicker mucus that is found both in the tracheobronchial epithelium and in the distal 

airways (Sigurdsson, Kirch, and Lehr 2013). 
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Mucus may act as a barrier to drug permeability (Hagesaether et al. 2013); however, the 

effect of mucus on drug absorption is poorly understood, due to the lack of models which 

accurately reflect the native epithelium. The potential for improved pharmacokinetic 

profiles due to increased rate of absorption and continuing interest in targeting the lung 

for respiratory disorders is driving the need for new in vitro models to study drug 

permeability across the respiratory epithelium, including studies in the presence of mucus 

(Forbes and Ehrhardt 2005). Currently models are either complex (and therefore low 

throughput), or do not take into account mucus as a potential barrier to inhaled drug 

delivery, such as the co-culture system reported by Marshall et al. (Marshall et al. 2014). 

The airway epithelium acts as both a physical barrier and also as a means to respond to 

environment-induced damage, through the release of biologically active factors and 

constant cell renewal. Since the lung is constantly exposed to inhaled pathogens (for 

example, bacteria and viruses) and also particulate matter (such as exhaust fumes and 

wood smoke), the role of the epithelium is a critical one, maintaining homeostasis and 

normal airway function from the trachea down to the alveoli (Zabner et al. 2003). 

Mucus is a vital component of homeostasis of the respiratory airways and forms the first 

line of defence against pathogens and irritants, in its function as a chemical barrier (Blume 

et al. 2013), the first in a tri-partite role of the epithelium (tight junctions fulfil the second, 

physical function, whilst cytokines and growth factors released from epithelial cells 

constitute an immunological barrier). In the absence of disease, mucus protects the 

underlying epithelium by entrapping pathogens and particles and expelling them via a 

process known as mucociliary clearance (MCC). Mucus is composed of salts (~1 %), 

protein (~0.5 %), mucins (up to 2 %) and > 95 % water (Seagrave et al. 2012). Bronchial 

mucus contains the additional component of lipid, whilst DNA may also be present in the 

mucus of diseased patients (such as those with cystic fibrosis). 
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The tracheobronchial epithelium is impermeable to most bacteria and many other 

pathogens, as is the mucus at its surface. Damage to the airway epithelium gives rise to 

an extremely rapid and acute mucus secretory response, involving numerous regulatory 

and inflammatory mediators (Rogers 2007).  Furthermore, the long-term chronic hyper-

secretion of mucus is a common pathophysiological feature of chronic inflammatory 

airway diseases. These include asthma, COPD, CF, chronic bronchitis and bronchiectasis. 

In such diseases, the homeostatic and protective function of airway mucus secretion has 

been altered, causing it instead to be a contributing factor to the severity of the disease. 

Mucus hyper-secretion is associated with a number of phenotypical changes in the 

airways. These changes include an increase in the number of epithelial goblet cells 

(hyperplasia, Figure 1.1) and an appearance of secretory cells in the smaller airways, a 

process known as metaplasia. These changes have significant effects upon diseased 

airways and contribute to morbidity in patients with chronic lung disease (Tsao et al. 

2011). For example, in asthma, the increase in the number of goblet cells can exacerbate 

the condition of an already compromised airway, through blockage (mucus plugs, an 

airway obstruction documented as a feature of asthma) and airway hyper-responsiveness, 

whereby spasmogens, which ordinarily do not elicit bronchoconstriction, do so in asthma 

patients. Although many muco-active drugs are available, these are limited in 

effectiveness and there is much scope for improvement (Balsamo, Lanata, and Egan 

2010). 
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Figure 1.1 Pathways and processes giving rise to goblet cell hyperplasia. Several cytokines (such as IL4, IL-

9 and IL-13) are known to induce goblet cell hyperplasia, as are bacterial products (such as 

lipopolysaccharide (LPS) and lipoteichoic acid), proteinases (e.g. elastase) and oxidants from T helper 2 

(Th2) lymphocytes. EGFR: epidermal growth factor receptor; CLCA: calcium-activated chloride channel; 

Bcl-2: B-cell lymphoma 2. Adapted from (Rogers 2003). Original in colour. 

 

A variety of interlinking factors are considered to underlie the development of the hyper-

sensitivity, including airway inflammation and remodeling, altered airway smooth muscle 

function, and up-regulation of sensory nerves. The presence of excess mucus may interact 

with what would otherwise be deemed mild bronchoconstriction to produce marked 

airway narrowing. A decrease in luminal diameter decreases the cross-sectional area for 

air flow and thus increases resistance to a greater degree than in airways where mucus 

hyper-secretion is not an issue (reviewed by Lai and Rogers, 2010). 

Mucins, glycoproteins which comprise up to 2% by mass of mucus, each consist of a 

peptide backbone, with hundreds of O-linked carbohydrate side chains (glycans).  Of the 

sixteen mucin genes currently recognised, MUC5AC and MUC5B are considered to be 
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the airway mucin genes, MUC5AC being the major mucin secreted by secretory or goblet 

cells and MUC5B being the major mucin of submucosal glands (reviewed by Voynow 

and Rubin 2009). However, the gel-on-brush model (Button et al. 2012) describes the 

presence of other, tethered mucins in addition to MUC5AC and MUC5B. Mucins and the 

gel-on-brush model will be described in more detail in section 1.3. 

The function of mucus is many-fold, with the main roles being to prevent desiccation of 

the underlying epithelium, inhibit accumulation of foreign particles and protect against 

pathogen invasion. However, these roles present a problem when considering inhaled 

drug delivery, since mucus potentially forms a barrier to the delivery of drugs to the 

epithelium and aids the removal of the drug via MCC. In addition, it affects the deposition 

pattern of inhaled formulations (Evans and Koo 2009). A variety of different models 

would be required to study each of these effects and the lack of suitable in vitro systems 

with which to study the effect of mucus on drug permeability means that this effect is 

poorly understood. Such a model would also improve the ability to predict adverse effects, 

such as enhanced mucus secretion and inflammatory cytokine release, prior to clinical 

trials (Forbes et al. 2000, Sears 2002). It would also provide the means to study the 

relationship between the physicochemical properties of drugs and their mechanism of 

absorption. 

   Respiratory Epithelium 

The mammalian airway is lined by a variety of specialised epithelial cells which 

collectively respond to environmental and pathogenic insult by secreting inflammatory 

mediators and antimicrobial peptides and also by recruiting immune cells to the site of 

damage or infection. These include the ciliated, goblet, basal and club (formerly known 

as Clara) cells which constitute the pseudo-stratified columnar epithelium in the proximal 
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conducting airways, and Type I and Type II pneumocytes in the alveolar epithelium, 

which form a simple cuboidal cell layer (Figure 1.2). 

 

Figure 1.2 Schematic of the lung epithelium (Ep). Consisting predominantly of ciliated columnar (C), goblet 

(G), and basal (B) cells, the epithelium demonstrates a pseudo-stratified morphology, with club cells (Cl) 

becoming apparent in the smaller airways. Moving along to the alveolar epithelium, Type I (TI) and Type II 

(TII) cells dominate. The cells rest upon a basement membrane (BM), through which immune cells such as 

neutrophils (N) migrate in response to injury. Adapted from (Tam et al. 2011). Original in colour. 

Basal cells constitute around 30 % of the pseudostratified epithelium of the lung (Rock et 

al. 2009). In rodents, they are restricted to the trachea, whereas they are present 

throughout the airways of human lungs, including the small bronchioles (Rock et al. 2009, 

Tam et al. 2011) becoming less abundant as the airways decrease in size (Evans and Koo 

2009). Hong et al. (2004) demonstrated the ability of basal cells to display stem-cell-like 

properties, showing that they can self-renew and differentiate into secretory, club and 

ciliated epithelial cells in response to respiratory insult/injury (Hong et al. 2004). Basal 

cells have also been shown to produce a variety of bioactive molecules, including neutral 

endopeptidase and cytokines (Knight and Holgate 2003). 

Ciliated cells (known as columnar ciliated epithelial cells) constitute between 50 - 75 % 

of the total cell population in the human airway. Once thought to be a terminally 

differentiated cell (Rock et al. 2011), they are now known to have trans-differentiation 

potential, as demonstrated by Park et al., who showed that ciliated cells may undergo 

squamous metaplasia and re-differentiate into both ciliated and non-ciliated (club) cell 
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types (Park et al. 2006). Responsible for MCC, these cells possess up to 300 cilia per cell. 

Beneath the apical surface of each cell lies an abundance of mitochondria, which provide 

energy for use in ciliary beating.  

Goblet cells (known also as secretory or mucous cells) comprise up to 25 % of the human 

airway epithelium (Schamberger et al. 2015) and are probably best recognised by virtue 

of their abundant mucin-containing granules and are responsible for the secretion of 

mucins onto the luminal surface of the airway epithelium. Whilst they are present 

throughout the tracheobronchial epithelium, they decrease in number towards the distal 

airways and are rarely seen in bronchioles of less than 1 mm diameter (Rogers 2003). It 

has been estimated that there are anything up to 6800 goblet cells/mm2 of human airway 

epithelium surface (Tam et al., 2011). Each granule is packed with highly glycosylated 

mucins, which contribute to the mucus layer covering the epithelium. The thickness of 

this mucus blanket, termed the Airway Surface Liquid (ASL) is determined largely by the 

homeostasis between the rate of shedding of mucus and the rate of secretion. Secretion of 

mucus as a mechanism of removing pathogens and irritants is more efficient than simply 

washing the epithelial surface, since continuous secretion enables the constant 

replacement of the unstirred mucus layer which lies next to the epithelial surface. In 

addition, continuous secretion means that pathogens must migrate upstream in order to 

reach the epithelium, as of course must drug particles (Cone, 2009). Whilst their primary 

function is mucin storage and secretion via exocytosis, goblet cells are also known to be 

capable of self-renewal and differentiation into ciliated cells (Evans and Koo 2009).  

Club cells, comprising up to 30 % of the human airway epithelium (Boers, Ambergen, 

and Thunnissen 1999), have been shown to play a vital role in the regulation of potentially 

harmful proteinases, secreted by neutrophils during the inflammatory response, by 

producing bronchiolar surfactants and specific anti-proteases, such as secretory leukocyte 
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protease inhibitor (Tam et al. 2011). In addition, club cells are now believed to possess 

stem cell potential and may act as progenitors for goblet cells and also ciliated cells (Hong 

et al. 2001). 

Squamous (type I) pneumocytes constitute ~ 95 % of the alveolar surface, an attribute 

partly assigned to their large apical surface and thinness. Cuboidal (type II) 

pneumocytes have two functions. Their first is to produce lung surfactant whilst they 

also act as progenitors for type I cells (Todoroff and Vanbever 2011). 

   Mucins 

Airway mucus is a diverse and complex aqueous solution of lipids, glycoconjugates and 

proteins. Until recently, the mucus was believed to be divided into an upper, gel layer 

containing mucins and a lower, watery sol, or periciliary liquid (PCL) layer with little to 

no mucin content, with the two layers separated by a thin layer of surfactant (Rogers 

2007). Whilst the sol layer was presumed to carry out the role of lubricant, around the 

beating cilia, the surfactant was proposed to facilitate the spreading of the mucus gel over 

the epithelial surface. The gel layer traps particles, which are removed from the airways 

via MCC. In a more recent publication, Button et al. propose a radically different scenario, 

the ‘gel-on-brush’ model (Figure 1.3). Here, the mucus layer, a gel containing the secreted 

mucins MUC5AC and MUC5B, rests upon the cilia, which are bathed in PCL. In this 

model, the PCL also contains mucins, namely MUC1, MUC4, MUC16, and MUC20 

(tethered mucins), in addition to tethered mucopolysaccharides, such as heparin sulphate, 

attached to the cilia themselves, microvilli and the cell surface of the conducting airways. 

Tethered macromolecules, including the membrane-bound mucins, form a brush-like 

structure within the PCL, upon which rests a mucus layer. This macromolecular mesh of 

tethered molecules is of sufficient density so as to prevent MUC5AC, MUC5B and any 
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inhaled particles deposited on the airway surface from penetrating the PCL (Button et al. 

2012).  

 

Figure 1.3 Schematic representation of the gel-on-brush model proposed by Button et al. Image taken from 

(Button et al. 2012). Original in colour. 

The function of the beating cilia and their efficient interaction with mucus depends upon 

optimal mucus viscosity and elasticity, or viscoelasticity. Viscosity describes the 

resistance of mucus to flow and the capacity to absorb energy whilst in transit thus is a 

liquid-like characteristic. Conversely, elasticity represents the ability of a substance to 

store energy which moves or deforms that substance and thus is a more solid-like 

property. These properties are conferred upon mucus by high-molecular weight 

glycoproteins called mucins. 

Whilst mucus hyper-secretion alone is a significant contributor to the shift from a 

protective role to a detrimental one, alterations in the biophysical properties of mucus can 

also impair MCC and thus result in the accumulation of mucus in the lungs. In particular, 

the correct combination of viscosity and elasticity of respiratory mucus is critical for its 

optimal ciliary interaction and clearance by cough (reviewed by Ramos et al. 2015).  
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 Mucin structure 

Mucins are described as long, thread-like, heavily glycosylated, gel-forming 

glycoproteins with a protein backbone (apomucin) and are encoded for by the various 

MUC genes. They possess the significant feature of tandemly repeating (TR) amino acids 

rich in serine and threonine. Oligosaccharides join to the protein backbone via alpha-O-

glycosidic linkages of N-acetyl-galactosamine (GalNAc) to the hydroxyl region of serine 

or threonine. This linkage forms the starting point for further branching. O-glycosylation 

is carried out by one of six uridine diphosphate-GalNAc-polypeptide-alpha-N-GalNAc 

transferases (glycosyltransferases) (Hauber 2006), to generate the mucin monomer, as 

shown in Figure 1.4, with some additional N-linked glycans (Rogers 2007).  

The glycosylation pattern is diverse and complex, being the result of variable numbers of 

the tandem repeats. In addition, a single mucin gene can produce a diverse set of 

messenger RNA (mRNA) through alternate splicing during transcription (Hauber, 2006). 

Other ways in which mucins can vary are through mRNA stabilisation (observed when 

treating cells with inflammatory mediators and cytokines) and also post-translational 

modifications generating multiple peptides per mucin transcript.  
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Figure 1.4 Secretory mucin monomer containing protein backbone (apomucin) and O-glycans. The backbone 

typically contains an amino terminal domain (black), one or more central domains (including Tandem Repeat 

(TR) domains) (green) and a carboxylic acid domain (yellow). Original in colour. 

 Mucin production  

Mucin-secreting surface goblet cells are found throughout the mammalian alimentary, 

reproductive and airway tracts. In each, they play a vital role in the hydration, lubrication, 

and clearance of particulates and pathogens from the underlying epithelium. In the upper 

airways of the lung, goblet cells are principally responsible for mucin secretion. Such 

airways are generally greater than 3-4 mm in diameter. In the smaller, terminal, 

bronchioles, goblet cells are all but absent under normal conditions and club cells are the 

principal secretory cell. Mucous cells of the submucosal glands, which also secrete 

mucus, are found only in cartilaginous airways. As such, much of the research 

surrounding mucin and mucus hypersecretion has focussed on the goblet cells, rather than 

the submucosal glands. The mechanism of mucin secretion from goblet cells is considered 

in detail in section 1.3.4.  
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Furthermore, where mucus hypersecretion is a clinical feature of diseased airways, goblet 

cells are subject to hyperplasia, metaplasia and undergo morphogenic changes as a result 

of epithelial cell proliferation. The resulting hypersecretion further compromises the 

mucociliary clearance mechanism (Rogers 2003).  

Many MUC genes are expressed in the human airway. These include MUC1, MUC2, 

MUC4, MUC5AC, MUC5B, MUC7, MUC8, MUC11, MUC13, MUC15, MUC16, 

MUC19 and MUC20 (Button et al. 2012).  The resulting mucins are grouped into three 

families, the first being gel-forming, secreted mucins (MUC5AC and MUC5B and to a 

lesser extent MUC2, MUC8 and MUC19). The second group consists of membrane 

associated mucins (thought to be membrane receptors) which include MUC1, MUC4, 

MUC11, MUC13, MUC15 and MUC20 and finally the non-gel forming mucin MUC7. 

It has been shown by bronchial brushing, biopsy and histology that MUC5AC and 

MUC5B are the predominant gel-forming mucins in human airway epithelium. MUC5AC 

is expressed in the goblet cells found at the luminal surface of healthy airways, whilst 

MUC5B is the principal mucin of the submucosal gland (Groneberg et al. 2002). To a 

much lesser extent, MUC5AC may be found in the submucosal glands and vice versa. 

Expression of mucins changes, however, in diseased airways, with MUC2 being 

upregulated in cystic fibrosis, for example (Li et al. 1997). The composition of mucus can 

therefore be altered, dependent upon the relative abundance of these cellular sources and 

also the regulation of expression, by numerous neuro-humoral factors and inflammatory 

mediators (Rogers 2007). 
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 Mucin synthesis  

Mucin protein backbones are synthesised on the rough endoplasmic reticulum, where they 

are oligomerised before being transported to the Golgi for glycosylation and subsequent 

packaging into mature mucin granules (Figure 1.5).  

 

Figure 1.5 Schematic representation of the biosynthesis and secretion of mucin glycoproteins in a goblet or 

mucus cell. Mucins produced within the Golgi are packaged into secretory vesicles which fuse to form larger, 

immature, secretory granules.  Taken from Rose and Voynow, 2006. Original in colour. 

O-glycosylation is carried out by an N-acetylgalactosaminyl peptidyltransferase and one 

or more glycosyltransferases (GTs), depending upon the ultimate structure to be 

generated. The former transfers N-acetylgalactosamine (GalNAc) to a serine or threonine 

(present in TRs, with the exception of the MUC14, MUC15 and MUC18 genes) as a newly 

transcribed MUC polypeptide passes through the Golgi apparatus. This O-glycan is then 

elongated by a progressive addition of hexose sugars (galactose (Gal), GalNAc or fucose) 
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or sialic acid by a specific GT. Around twelve GTs have been demonstrated to play a role 

in the synthesis of mucin O-glycans (Rose and Voynow 2006). Carbohydrate side chains 

are terminated by the addition of either fucose, sialic acid (-COO-), or sulphate (SO4
2-), 

as well as by blood-group determinants. These terminal structures may be crucial in 

determining the final biological and physical properties of mucins, on account of their 

differing hydrophobicity or charge. Mucins are highly anionic due to the terminal 

carboxyl and sulphate groups. Since this charge causes rapid expansion to several times 

their volume due to hydration, mucins require cationic shielding, by Ca2+. This shielding 

enables the tight packing of mucins into the compact mucin secretory granules (SG). It 

follows that the alteration of terminal glycosylation from these charged groups may alter 

the rheological properties of mucus in various disease states and is likely to affect the 

interaction of drug molecules with the mucin gel.  

Mature mucins are packed into SGs and stored in the cytoplasm in a condensed state, in 

preparation for release upon stimulation by a mucin secretagogue, as reviewed by Li et 

al. (Li, Perelman, and Zhou 2012). The mechanism of release is dependent upon the 

mucin source, as outlined below.  

 Mucin secretion  

Verdugo (Verdugo 1984) was one of the first to observe that mucins in goblet cells 

undergo merocrine secretion. That is, mucin granules suddenly ‘disappear’ at the apical 

surface, with new granules migrating to the space left behind beneath the apical 

membrane. Mucous cells of the submucosal glands, found in the large, cartilaginous 

airways, secrete mucin via apocrine secretion. Membrane-bound mucin granules are 

released intact from the cell. Differential interference contrast (DIC) microscopy has 

shown that they are then ejected onto the airway surface through ciliated gland ducts. This 
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makes physiological sense, as the mucin then undergoes expansion where it is needed, 

rather than within the submucosal gland (Inglis et al. 1997). 

Mucin release from goblet cells occurs by exocytosis, a ubiquitous mechanism whereby 

hormones, mediators and other molecules are released by cells. There are two types; 

constitutive, occurring at an unregulated, low (basal) level and stimulated, a regulated 

form of exocytosis which occurs in response to extracellular stimuli. The most important 

mucin secretagogue for the surface epithelium appears to be ATP, which acts upon apical 

membrane P2Y2 receptors, thus activating the protein kinase C isoform, novel protein 

kinase C  (nPKC) (Ehre et al. 2007).  nPKC then phosphorylates myristoylated 

alanine-rich C kinase substrate (MARCKS) protein, a membrane associated molecule. 

Phosphorylated MARCKS is released into the cytoplasm, is later de-phosphorylated by 

protein kinase G (PKG)-activated protein phosphatase A, and then localises to the mucin 

granules. MARCKS recruits actin to the mucin granules which enables completion of the 

later stages of mucin release. The involvement of Rab protein isoforms has been 

implicated in the tethering of secretory granules to cellular components, as shown in 

Figure 1.6.  

For exocytosis to occur, a soluble N-ethyl-maleimide-sensitive factor attachment protein 

receptor (SNARE) must link the granule or vesicle (vSNARE) to the target cell membrane 

(tSNARE), to facilitate the release of the contents of the vesicle from the cell. In the case 

of mucins, this occurs at the apical surface of the secretory cell, following the movement 

of mucin granules to the inner surface of the apical membrane. The docking of the granule 

to the apical membrane results in the formation of a ‘fusion pore’, which spans the granule 

and plasma membranes. 
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Figure 1.6 Secretion from goblet cells via secretory granule (SG) exocytosis. Following transit through the 

actin cytoskeleton, each SG docks with the plasma membrane. Assembly of the SNARE complex and signalling 

via Ca2+ induces fusion of the SG with the plasma membrane and ensuing release of mucin. Taken from (Davis 

and Dickey 2008). Original in colour. 

Mucins are secreted onto the internal surface of the respiratory tract, mixing with other 

protein, lipid and glycoconjugate components to form mucus, which acts to protect the 

epithelium from environmental insult. The process of exocytosis is a feat accomplished 

in less than 100 ms, as reviewed by Davis et al. (Davis and Dickey 2008). Upon release 

from the cell membrane, the condensed mucin expands by as much as 600-fold, driven 

by a Donnan shift and first order kinetics. This rapid expansion occurs due to the loss of 

the cationic shielding effect, as afforded by Ca2+. In the presence of calcium ions, the 

repulsive forces of the polyanionic mucins are cancelled out and allow close packaging 

of the mucins in secretory granules. However, upon exocytosis, the Ca 2+ ions are diluted, 

resulting in electrostatic expulsion and expansion of the mucin molecules (Shumilov et 

al. 2014). 
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 Airway Surface Liquid 

Airway surface liquid (ASL) possesses a gel component that traps inhaled particles; and 

a sol layer (periciliary layer (PCL)) that keeps the gel at an optimum distance from the 

underlying epithelia, thus effecting the clearance of mucus. In normal airways, the PCL 

approximates to the length of the outstretched cilia (approximately 7 μm), whereas the 

gel layer increases in thickness from distal to proximal airways. The gel layer acts as a 

fluid reservoir, by accepting or donating liquid to maintain normal ASL (reviewed by 

Tam et al, 2011). This regulation is critical for maintaining airway homeostasis. The 

cystic fibrosis transmembrane conductance regulator (CFTR) and the epithelial Na+ 

channel (ENaC) co-exist alongside the Ca+-activated chloride channel in the apical 

plasma membrane of airway epithelial cells, in addition to the outwardly rectifying Cl- 

channel and Cl- channel 2. The coordinated combination of Cl- secretion and reduced Na+ 

reabsorption result in a healthy ion equilibrium and depth of ASL (Zeitlin 2008). 

Dysregulation of the ENaC in conjunction with the absence or dysfunction of CFTR, such 

as in cystic fibrosis (CF), gives rise to hyperabsorption of Na+ and thus, excessive fluid 

reabsorption. This results in a reduced depth of ASL, the mucosal glands are 

hypertrophied and excessive mucus is secreted (Zeitlin 2008). Excessive secretion, 

combined with the dehydration results in viscous mucus which impairs MCC and leads 

to airflow obstruction and bacterial colonisation of the lungs. CFTR is highly expressed 

in the submucosal glands where it mediates liquid secretion via the transepithelial 

secretion of both Cl- and HCO3
- and thus it can be argued that submucosal glands play a 

critical role in hydrating the airway surfaces, via ion transport processes. This liquid 

secretion most likely arises from the serous cells of the submucosal glands under 

secretagogue or neural stimulation. 
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Recently, in the gel-on-brush model proposed by (Button et al. 2012), it has been argued 

that the PCL is occupied by membrane spanning mucins and mucopolysaccharides, 

densely tethered to the airway surface. Button et al. (2012) propose that it is this tightly 

packed mesh contained within the PCL which prevents the mucus gel from entering the 

periciliary space and thus maintains the distinct layer of mucus resting upon the cilia. 

Button et al. (2012) also propose that the densely packed macromolecules of the PCL 

repel each other in the same way that secreted mucins do and in doing so generate an 

osmotic pressure that regulates the hydration of the PCL. In healthy airways, hydration is 

maintained by mucus having a smaller osmotic modulus than that of the PCL. When water 

is added to a healthy airway surface, it preferentially enters and dilutes the mucus layer, 

maintaining the smaller osmotic modulus in comparison to the PCL. However, in 

dehydrated airways (such as those in CF and COPD), water is removed from the mucus 

gel preferentially, due to the lower osmotic modulus. Further dehydration results in the 

removal of water from both the mucus layer and the PCL, leading to an equal osmotic 

modulus between the two layers and compressed cilia (Figure 1.7). Mucus or mucus 

simulants with high osmotic modulus (concentration) compress the tethered 

macromolecules toward the cilia. Increasing the osmotic modulus still further results in 

deformation of the cilia giving rise to an increased depth of mucus and impaired MCC.  
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Figure 1.7 Schematic representation of osmotic modulus (K) as proposed by Button et al. Kmucus is represented 

by the green springs.  A lower osmotic modulus of the mucus layer (than that of the PCL, purple spring) is 

depicted by a wider diameter and increased length of the spring, as in A and B. In A, water has been added to 

a healthy airway and is preferentially absorbed by the mucus layer, leaving the PCL unchanged. In 

dehydrated airways, the moduli of both layers are increased and equal (shortened springs, C) and correspond 

to states of disease, such as COPD and CF (Button et al. 2012). Original in colour. 

 Mucus and disease 

In general, mucus hypersecretion is associated with seasonal allergies or respiratory 

infections. In diseased lungs, however, mucus hypersecretion contributes significantly to 

morbidity and mortality. Nearly all obstructive pulmonary diseases share the 

characteristic of mucus hypersecretion. In addition, altered mucin gene expression and 

mucous metaplasia are seen in some lung cancers (Evans and Koo 2009). In the cases of 

asthma, COPD and CF, there are two main characteristics of the mucus hypersecretion 

phenotype. The first is that altered expression affects the amount and type of mucin 

produced, increasing the cell’s volume fraction (percentage occupied space) of secretory 

granules. Secondly, a rise in the rate of exocytosis increases the depth and viscosity of 

the mucus gel (Kreda, Davis and Rose 2012). Together, these characteristics have 

pathophysiological consequences, in that the resulting airway obstruction and impaired 

MCC give rise to the development of debilitating airflow limitation and enhanced 

particulate retention. 
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 Asthma 

Asthma is one the most common chronic diseases worldwide, affecting over 300 million 

people. Of these, around 5.4 million reside in the UK (Global Initiative for Asthma, 

GINA). Airway obstruction in asthma is due to airway smooth muscle contraction and 

mucus hypersecretion, mediated by inflammatory pathways. Common triggers are 

exposure to antigens (allergic stimuli), exercise and upper respiratory tract infections, as 

reviewed by Holgate et al. (Holgate 2013). Mucus plugging and complete occlusion of 

the airways in fatal attacks is a hallmark of asthma. The excessive mucus arises from 

goblet cell and submucosal gland hypertrophy, with the former being a more consistent 

pathological feature of asthma (Kudo, Ishigatsubo, and Aoki 2013). 

Localisation of MUC5AC expression is unaltered in asthmatic patients, although 

MUC5AC is overexpressed. MUC5B, however, is expressed in goblet cells of asthmatic 

patients and glandular neck cells, in addition to mucous cells of the submucosal glands, a 

phenomenon reflective of mid-trimester foetal development (Reid, Gould, and Harris 

1997). The increased expression of MUC5AC correlates with goblet cell metaplasia in 

murine models of asthma, a process mediated by the pro-inflammatory cytokine IL-13 in 

response to environmental insult or allergen exposure (Danahay et al. 2002). 

   Chronic Obstructive Pulmonary Disease (COPD) and Bronchitis  

The World Health Organisation (WHO) estimates that 64 million people currently have 

COPD. Predicted by WHO to become the third leading cause of death by 2030, COPD is 

characterised by airflow obstruction due to chronic bronchitis, bronchiolitis (small 

airways disease) or emphysema (air space enlargement due to alveolar destruction) (Rose 

and Voynow 2006). Like asthma, COPD features include submucosal gland hypertrophy 
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and goblet cell metaplasia. The resulting excess mucus is partly removed by 

expectoration, however this is hindered by impaired MCC and thus mucus clearance is 

ineffective from the small airways (< 2 mm diameter) which are not well cleared by cough 

alone (Evans and Koo 2009). Indeed, increased MUC5AC and MUC5B in 

histopathological studies are inversely associated with pre-surgical low forced expiratory 

volume (FEV1) values, where patients have undergone lung volume reduction surgery 

(Kim et al. 2005). The major risk factors associated with the development of COPD are 

exposure to environmental inhalant toxins, in particular cigarette smoke, in addition to air 

pollutants, which may exacerbate airway disease alongside viral or bacterial infections 

(Rose and Voynow 2006). It has been suggested that mucus may provide a suitable 

surface to which such pathogens can adhere to, whilst gram positive and gram negative 

bacterial products have been proposed to upregulate MUC5AC and MUC2 expression 

and mucin secretion both in vivo and in vitro (Falsey et al. 2006). Increased goblet cell 

numbers in COPD patients have been accompanied by increased macrophages and CD8-

positive T-lymphocytes, both of which are indicative of viral infections. A cellular 

inflammatory profile, whereby levels of IL-6, IL-1 IL-8, TNF-and monocyte 

chemotactic protein-1 are at elevated levels in COPD sputum, gives rise to a state of 

chronic inflammation. Neutrophils and macrophages, recruited during acute 

exacerbations of the disease, release proteases at levels which overwhelm anti-protease 

defences. Furthermore, reactive oxygen species (ROS) from inflammatory cells or 

cigarette smoke induce airway epithelial and parenchymal injury. Together, the above 

mediate airway remodelling and upregulation of MUC gene transcription (Rose and 

Voynow 2006).  

Bronchitis is an inflammation of the mucous membranes of the bronchi and occurs in 

either the acute or chronic form. It has already been discussed that cigarette smoke is a 
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common trigger for chronic bronchitis, leading to COPD. Using in vivo models, it has 

been shown that cigarette smoke or cigarette smoke extract (CSE) induce secretory cell 

metaplasia in rat main stem bronchi (Miller et al. 2002). Some common pathogens 

exacerbate bronchitis, including Staphylococcus aureus (S. aureus) and Haemophilus 

influenzae (H. influenzae). Such exacerbation occurs through the upregulation of MUC 

genes by bacterial products, or by activation of transforming growth factor-beta (TGF- 

and downstream pathways. In vivo, endotoxin and lipopolysaccharide, a component of 

gram negative bacterial cell wall membranes induces goblet cell hyperplasia in the murine 

model, whilst endotoxin also enhances ozone-induced secretory cell metaplasia in rat 

nasal epithelia (Rose et al. 2000). Thus, infections and pollutants may work together to 

exacerbate bronchitis. 

  Bronchiectasis  

Bronchiectasis is a disease state defined by localised, irreversible dilation of part of the 

bronchial tree, as opposed to the entire bronchi in bronchitis. It has both congenital and 

acquired causes, with the latter being more common, particularly in smokers, patients 

with Acquired Immune Deficiency Syndrome (AIDS) and patients with rheumatoid 

arthritis (Sheikh et al. 1997; Kaushik et al. 2004). It has been found that a small number 

of CF patients develop bronchiectasis, due to the recurrence of infections (Dalrymple-

Hay et al. 1999). 

  Cystic Fibrosis (CF)  

CF is a recessive genetic disease caused by mutations in the cystic fibrosis transmembrane 

conductance regulator (CFTR) gene, which encodes the cystic fibrosis transmembrane 
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conductance regulator, CFTR. This glycoprotein is expressed in all mucus-rich epithelial 

tissues, namely the gastro-intestinal tract, respiratory airways and reproductive tract. It is 

also expressed in non-mucosal tissues, however obstruction is generally observed only in 

the mucus-rich examples (Tam et al. 2011). In healthy airways, the CFTR and epithelial 

Na+ channel (ENaC) are fully functional and work along with other channels to regulate 

Cl- secretion and Na+ reabsorption to maintain ASL, as outlined in Section 1.4. In CF, the 

CFTR is absent or dysfunctional, along with unregulated ENaC. This gives rise to a 

hyperabsorption of Na+ and a resulting increase in fluid reabsorption (Zeitlin 2008). As 

the depth of the ASL decreases and the mucosal glands hypertrophy, excessive mucus is 

secreted. The viscous mucus impairs mucociliary clearance (MCC), thus airflow is 

obstructed and bacterial colonisation of the lungs ensues (Ibrahim et al. 2011).  

 Mucin Hypersecretion  

Mucus forms the first line of defence against inhaled pathogens and particles, preventing 

damage to the epithelium.  Since inhaled irritants can potentially cause damage to the 

airway epithelium, mucin secretion is necessarily rapid. Due to the close packing of 

mucins in secretory granules, de-condensation upon exocytosis releases a vast amount of 

mucin onto the epithelial surface, in response to a temporary inhaled insult. However, 

when mucin hypersecretion becomes long term, the chronic increased mucus contributes 

to the pathology of disease and thus mucin and mucus secretion loses its homeostatic 

effect. 

  Pathophysiology of mucins and mucus 

In the healthy airway, mucins comprise up to 2 % w/w of airway mucus. Secreted mucins, 

key components of mucus, are stored intracellularly in secretory granules, until their 
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release at the apical surface of the cell, in response to a stimulus. These are diverse and 

illustrate just how vulnerable the homeostasis of mucin secretion is.  

The predominant secreted airway mucins are MUC5AC and MUC5B. MUC5AC is 

produced predominantly in proximal airways by surface goblet cells, whilst MUC5B is 

produced in surface secretory cells throughout the airways and within submucosal glands 

(Fahy and Dickey 2010). The proportion of these two dominant mucins varies according 

to the health status. Where mucous metaplasia occurs in the surface epithelium due to an 

allergic response, the production of MUC5AC may increase between 40 and 200 fold, 

whilst MUC5B remains at baseline. This finding has been reported in both humans and 

mice (Fahy and Dickey 2010). Mucous hyperplasia of surface epithelium is thought to 

play a relatively minor role in mucin hypersecretion, since surface epithelial cells increase 

by 30 % or less during inflammation, whereas submucosal gland volume is reported to 

increase by up to 200 %, suggesting a relatively major role, particularly in COPD and CF 

(Danahay and Jackson 2005). 

The pathophysiology of airway mucins is not restricted to the amount secreted of a 

particular mucin. The mucin type may also differ from that of healthy airways. For 

example, MUC5B, mainly expressed in the submucosal glands in the airways of healthy 

individuals (and therefore found predominantly in the more proximal, cartilaginous 

airways), was a major component of mucus plugs taken from the lungs of a patient who 

died in status asthmaticus, and of sputum from patients with chronic bronchitis (Thornton 

and Sheehan 2004). Submucosal gland hypertrophy characterises chronic bronchitis (and 

therefore COPD) and to a lesser extent, asthma. MUC2, a mucin more commonly 

associated with the gastro-intestinal tract, is upregulated in human airway cell cultures by 

the T-helper 2 cytokine IL-4 (Hauber, Foley and Hamid 2006). 
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Airway mucus requires the correct combination of viscosity and elasticity 

(viscoelasticity) in order to interact with the cilia with optimum efficiency (Houtmeyers 

et al. 1999). Mucins, high molecular weight glycoproteins, are responsible for conferring 

these rheological properties. The increased viscosity of mucus in asthma patients may be 

due to higher levels of plasma proteins, a direct result of increased plasma exudation, 

which follows bronchial microvessel remodelling (a process common to all chronic 

airway diseases, but more prominent in asthma (Hackett 2012)). Plasma proteins such as 

albumin interact such that these interactions increase the viscosity of mucin, through the 

rupturing of hydrogen bonds between adjacent mucins and ensuing entwinement of mucin 

and albumin molecules (reviewed by Rogers 2007). As plasma can also induce mucin 

secretion itself, the hypersecretion of mucins, coupled with increased plasma exudation 

results in a greater volume of ASL than either mucin secretion or plasma exudation alone 

(Williams, Rich and Richardson 1983).  

Inducers of mucin gene expression include the cytokines TNF(tumour necrosis factor 

) (Song et al. 2003), IL (interleukin)-1Gray et al, IL-9 (Vermeer et al. 2003), 

IL-13 (Atherton, Jones, and Danahay 2003), IL-17 (Chen et al. 2003), cigarette smoke 

(Shao, Nakanaga, and Nadel 2004, Wu, Jiang, and Chu 2012), the growth factors EGF 

(epidermal growth factor) (Takeyama et al. 2008), TGF, TGF2 (Chu et al. 2004) and 

proteases such as neutrophil elastase (Fischer and Voynow 2002). It is worth noting that 

in addition to inducing MUC gene expression, IL-9 itself is overexpressed, along with its 

receptor, in the bronchial mucosa of asthmatic patients (Hauber et al. 2003), illustrating 

that mucin and mucus hypersecretion may also be as a result of the overexpression and 

upregulation of upstream factors. 
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Aside from increased viscosity, entangled mucins have a reduced gel matrix pore size. In 

healthy airways, this is 500 nm, reducing to 150 nm in CF. A reduction in pore size results 

in immobilised microbes within the mucus gel, which promotes biofilm formation, in 

addition to inhibiting the migration of neutrophils in response to infection (Fahy and 

Dickey 2010). 

Mucin hypersecretion is an important factor with regards to mucus dysfunction; however 

other mucus constituents also contribute to mucosal disease. In healthy airways, mucus 

is predominantly composed of mucins, plasma proteins and inflammatory cells. It is worth 

noting that inflammatory cells increase in number in diseased airways, particularly in CF 

(Fahy and Dickey 2010). DNA is present as a product of inflammatory cell death, 

particularly in CF and to a lesser extent in COPD and asthma (reflecting the relative 

numbers of inflammatory cells), as is actin. Bacteria are found in increased numbers in 

the mucus of COPD and CF patients, reflecting the reduced pore size of entangled mucins 

and impaired MCC (Sethi 2010). 

  The effect of mucus on drug deposition patterns  

The consideration of deposition in the lung is an important one, since the fate of inhaled 

drugs and their therapeutic action are intrinsically linked. The interaction of drugs with 

mucus and ASL as a whole will determine the pharmacodynamic response (Todoroff and 

Vanbever 2011).  

The administration of drugs via the pulmonary route is achieved mainly by aerosol 

inhalation (Henderson et al. 1995). The deposition of inhaled formulations depends upon 

the aerodynamic diameter (daer) of the aerosol particles (Todoroff and Vanbever 2011). 

Large particles (daer > 5 m) undergo inertial impaction in the upper airways (mouth, 
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trachea and main bronchi). Particles with a daer of 1-5 m deposit by gravitational settling 

in the central and distal tract, while particles of daer < 100 nm deposit in the alveolar region 

by Brownian motion. Particles of < 10 nm have a high diffusion coefficient and therefore 

deposit in the tracheo-bronchial region. It follows that mucus hypersecretion will affect 

the distribution of inhaled particles. Those which deposit by settling in the central and 

distal tract are more likely to become trapped in excess mucus in the upper airways, whilst 

Brownian motion of ultrafine particles is likely to be reduced (Rubin 2010). This reduces 

the bioavailability of medication used to treat chronic airway diseases, which should 

deposit on the conducting airways. In addition, medications like peptides, which are 

intended for systemic absorption and therefore need to deposit on the alveolar epithelium 

are affected (Todoroff and Vanbever 2011). 

 Mechanisms of drug transport across the epithelium 

Whilst some drugs are required to act within the airways themselves (mucolytics, 

antibiotics and so on), often therapeutic agents need to cross epithelial and endothelial 

layers in order to reach their final targets, such as corticosteroids which act in the nucleus 

and beta agonists which need to access smooth muscle receptors. The predominant 

pathway is determined by the physicochemical properties of a particular drug. In drug 

transport, the epithelium acts as a site of exchange, in addition to a barrier, for the 

transport of ions and molecules into and from the organism. These transport routes can 

be broadly split into two categories, those of paracellular and transcellular transport 

(Figure 1.8). The pathway used by a drug depends upon the physicochemical properties 

of the pharmaceutical agent for drugs crossing via passive diffusion. Lipophilic drugs will 

mainly utilise the transcellular pathway, whilst hydrophilic drugs will mainly cross via 

the paracellular route (González-Mariscal, Nava and Hernández 2005). Additional 



Page | 28 

 

mechanisms of transcellular transport can be via active or carrier-mediated pathways, in 

addition to endocytosis and exocytosis (Kell, Dobson and Oliver 2011). 

 

Figure 1.8 A number of routes exist for the transport of ions and molecules across a biological membrane (A), 

broadly divided into transcellular (B1 and 2) and paracellular (B3 and C) routes. Taken from(González-

Mariscal, Nava, and Hernández 2005).  

   Passive transcellular drug diffusion 

Passive transcellular diffusion is defined as a concentration gradient-driven mass 

transport of a compound (permeant) from one side of the cellular membrane to the other 

through the lipid bilayer portion. Biological cellular membranes are composed of a 

phospholipid bilayer, cholesterol and various membrane-anchored proteins, which 

include transporters that form thin (~5 nm) hydrophobic barriers, separating aqueous 

environments. Since the fluid bilayer does not have specific binding sites, passive 
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transcellular diffusion is not subject to inhibition, not saturable and less sensitive to the 

stereospecific nature of the permeant. Compounds diffuse across the centre of the 

hydrophobic lipid bilayer as a neutral, largely desolvated species. The latter depends upon 

both the molecular size and affinity for the centre of the lipid bilayer, or to a greater 

extent, lipophilicity. This type of transport therefore depends upon the pH of the local 

environment and pKa of the permeant, in addition to the octanol-water partition 

coefficient (Poct), total hydrogen bond strength and molecular size of the permeant 

(Sugano et al. 2010). 

 Passive paracellular drug diffusion 

As for transcellular transport, passive paracellular diffusion depends upon a concentration 

gradient, whereby the molecule of interest moves from a region of high concentration 

(apical surface of the epithelium) to one of low concentration (basolateral surface), in 

accordance with Fick’s Law. 

Hydrophilic molecules cannot cross biological membranes on account of their inability 

to partition into the lipid bilayer and must therefore use the paracellular pathway, a route 

regulated by tight junctions (TJs) (González-Mariscal, Nava and Hernández 2005). TJs 

are situated in the uppermost region of the lateral plasma membrane and together 

constitute a continuous ‘belt’ that encircles each epithelial cell (Figure 1.8b). They work 

together to virtually fuse the plasma membrane of neighbouring cells, effectively forming 

a selective barrier, regulating the movement of solutes across the epithelium. More than 

40 proteins have now been identified as being present within the tight junction; however 

the claudin family and occludin have been shown thus far to be the most critical for 

defining tight junction selectivity (Anderson and Van Itallie 2009).  
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Claudins are examples of integral proteins. Together with adaptor and signalling 

molecules, integral proteins make up the multiprotein complex that constitutes TJs and 

mediate cell-cell adhesion through their extracellular domains. The cytosolic regions of 

integral proteins associate with adaptor molecules, that serve as scaffolds, with binding 

regions for signalling proteins such as kinases, phosphatases and transcription factors.  

Occludin is a 65 kDa (522 amino acid) integral plasma-membrane protein and appears to 

span the plasma membrane four times at TJs, forming two extracellular loops and 

exposing its -NH2 and -COOH terminus to the cytosol (Anderson and Van Itallie 2009). 

Interaction of occludin with several cytoplasmic proteins of the junctional plaque has 

been found to occur via its -COOH terminus, while the extracellular loops are thought to 

be involved in the regulation of paracellular permeability and cell adhesion.  

A positive correlation exists between the decreased absorption of therapeutic agents and 

an increase in molecular weight, meaning that low molecular weight; more hydrophilic 

drugs are more likely to use the paracellular route. In addition, TJs carry a net negative 

charge, meaning that positively charged molecules may be preferentially transported 

(González-Mariscal, Nava, and Hernández 2005). 

  Carrier-mediated transcellular drug transport 

Historically, it was suggested that the dominant route of drug absorption was by passive 

diffusion through the lipid bilayer (passive transcellular diffusion). However, it has also 

been proposed that carrier proteins, or transporters, form the dominant mechanism by 

which drugs are absorbed transcellularly and therefore drug transport is by and large an 

active process (Sugano et al. 2010; Dobson and Kell 2008). Carrier-mediated transport 

occurs at both the apical and basolateral membrane, resulting in the transport of ions and 
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molecules across the whole epithelium, as opposed to a single membrane. Thus, drugs 

may be designed to mimic the endogenous ligands of carrier proteins, utilising these 

transport mechanisms in order to cross the epithelium. Evidence for such transport comes 

from such studies as that carried out by Jurd et al., in which specific receptor binding and 

potency of general anaesthetic in specific mutant mice were found to be strongly 

correlated (Jurd et al. 2003) and the lack of linear correlation between permeability 

coefficient and oil-water partition coefficient, as reviewed by Dobson et al. (Dobson et 

al. 2008). 

There are more than 400 membrane transporters, divided into two major ‘superfamilies’. 

These are the ATP-binding cassettes (ABCs), and the solute carriers (SLCs). At least 24 

are of clinical importance when considering drug deposition or adverse effects 

(Giacomini et al. 2010). P-glycoprotein (P-gp) is a member of the ABC protein 

superfamily and is expressed throughout the tracheobronchial epithelium as a product of 

the multi-drug resistance gene MDR1. Its normal function as an ATP-dependent 

gatekeeper means that it acts as an efflux transporter of lipophilic particles, a problem for 

the delivery of such drugs as the beta agonist salmeterol (Horvath et al. 2011). However, 

in respiratory diseases such as COPD, P-gp is often subject to polymorphisms which 

reduce P-gp activity (Milojkovic et al. 2014) and one study found that the absence of 

MDR1 expression made little difference to drug absorption following tracheal instillation 

(Manford et al., 2008). Where MDR1 expression does result in normal activity of P-gp, 

the efflux of lipophilic drugs such as fluticasone can be used to advantage, since it extends 

the anti-inflammatory effect of the drug (Haghi et al. 2010). Another consideration is that 

of the organic cation transporter (OCT) family. Many drugs used in inhalation therapy 

(e.g., bronchodilators) are organic cations and thus potential substrates of OCT/Ns 
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(Salomon et al., 2014), in particular salbutamol, recently shown to be a substrate of OCT1 

(Salomon et al., 2015). 

Where carrier-mediated transport is not energy driven, it relies on the concentration 

gradient of a substrate, in addition to a transport protein. The process is thereby known as 

facilitated transport or diffusion (FD). Since the substrate requires a transport protein, the 

process is saturable and is limited by the number of transport proteins in the membrane 

(when the number of permeant molecules exceeds the Michaelis constant, Km). 

 Transcytosis 

Transcytosis occurs as membrane-bound carriers selectively transport materials between 

one part of the cell and another in order to maintain unique environments on either side 

of the cell. Epithelial cells use transcytosis for immune defence, nutrient absorption and 

plasma membrane biogenesis. Two types of transcytosis exist, differing in mechanisms 

of vesicle formation and major proteins involved. These are caveolae-mediated 

transcytosis and clathrin-mediated transcytosis. The former is predominantly utilised by 

endothelial and alveolar type I (ATI) cells and will not be described here. Clathrin-

mediated transcytosis is used extensively by lung epithelial cells as a part of the immune 

response, to secrete IgA and IgG (Pilette et al. 2001) and begins with receptor-mediated 

endocytosis (RME). On the cell surface, a “pit” forms from receptors specific to the 

transported molecule, lined with clathrin. The unassembled cytosolic form of clathrin is 

comprised of three molecules of heavy-chain and three molecules of light chain and is 

called a triskelion. In RME, clathrin is thought to act by stabilising the forming vesicle 

after the receptors have bound and begun to invaginate (Figure 1.9). 
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Figure 1.9 Overview of the process of receptor-mediated endocytosis (RME), the first step in clathrin-mediated 

transcytosis. The AP2 adaptor attaches to the under-surface of the plasma membrane via its phospho-inositol 

phosphate (PIP2) binding site. As clathrin stabilises this initial interaction it activates mu-2 subunit 

phosphorylation. This allows the mu-2 subunit (green) to swing out from its normal position in the AP2 core 

and bind receptors. The black outline on the coated vesicle shows the location of an individual clathrin 

triskelion on the assembled coat. Image courtesy of 

http://www.abcam.com/index.html?pageconfig=resource&rid=10236&pid=14. Original in colour. 

It achieves this by forming a rigid matrix, which can later disassemble after the vesicle 

has disassociated from the cell membrane. Vesicles then attach to the endoplasmic 

reticulum before being "sorted" to either the apical or basal side of the cell, where they 

undergo exocytosis. The modification of drugs by conjugating them to ligands which 

enable transcytosis to occur is one strategy to facilitate drug transport across the 

epithelium and endothelium (Gabathuler 2010). There is little in the literature to suggest 

the significance of transcytosis in the upper airway and therefore its role must be 

considered a minor one. 

http://www.abcam.com/index.html?pageconfig=resource&rid=10236&pid=14
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 Mucus as a barrier to drug delivery 

It was once thought that the semi-permeability of mucus was a direct function of the 

spacing of the mesh formed by the matrix of mucin fibres (Cone 2009). However, it has 

since been discovered that this is not the case, since capsid viruses freely diffuse through 

mucus (Olmsted et al. 2001). Evidence points to the formation of polyvalent or 

monovalent low affinity bonds between mucins and the exposed hydrophobic surfaces of 

invading bodies being responsible for the slowing and/or ‘trapping’ of particles within 

the mucus layer. Conversely, if a surface has a net neutral surface charge, i.e. neither a 

greater number of positive nor negative charges, that surface will neither be attracted to 

nor repelled by the negatively charged glycan domains of mucins. Such is the case for 

capsid viruses, which have a surface densely packed with an equal distribution of positive 

and negative charges and thus, have no exposed patches of hydrophobic surfaces. The 

diffusion of small, relatively hydrophobic molecules, such as testosterone (relative 

molecular mass of 288.1), is slowed by mucus, due to transient, monovalent, low-affinity 

bonds between the exposed hydrophobic surfaces of testosterone and the mucin fibres, as 

the molecule is not sufficiently large to form polyvalent bonds. This allows (albeit 

retarded) diffusion through mucus, as these monovalent interactions persist for only a 

short time (Olmsted et al. 2001). On the other hand, the 180 nm enveloped virus Herpes 

Simplex (HSV) is slowed 100-fold (comparison made between cervical mucus and 

water), suggesting polyvalent bond formation between multiple exposed hydrophobic 

envelope membrane regions and the mucins (Cone 2009, Lai et al. 2007). Likewise, 

secreted antibodies can form polyvalent low affinity bonds, effectively trapping highly 

motile pathogens by simultaneously accumulating on the surface.  
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As a tenacious substance, most particles stick to mucus, preventing their penetration to 

the epithelial cell surface via low-affinity hydrophobic interactions. The role of mucus as 

a potential barrier to drugs is dependent upon the physicochemical properties of the drug 

and mucin. The barrier function also depends upon the tertiary conformation of the 

glycoprotein, arising as a result of environmental factors at the site, such as pH and ionic 

strength (Khanvilkar, Donovan, and Flanagan 2001) and the thickness of the airway 

mucus layer, which ranges from 15 m (distal airways) to 55 m (proximal airways). 

Mucus represents a significant barrier to the absorption of some compounds when 

compared to an unstirred water layer (or phosphate buffered saline) of equal thickness, 

while other compounds diffuse freely through the water network of the mucus gel 

(Sigurdsson, Kirch, and Lehr 2013). The diffusion coefficient of a drug through a mucus 

gel depends on the relative size of the drug molecule, the effective mesh spacing of the 

gel, and any interaction between the drug and the components of the mucus (Khanvilkar, 

Donovan, and Flanagan 2001). Thus, the drug may be hindered by direct interaction with 

the mucins (interaction filtering, through the formation of low affinity bonds between 

hydrophobic regions of the diffusing molecule and mucins, such as in the case of 

testosterone) or by size filtering. Most common drug molecules are much smaller than 

the mucin mesh sizing and therefore, interaction with the mucins is the predominant 

mechanism of hindrance to drug permeability (Sigurdsson, Kirch, and Lehr 2013). A 

schematic of the two mechanisms is shown in Figure 1.10. Secreted mucin monomers 

have several proline, serine, threonine (PTS) glycan domains, interspersed by ‘naked’ 

cysteine-rich protein domains, stabilised by disulphide bonds, which fold the domain into 

globular ‘beads’. These naked domains are the most hydrophobic regions of mucins 

(Cone 2009). 
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Figure 1.10 Particles are prevented from penetrating mucus gel by two mechanisms, (a) size filtering and (b) 

interaction filtering. Size filtering excludes particles according to size, whilst interaction filtering allows 

particles with weak/no interaction with the mucin mesh to pass through, trapping particles which have to 

ability to interact more strongly. Taken from (Sigurdsson, Kirch, and Lehr 2013). Original in colour. 

The success of drug delivery to the airway epithelium is therefore dependent upon a fine 

balance between making the drug sufficiently mucophilic that it is delivered to the 

mucosal secretions, whilst reducing interactions with the surrounding mucins to the extent 

that the drug does not become entrapped in mucus and fail to reach the epithelium. 

  Models to investigate drug permeability in the presence of mucus 

In vitro models of the airway epithelium consist of primary cells and cell lines, both vital 

in the elucidation of mechanisms relevant to chronic airway diseases (Stewart et al. 2012). 

Whilst primary cells are generally considered the gold standard, there are some 

disadvantages to their sole use as models, including the cost, limited life span of cells and 

variability between donors, passage number, or experiments. For these reasons, more 

validation is required with regards to the use of potential cell lines, both on plastic and at 

air-liquid interface (ALI). Stewart et al. (2012) outline the importance of the validation 

of each cell line, paying particular attention to the specific research question being asked. 

For example, Calu-3 cells consistently obtain significant trans-epithelial electrical 

resistance values (TER) of  > 400 Ω.cm2, whereas BEAS-2B, a transformed bronchial 
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epithelial cell line, do not obtain TER of over 200 Ω.cm2, rendering them unsuitable for 

studies where tight junctions are influential, such as permeability (McGovern et al. 2010). 

Primary cells - for example human bronchial epithelial cells (HBECs) - on the other hand, 

show variable TER, according to donor (Stewart et al. 2012). However, it could be argued 

that it is more important to use a model that is reflective of in vivo resistance and not to 

dismiss cell lines on the basis of TER alone. 

  SPOC1 rat tracheal cell line 

There are currently no published studies utilising SPOC1 cells as a model of drug 

absorbance. The SPOC1 cell line was first characterised in 1996, by the Cystic Fibrosis 

and Pulmonary Research Centre at the University of North Carolina (Doherty et al. 1995, 

Randell et al. 1996). Isolated from the epithelial cells of the rat superficial airway 

epithelium, SPOC1 cells have been shown to differentiate into a pseudo-stratified, 

columnar epithelium when grown in tracheal xenografts. Upon maturation, the cytoplasm 

of supra-basal cells in the surface layer and many cells in the gland-like structures became 

alcian blue-periodic acid/Schiff’s (AB-PAS) positive, suggesting goblet cell 

differentiation (Randell et al. 1996). When cultured on porous supports (Transwell-

COL™), SPOC1 cells contained mucous secretory granules, as evidenced by light and 

electron microscopy. Furthermore, mucin secretion was enhanced by the addition of an 

ATP analogue, the non-hydrolysable purinergic agonist 5’adenylylimido-diphosphate 

(AMP-PNP), with the resulting enhanced mucin secretion reducing the permeability of 

the cells to the lipophilic drug testosterone (Hashmi 2000). 

Various differences have been discovered between SPOC1 cells and rat tracheal epithelial 

(RTE) primary cell cultures. For instance, chromosomal abnormalities have been 

observed in 1, 2, 6 and to a lesser extent, chromosome 3, with the cell line exhibiting a 
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diploid karyotype at various passages; however, the cell line is non-tumourigenic 

(Doherty et al. 1995). It is possibly a reflection of these chromosomal abnormalities that 

SPOC1 cells do not appear to express cyto-keratin 18, normally preferentially expressed 

in rat trachea columnar cells and induced by retinoic acid (RA) on both plastic and porous 

supports (Doherty et al. 1995). Furthermore, cornifin and cyto-keratin 13 proteins were 

much more abundant in RTE cells. 

Like many rat tracheal cell lines, SPOC1 cells show reduced growth factor requirements 

when compared with RTE primary cell cultures. Unlike primary RTE cells, SPOC1 cells 

have been shown to produce mucin when grown on plastic or glass surfaces and also on 

porous culture supports at ALI. Primary RTE cells only secrete mucin when grown at 

ALI (Randell et al. 1996). In addition, RA only enhances mucin secretion in the early 

culture phases of SPOC1, up to day 7 of culture. By day 13, no difference in mucin 

secretion was observed between RA supplemented and deficient cultures (Randell et al. 

1996).  

Although clearly different to primary RTE cells, SPOC1 cells promiscuously secrete 

mucin both on plastic and supports at ALI and respond to purinergic (ATP) stimulation, 

thus demonstrating enhanced mucin secretion in vitro (Abdullah et al. 1996). This 

suggests that they are a potential cell line for the development of an in vitro model, to use 

in the studies of drug permeability in the presence of mucus and drug irritancy. 

  Calu-3 human airway epithelial cell line 

The sub-bronchial gland cell line Calu-3 was originally derived from a 25-year-old 

Caucasian male adenoma (Fogh et al. 1977). In assessing its potential to be used as a 

model of pulmonary drug delivery, the appreciable trans-epithelial electrical resistance 
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(TER) confirmed that Calu-3 cells form tight monolayers (Foster et al. 2000), with a 

higher TER being measured in cells grown at ALI as opposed to liquid covered cultures 

(LCC) seeded onto Transwell™ inserts (Grainger et al. 2006). In addition, during 

screening for secretory proteins and mRNA, it was found that Calu-3 cells possessed the 

mRNA and protein content characteristic of the serous cells of the native epithelium 

(Zhang, Reenstra, and Chidekel 2001, Kreda et al. 2007). When grown at ALI, Calu-3 

cells produce a more columnar epithelium, with a more rugged apical topography and 

greater glycoprotein (mucin) secretion compared to liquid covered cultures (Grainger et 

al. 2006, Zhang, Reenstra, and Chidekel 2001). The cell line also produces morphological 

features of differentiated, functional human airway epithelial cells, including the 

appearance of cilia-like structures observed on occasional cells grown at ALI (Grainger 

et al. 2006).  

According to the review by Grainger et al (2006), there are inconsistencies in the literature 

with regards to the morphology and permeability of Calu-3 cells (Grainger et al. 2006). 

The appearance of cilia-like structures and visible mucus production has been observed 

in LCCs of Calu-3 cells (Patel et al. 2002; Pezron et al. 2002), whilst permeability appears 

to be similar between some studies using ALI and LCC (Fiegel et al. 2003) and different 

in others  (Cooney, Kazantseva and Hickey 2004). Nevertheless, Calu-3 cells grown at 

ALI have been used successfully to study human respiratory processes and diseases 

related to oxygen and ventilator-induced lung injury (Zhu, Chidekel, and Shaffer 2010), 

drug delivery (Forbes and Ehrhardt 2005), pulmonary drug disposition (Sporty, 

Horálková, and Ehrhardt 2008) and bacterial invasiveness (Hirakata et al. 2010). In 

addition, Calu-3 cells have been shown to secrete the predominant airway mucins 

MUC5AC and MUC5B (Kreda et al. 2007, Okada et al. 2011) and to demonstrate the 

coordinated release of nucleotides and mucins from airway epithelial cells (Kreda et al. 
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2007, Kreda, Davis and Rose 2012), although not in response to ATP. Lastly, the removal 

of mucus in Calu-3 cells results in a larger macromolecular permeability and improved 

nanoparticle apical to basolateral translocation (Vllasaliu et al. 2011), suggesting that 

these cells may prove to be a useful tool in the study of drug permeability in the presence 

of mucus, very few studies of which have been published. 

  UNCN3T human bronchial epithelial cell line 

The creation of six novel human bronchial epithelial (hBE) cell lines was first published 

in 2009, by the Cystic Fibrosis/Pulmonary Research and Treatment Centre at the 

University of North Carolina (Fulcher et al. 2009). Three of these cell lines were of CF 

phenotype, having been derived from CF primary bronchial epithelial cell preparations. 

The other three were derived from normal airway bronchial epithelial cells. Each cell line 

was created by the HIV-1 based lentiviral expression of Bmi-1 and the catalytic subunit 

of telomerase reverse transcriptase (hTERT). Bmi-1 is a proto-oncogene which maintains 

stem cells, whilst hTERT suppresses senescence. hTERT was previously used alongside 

the potent viral oncogenes simian virus 40 early region (SV40ER) and human papilloma 

virus type 16 (HPV16) E6 and E7 genes to create airway epithelial cell lines (Fulcher et 

al. 2005, Zabner et al. 2003). However, the use of viral oncogenes plus hTERT  produces 

rapidly growing, immortal, and genetically unstable aneuploid cell lines that lose the 

ability to polarise or undergo mucociliary differentiation after multiple passages, while 

Bmi-1 plus hTERT generates slowly dividing, growth-enhanced diploid cells that are not 

immortal, but are capable of polarising and differentiating into mucous secretory and 

occasionally ciliated cells up to passage 15 (Fulcher et al. 2009). 

The cell line UNCN3T is one of the normal hBE cell lines created by Fulcher et al. (2009). 

In their characterisation, UNCN3T was discovered to exhibit a mean TER of 196 .cm2 
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and a pseudostratified morphology when grown at ALI (examined at passages 14-16), 

with prominent apical polarisation, numerous secretory cells and occasional ciliated cells. 

The number of ciliated cells increased in cultures grown for up to 35 days. The cells also 

showed enhanced IL-8 secretion in response to stimulation by IL-1, TNF- and the Toll-

like receptor 2 agonist Pam3Cys (Fulcher et al. 2009). This characterisation suggests that 

this cell line may prove useful for studies of drug permeability in the presence of mucus 

and also studies of cytokine release by the airway bronchial epithelium in response to the 

inhalation of drugs. UNCN3T have not previously been used in any such studies. 

 Aims of the Thesis  

This thesis intends to explore the use of the SPOC1, Calu-3 and UNCN3T cell lines as 

potential in vitro models to test the hypothesis that the presence of mucus affects drug 

permeability, comparing and contrasting the suitability of each model for these studies. It 

has been reported that cell lines can show morphological differences when compared with 

primary epithelial cells (Stewart et al. 2012) and protein expression can vary from the 

primary phenotype. It is therefore important to evaluate each cell line individually and 

exclude any that prove to be unsuitable for further studies.  

The studies will begin with the characterisation of each cell line where this has not already 

been established in the literature, in terms of mucin expression and secretion at ALI and 

barrier function. 

The thesis aims to test the hypothesis that mucus affects drug permeability in two ways; 

firstly by enhancing the secretion of mucin with a suitable agonist, or secondly by 

depleting control wells of mucus by washing, to create a mucus-depleted (MD) model. 

Apical to basolateral translocation of the drug of interest will be measured using liquid 
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chromatography-mass spectrometry (LC-MS), whilst fluorescence spectroscopy will be 

used to measure translocation of FITC-dextran (a marker of paracellular permeability). 

The model shown to be most suitable will be used to evaluate the relationships between 

epithelial permeability and drug physicochemical properties, using a subset of 

compounds previously studied in lead optimisation of potential respiratory therapeutics. 

It is also intended that the thesis will test the hypothesis that one or more of the in vitro 

models developed can be used to predict drug irritancy in the airway by measuring their 

effect on mucin secretion using an ELLA and cytokine release using an ELISA.  

The combination of these studies aims to develop and utilise an in vitro model to study 

drug permeability in the presence of mucus across the airway epithelium, using currently 

prescribed selected drugs or therapeutic agents, including those in development. It is also 

hoped that such a model could be used to screen prospective inhaled drugs, to predict 

adverse effects previously observed in the airway epithelium, such as non-specific airway 

responsiveness and inflammation (Sears 2002), whilst adhering to the ethical mantra of 

the 3Rs (Reduction, Refinement, and Replacement of animal studies) (Marshall et al. 

2014). 
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 Characterisation and validation of the Calu-3 model 

 Introduction 

Previous studies have meant that the Calu-3 cell line has already undergone 

characterisation to some degree. However, gaps still exist, in particular with regards to 

the glycosylation status of the mucins expressed by Calu-3 cells and the specificity of 

lectin binding both in histological analysis and the ELLA. Therefore, to eliminate these 

gaps, quantitative real time polymerase chain reaction (qRT-PCR) was first used to 

establish that Calu-3 cells had the potential to express the airway mucins MUC5AC and 

MUC5B. It was then important to determine whether these mucins were secreted from 

the cells in their mature, glycosylated form and so lectin-staining was performed in a 

histology format, using sections cut from embedded cells. Detection and specific staining 

in this way would confirm the glycosylation status of the secreted mucins and help 

validate the ELLA as a mucin detection and quantification method. Lastly, much of the 

previous work with the Calu-3 cells used in these studies was performed using reagents 

no longer available, or using methods which are now superseded by more advanced 

techniques and materials, particularly with reference to air-liquid interface culture. 

Various methods have been reported as being used to detect mucins in epithelial cultures 

grown at ALI (Fulcher et al., 2009, Kreda et al., 2007). The aim of the current studies was 

to visualise the mucins in situ, whilst gaining an accurate representation of the topography 

of each culture. A method was developed whereby the ELLA assay could be performed 

on cross-sections of the cultures, to visualise the mucins within the cells and on the apical 

cell surface. The lectin was visualised using 3, 3′, 5, 5′-tetramethylbenzidine (TMB) as 

the chromogenic substrate. This was chosen due to its availability as a precipitating 
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substance (designed for use in Western blots), and also because the blue colour would 

contrast against the neutral red counterstain, used to show cell topography.  

As part of the characterisation of Calu-3 cultures, the culture conditions were optimised 

for the growth of cells at ALI and the cells monitored for signs of an integral cell layer 

by measurement of trans-epithelial electrical resistance (TER).  

The barrier properties of cells cultured on inserts can be partially characterised by the 

measurement of the electrical resistance of the cells to a potential difference (voltage) 

applied to the cell layer, as shown in Figure 2.1. By applying Ohm’s law, the integrity of 

the cell layer and thus the ability of the cell layer to restrict the flux of ions between the 

apical and basolateral chambers is assumed to be proportional to the TER value (Ω.cm2), 

where: 

Voltage (V) = Current (I) x Resistance (R)    

and thus:     R = 
V

I
 

                                      

Another way of measuring the barrier properties of the cells is to study their permeability 

to a marker such as FITC-conjugated dextran, which crosses the cells paracellularly and 

acts as an indicator of tight junction (TJ) integrity. Low permeability indicates a good cell 

barrier and vice versa.  

Once a tight epithelium had been confirmed, the ALI model could be used to study mucin 

secretion, how this could be enhanced and how enhanced mucus secretion affected the 

permeability of the cells to certain drugs. The model would be considered to be useful if 

enhanced mucus secretion could be shown to decrease the permeability of the cells to the 

lipophilic model compound testosterone, which has been previously documented as 
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forming hydrophobic interactions with exposed hydrophobic regions mucin (Sigurdsson, 

Kirch, and Lehr 2013; Khanvilkar, Donovan, and Flanagan 2001). 
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 Materials 

 Preparation of Calu-3 culture medium and inserts 

Acetic acid 0.1 M (0.1 N) – Fisher Scientific J/0551C/05, Fisher Scientific UK Ltd,  

Bishop Meadow Road, Loughborough, LE11 5RG   

Calu-3 cell stock passage 19, Lot 58052345 – ATCC HTB-55, supplied by LGC 

Standards,  Teddington, Middlesex TW11 0LY 

Dulbecco’s modified eagle medium (DMEM (High glucose with pyruvate)) – PAA 

Laboratories E16-843, PAA Laboratories Ltd, Termare Close, Houndstone Business 

Park, Yeovil, Somerset BA22 8YG 

Foetal Bovine Serum (FBS) ‘Gold’ – PAA Laboratories A15-151 

Non-essential amino acids (100x) – PAA Laboratories M11-003 

Trypsin-Ethylene diamine tetra-acetic acid (EDTA (0.05/0.02 % w/v in Dulbecco`s 

Phosphate Buffered Saline (DPBS) – PAA Laboratories L11-004 

Penicillin/Streptomycin (100 U mL-1 penicillin/100 µg mL-1 streptomycin) (100 x) – 

PAA Laboratories P11-010 

Nunc Flasks 80 cm2, Filter Cap - Fisher Scientific 178905, Fisher Scientific UK Ltd, 

Bishop Meadow Road, Loughborough LE11 5RG 

Transwell Clear™ polyester inserts, 1.12 cm2 – Sigma CLS3460, Sigma-Aldrich 

Company Ltd, The Old Brickyard, New Road, Gillingham, Dorset SP8 4XT 

Dimethyl sulfoxide (DMSO) Hybri-Max™ - Sigma D2650 

Phosphate Buffered Saline (PBS) tablets (Oxoid) – Fisher Scientific 10209252 
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Collagen I (rat tail) coated 6-well plate – Fisher Scientific VXA1142801 

Collagen I Rat tail – Fisher Scientific VXA1048301 

NucleoCounter® NC-100™ - Chemometec 900-0002, supplied by Sartorius, Sartorius 

Stedim UK Ltd, Longmead Business Centre, Blenheim Road, Epsom, Surrey, KT19 

9QQ 

NucleoCassettes™ for NC-100 – Sartorius GB-941-0002 

NC-100 Lysis Buffer A – Sartorius GB-910-0001 

NC-100 Stabilisation Buffer B – Sartorius GB-910-0002 

CellTiter 96® AQueous One Solution cell proliferation assay – Promega, Madison, WI 

53711 USA 

Caspase Glo® 3/7 assay – Promega G8090 

 qRT-PCR of MUC5AC and MUC5B from isolated RNA 

Nuclease-free water – Fisher Scientific VYAM9937 

Ethanol 99 % (GLC) – Fisher Scientific E/0600/17 

Human lung total RNA (Applied Biosystems) – Fisher Scientific VYAM7968 

Quantitect™ MUC5AC RT-PCR assay (human) – Qiagen QT01884022, Qiagen Ltd, 

Skelton House, Lloyd Street North, Manchester M15 6SH 

Quantitect™ MUC5B RT-PCR assay (human) – Qiagen QT00243761 

Quantitect™ TBP RT-PCR assay (human) – Qiagen QT00000721 

H376 cells – General Cell Collection 06092005 , Culture Collections, Public Health 

England, Porton Down, Salisbury SP4 0JG 

Trizol® RNA extraction solution – Invitrogen 15596-026, supplied by Fisher Scientific 

Chloroform – Sigma C2432 

Phaselock gel RNA extraction tubes 2 ml (heavy) – Fisher Scientific 2302830 



Page | 48 

 

DNase – Promega M6101, Promega UK, Delta House, Chilworth Science Park, 

Southampton SO16 7NS 

Avian Myeloblastosis Virus (AMV) Reverse Transcription Kit – Promega M5101 

Dithiothreitol (DTT) – Sigma D9779 

iQ SYBR Green Supermix kit – Bio-RAD 170-8880, Bio-Rad Laboratories, Bio-Rad 

House, Maxted Road, Hemel Hempstead, Herts HP2 7DX 

 Histology of cross-sections of cells grown at air-liquid interface 

Xylene, histological grade – Sigma 1330-20-7 

Ethanol, 99.9 % - Sigma E7023 

Phosphate buffered saline (Oxoid) - Fisher Scientific10209252 

Gelatin type B from bovine skin- Sigma G9382 

3, 3’, 5, 5’-tetramethylbenzidene liquid substrate for membranes – Sigma T0565 

Neutral Red counterstain – Sigma N4638 

Histomount clear mounting medium – National Diagnostics HS-103, supplied by Fisher 

Scientific 

Haematoxylin – Sigma MH516 

Eosin, 99 % – Sigma E4009 

Alcian Blue – Sigma 66011 

Periodic acid solution (1g/dL) – Sigma 3951 

Schiff’s reagent – Sigma 84655 

Scott’s tap water substitute – Sigma S5134 

Acid alcohol – Sigma 56694 

37 % formaldehyde in water – Sigma F15587 

Isopropyl alcohol (IPA) – Sigma 34863 
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Superfrost Plus™ histology slides – Fisher 10143352 

Paraffin wax – Sigma (Fluka) 03987 

 Optimisation of the Enzyme-linked Lectin Assay (ELLA) and 

quantification of mucins 

ELISA/RIA 96-well plates, flat-bottomed high-binding certified plates, Costar - Fisher 

Scientific DPS-110-080G3590 

Phosphate buffered saline (PBS) tablets - Sigma P4417.  

Gelatin type B from bovine skin - Sigma G9382. 

Tween 20 (polyoxyethylenesorbitan monolaurate) - Sigma P1379 

Lectin: Horseradish-peroxidase-labelled Helix pomatia agglutinin (HRP-HPA) - Sigma 

L6387.  

Lectin: Horseradish-peroxidase-labelled Helix pomatia agglutinin (HRP-HPA), EY 

Laboratories – TCS Biosciences Z8-H-3601-1, TCS Biosciences Ltd, Botolph Claydon, 

Buckingham MK18 2LR, United Kingdom. 

Lectin: Horseradish-peroxidase-labelled Glycine Max Agglutinin (Soybean agglutinin, 

HRP-SBA) – Sigma L2650. 

O-Phenylenediamine dihydrochloride tablets- Sigma-Fast® - Sigma P9187. 

Sulphuric acid- ACS grade - Sigma 320501 

Human mucin standard supplied by Dr Alison Lansley and Dr Mike Lethem, who 

previously obtained the standard under approval from the PABS School Ethics 

Committee, under reference PABSREC 0509 (2009) 

http://www.tcsbiosciences.co.uk/find_us.php
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 Enhancement of mucin secretion from cells grown at air-liquid 

interface 

Ionomycin, calcium salt – Sigma I3909 

Dimethyl sulfoxide (DMSO) Hybri-Max™– Sigma D2650 

Adenosine 5’triphosphate, disodium salt – Roche Applied Bioscience 10127523001, 

Roche Diagnostics Limited, Roche Diagnostics Limited, Charles Avenue, Burgess Hill, 

West Sussex, RH15 9RY United Kingdom. 

Adenylyl-imidodiphosphate, tetralithium salt (AMP-PNP) – Roche Applied Bioscience 

10102547001 

 Scanning electron microscopy of cells grown at air-liquid interface 

37 % Formaldehyde – Sigma F15587 

Ethanol, 99.9 % - Sigma E7023 

Osmium tetroxide solution 4 % - Sigma 75632 

Gold/Palladium alloy spray fixative - 3M AU34122 

 Transepithelial FD4 and drug transport in the presence of mucus 

Fluorescein isothiocyanate–dextran 4,000 kDa – Sigma FD4S 

Microplate, 96 well flat bottom (clear) in black, non-binding – Greiner 655900, supplied 

by Fisher Scientific 

Transwell® Clear Polyester membrane inserts, 0.4 m, 12 mm - Sigma CLS3460 

Testosterone purity >99 % - Sigma T1500 

Testosterone d3, analytical standard for analysis – Sigma T2655 
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Methanol LC-MS Chromasolv® (Fluka) - Sigma 34966 

Crimp vial with 0.3 ml insert (Supelco) – Sigma 508675 

Silicone crimp with septa (Supelco) – Sigma 27360-U 

Screw top glass vial 15 ml (Supelco) – Sigma 27162 

Ascentis C18 3 m, 10 cm x 2.1 mm analytical column – Sigma 581301-U 
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 Methods 

 Preparation of Calu-3 culture medium and inserts 

 General maintenance of Calu-3 cultures 

Medium was prepared according to the method of Kreda et al. (Kreda et al. 2007). DMEM 

(high glucose with pyruvate) was pre-warmed to 37oC. Penicillin and streptomycin were 

added to a final concentration of 1 U mL-1 penicillin/1 µg mL-1 streptomycin from a 100 

x stock, along with foetal bovine serum to a final concentration of 10 % and non-essential 

amino acids to a final concentration of 0.1 mM from a 100 x stock. This is further referred 

to as ‘culture medium’. 

To set up a culture from cryopreserved stock, the contents of the vial were thawed at 37oC 

and added to 49 mL of freshly prepared and pre-warmed culture medium. The cell 

suspension was then spun at 500 x g at room temperature. The cell pellet was re-

constituted in 15 mL of fresh culture medium and added to an 80 cm2 tissue culture flask 

(Nunc) and placed at 37oC with 5 % CO2/95 % air and a humidified atmosphere. Cells 

were fed with fresh culture medium every 2-3 days and passaged weekly at approximately 

1/10 dilution, dependent on cell count. 

Passaging was performed by washing the cell layer with sterile PBS, before adding 5 mL 

trypsin-EDTA (0.05 %/0.02 %) to the flask and incubating at 37oC for 5 minutes. The 

flask was tapped to dislodge cells, before neutralising the suspension with > 5 mL of 

culture medium. Cells were spun and counted, using the Chemometec NC-100 

NucleoCounter® and nucleocasettes™. 100 L of neutralised cell suspension was added 

to 100 L of NC-100 lysis buffer A, followed by a further addition of 100 L of 

stabilisation buffer B. The solution was drawn up into a nucleocassette and read on the 
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machine. This gave a total cell count. To perform a viability count, 100 L of cell 

suspension was added to 200 L of PBS and the solution drawn up into the nucleocassette. 

This generated a count for non-viable cells only, thus viability was calculated as follows: 

% Viability = 100 - ((Non-viable cell count/ Total cell count) x 100) 

          

To build up cell stocks, cells were cryopreserved in DMEM High Glucose, 10 % FBS, 

10 % DMSO (no antibiotics) at 5 x 106 cells/vial, freezing initially at -80oC in a freezing 

chamber, before placing in dry nitrogen stores. 

 Culture of Calu-3 cells on inserts 

Counted cells were seeded at a density of 5 x 105 cells/well into the apical chamber of a 

Transwell-clear™ polyester insert with a surface area of 1.12 cm2 and a pore size of 0.4 

m (12-well format), in a seeding volume of 500 L culture medium. 1500 L of culture 

medium was added to the basolateral chamber, as shown in Figure 2.1. The cells were 

cultured overnight at 37oC, 5 % CO2 in a humidified atmosphere, before replacing the 

medium in both the apical and basolateral chambers. Following three days of submerged 

culture, the apical medium was aspirated and not replaced; feeding from this point on was 

from the basolateral side only, thus commencing culture at air-liquid interface (ALI). The 

medium was replaced every 2-3 days, as per standard flask cultures and the trans-

epithelial electrical resistance (TER) of each insert measured as detailed below. Cells 

cultured in this way were used for characterisation studies, mucin secretion assays and 

permeability experiments. Mucin secretion assays and permeability experiments were 

performed 18-21 days after culturing at an ALI. 

TER measurements were performed using an EVOM voltohmeter (World Precision 

Instruments Inc, Sarasota, FL 34240, USA) with silver ‘chopsticks’ electrodes. Prior to 
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measurement, pre-warmed transport buffer (for Calu-3 cells, DMEM high glucose with 

pyruvate (no additives) was used) was added to the cells, 1 mL to the apical chamber and 

2 mL to the basolateral chamber. The cells were allowed to equilibrate to 37oC for 30 

minutes and three measurements were taken for each insert. An average value was 

calculated (Ttest) and the value compared with the average of an unseeded control (Tcontrol), 

to derive the TER of the cell layer (Tcells): 

Tcells = Ttest - Tcontrol x 1.12 (area of membrane, cm2) 

Where: 

Tcells  = TER of the cell layer (Ω.cm2) 

Ttest  = TER of the cell layer plus the insert membrane (Ω.cm2) 

Tcontrol  = TER measured across the insert membrane alone (unseeded insert) (Ω.cm2) 

 

 

Figure 2.1 Culture of cells on a Transwell™ insert. During submerged culture, 1500 L medium was added to 

the basolateral chamber, with 500 L medium being added to the apical chamber. Original in colour. 
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 qRT-PCR of MUC5AC and MUC5B from isolated RNA 

 Isolation of RNA from cells and DNase treatment 

Each cell line was cultured to around 80 % confluency at the time of RNA extraction, on 

a 100 mm diameter plate. At the time of harvest, cell medium was aspirated and the cells 

washed twice with warm PBS (37oC). Trizol, a ready to use, monophasic solution of 

phenol and guanidine isothiocyanate, was added to each plate (4.5 mL). The surface of 

each plate was then scraped and the lysate collected in 1.5 mL microcentrifuge tubes, 

adding 750 L lysate to each tube. The cells were then allowed to fully lyse at room temp 

for 5 minutes (maximum is 15 minutes for total lysis). Chloroform (175 L) (reserved for 

RNA use only) was added to all tubes, which were shaken well for 15 seconds. The tubes 

were then incubated at room temperature for 3 minutes. Meanwhile, phase-lock gel (PLG) 

2 ml tubes were pelleted for 30 seconds by centrifugation at 13,000 x g. The whole Trizol 

solution for each sample was divided into PLG tubes at 925 L per tube. Each tube was 

spun at 13,000 x g, at room temperature for 2 minutes. For each sample the upper aqueous 

phase was transferred into a fresh 1.5 mL microcentrifuge tube. To this, an equal volume 

of isopropanol (reserved for RNA use only) was added. The tubes were then left at room 

temperature for 10 minutes to precipitate the RNA. The tubes were spun at 12,000 x g for 

20 minutes at 4oC, after which the supernatant was removed. Each pellet was washed with 

750 L of 75 % ethanol (reserved for RNA use only), mixing gently to remove the pellet 

from the wall. The tubes were then spun again at 12,000 x g for 5 minutes at 4oC. The 

supernatant was removed from each tube and the RNA pellet air dried for approximately 

5 minutes, before re-suspending the pellet in 100 l nuclease-free water per tube. Each 

tube was then placed at 65oC on a dry block for 5 minutes to aid re-suspension.  



Page | 56 

 

To remove traces of DNA, RNA solutions were treated with DNase, by adding 1 L 

DNase to 8 L RNA sample mixed with 1 l 10x DNase buffer, therefore a total reaction 

volume of 10 L. Samples were placed at 37oC on a heat block for 30 minutes incubation, 

after which 1 L Stop Buffer (contained in kit) was added to each reaction. The samples 

were then returned to the heat block, setting it at 65oC, for 10 minutes. At this point, each 

sample was taken to the Nanodrop (Thermo Scientific, Wilmington, DE 19810, USA), 

for a reading of RNA content in ng mL-1. This reading was to enable the normalisation of 

samples for the creation of cDNA by reverse transcription and was used to calculate the 

amount of RNA solution (L) to use in the reverse transcription reaction. 

[RNA] g mL-1 = A260 x dilution x 40 

Where: 

 A260 = absorbance, in optical densities (mL cm-1), at 260 nm (OD260) 

Dilution = dilution factor 

40 = average extinction coefficient of RNA (40 g/OD260)    

 Reverse transcription of RNA samples to generate cDNA 

An RNA sample (600 ng), was used to generate cDNA in a reverse transcription reaction, 

as shown in Table 2.1 (mastermix reagents part A). Briefly, 600 ng of the RNA sample 

was made up to 12 L with 1 L deoxynucleotide triphosphates (dNTPs), 1 L oligo dT 

primers and nuclease-free water (contained within kit). This constituted part A of the 

mastermix. A separate Avian Myeloblastosis Virus (AMV) reverse transcriptase 

mastermix (part B) was created (Table 2.2), adding 8 L of mastermix part B to the 12 

L containing RNA (part A), generating a total volume of 20 L. The mastermix 
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consisted of 4 L of 5 x cDNA synthesis buffer, 1 L 0.1 M DTT, 1 L DEPC water 

(contained within the Promega mastermix kit), 1 L of DNase OUT and 1 L of AMV 

reverse transcriptase. No AMV controls were made up as negative (no cDNA) controls, 

substituting reverse transcriptase with DEPC water. Total lung RNA was used as RNA 

positive control for both human (Calu-3 and UNCN3T) and rat (SPOC1), whilst RNA 

isolated from the H376 human oral carcinoma cell line was used as RNA negative control 

for all cell lines. 

Reagent (mastermix Part A) Volume (L) 

Oligo dT Primers 1 

dNTP Mix 1 

Nuclease-Free Water x* 

DNase-treated RNA y* 

Table 2.1 Reverse Transcription Reaction part A (total 12 L).  *x and y volumes are determined by the 

readings obtained on the Nanodrop. For example, if the RNA sample reads at 600 ng mL-1, then 1 L would be 

added to Part A, along with 1 L of oligo dT primers, 1 L dNTP mix and 9 L nuclease-free water, totalling 

12 L. 

Reagent (mastermix Part B) Volume (L) 

5x cDNA Synthesis Buffer 4 

0.1 M DTT 1 

DNase OUT 40 IU/l 1 

Di-ethyl pyrocarbonate (DEPC) 

Water 

1 

AMV Reverse Transcriptase 1** 

Table 2.2 Reverse Transcription Reaction part B (total 8 L) **AMV RT is added last, to allow for non-AMV 

RT controls 
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Reverse transcription was performed on a heat block for 45 minutes at 55oC, followed by 

a termination step at 85oC for 5 minutes. Samples were either taken straight to RT-PCR 

or stored at -20oC. 

 qRT-PCR of samples to ascertain MUC5AC and MUC5B 

expression 

Reverse transcribed RNA (cDNA) (2 L) from the previous step was used in an RT-PCR 

programme performed on the Rotagene thermal cycler (Qiagen Ltd, Skelton House, 

Lloyd Street North, Manchester M15 6SH). iTaq SYBR Green Master Mix (5 L) was 

composed of Quantitect™ primer assay pair (2 L), nuclease free water (1 L), cDNA 

template (2 L). No target controls (NTCs) substituted water for the 2 L of RNA reverse-

transcribed sample. MUC5AC and MUC5B were normalised to the housekeeping gene, 

TATA-binding protein (TBP). Sequences of Quantitect™ primer assays are confidential 

and therefore cannot be disclosed here.  

The total reaction volume was 10 L in each case, with all samples being run in duplicate. 

Standard curve samples were prepared with dilutions ranging from 1/1 (undiluted) down 

to 1/100, for the determination of reaction (amplification) efficiency by the Screenclust 

HMR software.  

Samples were loaded onto a 72-position Rotagene rotor and subjected to a three-step with 

melt protocol on the machine, with the cycle and temperature variables shown in Table 

2.3: 

Hold @ 95°c, 10 min 0 s    

Cycling (40 repeats)  Step 1 @ 95°c, hold 15 s 

  Step 2 @ 58°c, hold 20 s 

  Step 3 @ 72°c, hold 20 s 

Table 2.3 Cycle and temperature variables used in the qRT-PCR of cDNA. 
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Relative quantification was calculated using the 2-CT Livak method (Livak and 

Schmittgen 2001) normalising to the housekeeping gene TBP and expressing relative to 

the positive control, human total lung RNA. Amplification efficiencies were monitored 

for both target and reference genes, to ensure that they were within 5 % of each other in 

order to ensure that the use of the Livak method was valid. Human lung total RNA was 

used as a positive control for all target and reference genes for Calu-3 samples. 

Relative quantification using the Livak method was as follows: 

1. The CT of the target gene was normalised to that of the reference (ref) gene for 

both the test sample and the calibrator sample: 

ΔCT (test) = CT (target, test) - CT (ref, test) 

ΔCT (calibrator) = CT (target, calibrator) - CT (ref, calibrator) 

2. The ΔCT of the test sample was normalised to that of the ΔCT of the calibrator: 

ΔΔCT = ΔCT (test) - ΔCT (calibrator) 

3. The expression ratio could then be calculated, thus: 

2-ΔΔCT = normalised expression ratio (of the target gene in the sample, compared 

to positive control sample, where the positive control is 1). 

The result is the ratio of the target gene of the test sample to the calibrator sample, 

normalised to the expression of the reference gene. Normalising the expression of the 

target gene to that of the reference gene compensates for any difference in the amount of 

tissue sampled. 
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 Histology of cross-sections of cells grown at air-liquid interface 

 Manual embedding of Transwell™ inserts 

Inserts were fixed by removing 50 % of the medium from the apical (if applicable) and 

basolateral chambers. Where no apical medium was present, 250 L of medium was 

gently added. The final volume of the basolateral chamber was 750 L for each insert. 10 

% formalin (a 1/10 dilution of 37 % formaldehyde in sterile distilled water) was added to 

both the apical and basolateral chambers at a ratio of 1:1 with the medium already present. 

Following a 10 minute incubation at room temperature, the medium/formalin mixture was 

removed and replaced with 500 L apically and 1500 L basolaterally of 10 % formalin 

and the inserts again left for 10 minutes minimum, overnight maximum.  

Inserts were then dehydrated by immersion in 70 %, 90 % and 100 % ethanol, 3 x 30 

minute incubations for each solution. Finally, inserts were submerged in 100 % isopropyl 

alcohol (IPA) to remove ethanol traces. 

Inserts were immersed in paraffin at 58oC for 1 h, before placing in fresh paraffin for a 

further 1 h. At this point the membrane was carefully removed from the insert using a 

scalpel, cut in half and the two halves mounted end on in fresh paraffin to form blocks. 

Blocks were stored at 2-8oC until sectioning. This was performed using a rotary 

microtome (Leica Microsystems, Milton Keynes, Bucks, MK5 8LB), cutting 8 m 

sections and floating these onto a 56oC water bath. Sections were mounted onto 

Superfrost plus™ histology slides and dried at 37oC overnight, before storing at room 

temperature until further processing.  



Page | 61 

 

 Haematoxylin and Eosin (H & E) staining 

Sections (8 M) were rehydrated by immersing in xylene for a total of 6 minutes, 

changing to fresh xylene after 3 minutes. Slides were then placed in 100 % ethanol for 3 

minutes to remove xylene, followed by 90 % and 70 % ethanol, 2 minutes each. 

Rehydration was completed by placing the slides in distilled water for a minimum of two 

minutes. 

Nuclei were stained using haematoxylin (1g L-1 in deionised water) solution for 4 

minutes, then the slides were rinsed in running tap water for 2 minutes, gently, to avoid 

dislodging the membrane from the slide. Differentiation was then performed by dipping 

the slides in 0.3 % acid alcohol for around 15 seconds, before rinsing in running tap water 

as before, followed by a few seconds in Scott’s tap water substitute and again in running 

tap water. Slides were then immersed in eosin (0.5 % w/v in deionised water) for 2 

minutes, before dehydrating in 70 %, 90 % then 100 % ethanol (2 minutes each), clearing 

with xylene and mounting in Histomount clear mounting medium under a coverslip. 

Images were then taken under light microscopy at 40 x magnification (Zeiss Axiovert 25 

microscope, Carl Zeiss UK, Ashford, Kent). Nuclei were noted for their blue staining, 

whilst cytoplasm and cell membranes varied between red and purple. 

 Alcian blue and periodic acid-Schiff’s staining for visualisation 

of mucins 

Sections were brought to distilled water, as described in section 2.3.3.2. Slides were then 

immersed in alcian blue for 15 minutes, followed by a gentle rinse in running tap water 

for 2 minutes and a brief rinse in distilled water. Slides were then immersed in periodic 

acid solution (0.1 g L-1 in deionised water) for 5 minutes, washed gently with distilled 

water and stained with Schiff’s reagent for 10 minutes. This was followed by gently 
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washing in running tap water for 5 minutes and staining with haematoxylin (1 g L-1 in 

deionised water) for 1 minute. Slides were gently washed for 2 minutes under running tap 

water, before differentiation with acid alcohol for a few seconds. Scott’s tap water 

substitute was then used to immerse the slides (and blue up the nuclei) and a final wash 

in distilled water was then carried out, before dehydration and mounting in Histomount 

clear mounting medium, as described in section 2.3.3.2. Acidic mucins were judged to be 

stained blue, whilst neutral mucins were identified as being stained magenta. A mixture 

of the two resulted in a blue/purple stain. 

 Lectin binding and TMB staining for visualisation of mucins 

De-waxing was performed as above in section 2.3.3.2. Once in distilled water, slides were 

washed gently with PBS, before blocking in 0.1% gelatin (bovine)/PBS (w/v) for 1 h, 200 

L per slide. Slides were washed gently with PBS again (in a coplin jar), three times for 

5 minutes without agitation. Sections of Calu-3 cells then had 200 L of 1.75 g mL-1 

Helix pomatia-HRP-labelled lectin in 0.1% gelatin (bovine)/PBS (w/v) added to each 

slide and were incubated at room temperature for 1 h. Each slide was gently washed by 

immersing in PBS three times as before, then developed with 200 L of 3,3′,5,5′-

tetramethylbenzidene (TMB) substrate (for Western blots). When a blue precipitate could 

be observed by eye, the slides were gently rinsed in distilled water in the same way as a 

PBS wash, to remove TMB. Slides were counterstained with a few drops of neutral red 

for a few seconds, before rinsing again with distilled water, dehydrating and mounting in 

histomount clear mounting medium for analysis by light microscopy on the Zeiss 

Axiovert 25. 



Page | 63 

 

 Optimisation of the Enzyme-linked Lectin Assay (ELLA) and 

quantification of mucins 

 Selection of lectin to be used in the Calu-3 ELLA 

Cells were grown at ALI as outlined in section 2.3.1.2 until day 21, when they were fixed, 

embedded in paraffin wax and sectioned as in section 2.3.3.1. Three lectins were 

compared, staining the sections according to section 2.3.3.4. These were Helix pomatia 

agglutinin (HPA)-HRP labelled lectin (one sourced from EY Laboratories, the other a 

discontinued lectin from Sigma, used in previous studies in the laboratory) and soybean 

agglutinin (SBA)-HRP-labelled lectin (Sigma). Alongside the histology, an enzyme-

linked lectin assay was performed using the same three lectins at a fixed concentration 

(1.75 g mL-1), with a human mucin standard diluted to form three standard curves in 

triplicate, one for each lectin to be tested. 

 Enzyme-linked lectin assay (ELLA) 

For each standard curve, human mucin standard was diluted to 500 ng mL-1 in DMEM 

without any additives, henceforth termed transport buffer (TB). The human mucin 

standard was purified from a sputum sample of a patient with a hypersecretory disease. 

Ethical approval was obtained from the PABS REC as part of a parallel study. Approval 

was granted for the collection of sputum in December 2009 and the sputum was purified 

within 24 hours to comply with the HTA 2004. 

An aliquot (200 L) of human mucin standard was added to a high binding flat-bottomed 

ELISA plate and 100 L of TB was added to the seven subsequent wells. Doubling 

dilutions were made of the initial stock, by taking 100 L from well one, adding to well 

two and so on, giving 8 standard dilutions, of 50, 25, 12.5, 6.25, 3.125, 1.56, 0.78 and 
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0.39 ng well-1. Three wells had TB only added and were used to provide blank readings. 

This format was used for all subsequent experiments. Mucin was allowed to bind 

overnight at 4oC, then each well was washed three times with PBS/0.05 % gelatin/0.05 % 

Tween 20 (Wash Buffer, WB). The plate was blocked with 150 l PBS/0.1 % gelatin for 

1 h at 37oC, then washed three times with 200 l WB. Lectin (100 L, 1.75 g mL-1) was 

added to all wells and the plate returned to 37oC for 1 h. All wells were washed with WB 

as before, then o-phenylene diamine (OPD) (150 L) substrate solution (made from 

SigmaFast™ tablets according to manufacturer’s instructions) was added to all wells. The 

plate was incubated at room temperature in the dark for four minutes, before adding 50 

L of 20 % sulphuric acid (Stop solution) to quench the reaction. Absorbance was 

measured at 492 nm on an Ascent Multiskan™ plate reader. Blank values from TB only 

wells were subtracted from all other absorbances and a standard curve constructed in 

Excel for each lectin tested.  

 Enhancement and detection of mucin secretion from cells grown at 

air-liquid interface 

 Enhancement of mucin secretion 

Cells were seeded onto inserts according to section 2.3.1.2. The day before the 

experiment, ALI medium in the basolateral chamber was replaced with TB. Plates were 

kept on a shock absorbing foam pad system for experiments when differences in mucin 

secretion were being measured, to prevent inadvertent mechanical stimulation of the 

wells, caused by knocking the plate in any way. 
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Figure 2.2 Cells in which mucin secretion was to be enhanced were cultured within a protective box, mounted 

on a foam pad to absorb shock from incubator doors and manipulations within the hood. A second protective 

foam pad was contained within the box, upon which the culture plate rested. Original in colour. 

 

Cells were switched to TB at 16 h prior to treatment. A wash of the cells, using 500 L 

fresh TB, was performed at -16, -3, -2, -1, -0.5 and -0 h (baseline sample) by removing 

TB from the apical surface with a micro pipette and allowing the fresh TB to run over the 

apical surface, holding the pipette against the well wall at the furthest point from the 

experimenter whilst tilting the plate towards the experimenter. Washes were stored at 4oC 

until mucin secretion could be determined using the ELLA (on the day of treatment). At 

0 h, AMP-PNP (100 M) or ionomycin (10, 5 and 1 M) was added to the apical surface 

of each treated well, in 500 L TB. Control cells had 500 L TB added to the apical 

surface. Cells were left at 37oC, 5 % CO2/95 % air for 15 minutes, after which the apical 

surface was gently washed to remove any adherent mucus and the apical medium 

removed for analysis, replacing with 500 L of the same. This was repeated at 30 and 45 

minutes, giving four samples, taken at 15 minute intervals (15, 30, 45 and 60 min). At 60 

minutes, control wells were treated with either AMP-PNP or ionomycin in the same way 

as ‘treated’ cells, to ensure that all cells had been capable of enhanced mucin secretion. 

These wells were washed at 75 min.  To quantify mucin secretion, 100 L of each wash 

was added to a high-binding ELISA plate and ELLA performed, using the optimised 

protocols outlined in section 2.3.4.  
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 Quantification of mucin secretion 

Samples containing unknown quantities of mucin in TB (100 L) were added to a high 

binding flat-bottomed ELISA plate, alongside the mucin standard dilutions. The ELLA 

described in section 2.3.4.2 was carried out and the absorbance values of the unknown 

samples were used to determine the concentration of mucin using a linear regression of 

the standard curve. The mucin content in ng/well of replicates of unknowns treated with 

secretagogue were averaged and compared to untreated (control) samples to determine 

the percentage increase in mucin secretion. Control mucin secretion was referred to as 

‘baseline’ and was defined as 100 %. Any increase or decrease in the unknowns was 

therefore calculated as ‘percentage of baseline secretion’. The Mann-Whitney test was 

used to determine significance for each set of data (n=4 for all groups), with a confidence 

interval of P ≤ 0.05. ANOVA was used where three groups existed in data sets. Both 

analyses were performed using the Microsoft™ Data Analysis add-on programme for 

Excel.  

 Assessment of drug interference upon ELLA 

It was previously discovered that excipients can have a pronounced effect upon the 

sensitivity of the ELLA (Ayoub, 2015 (thesis)), probably through interference with the 

binding of the mucins in the samples to the assay plate. Although the drugs used here 

were excipient free, it was felt prudent to check that these drugs did not interfere with the 

assay, as this would affect all data obtained in the drug transport and mucin secretion 

experiments.  

Standard curves were set up in triplicate for each drug concentration, using mucin 

standard dilutions ranging from 50 ng well-1 to 0.39 ng well-1. The standards were added 

at 1000 ng mL-1 (twice the normal concentration added) to well 1 (100 l), then double 
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diluted across the plate to well 8. This left 50 l in each well, therefore 50 ng well-1 in 

well 1, 25 ng well-1 in well 2 and so on.  

The drug was then added to each well at twice the final concentration (in 50 l). The 

effect of 50 M drug was assessed by adding 100 M of drug (50 l) to wells 1 – 8 and 

the effect of 25 M and 12.5 M drug were assessed in the same way, with two control 

curves at 0 M drug. 

The assay was otherwise performed as described in section 2.3.5.2. Curves were 

compared using ANOVA for any variances, with individual groups being analysed using 

a Mann-Whitney test. 

 Viability and apoptosis studies of Calu-3 cells  

For viability studies, a commercially available assay was obtained from Promega 

(Wisconsin, USA), which contained the CellTiter 96® Aqueous One solution reagent. 

This contains a tetrazolium compound (3-(4, 5-dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt (MTS) and an 

electron coupling reagent (phenazine ethosulfate (PES)). PES allows MTS to form a 

stable solution.  

Calu-3 cells were seeded at 1 x 104 cells/well into a 96-well tissue culture-treated plate 

and grown to confluence (three days) in duplicate wells per variable. The reagent (20 L) 

was added directly to cells grown in 100 L of culture medium in a 96 well plate, 

incubated at 37oC for 1 h in a humidified, 5 % CO2/95 % air atmosphere and the 

absorbance read at 490 nm.  
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Cell apoptosis was measured using the Promega Caspase Glo® 3/7 assay. Calu-3 cells 

were seeded at 1 x 104 cells/well into a 96-well tissue culture-treated plate and grown to 

confluence (three days) in duplicate wells per variable. The reagent was added directly to 

each well at a ratio of 1:1 reagent: medium. The plate was measured both using a 

Luminoskan Ascent luminometer (ThermoFisher, MA, US), and an IVIS 200 imaging 

system (Perkin Elmer, MA, US). 

 Scanning electron microscopy of cells grown at air-liquid interface 

Inserts were fixed in the same way as described in section 2.3.3.1. Following the primary 

fixation period, secondary fixation was via osmium tetroxide 4 % (w/v) for 1 h. Inserts 

were dehydrated by successive incubations for 1 h each in 70 %, 90 % and 100 % ethanol, 

before air-drying at room temperature overnight. Samples were then coated with a 

gold/palladium alloy spray by the Image Analysis Unit (IAU) staff and analysed using a 

Zeiss SIGMA Field Emission Scanning Electron Microscope (FEG-SEM) at 

magnifications ranging from 250 x to 40, 000 x. 

 Transepithelial FD4 transport in the presence of mucus 

Calu-3 cells were cultured on inserts as described in sections 2.3.1.2. Cells were used 21 

days after raising to ALI. Prior to each transport experiment, the trans-epithelial electrical 

resistance (TER) was monitored as outlined in section 2.3.1.2. This procedure was 

repeated after the transport experiment, so that TER values could be used as a measure of 

cell layer integrity before and after experimental manipulations. Inserts were divided into 

three groups. Controls (no enhanced mucin secretion, CON), enhanced mucin secretion 

(EM) only and enhanced mucin with drug treatment (EM+D). 



Page | 69 

 

Cells were treated as for the enhanced mucin secretion experiments in section 2.3.5, until 

the point of 0 h, the step at which TB containing ATP or ionomycin (henceforth termed 

secretagogues) was added. For transport experiments, TB or secretagogue was added at 

twice the desired concentration in half the final apical volume (250 L) of TB. After 30 

min, FITC Dextran 4000 Da (FD4) was added at a final concentration of 250 M. Cells 

were returned to the incubator, in their protective box to avoid inadvertent stimulation of 

mucin secretion in all wells. 

Basolateral samples (200 L) were taken from Calu-3 cells at 15, 30, 45, 60, 75, 90, 105 

and 120 minutes. Each sample was analysed by fluorescence spectroscopy for FD4 

content. These were analysed alongside samples of TB, solutions applied to the cells 

apically at t = 0 h (C0) (diluted 1/20) and apical samples taken at 120 minutes (diluted 

1/20). An apical sample of 100 L was also taken at the end of the transport experiment 

to ascertain mucin content, by ELLA. 

 Analysis of FD4 content of samples 

An aliquot (100 L) of each unknown sample was loaded into a flat clear-bottomed, 

black-walled assay plate. On the same plate, a standard curve was constructed consisting 

of 50, 25, 12.5, 6.25, 3.125, 1.56, 0.78 and 0.39 M FD4, diluted in TB. Plates were read 

on a fluorimeter (Cary Varian Eclipse, Agilent Technologies, Waldbronn, Germany), 

with an excitation wavelength of 490 nm and emission wavelength of 520 nm. Excitation 

and emission slits were both set to 10 nm and photomultiplier tube (PMT) voltage was 

optimised to 640 V (manual). Fluorescence (RFU) was plotted against known 

concentrations and the concentration of FD4 in the sample calculated using the equation 

of the line of best fit. These concentrations were used to calculate the apparent 

permeability coefficient (Papp) of FD4.  
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The total amount of FD4 accumulated in the basolateral chamber was calculated, as 

follows: 

Zn
t  = Zn

. f + ∑ Z′𝑛𝑛−1
𝑡=1     

Where: 

Zn
t    = total amount of FD4 (moles) accumulated in the basolateral chamber at time 

= t 

Zn      = amount of FD4 present in the sample aliquot for the nth sample (moles) 

f        = ratio of acceptor chamber volume to sample volume taken 

Z′𝑛  = amount of FD4 present in previously removed samples (moles) 

Once the rate of FD4 accumulation had been calculated with respect to time (mole 

min-1), it was possible to calculate the apparent permeability (Papp) using the following 

equation: 

Papp = 
ΔQ

Δt
x 

1

(𝐴.𝐶𝑜).60
cm/s     

Where: 

ΔQ

Δt
   = rate of accumulation of FD4 or drug in basolateral chamber (mole min-1) 

A = surface area of transport membrane (cm2) 

Co  = initial concentration of compound added to the apical chamber (mole mL-1) 

 

 Calculation of percent recovery of FD4 

The percent recovery of FD4 from the model was calculated using the following 

equation: 



Page | 71 

 

% Recovery =  
𝑀𝑟+𝑀𝑑

𝑀𝑙
x 100 % 

Where Mr and Md are amounts of the analyte recovered from the basolateral (receiver) 

chamber and apical (donor) chamber at the end of the experiment, repectively, and Ml is 

the amount of analyte (FD4 in this instance) loaded into the apical chamber at time point 

zero. If percent recovery is low, it is possible that the analyte has either been metabolised 

during transport, or has bound to the surface of the insert membrane or wall. Both 

occurrences would negatively bias the permeability of the analyte. For this reason, any 

FD4 or drug permeability data for which percent recovery was less than 85 % was 

discarded. 

 Statistical Analysis 

TER measurements were compared using the Mann-Whitney (U) test, comparing the 

same variable at different time points of secretion and transport experiments (‘before’ and 

‘after’). Mucin secretion or depletion was also analysed using the non-parametric Mann-

Whitney (U) test, since the number of replicates (normally 4) was considered too low to 

assume a normal distribution, necessary for a parametric statistical test. The P-value in 

each case, defined as the probability of obtaining a result (more formally a test statistic) 

that is at least as extreme as the one observed, assuming that the null hypothesis is true 

(Nakagawa and Cuthill 2007), was set at 0.05. 
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 Results 

 Expression of MUC5AC and MUC5B in Calu-3 cells by quantitative 

real time PCR (qRT-PCR) 

Calu-3 RNA had an A260/A280 ratio of 2.01; human lung total RNA had a ratio of 1.99, 

whilst H376 RNA had a ratio of 2.04. All fell within the acceptable range of 1.9 to 2.1 

and were therefore indicative of highly pure RNA samples. 

MUC5AC was found to be 175.46 times more abundant in Calu-3 cells (Figure 2.3) 

relative to human lung total RNA and normalised to TBP expression, whilst the negative 

control cell line H376 expressed negligible quantities of MUC5AC, at 0.22 relative to 

total lung RNA. MUC5B was less abundant, although still significantly higher than the 

total lung RNA, being 33.36 times more abundant, with expression in the negative control 

H376 cell line being 0.13 relative to the total lung RNA. 

 

Figure 2.3 Relative expression of MUC5AC and MUC5B in Calu-3 cells, total lung RNA (positive control) and 

H376 (negative control) cells, calculated by the Livak method (2-CT), normalising to TBP as the reference 

gene; Mean, n=2. Original in colour. 
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Amplification efficiency was determined using the dilution or standard curve method, 

including an undiluted sample, followed by 1/10, 1/20, 1/40, 1/50 and 1/100 dilutions of 

the sample. Reaction efficiency was calculated (by the software) to be 1.96 for MUC5AC 

and 1.91 for MUC5B. Values between 1.9 (90 %) and 2.1 (110 %) are considered 

acceptable for qRT-PCR and therefore, reaction efficiencies in this study fell within the 

guidelines. Since these reaction efficiencies fell within 5 % of each other, the relative 

quantification by the Livak method was also valid. Melt curve analysis showed that 

amplification of the target gene was specific for each gene. Examples of melt curves are 

shown in Figure 2.4, which is an overlay of the MUC5AC samples, including no target 

controls, no reverse transcriptase controls and water only samples.  

 

Figure 2.4 An example of a melting curve overlay (MUC5AC) in Calu-3 reactions, which gives an indication of 

the specificity of a qRT-PCR reaction over many samples. Here, the dilution curve and the positive control 

total lung RNA overlay well. The two curves slightly to the left of the main overlay are from two of the no 

reverse transcriptase controls and therefore indicate some contamination by genomic DNA. Original in colour. 

 Histology of cross-sections of cells grown at air-liquid interface (ALI) 

 Lectin binding and TMB staining for visualisation of mucins 

Results using the TMB substrate, combined with subsequent counterstaining with neutral 

red, were variable (Figure 2.5). The TMB showed a distinct layer on the apical surface of 
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the cells. However, the counterstain neutral red varied in strength. Some sections were 

completely saturated by the counterstain (not shown here) and therefore histology could 

not be used to determine the optimum lectin for use in the ELLA. This was therefore 

deduced using the ELLA itself. The images shown here are those obtained using the 

lectins which were ultimately used for each cell line after further optimisation. 

 

Figure 2.5 Lectin-TMB staining on cross-sections of Calu-3 cells using Helix pomatia agglutinin-HRP labelled 

lectin at 1.75 g mL-1. Arrows are used to highlight areas of strong TMB precipitation. Scale bar 50 m. 

Original in colour. 

 

The results of each stain show that lectin binding occurs at the surface of some cells, 

although the staining of mucin granules could not be observed, even at higher 

magnifications (60 x and 100 x), using light microscopy (Zeiss Axiovert 25, as described 

in methods section 2.3.3). 

It is uncertain whether binding is to mucin or sugar residues expressed on the cell surface, 

for example proteoglycans. Topography varied, with respect to depth of the cell layer. 

Staining was not of sufficient quality to determine intracellular features in Calu-3 and 

therefore hematoxylin and eosin (H & E) staining was employed to improve the quality.  

A B 
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 Hematoxylin and Eosin (H&E) staining of Calu-3 cells 

In an attempt to improve on the visualisation of intracellular structures, including mucin 

granules, lectin-TMB followed by H&E counter-staining was performed on cross sections 

of Calu-3 cells, prepared as described in section 2.3.3.1. These cells had also been 

subjected to ionomycin treatment. 

The images in Figure 2.6, taken at 40 x magnification, show pseudo-stratification in some 

areas of the insert, although intracellular detail is lacking. Evidence of a mucus layer is 

strongly suggested by the staining at the apical surface of the cells as highlighted by the 

arrows.  

 

Figure 2.6 Lectin-TMB followed by Hematoxylin and Eosin staining of Calu-3 cells grown at ALI and 

stimulated with ionomycin at 1 M. Arrows highlight distinct areas of mucus. Original in colour. 

 Optimisation and validation of the Enzyme-Linked Lectin Assay 

(ELLA), for the quantification of mucins 

 Selection of lectin for the quantification of mucins secreted by 

Calu-3 cells 

Due to discontinuation of the lectin used in previous studies (Sigma HRP-HPA) it was 

necessary to re-optimise and validate new lectins for use in the ELLA. An assay was 

performed in triplicate at a fixed concentration (1.25 g mL-1) for each lectin tested (Helix 
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pomatia – HRP from Sigma and EY Laboratories and Soybean agglutinin-HRP from 

Sigma). Linear calibration curves were constructed by plotting log of the absorbance 

against log of the concentration of human mucin standard using the least squares method 

(simple linear regression), since most immunoassays are inherently non-linear (Findlay 

et al. 2000).  

The resulting data showed that the Helix pomatia-HRP labelled lectin from EY 

laboratories (EY HPA) was most sensitive to mucins, as demonstrated by the higher 

signal. This lectin generated absorbance values that were directly proportional to the 

concentration of analyte (Figure 2.7).  

 

Figure 2.7 ELLA calibration plots of absorbance against mucin concentrations, comparing two types and three 

sources of lectin (mean ± SD, n=3). Substrate development time 4 minutes. Original in colour. 

The concentration of lectin was chosen to be 1.25 µg ml-1 when comparing mucins as 

this concentration had been used previously by the research group to quantify mucins by 
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the ELLA, using Sigma HPA mucin. However, the reaction time previously adopted 

with Sigma HPA lectin (11 minutes) resulted in over-range optical density readings in 

the current studies, at the higher end of the concentration range, which was 

demonstrated by a plateau. The removal of the plateau from the EY HPA plot upon 

decreasing the reaction time to 4 minutes (Figure 2.8) suggested that the peroxidase 

activity was higher in the EY sourced lectin, which was confirmed by the 

manufacturers’ values which stated the peroxidase activity to be 286 U mg-1 in case of 

the EY lectin and 83 U mg-1 in case of the Sigma lectin. 

 

 

Regression analysis revealed that more than 98 % of the reported variation in response 

was attributed to the corresponding variation in mucin concentration in the case of the 

EY HPA lectin (R2 = 0.9883), 97 % in the case of the Sigma HRP-HPA (R2 = 0.9712) 

and only 42 % in the case of the Sigma SBA lectin (R2 = 0.4249). The P-value of the EY 
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Figure 2.8 Reduction of the substrate development time from 11 minutes reaction time (original protocol, A) to 

4 minutes reaction time (B), tested across two concentrations of EY HRP-HPA lectin (1.25 and 1.75 g mL-1). 

Values were plotted as unlogged values, to demonstrate the removal of the plateau achieved by reducing 

development time. Experiment performed by Marwa Ayoub. Original in colour. 
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HPA lectin linear regression, was calculated to be 0.001, which indicates a significant 

relationship. 

Lower limit of quantification, accuracy and precision  

The lower limit of quantification (LLOQ) for the EY HPA lectin was determined to be 

0.40 ng well-1 mucin, whilst an LLOQ of 0.59 ng well-1 mucin was obtained when using 

the Sigma HPA lectin. Intra-assay reproducibility was determined using absorbances 

obtained at mucin concentrations of 0.39, 12.5 and 50 ng well-1, for an experiment 

performed using EY HPA lectin. RSD % values were found to be 2.10 % (50 ng well-1 

mucin), 2.44 % (12.5 ng well-1 mucin) and 7.42 % (0.39 ng well-1 mucin). All RSD % 

values fell well within the FDA recommended guidelines of  25 % variation at the LLOQ 

and 20 % elsewhere (Lee 2009). 

Assay range and selectivity  (assessment of drug interference in the ELLA)  

Values obtained for the amount of mucin secreted per well in early Calu-3 mucin 

secretion studies were between 0.4 and 4 ng well-1 and therefore fell within the range of 

the calibration curve used. 

The selectivity of the assay for mucin in the presence of the drugs of interest was assessed; 

calibration curves were prepared in the presence and absence of five drugs of interest, at 

different concentrations. Absorbance values measured during these experiments were not 

affected by any concentration of any drug (0, 12.5, 25 and 50 M) (Figure 2.9-2.11) and 

therefore it was concluded that no interference occurred, as demonstrated by ANOVA 

single factor analysis, in which the P-values were greater than 0.99 for each drug studied.  
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Further analysis was performed using the Mann-Whitney test, comparing drug 

concentrations at 0 M and 50 M. No significant differences were observed for any of 

the drugs studied (P > 0.05). 

 

 

Figure 2.9 Determination of salbutamol (bottom) and tiotropium (top) interference upon the ELLA, using 

drug concentrations ranging from 0 to 50 M. Original in colour. 
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Figure 2.10 Determination of ipratropium (bottom) and budesonide (top) interference upon the ELLA, using 

drug concentrations ranging from 0 to 50 M. Original in colour. 
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Figure 2.11 Determination of testosterone interference upon the ELLA, using drug concentrations ranging 

from 0 to 50 M. Original in colour. 

 Enhancement of mucin secretion from Calu-3 cells grown at air-liquid 

interface (ALI), using AMP-PNP  

Early experiments using Calu-3 cells were to establish the response of these cells to AMP-

PNP, the non-hydrolysable analogue of the purinergic agonist ATP. The ELLA was 

capable of detecting mucin in control and treated wells, but no significant increase was 

observed in the quantity of mucins as detected by ELLA, in the wells treated with AMP-

PNP between 40 – 80 minutes. Treatment of both sets of wells with 100 M AMP-PNP 

between 80 -110 minutes also failed to enhance mucin secretion, as shown in Figure 2.12.  
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Figure 2.12 The effect of AMP-PNP (100 M), added at 40 minutes, on mucin secretion in Calu-3 cell cultures 

grown at air-liquid interface (ALI). Arrows indicate point of AMP-PNP application to apical surface of 

experimental (red) and control (blue) wells. Mean ± SD, n=6. Original in colour. 

The data displayed variability in the levels of mucin detected at each time point (as 

demonstrated by large standard deviation bars). This was attributed to the low quantity of 

mucin secreted by these cultures, an average of 1.81 ± 0.2 ng well-1 at baseline. For this 

reason, samples taken at different time points are compared with baseline levels from the 

same well, established before treatment. 

 Enhancement of mucin secretion from Calu-3 cells grown at ALI using 

ionomycin 

As with AMP-PNP treatment, baseline mucin secretion was first established, before 

treating the cells with 10 M ionomycin and exchanging the ionophore-containing 

medium over three ten minute time intervals. The control wells (those not treated with 

ionomycin) were then treated with 10 M ionomycin and samples were taken at two 

further time points, to ensure that the control cells were also capable of enhanced mucin 
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secretion. Using ionomycin at the concentration stated by Kreda et al., mucin was 

enhanced to more than 5 fold compared to baseline levels (Figure 2.13), increasing from 

an average 4.71 ± 1.2 ng/well (baseline) to 26.33 ± 11.9 ng well-1 at 60 minutes (30 

minutes post treatment). The controls were also demonstrated to be capable of enhanced 

mucin secretion, at just over 4 fold compared to baseline levels, increasing to 19.1 ± 4.9 

ng well-1. This indicated that the HPA lectin was capable of detecting and quantifying 

mucin secretion from Calu-3 cells and that the cells might prove useful in drug absorption 

studies. 

 

Figure 2.13 The effect of ionomycin (10 M) on mucin secretion in Calu-3 cell cultures grown at ALI (single 

plate). Arrows indicate point of ionomycin application to apical surface of experimental (red) and control 

(blue) wells. Mean ± SD; n=6. Original in colour. 

 The effect of ionomycin on the integrity of the Calu-3 cell layer  

The TER of the cells was monitored up to the day of the experiment. An average of 368 

± 183 Ω.cm2 was achieved by 21 days of ALI culture conditions (Figure 2.14). 
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Figure 2.14 Measurement of TER over time in Calu-3 cells grown on Transwell™ inserts at ALI (single plate). 

Mean ± SD; n=12. Original in colour. 

The measurements of TER taken after mucin secretion experiments conducted upon cells 

treated with ionomycin on day 21 of ALI culture fell significantly (paired t-test; P < 0.01), 

when comparing measurements taken before and after treatment (Table 2.5). In addition, 

cells were observed to be detached from the insert in ionomycin treated wells, using 

scanning electron microscopy (SEM) (Figure 2.15). 
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 BEFORE (-15 min) AFTER (120 min) 

Well TER (Ω.cm2) 

Before Expt (Mean ± SD) 

TER (Ω.cm2) 

After Expt (Mean ± SD) 
1 288 ± 12 24 ± 4 

2 476 ± 14 8 ± 3 

3 480 ± 10 11 ± 3 

4 862 ± 26 12 ± 2 

5 313 ± 15 14 ± 4 

6 472 ±17 20 ± 2 

7 243 ± 12 23 ± 3 

8 243 ± 13 25 ± 3 

9 235 ± 17 37 ± 5 

10 246 ± 19 41 ± 4 

11 318 ± 21 29 ± 3 

12 241 ± 15 34 ± 5 

Table 2.5 TER measurements taken across 12 inserts before and after treatment with ionomycin (10 M) on 

day 21 after culturing at ALI, after background (blank insert TER reading) was subtracted. Each well was 

read three times; Mean ± SD 

 

Figure 2.15 SEM images of Calu-3 cells grown on Transwell™ inserts, treated with ionomycin (10 M), (A and 

C) or untreated (B and D). B and D clearly show cells attached to the insert membrane, with pseudo-

stratification evident in D. The holes seen in C are thought to be the 0.4 m micro-pores of the bare 

membrane. Images recorded in the Image Analysis Suite, School of Pharmacy and Biomolecular Sciences, 

University of Brighton. 
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Treatment of Calu-3 cells cultured at ALI with 1 M ionomycin resulted in no significant 

increase in the mucin secretion over basal levels (Mann-Whitney, P > 0.05) (Figure 

2.16A). Ionomycin (1 M) also had no significant effect on FD4 permeability (Mann-

Whitney, P > 0.05); the Papp of FD4 across cells treated with 1 M ionomycin was 8.23 ± 

1.02 x 10 -6 cm s-1, whilst the Papp of FD4 across untreated cells was 9.99 ± 1.84 x 10 -6 

cm s-1. This was calculated from the rate of accumulation of FD4 in the basolateral 

chamber, as measured by fluorescence spectroscopy (Figure 2.17A). 

It was found that the lowest concentration of ionomycin necessary for significantly 

enhanced mucin secretion was 5 M (Mann-Whitney, P < 0.01) (Figure 2.16B). However, 

treatment of cells with ionomycin (5 M) also resulted in a significant increase in the Papp 

of FD4, from 4.99 ± 1.11 to 6.44 ± 0.90 x 10 -6 cm s-1(Mann-Whitney, P < 0.01). This was 

calculated from the rate of accumulation of FD4 in the basolateral chamber, as measured 

by fluorescence spectroscopy (Figure 2.17B). This suggested a compromise in the 

integrity of the cell layer and therefore further investigations were carried out in this 

regard. 
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Figure 2.16 The effect of ionomycin on mucin secretion by Calu-3 cells treated with 1 M ionomycin (A) and 5 

M ionomycin (B). Arrows indicate point of ionomycin application to apical surface of experimental (red) and 

control (blue) wells. Mean ± SD, n=4-6.  Original in colour. 
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Figure 2.17 The effect of ionomycin on FD4 permeability across Calu-3 cells treated with 1 M ionomycin (A) 

and 5 M ionomycin (B); mean ± SD, n=4-6.  Original in colour. 

In light of the deterioration of TER measurements, the increase in the Papp of FD4 and 

SEM images revealing a detachment of cells, it was decided to test the cytotoxicity of 

ionomycin and its effect on cell viability at different concentrations of ionomycin, but a 

single concentration of extracellular calcium ions (1.8 M). 

Cell viability was tested using ionomycin at 0, 1, 5, 7.5 and 10 M, the highest 

concentration being that used by Kreda et al. (Kreda et al. 2007). Each concentration was 

applied for different periods of time, up to the standard drug transport experiment period 
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of 120 minutes. It was discovered that as little as 1 M ionomycin reduced cell viability, 

as measured using a (3-(4, 5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-

sulfophenyl)-2H-tetrazolium) (MTS) assay, by 34 % after a contact time of 10 minutes 

(Figure 2.18). At this concentration, ionomycin did not significantly increase mucin 

secretion in Calu-3 cells. At 120 minutes, viable cell number was reduced by 67 % at 1 

M and 81 % at 10 M. 

 

Figure 2.18 The effect of different concentrations of ionomycin upon Calu-3 cell viability, applied for different 

lengths of time, using the Promega CellTiter 96® Aqueous One assay. Mean ± SD; n = 3. Original in colour. 

Cell apoptosis was measured using the Caspase Glo® 3/7 assay from Promega. 

Ionomycin was tested at 0, 1, 5 and 10 M and for 10 and 120 minutes contact times. A 

clear increase in caspase 3/7 was observed in wells treated with 5 and 10 M ionomycin 

using an in vivo imaging system (IVIS®) at both time points (Figure 2.19).  
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Figure 2.19 Merged images taken from the Perkin Elmer IVIS, showing luminescence on a scale of blue (no 

luminescence), through green and yellow (low and medium luminescence), to orange and red (high and very 

high luminescence). n=2. Original in colour. 

Clear increases in caspase 3/7 were also observed at 120 minutes using the luminometer 

readings taken from the 5 and 10 M wells, the latter also being evident at 10 minutes 

(Figure 2.20). 

 

Figure 2.20 The effect of various concentrations of ionomycin on apoptosis of Calu-3 cells at two contact times; 

mean ± SD; n = 2. Original in colour. 
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 Discussion 

Originally developed by Jørgen Fogh in 1975 using pleural effusion from a lung cancer 

patient, the Calu-3 human lung adenocarcinoma cell line has been used previously to 

study airway secretion for numerous reasons. Firstly, Calu-3 cells may be cultured either 

as 2-dimensional sheets or ALI cultures. They also express the CFTR and several acinar 

cell markers, form polarised monolayers with tight junctions at ALI and exhibit robust 

cAMP-stimulated anion transport (Shan et al. 2011). 

Previously, this model has not been used for studies of irritancy or drug permeability in 

the presence of mucus, and thus it was important to optimise the various methods which 

would be later employed in the generation of data and perform further characterisation of 

the Calu-3 cell line to assess its suitability for such studies. This began with optimisation 

of the ELLA to quantify mucin secretion, either in response to a secretagogue or drug 

treatment and histological techniques to visualise cell morphology and mucins in situ. 

Expression of mucins  

MUC5AC and MUC5B were found to be expressed in Calu-3 cells using qRT-PCR. It 

was expected that MUC5B would be higher in Calu-3 cells, as this cell line is derived 

from submucosal glands (Kreda et al., 2007), where MUC5B is relatively higher than 

MUC5AC (Grainger et al., 2006). However, this was found not to be the case. In the paper 

of Kreda et al. (2007), in which gel electrophoresis was used to quantify the amounts of 

MUC5AC and MUC5B in Calu-3 cells, it was shown that MUC5B was present in 

relatively low amounts when compared to MUC5AC. Thus, the findings here are in 

agreement with the literature (Kreda et al. 2007). As human lung total RNA is a mix of 
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different cell types (as a differentiated tissue), it was expected that more MUC5AC would 

be found in the Calu-3 extracted RNA. This was confirmed during analysis of the data.  

The aim of qRT-PCR analysis of Calu-3 RNA was to show expression of MUC5AC and 

MUC5B in the cells purchased from ATCC, as this is critical to the use of these cells as a 

drug transport model under enhanced mucin secretion conditions. The results shown here 

indicate that these mucins are expressed and that the Calu-3 cell line is physiologically 

relevant with regards to mucin expression.  

Detection of lectins in situ  

AB-PAS staining is routinely used to detect mucins in situ; however this type of staining 

may also detect other negatively-charged carbohydrates and so the use of lectins to stain 

mucins secreted by Calu-3 cells was explored in the current study. Lectins are proteins 

capable of recognising and binding covalently to specific oligosaccharide structures 

found on glycoproteins and other biomolecules, and have been previously used for 

histopathology studies of tissue morphology (Leathem and Atkins 1983) and 

differentiation (Kostrominova 2011). As such, they have utility for glyco-analytical 

applications, such as the detection and quantification of mucins.  In all cases, a distinctive 

precipitate was observed on the apical surface of cross-sections of cells grown at ALI, 

characteristic of a mucus layer. The technique was not sensitive enough to identify mucin 

granules, therefore H & E staining was attempted with the aim of improving the 

visualisation of cell morphology. Whilst this was achieved for some sections, the extra 

manipulations required resulted in damage to many of the delicate cross sections and so 

success was somewhat limited.  
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Optimisation and validation of the Enzyme-Linked Lectin Assay (ELLA), for 

the quantification of mucins   

Although the expression of MUC5AC and MUC5B had been confirmed, mature mucins 

are glycosylated as part of their post-translational modification (Thompson et al., 2011), 

a characteristic not detectable by qRT-PCR (which assesses gene expression at the mRNA 

level) or antibody probing (which looks at the protein component of the mucin).  It is 

important that mucin secretion is carefully characterised if quantitative drug transport-

mucus relationships are to be investigated. The ELISA, which utilises antibodies to detect 

mucins in a plate-based assay, detects only the protein content and therefore does not 

provide evidence of mature, glycosylated mucins. Furthermore, the complex nature of 

post-transcriptional modification and carbohydrate synthesis means that the epitope 

detected by an antibody may be masked or even fail to be synthesised, as conceded by 

Randell et al. (2006). The ELLA constitutes the most simplistic format in which lectins 

can be employed for glycoanalysis and lends itself to such studies by virtue of the assay 

having the same format as a standard ELISA, in a standard microtiter plate. For these 

reasons the ELLA was chosen to detect glycosylated mucins.  

The ELLA was optimised to detect glycosylated mucins in Calu-3 cells, providing 

evidence that the mucins secreted from the cells were mature, having been subjected to 

post-translational modifications. A common problem in assays such as the ELLA is 

finding appropriate blocking solutions to prevent nonspecific binding with plate surfaces. 

Many commonly used blocking agents contain carbohydrates and generate significant 

background signals in ELLAs, limiting the utility of the assays, particularly BSA, 

commonly used in ELISAs (Thompson et al., 2011). Gelatin has been used in previous 

studies with regards to mucin quantification (Thompson et al. 2011, Harrop, Thornton 

and McGuckin 2012, Hashmi 2000) and so was optimised for use in the current studies. 
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Increasing the gelatin concentration in the current studies to 1 % reduced nonspecific 

binding to the assay plate and increased the sensitivity of the assay by reducing the blank 

values. Reaction time is another factor that can affect the sensitivity of the ELLA. In the 

current studies, reducing the reaction time for substrate development to four minutes 

increased the sensitivity of the calibration curve by removing the plateau observed for 

longer development times. 

The change in lectin from previous studies was due to discontinuation in availability of 

the previous lectin, although some remained in stock, which enabled a direct comparison. 

Further validation was required when a batch change resulted in reduced signal and a lack 

of sensitivity. The resulting assays enabled the quantification of mucin secretion from 

Calu-3 cells. It was also possible to determine that five drugs of interest did not interfere 

with the ELLA signal, a finding not previously reported.  

Enhancement of mucin secretion of cells grown at ALI  

Purinergic receptors play a vital role in mucin secretion in vivo (Ehre et al., 2007). Few 

studies mention the P2Y receptors with respect to Calu-3 cells. Kreda et al. stated that 

their batch of cells did not possess purinergic receptors (Kreda et al. 2007), whilst only 

P2Y1 was expressed in the studies performed by Communi et al. (Communi et al. 1999). 

Therefore it was felt prudent to test the ability of AMP-PNP to stimulate mucin secretion 

in our batch of cells. In doing so, it was found that our cells, obtained from the same 

source as Kreda et al. (American Type Culture Collection, ATCC), also did not respond 

to purinergic stimulation. 

As the cells did not respond to a physiological secretagogue it was felt that they would be 

of limited use in studies of mucin secretion. However, they might still be useful to study 
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the effects of mucus secretion on drug absorption if a different secretagogue could be 

found. 

Ionomycin is a calcium ionophore that acts predominantly upon internal calcium ion 

stores, whereby it increases Ca2+ influx by the activation of endogenous entry pathways 

(Morgan and Jacob 1994). Ca2+ is thought to be the key regulator in the docking process 

of secretory granules with the plasma membrane (Tanaka et al. 2013), thereby increasing 

mucin secretion onto the luminal surface. Ionomycin was therefore used to enhance mucin 

secretion from Calu-3 cells, having also been used by Kreda et al. to enhance mucin 

secretion in their studies (Kreda et al. 2007).  

Whilst mucin secretion in the presence of ionomycin was found to be significant from 

Calu-3 cells, decreasing TER measurements after each experiment and the increasing 

permeability of FD4 across ionomycin-treated cells suggested deterioration of the 

integrity of the cell layer. FD4 is commonly used as a paracellular permeability marker, 

therefore a significant increase in the permeability of FD4 was judged to indicate a 

decrease in the cell layer integrity.  

The deterioration in cell layer integrity was confirmed by cytotoxicity and apoptosis 

studies. The ionomycin concentration initially chosen (10 M) was reported by Kreda et 

al. (2007) to elicit mucin secretion in Calu-3 cells. No prior studies have been reported 

on the effect of ionomycin upon the cell layer integrity in the epithelium, although 

ionomycin was found to induce endothelial cell barrier dysfunction by mechanisms 

independent of myosin light chain kinase (MLCK) activation and possibly involving 

reductions in endothelial cell tethering forces via inhibition of protein kinase A and 

tyrosine kinase activities (Garcia et al., 1997). However, the detection of an increase in 

mucin after ionomycin treatment indicates that the optimised ELLA is capable of 
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detecting and quantifying mucin secretion from Calu-3 cells both at baseline and 

enhanced levels and that the cells might still prove useful in drug absorption studies. In 

conclusion, it was decided that the concentrations of ionomycin required to stimulate 

mucin secretion from Calu-3 cells were both cytotoxic and induced apoptosis, giving rise 

to the decrease in the integrity of the cell layer, as demonstrated by FD4 permeability and 

TER measurement. As such, the Calu-3 cell model was deemed unsuitable for the study 

of drug permeability in the presence of mucus using ionomycin as a mucin secretagogue. 
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 Characterisation and validation of the SPOC1 model 

 Introduction 

The SPOC1 cell line was first published on in 1995 and was established and characterised 

by the Cystic Fibrosis and Pulmonary Research Centre at the University of North Carolina 

(Randell et al. 1996, Doherty et al. 1995). Spontaneously immortalised from epithelial 

cells of the rat superficial airway epithelium, they have been shown to differentiate into 

a pseudo-stratified, columnar epithelium when grown in tracheal xenografts; however no 

evidence of ciliated cells has, as yet, been found. Mature cells of the supra-basal surface 

layer and many cells in the gland-like structures stain positive with alcian blue-periodic 

acid/Schiff’s (AB-PAS), suggesting goblet cell differentiation (Randell et al. 1996). 

Shown to contain mucous secretory granules (containing mucin) in ALI cultures, as 

evidenced by light and electron microscopy, mucin secretion by SPOC1 cells has 

previously been enhanced by the addition of the non-hydrolysable purinergic agonist 

5’adenylylimido-diphosphate (AMP-PNP, an analogue of ATP), with the resulting 

enhanced mucin secretion reducing the permeability of the cells to the lipophilic drug 

testosterone according to a previous, unpublished, study (Hashmi 2000). 

Unlike primary rat tracheal epithelial (RTE) cells, SPOC1 cells have been shown to 

produce mucin when grown on plastic or glass surfaces and also on porous culture 

supports at ALI. This is in contrast to primary RTE cells, which only secrete mucin when 

grown at ALI (Randell et al. 1996). Previously used to study neoplastic transformation 

(Doherty et al. 1995), and the role of protein kinase C (PKC) isoforms in mucin secretion 

(Abdullah and Davis 2007), SPOC1 cells were chosen for this project on account of their 
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well characterised production of mucins, lending them to studies of airway epithelial cell 

function, including drug transport in the presence of mucus.  

Characterisation began with the optimisation of the ELLA. This assay has been used 

previously in studies of SPOC1 cells, whereby the tyrosine kinase signalling pathways 

were elucidated and downstream effectors were characterised (Abdullah et al. 1996; Ehre 

et al. 2007). However, the lectin used in these (and other) studies was discontinued, 

rendering further optimisation necessary. In addition to the quantification of mucins, the 

visualisation of lectins in situ would confirm both the glycosylation of secreted mucins 

and the presence of a mucus layer on cells cultured at ALI, thus the technique employed 

in the characterisation of the Calu-3 model was again used here, as part of the model 

validation. 

SPOC1 cells have shown that they respond to purinergic stimulation of the P2Y2 receptor 

by ATP and its non-hydrolysable analogue, AMP-PNP (Abdullah et al. 1996; Abdullah 

et al. 2003, Ehre et al. 2007; Randell et al. 1996) and so the first studies of mucin secretion 

from SPOC1 cells entailed the use of AMP-PNP over a period of up to three days. This 

determined the length of time elevated mucin quantities could be detected and whether 

one treatment would deplete the cells of all mucin stores. 

In studying the effect of mucus on drug permeability the permeability of the drug can be 

studied across cells in their resting state (control cells) and compared to its permeability 

across cells where the mucus secretion has been stimulated e.g. with AMP-PNP. An 

alternative approach is to study the permeability of the drug across cells where mucus has 

been removed from the culture surface by washing (mucus-depletion) and comparing this 

to the drug’s permeability across unwashed cells. Although suggested in previous studies 

of drug permeability (using HT29, a human colorectal adenocarcinoma cell line), washing 
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was said to affect the barrier integrity and to be labour intensive (Hagesaether et al. 2013). 

Nevertheless, since the current study entailed the monitoring of ALI cultures using 

measurements of TER and the permeability of the paracellular marker FD4, it was felt 

prudent to explore this option as an alternative to the use of a secretagogue. One or both 

of the characterised models could then be considered in further studies of drug 

permeability in the presence of mucus.  
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 Materials 

 Preparation of SPOC1 culture medium and inserts 

SPOC1 cells – a kind gift received from Dr Leslie Fulcher of the Cystic 

Fibrosis/Pulmonary Research and Treament Centre, University of North Carolina at 

Chapel Hill School of Medicine, NC. 

DMEM:F12 1:1 – PAA Laboratories E15-813 

Insulin (bovine) – Sigma I882 

Hydrocortisone – Sigma H0888 

Bovine Pituitary Extract (BPE) – Sigma I476 

Cholera toxin – Sigma C8052 

Transferrin – Sigma T0665 

Phosphoethanolamine – Sigma P0503 

Ethanolamine – Sigma E0135 

Epidermal Growth Factor (EGF) – BD Biosciences 354001, BD Biosciences, Edmund 

Halley Road, Oxford Science Park, Oxford, OX4 4DQ  

4-(2-hydroxyethyl)-1-piperazine ethanesulfonic acid (HEPES), pH 7.2 – Sigma H9136 

Bovine serum albumin (BSA) Low Protein – Sigma A7638 

Retinoic acid (RA) – Sigma R2625 

Transwell COL™ 12-well plates with inserts – Sigma CLS3493 

Transwell® Clear Polyester membrane inserts, 0.4 m, 12 mm - Sigma CLS3460 

Geltrex™ Extra-cellular matrix 5 mL – Fisher 11602149 
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PneumaCult™ Air-Liquid Interface Medium – Stemcell Technologies, Lothbury House, 

Cambridge Technopark, Newmarket Road, Cambridge, CB5 8PB, United Kingdom 

Amphotericin B – Sigma A2942 

Gentamicin sulphate – Sigma G1397 

Sodium hydroxide pellets – Sigma S8045 

All other reagents used are as for Calu-3 cell culture. 

 qRT-PCR of Muc5ac and Muc5b from isolated RNA 

Rat primers ordered from IDT Technologies as custom order (details in method), IDT 

Europe, BVBA, Interleuvenlaan 12A, B-3001 Leuven, Belgium 

Rat lung total RNA (normal) – AMSBIO R1434152-50, AMS Biotechnology (Europe) 

Limited, 184 Park Drive, Milton Park, Abingdon OX14 4SE 

H376 cells – General Cell Collection 06092005, Culture Collections, Public Health 

England, Porton Down, Salisbury SP4 0JG 

All other reagents can be found in section 2.2.2. 

 Histology of cross-sections of cells grown at air-liquid interface 

All reagents can be found in section 2.2.3. 

 Optimisation of the Enzyme-linked Lectin Assay (ELLA) and 

quantification of mucins 

Lectin: Horseradish-peroxidase labelled Wheat Germ Agglutinin (HRP-WGA) from 

Triticum vulgaris – Vector Laboratories PL-1026, Vector Laboratories Ltd, 3 Accent 

Park, Bakewell Road, Orton Southgate, Peterborough PE2  6XS. 

All other reagents can be found in section 2.2.4. 
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 Enhancement of mucin secretion from cells grown at air-liquid 

interface 

All reagents can be found in section 2.2.5. 
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 Methods 

 Preparation of SPOC1 culture medium and cell culture 

 General maintenance of SPOC1 cultures 

Culture medium was prepared according to the method of Abdullah et al. (Abdullah et al. 

1996). Pre-warmed DMEM/F12 medium with L-glutamine 2mM was supplemented as 

detailed in Table 3.1.  Penicillin/streptomycin was added to a final concentration of 100 

U mL-1 penicillin/100 g mL-1 streptomycin from a 100x stock, along with foetal bovine 

serum, to a final concentration of 2 %. This is further referred to as ‘SPOC1 maintenance 

medium’. 

 

Supplement Stock 

Concentration 

Final Concentration 

0.5 mL Insulin  10mg mL-1 10 g mL-1 

0.5 mL 

Hydrocortisone  
0.1 mg mL-1, 

0.3mM  
0.1 g mL-1 

0.5 mL Cholera toxin  0.1 mg mL-1 0.1 g mL-1 

5 mL BPE 100 % 1 % 

0.5 mL Transferrin  5 mg mL-1 5 g mL-1 

0.5 mL 

Phosphoethanolamine  

50 mM  50 M  

0.5 mL Ethanolamine  80 mM  80 M  

0.5 mL EGF  25 g mL-1 25 ng mL-1 

3.75 mL HEPES, pH 

7.2  

1M  30 mM  

1.67 mL BSA-LOW 

Protein  
150 mg mL-1 0.5 mg mL-1 

0.5 mL Pen/Strep 10,000 U mL-1 

/10,000 g mL-1  

100 U mL-1/100 g 

mL-1 

*Retinoic acid  5 x 10-5M  5 x 10-8M  
*Retinoic acid: Not absolutely necessary as per Randell et al. 1996 

Table 3.1 Supplements added to SPOC1 maintenance medium. Although reported as not being necessary, 

retinoic acid was added to all culture media. 
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Passaging was performed in the same way as for Calu-3 cells, with the frequency being 

every 4-5 days at a dilution factor of 1:4, as specified in the protocol supplied by the 

University of North Carolina. 

Cryopreservation was performed as for Calu-3 cells, with stocks being frozen at a 

concentration of 1 x 106 cells/vial. 

 Culture of SPOC1 cells on Transwell COLTM inserts 

Cells were seeded at a density of 0.8 x 106 cells/well into the apical chamber of a 

Transwell COL™ polyester insert using the same method and format as for Calu-3 cells 

(2.3.1.2). Medium added to the basolateral chamber (1.5 mL) consisted of DMEM:F12 

supplemented with 5 % FBS, 1 % penicillin/streptomycin and 2 mM L-glutamine 

(seeding medium), with the cells being seeded in SPOC1 maintenance medium, as 

outlined in Table 3.1. The cells were placed in a humidified 37oC incubator (5% CO2/95 

% air) overnight, before removing the apical medium and thus switching to ALI. 

Experiments were performed 18-21 days after switching to ALI. TER was monitored in 

the same way as for Calu-3 cells (section 2.3.1.2), using DMEM:F12 medium as TER 

buffer and transport buffer. 

 Culture of SPOC1 cells on Geltrex™-coated Transwell-Clear™ 

inserts 

Geltrex was thawed on ice or overnight at 2 – 8oC and kept on ice prior to use. Using 

DMEM:F12 medium, Geltrex was diluted 1/20 and the resulting working stock kept at 2 

– 8oC. This was used to coat Transwell-Clear™ inserts at 0.5 mL/insert, at ambient 

temperature, for at least thirty minutes. The excess liquid was then removed and each 

insert used straight away. Working stock was kept for up to one week at 2 – 8oC before 

discarding. 



Page | 105 

 

Cells were seeded at a density of 0.8 x 106 cells/well into the apical chamber of each 

coated insert using the same method and format as for Calu-3 cells (2.3.1.2), in SPOC1 

maintenance medium (as in Table 3.1). At confluence, cells were fed basolaterally only 

(1.5 mL), using Pneumacult™ ALI medium, as detailed in section 3.2.1. Cells cultured 

in this way were used for characterisation studies, mucin secretion assays and 

permeability experiments. Experiments were performed 18-21 days after switching to 

ALI. 

 qRT-PCR of Muc5ac and Muc5b from isolated RNA 

 Isolation of RNA from cells and DNase treatment 

Isolation of RNA from SPOC1 cells was performed in accordance with the protocol 

outlined in section 2.3.2.1 

 Reverse transcription of RNA samples to generate cDNA 

Reverse transcription of RNA from SPOC1 cells was performed in accordance with the 

protocol outlined in section section 2.3.2.2 

 Quantitative RT-PCR of samples to ascertain Muc5ac and Muc5b 

content 

Reverse transcribed RNA (cDNA) (2 L) from the previous step was used in an RT-PCR 

programme performed on the Rotagene thermal cycler (Qiagen Ltd, Skelton House, 

Lloyd Street North, Manchester M15 6SH). iTaq SYBR Green Master Mix (5 L); 

forward primer (1 L), reverse primer (1 L), nuclease free water (1 L), cDNA template 

(2 L). RNA primer sequences can be found in Table 3.2. No target controls (NTCs) 

substituted water for the 2 L of RNA reverse-transcribed sample. Muc5ac and Muc5b 

were normalised to Gapdh in SPOC1 cells.  
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Target Name of Sequence Sequence 5’-3’ 

Muc5ac MUC5AC Rt FOR ACT GTT ACT ATG CGA TGT 
GTA GCC A 

Muc5ac MUC5AC Rt REV GAG GAA ACA CAT TGC ACC 
GA 

Muc5b MUC5BRt FOR GAA CGC CAT ATT CCC GAC 
ACT 

Muc5b MUC5B Rt REV GCC CCA GGT GGA GGG ACA 
TAA 

Gapdh GAPDH Rt FOR CAA CTA CAT GGT CTA CAT 
GTT C 

Gapdh GAPDH Rt REV CGC CAG TAG ACT CCA CGA 
C 

Table 3.2 Details of RNA primer sequences used for SPOC1 isolated RNA. Sequences are identical to those 

used by Nie et al and are supplied by IDT Technologies (Nie et al. 2012). 

The total reaction volume was 10 L in each case, with all samples being run in duplicate. 

Standard curve samples were prepared with dilutions ranging from 1/1 (undiluted) down 

to 1/100, for the determination of reaction (amplification) efficiency by the Screenclust 

HMR software.  

Samples were loaded onto a 72-position Rotagene rotor and subjected to a three-step with 

melt protocol on the machine, with the cycle and temperature variables shown in Table 

3.3. 

Hold @ 95°c, 10 min 0 s    

Cycling (40 repeats)  Step 1 @ 95°c, hold 15 s 

  Step 2 @ 58°c, hold 20 s 

  Step 3 @ 72°c, hold 20 s 

Table 3.3 Cycle and temperature variables used in the qRT-PCR of SPOC1 cDNA. 

Relative quantification was calculated using the 2-CT Livak method (Livak and 

Schmittgen 2001) normalising to the housekeeping gene Gapdh and expressed relative to 

the positive control, rat total lung RNA. Amplification efficiencies were monitored for 

both target and reference genes, to ensure that they were within 5 % of each other in order 

to ensure that the use of the Livak method was valid. Rat lung total RNA was used as a 

positive control for all target and reference genes for SPOC1 isolated RNA samples. 
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Relative quantification using the Livak method was as follows: 

1. The CT of the target gene was normalised to that of the reference (ref) gene for 

both the test sample and the calibrator sample: 

ΔCT (test) = CT (target, test) - CT (ref, test) 

ΔCT (calibrator) = CT (target, calibrator) - CT (ref, calibrator) 

2. The ΔCT of the test sample was normalised to that of the ΔCT of the calibrator: 

ΔΔCT = ΔCT (test) - ΔCT (calibrator) 

3. The expression ratio could then be calculated, thus: 

2-ΔΔCT = normalised expression ratio (of the target gene in the sample, compared 

to positive control sample, where the positive control is 1). 

The result is the ratio of the target gene of the test sample to the calibrator sample, 

normalised to the expression of the reference gene. Normalising the expression of the 

target gene to that of the reference gene compensates for any difference in the amount of 

tissue sampled. 

 Histology of cross-sections of cells grown at air-liquid interface 

Histology of SPOC1 cells was performed in accordance with the protocols outlined in 

section 2.3.3. 
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 Optimisation of the Enzyme-linked Lectin Assay (ELLA) and 

quantification of mucins 

 Selection of lectin to be used in the SPOC1 ELLA 

Lectins tested were Horseradish-peroxidase labelled Wheat Germ Agglutinin (HRP-

WGA) from Triticum vulgaris (Vector Laboratories), Helix pomatia agglutinin (HPA)-

HRP labelled lectin (one sourced from EY Laboratories, the other a discontinued lectin 

from Sigma, used in previous studies in the laboratory) and soybean agglutinin (SBA)-

HRP labelled lectin (Sigma). WGA was chosen due to its reference in “Mucins, methods 

and protocols” (Thornton and Sheehan 2004), where it is described as a broad specificity, 

high binding lectin. The TB used in SPOC1 experiments was DMEM:F12. An enzyme-

linked lectin assay (ELLA) was performed using the three lectins at a fixed concentration 

(1.75 g mL-1), with a human mucin standard diluted to form three standard curves in 

triplicate, one for each lectin to be tested. 

 Enzyme-linked lectin assay (ELLA) 

Optimisation resulted in the following protocol (herein referred to as the optimised 

ELLA): an aliquot (200 L) of human mucin standard was added to the first well of the 

top three rows of a high binding flat-bottomed ELISA plate, with 100 L of TB being 

added to the seven subsequent wells of the same row. Doubling dilutions were made of 

the initial stock, by taking 100 L from the first well, adding to the second well and 

mixing. This was repeated, transferring 100 L from the second well to the third, mixing, 

and so on, giving 8 standard dilutions, of 50, 25, 12.5, 6.25, 3.125, 1.56, 0.78 and 0.39 ng 

well-1 in triplicate. Three wells contained TB only and were used to provide blank 

readings. Mucin was allowed to bind overnight at 4oC, then each well was washed three 

times with PBS/1.0 % gelatin/0.05 % Tween 20 (Wash Buffer, WB). The plate was 
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blocked with 150 l PBS/1.0 % gelatin for 1 h at 37oC, and then washed three times with 

200 l WB. WGA-HRP labelled lectin (100 L, 5.0 g mL-1) was added to all wells and 

the plate returned to 37oC for 1 h. All wells were washed with WB as before, then o-

phenylene diamine (OPD) (150 L) substrate solution (made from SigmaFast™ tablets 

according to manufacturer’s instructions) was added to all wells. The plate was incubated 

at room temperature in the dark for three minutes, before adding 50 L of 20 % sulphuric 

acid (stop solution) to quench the reaction. Absorbance was measured at 492 nm on an 

Ascent Multiskan™ plate reader. 

 Enhancement of mucin secretion from cells grown at air-liquid 

interface using AMP-PNP  

Cells were seeded onto inserts according to the protocol described in section 3.3.1.2. The 

day before the experiment, ALI medium was replaced with TB (DMEM:F12). As with 

Calu-3 cells, plates were kept on a shock-absorbing foam pad system for experiments 

when differences in mucin secretion were being measured. This was to prevent 

inadvertent mechanical stimulation of the wells, caused by knocking the plate in any way. 

Cells were switched to TB at 16 h prior to treatment. A wash of the cells, using 500 L 

fresh TB, was performed at -16, -3, -2, -1, -0.5 and -0 h (baseline sample) by removing 

TB from the apical surface with a micro pipette and allowing the fresh TB to run over the 

apical surface, holding the pipette against the side of the well at the furthest point from 

the experimentor whilst tilting the plate towards the experimentor. Washes were stored at 

4oC until mucin secretion could be determined using the ELLA (on the day of treatment). 

At 0 h, AMP-PNP (100 M) was added to the apical surface of each treated well (100 

M), in 500 L TB. Control cells had 500 L TB added to the apical surface. Cells were 
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left at 37oC, 5 % CO2, 95 % air for 15 minutes, after which the apical surface was gently 

washed to remove any adherent mucus and the apical medium removed for analysis, 

replacing with 500 L of 100 M AMP-PNP in TB. This was repeated at 30, 45 and 60 

minutes, giving four samples, taken at 15 minute intervals (15, 30, 45 and 60 min). At 60 

minutes, control wells were treated with AMP-PNP (100 M), to ensure that all cells had 

been capable of enhanced mucin secretion. These wells were washed at +75 min.  To 

quantify mucin secretion, 100 L of each wash was added to a high-binding ELISA plate 

and an ELLA performed, as outlined in section 2.3.5.2. 

 Enhancement of mucin secretion from cells grown at air-liquid 

interface using five treatments of AMP-PNP (performed on Geltrex™ 

coated inserts) 

The aim of this experiment was to ascertain how quickly SPOC1 cells could regenerate 

mucin stores after treatment with the secretagogue AMP-PNP (100 M) and whether or 

not any increase in mucin secretion seen with further secretagogue treatments would be 

significant. Previously published work has only shown data for a single treatment 

(Abdullah et al. 2003) and so it was unclear, whether the stores were completely depleted 

in that instance, or how quickly SPOC1 cells could replenish those stores. The latter was 

particularly important for transport experiments, since replenishment of stores within the 

transport and sampling period might affect the sensitivity of the model. 

Cells were cultured at ALI on Transwell-Clear™ inserts coated with Geltrex™, as 

outlined in section 3.2.1. 

On day 0, all wells were initially washed 16 hours before the start of the experiment with 

TB (Day 0). At this point, the TER was recorded for each well.  
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On the day of the experiment, medium was removed from all wells and replaced by fresh 

TB (1500 L in basolateral chamber, 500 L in apical chamber), taking care to add TB 

to the apical chamber gently, holding the tip to the side of the insert. After 20 minutes, 

the TB of the apical chamber was removed and labelled as E1 (Equilibration 1) replacing 

with another 500 L of pre-warmed TB (37 oC) and the cells returned to the incubator for 

20 minutes. The TB of the apical chamber was again removed, labelled E2 and replaced 

with 500 L of pre-warmed TB and the plate incubated for 20 minutes. This TB was 

removed, labelled as E3 and replaced with another 500 L medium for the start of the 

experiment.  

The equilibration period was followed by a baseline sampling period, whereby the TB 

was removed and replaced every 20 minutes for 60 minutes, giving three times baseline 

samples of 500 L, labelled B1, B2 and B3. At time point 0 min, one treatment of AMP-

PNP (100 M in 500 L) was added to the apical surface, adding TB only to the control 

wells. At 20 min, the apical solution was removed and replaced with fresh TB only (500 

L), labelling as “sample 1/20”. This was repeated at 40 min (sample 1/40). At 60 min, 

the solution was removed (sample 1/60) and replaced with a second treatment of AMP-

PNP (100 M) (treatment 2). Control wells had TB only added in place of AMP-PNP. 

At 80 min, the second treatment of AMP-PNP was removed and labelled as “sample 

2/80”, replacing with fresh TB only. At 100 min, the apical solution was again removed 

and replaced with fresh TB only (sample 2/100). At 120 min, the apical solution was 

removed (sample 2/120) and replaced with a third solution of 100 M AMP-PNP, again 

500 L (treatment 3). 

The apical solution was removed at 140 minutes (sample 3/140) and replaced with the 

same volume of fresh TB only. At 160 min, the apical solution was again removed and 
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replaced with fresh TB only (sample 3/160). At 180 min, the apical solution was once 

again removed (sample 3/180) and replaced with a fourth solution of 100 M AMP-PNP, 

again 500 L (treatment 4). At 200 min, the apical solution was removed from all wells 

and the cells returned to the incubator overnight (sample 4/200). 

At the start of day 2, TB was removed and replaced every 20 minutes for 40 minutes, 

giving two baseline samples of 500 L, labelled BL2:1 and BL2:2. Once the baseline 

samples were taken, assigned wells were treated with 100 M AMP-PNP (500 L). 

Twenty minutes later, the apical solution was removed and analysed alongside other 

samples (sample 5/20).  

 Depletion of mucus from SPOC1 cells for studies utilising the mucin 

depletion (MD) model 

As an alternative to the use of a secretagogue to enhance mucin secretion in SPOC1 cells, 

the possibility of a mucin-depletion model was explored. In this model, washing was used 

to deplete the culture surface of mucus prior to a mucin secretion study, in which mucin 

quantification was carried out using the optimised ELLA. 

Control cultures were washed apically with TB at hourly intervals, from -24 to -16 h, 

when the cultures were returned to 37oC, 5 % CO2/95 % air. At -4 h, washing 

recommenced (30 minutes intervals until 0 h). At -4 h, ALI medium was aspirated from 

the basolateral chamber and 1.5 mL TB added. Samples taken at each time point were 

compared with unwashed cultures for mucin content, using the ELLA. 
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 Statistical Analysis 

TER measurements were compared using the Mann-Whitney (U) test, comparing the 

same variable at different time points of secretion and transport experiments (‘before’ and 

‘after’). Mucin secretion or depletion was also analysed using the Mann-Whitney (U) test, 

since the number of replicates (normally 4) was considered too low to assume a normal 

distribution, necessary for a parametric statistical test. The P-value in each case, defined 

as the probability of obtaining a result (more formally a test statistic) that is at least as 

extreme as the one observed, assuming that the null hypothesis is true (Nakagawa and 

Cuthill 2007), was set at 0.05. 
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 Results 

 Expression of Muc5ac and Muc5b in SPOC1 cells by quantitative real 

time PCR (qRT-PCR) 

Expression of Muc5ac was found to be 95.21 times more abundant in SPOC1 cells (Figure 

3.1) relative to rat lung total RNA and normalised to Gapdh, whilst the negative control 

cell line H376 expressed negligible quantities of Muc5ac, at 0.01 relative to rat total lung 

RNA. As rat lung total RNA is a mix of different cell types (as a differentiated tissue), it 

was expected that more Muc5ac would be found in the SPOC1 extracted RNA. The 

expression of Muc5b was less abundant, although still significantly higher than the rat 

total lung RNA, being 41.29 times more abundant, with expression in the H376 cell line 

being 0.09 relative to the rat total lung RNA. 

 

Figure 3.1 Relative expression of Muc5ac and Muc5b in SPOC1 cells to rat total lung RNA (positive control) 

and H376 (negative control) cells, calculated by the Livak method (2-CT), normalising to Gapdh as the 

reference gene; Mean, n=2. Original in colour. 
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Amplification efficiency was determined using the dilution or standard curve method, 

including an undiluted sample, followed by 1/10, 1/20, 1/40, 1/50 and 1/100 dilutions of 

the sample. Reaction efficiency was calculated (by the software) to be 1.98 for Muc5ac 

and 1.94 for Muc5b. Values between 1.9 (90 %) and 2.1 (110 %) are considered 

acceptable for qRT-PCR and therefore reaction efficiencies in this study fell within the 

guidelines. Since these reaction efficiencies fell within 5 % of each other, the relative 

quantification by the Livak method was also valid (Livak and Schmittgen 2001). Melt 

curve analysis showed that amplification of the target gene was specific for each gene.  

The aim of qRT-PCR analysis of SPOC1 RNA was to show expression of Muc5ac and 

Muc5b in the cells acquired from the University of North Carolina, as this is important 

with regards to the use of these cells as a physiologically relevant drug transport model 

under enhanced mucin secretion conditions. The results shown here indicate that these 

mucins are expressed, a finding not previously reported.  

 Histology of cross-sections of cells grown at air-liquid interface (ALI) 

 Lectin binding and TMB staining for visualisation of mucins 

The lectin was visualised using 3,3′,5,5′-tetramethylbenzidine (TMB) as the chromogenic 

substrate, as for Calu-3 cells. 

Results using the TMB substrate, combined with subsequent counterstaining with neutral 

red, were variable. In SPOC1 cells, the TMB showed a distinct layer on the apical surface 

of the cells. However, the counterstain neutral red varied in strength. For this reason, 

histology was not used to determine the optimum lectin for use in the ELLA. This was 

therefore deduced using the ELLA itself, as for Calu-3 cells.  
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The results show that lectin binding occured at the apical surface of SPOC1 cells (Figure 

3.2), although the staining of mucin granules could not be observed using light 

microscopy. 

 

Figure 3.2 Lectin-TMB staining on cross-sections of SPOC1 cells, using Triticum vulgaris (Wheatgerm 

agglutinin)-HRP labelled lectin at 5 g mL-1. Areas stained densely by the TMB are indicated by arrows. Scale 

bar 50 m. Original in colour. 

It is uncertain whether binding was to mucin or sugar residues expressed on the cell 

surface, for example proteoglycans. Topography varied for SPOC1, with respect to depth 

of the cell layer.  

 Alcian blue and periodic acid/Schiff’s (AB/PAS) staining of 

SPOC1 cells 

SPOC1 cells showed a distinct layer of mucus, stained by alcian blue and highlighted by 

the black arrows in Figure 3.3. Although AB staining (blue) overshadowed that of the 

PAS (magenta), nuclei were clearly defined in the sections and it could be seen that the 

cultures were 2-3 cells in thickness in this instance. Some detachment of cells from the 

inserts was observed. However, in many cases, the insert membrane remained attached in 

parts to the cell layer (not visible in the images), enabling the identification of the apical 

cell surface. 
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Figure 3.3 AB/PAS staining of SPOC1 cells grown at ALI and harvested at 21 days. The sections are strongly 

stained by alcian blue, indicating the presence of acidic mucins, including a distinct layer on the apical side of 

the cells (which have slid across the membrane in parts, during manipulation). Nuclei are clearly defined. 

Original in colour. 

 Optimisation and validation of the Enzyme-Linked Lectin Assay 

(ELLA), for the quantification of mucins 

 Selection of lectin for the quantification of mucins secreted by 

SPOC1 cells 

Early mucin secretion studies using SPOC1 cells showed that there was no discernible 

difference between control and AMP-PNP (100 M) treated cells using the EY 

laboratories HPA lectin and therefore it was necessary to investigate other options. 

Wheatgerm agglutinin (WGA) lectin, sourced from Triticum vulgaris, is specific for 

GlcNAc1-4GlcNAc1-4GlcNAc and Neu5Ac (sialic acid) and has been previously used 

by Abdullah et al. to quantify mucin secretion from SPOC1 cells (McGuckin and 

Thornton, 2012; Abdullah et al. 2003). A simple quantification of SPOC1 mucins showed 

that WGA HRP-labelled lectin generated a higher signal in the ELLA than HPA and SBA 

lectins to mucins secreted by SPOC1 cultures grown on Transwell inserts (Figure 3.4) 

and gave the largest signal window between lectin and assay blank (DMEM). To 



Page | 118 

 

determine which concentration of WGA HRP-labelled lectin would be best for use in the 

ELLA, the assay was then performed using three concentrations of the lectin, at 5.0, 2.5 

and 1.25 g mL-1.  

 

Figure 3.4 Quantification of mucins secreted by SPOC1 cultures grown at ALI for 21 days, using equal lectin 

concentrations (5 g mL-1) and substrate development time (5 minutes); mean ± SD, n=3. Original in colour. 

The higher concentration (5 g mL-1) generated the most linear response; however, the 

sensitivity of the assay was reduced at the lower end of the calibration range (mucin 

standard concentration 0.39 to 1.56 ng well-1), when using five minutes as the substrate 

development time as recommended in McGuckin and Thornton’s protocol (McGuckin 

and Thornton 2012) (Figure 3.5). It was therefore necessary to optimise the substrate 

development time. 
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Figure 3.5 Optimisation of WGA-HRP labelled lectin concentration for use in the ELLA, testing three 

concentrations of lectin, 5 minutes substrate development time; mean ± SD, n=4. Original in colour. 

Substrate development time was therefore optimised in the same way as for the EY HPA 

lectin used in the Calu-3 studies, using 3, 6, 9 and 12 minutes as the time points for 

substrate development. Reduction of the development time to three minutes improved the 

sensitivity of the ELLA at the lower end of the calibration curve (Figure 3.6), increasing 

the r2 value from 0.90 (at 5 min) to 0.98 (at 3 min). 
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Figure 3.6 Optimisation of substrate development time of the ELLA, using WGA-HRP labelled lectin (5 g 

mL-1); mean ± SD, n=4. Original in colour. 

Lower limit of quantification, accuracy and range 

Blank values obtained thus far were high, raising the LLOQ of mucin to 13.4 ng well-1. 

The ELLA was therefore further optimised, using differing concentrations of gelatin as 

the blocking agent. Comparison of four gelatin concentrations showed that 1.0 % both 

improved the linearity of the curve and reduced blank values dramatically (Figure 3.7). 

The LLOQ of mucin using 1.0 % gelatin as the blocking agent was 0.6 ng well-1. 
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Figure 3.7 The effect of different concentrations of gelatin in the blocking solution of the ELLA. Mean ± SD, 

n=3. 

Intra-assay accuracy was determined using absorbances obtained at mucin concentrations 

of 0.39, 12.5 and 50 ng well-1. The calculated RSD % values were 10.95 % (0.39 ng well-

1 mucin), 8.90 % (12.5 ng well-1 mucin) and 4.75 % (50 ng well-1 mucin). All RSD % 

values fell well within the FDA recommended guidelines of  25 % variation at the LLOQ 

and 20 % elsewhere (Lee 2009). 

The mucin content of SPOC1 supernatants as measured by ELLA fell within the range of 

0.39 to 50 ng well-1 and therefore the calibration range of 0.39 to 50 ng well-1 was valid. 
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 Enhancement of mucin secretion from cells grown at air-liquid 

interface on Transwell-COL™, using AMP-PNP  

It was found that mucin secretion was significantly increased compared to baseline 

secretion, being enhanced 3.0 ± 0.48 fold in wells treated with 100 M AMP-PNP (Mann-

Whitney; P < 0.05) (Figure 3.8) and therefore this purinergic agonist was used as a mucin 

secretagogue for all experiments where enhanced mucin secretion was required. 

Untreated (control) wells were treated with 100 M AMP-PNP at 60 minutes, which 

significantly increased mucin secretion in these wells 3.0 ± 0.2 fold by 80 minutes (Mann-

Whitney; P <0.05). 

 

Figure 3.8 The effect of AMP-PNP (100 M), added at 30 minutes, on mucin secretion in SPOC1 cell cultures 

grown at air-liquid interface. Arrows indicate point of application of AMP-PNP to apical surface of 

experimental (red) and control (blue) wells. Mean ± SD; n=4. Original in colour. 

 

 

Untreated 

AMP-PNP 



Page | 123 

 

The effect of AMP-PNP on TER measurements 

AMP-PNP (100 M) had no discernible effect upon the TER of SPOC1 cells (Mann-

Whitney; P > 0.05) (Table 3.2) at 21 days post ALI (the day of experimentation). The 

mean TER of the cells was 140 ± 23 Ω.cm2 before AMP-PNP treatment and 138 ± 23 

Ω.cm2 after treatment.  

 BEFORE (-15 min) AFTER (120 min) 

Well TER (Ω.cm2) 

Before Expt (Mean ± SD) 

TER (Ω.cm2) 

After Expt (Mean ± SD) 
1 137 ± 21 136 ± 19 

2 141 ± 22 132 ± 24 

3 138 ± 17 140 ± 25 

4 142 ± 25 142 ± 19 

5 141 ± 21 138 ± 26 

6 142 ± 28 138 ± 23 

7 141 ± 25 138 ± 22 

8 141 ± 22 140 ± 24 

 

Table 3.4 TER readings of SPOC1 cells taken before and after AMP-PNP treatment. Wells 1-4 were untreated, 

whilst 5-8 were treated with AMP-PNP (100 M); mean ± SD, n=3 (readings taken) 

Maximum TER was generated by day 28 post-seeding (21 days post ALI) (Figure 3.9), 

with values above 100 Ω.cm2 occurring 18 days after commencing ALI culture. 
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Figure 3.9 Measurement of TER in SPOC1 cells grown on Transwell-COL™ inserts at ALI; mean ± SD; n = 8. 

Original in colour. 

 Comparison of SPOC1 cultures seeded on Transwell-COL™ inserts 

with cultures seeded on Transwell-Clear™ inserts coated with 

Geltrex™  

In a separate experiment, Transwell-Clear™ (Geltrex-coated) inserts were seeded 

concurrently with Transwell-COL™ cultures. Transwell-Clear™ insert membranes were 

coated with Geltrex according to section 3.3.1.3. This was carried out for the purpose of 

directly comparing the two inserts with regards to their suitability for transport 

experiments. All cultures were monitored for TER throughout the culture period and cells 

were analysed under the light microscope for morphological differences, with the aim of 

comparing the two insert types. 

TER measured on day 21 of ALI was 205.3 ± 14.6 Ω.cm2 for the cultures seeded on 

Transwell-Clear™ coated with geltrex, compared to 117.2 ± 11.8 Ω.cm2 for the cells 

cultured on Transwell-COL™ cultures (Figure 3.10) (values representative of a direct 
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comparison of 8 wells per coating). This represented a significant increase of, on average, 

almost 2 fold (Mann-Whitney; P < 0.01). 

 

Figure 3.10 Measurement of TER over time in SPOC1 cells grown on Transwell-COL™ inserts and 

Transwell-Clear™ inserts coated in Geltrex, ‘Geltrex’, at ALI; mean ± SD, n=8. Original in colour. 

Observations under the light microscope were also recorded for each insert (Figure 3.11). 

The morphology of the cells cultured on Geltrex-coated inserts was noticeably more 

three-dimensional. Hashmi (Hashmi 2000) found that medium was always present in the 

apical chamber of Transwell-COL™ inserts seeded with SPOC1 cells, something also 

observed during the current study. No medium was present in the apical chamber of 

SPOC1 cell seeded Transwell-Clear™ inserts that were coated with 1/20 Geltrex. The 

images taken under the light microscope (Zeiss Axiovert 25) suggest that the cells are not 

fully differentiated or do not fully cover the membrane, despite over seeding.  

These observations, along with the higher TER values, led to the decision to switch to 

Geltrex-coated Transwell-Clear™ inserts for the development of SPOC1 cells as a model 

of the airways.      
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Figure 3.11 SPOC1 cells cultured on Geltrex™-coated Transwell-Clear™ inserts (left), compared with cells of 

the same passage cultured on Transwell-COL™ inserts. Images taken with the 20 x objective on day 21 of 

ALI, using a Zeiss Axiovert 25 light microscope.  

 Enhancement of mucin secretion from cells grown at air-liquid 

interface using five treatments of AMP-PNP (Geltrex™ coated 

Transwell-Clear™ inserts) 

TER results recorded at the start of the experiment were an average of 202 ± 13.9 Ω.cm2 

before the experiment and 172 ± 16.8 Ω.cm2 after. This was taken to indicate that the cell 

cultures maintained their integrity throughout the experiment, being above 100 Ω.cm2, 

although this drop in TER was significant. 

The first application of 100 M AMP-PNP significantly increased mucin secretion to an 

average of 6.9 ± 1.9 fold that of the baseline (P < 0.01) (Figure 3.12). A second application 

also produced a significantly higher mucin secretion, at 6.2 ± 2.2 fold that of the baseline 

(P < 0.01). The third application increased mucin secretion to 2.5 ± 0.5 fold that of the 

baseline, which was not significant, although it was significantly greater than that of the 

previous sample (P > 0.05). The 4th application enhanced mucin secretion to 2.1 ± 0.6 

fold that of the baseline (P < 0.01), an increase which was also found to be significantly 

Geltrex-coated Transwell-
Clear™ inserts 

Transwell-COL™ inserts 
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higher than the sample taken at the previous time point (P < 0.05). The 5th application, on 

day 2, did not produce a significant increase (P > 0.05). 

 

Figure 3.12 The effect of AMP-PNP (100 M) on mucin secretion in SPOC1 cells grown at ALI, administered 

as 5 separate treatments (red arrows) over a period of two days. Time point 0 under Day 2 (final red arrow) 

represents the administration of treatment 5, with time point 20 on day 2 representing the final sampling time 

point; mean ± SD, n = 4. Original in colour. 

 Depletion of mucus from SPOC1 cells for studies utilising the mucin 

depletion (MD) model 

Mucus was depleted from SPOC1 cells cultured on Geltrex™ coated Transwell-Clear™ 

inserts in six individual plates, according to the protocol outlined in section 3.3.7. The 

mucins from each well were quantified using the optimised ELLA, as detailed in section 

3.4.3.1. It was found that depleting mucus as an alternative to the application of the 

physiological secretagogue AMP-PNP created an increase in mucin level of unwashed 

wells to 7.7 ± 2.1 fold that of washed wells. The mucin levels in the unwashed wells were 
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quantified at an average of 32.4 ± 3.0 ng well-1, with washed wells being quantified at an 

average of 4.5 ±1.0 ng well-1. 

 

Figure 3.13 The content of mucin as quantified by ELLA in unwashed wells (blue), expressed as a percentage 

relative to that of the washed wells (red) in each plate; mean ± SD, n=4. Original in colour. 

Previously the greatest increase achieved, using the secretagogue AMP-PNP (100 M), 

had been 6.9 ± 1.9 fold (3.0 ± 0.4 ng well-1) on Geltrex-coated Transwell-Clear™ cultures 

(first application, Figure 3.12), whilst on Transwell-COL™ inserts, the increase had only 

been 3.0 ± 0.5 fold. This was a significant difference (P < 0.05). Using mucin depletion 

therefore improved the model by increasing the window between control (washed) and 

experimental (unwashed) wells. This was likely to increase the sensitivity of the model 

in that the effect of a mucus barrier on the permeability of compounds which interact 

weakly with mucins was more likely to be detected. 
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 Discussion 

The SPOC1 cell line was originally established during studies of neoplastic progression 

(Doherty et al. 1995) and went on to undergo characterisation in terms of mucin secretion, 

during which it was determined that the cell line not only secreted rat tracheobronchial 

mucin (Randell et al. 1996), but that this secretion was under the control of P2Y2 (P2u) 

purinoceptor (P2Y2-R), stimulated by purinergic agonists, such as ATP, UTP and the non-

hydrolysable analogue AMP-PNP (Abdullah et al. 1996). SPOC1 cells were used in 

studies to characterise the role of protein kinase C (PKC) in signal transduction (Abdullah 

et al. 2003) and also to evaluate the dependency of the secretory process on Ca2+ ions. 

They have not, however, been utilised for transport studies, despite having been shown 

to secrete mucins. 

Expression of mucins 

In SPOC1 cells, mucin detection has thus far been limited to use of the monoclonal 

antibody (mAb) RTE11, as used by Randell et al. in their mucin production studies 

(Randell et al. 1996) and the ELLA (Rossi, Sears and Davis 2004, Abdullah et al. 1996). 

It was therefore prudent to characterise the cells in terms of mucin expression using qRT-

PCR. The results showed that the cells grown at ALI expressed the predominant rat 

airway mucins Muc5ac and Muc5b. As for human lung total RNA, rat total lung RNA is 

a mix of different cell types (as a differentiated tissue), it was expected that more Muc5ac 

would be found in the SPOC1 extracted RNA. This was confirmed during analysis of the 

data.  

The aim of qRT-PCR analysis of SPOC1 RNA was to show that cells acquired from the 

University of North Carolina expressed the airway mucins Muc5ac and Muc5b, as this is 



Page | 130 

 

critical to the use of these cells as a drug transport model under enhanced mucin secretion 

conditions. The results shown here indicate that these mucins are expressed and that the 

SPOC1 cell line is physiologically relevant with regards to mucin expression.  

Detection of lectins in situ  

AB-PAS staining is routinely used to detect mucins in situ and was utilised in the current 

study, in which SPOC1 cells showed a distinct layer of mucus, stained by alcian blue. A 

disadvantage of AB-PAS staining, however, is that it may also detect other negatively-

charged carbohydrates and so the use of lectins to stain mucins secreted by SPOC1 cells 

was explored in the current study. In all cases, a distinctive precipitate was observed on 

the apical surface of cross-sections of cells grown at ALI, characteristic of a mucus layer. 

The technique was not sensitive enough to identify mucin granules and the manipulations 

required resulted in damage to many of the delicate cross sections, a major drawback of 

the technique. The use of WGA-HRP lectin to visualise lectins in situ in SPOC1 ALI 

cultures is a novel technique and has thus far not been published. 

Optimisation and validation of the Enzyme-Linked Lectin Assay (ELLA), for the 

quantification of mucins 

Although qRT-PCR confirmed expression of airway mucins, this does not confirm 

physiologically relevant mucins, since the protein is subjected to post-transcriptional 

modifications, most notably the glycosylation and subsequent packaging into mature 

mucin granules for their release via exocytosis. In the current studies, confirmation of 

glycosylation status (and subsequent quantification of mucins) was performed using the 

ELLA. Since the previously used HRP-labelled lectins had been discontinued, it was 

necessary to research alternatives and to re-optimise the assay. One alternative was the 

Wheatgerm agglutinin-HRP lectin isolated from Triticum vulgaris. Described by 
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Thornton and Sheehan as a broad specificity, high binding lectin (Thornton and Sheehan 

2004), WGA-HRP generated the greatest assay window and was found to produce a 

LLOQ below the levels quantified from SPOC1 cells.   

The subsequent detection of glycosylated mucins in SPOC1 cells, both under basal and 

stimulated conditions, provided evidence that the mucins secreted from the cells were 

mature, having been subjected to post-translational modifications. As with Calu-3 ELLA 

optimisation, increasing the gelatin concentration in the current studies to 1 % reduced 

nonspecific binding to the assay plate and increased the sensitivity of the assay by 

reducing the blank values. Reaction time is another factor that can affect the sensitivity 

of the ELLA. In the current studies, reducing the reaction time for substrate development 

to three minutes increased the sensitivity of the calibration curve by removing the plateau 

observed for longer development times. 

Integrity of the cell layer as measured by transepithelial electrical resistance (TER) 

The mean TER of the cells grown at ALI on Transwell-COL™ was 140 ± 23 Ω.cm2. This 

was comparable with previously reported data by Hashmi (Hashmi 2000), who reported 

an average reading of 122 Ω.cm2 with this cell line. TER readings of this magnitude 

suggest sufficient formation of tight junctions to generate an integral cell layer. Since 

AMP-PNP did not appear to affect the integrity of the SPOC1 cell layer, no cytotoxicity 

studies were conducted. AMP-PNP has been routinely used as a mucin secretagogue in 

this cell line by other researchers, with no reported issues (Abdullah et al. 1996; Abdullah 

and Davis 2007). 
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The use of Geltrex™ as an alternative extracellular matrix (ECM) system to collagen I 

Although SPOC1 cells cultured as outlined previously in the literature (Doherty et al. 

1995; Randell et al. 1996) generated a TER indicative of cell layer integrity at ALI, our 

findings were consistent with previously unpublished studies in reporting that liquid is 

present in the apical chamber of the culture inserts of cell cultures fed basolaterally. 

During the current study, this was found to occur within hours of feeding, thus the cells 

were at true ALI for a relatively short period.  

 It has been reported previously that culture conditions are critical to the differentiation 

of epithelial cells; in particular submerged cultures may be limited in differentiation 

capacity (Marshall et al. 2014; Forbes and Ehrhardt 2005). In addition, Calu-3 cells have 

been shown to secrete less mucus in submerged conditions (Fiegel et al. 2003), although 

this could be argued to be a reflection of the mucus dissolving in the apical medium. 

Geltrex™, a proprietory extracellular matrix solution from Life Technologies sold for the 

purposes of 3D cell culture was therefore investigated as an alternative to Transwell-

COL™ inserts, adapting the manufacturer’s protocol by diluting the gel and using the 

resultant solution to coat clear polyester (Transwell-Clear™) inserts. This successfully 

improved the TER almost two fold. As an additional benefit, the culture of SPOC1 cells 

on Geltrex-coated inserts significantly increased the response of the cells to the 

physiological secretagogue AMP-PNP from 3.1 ± 0.9 fold in Transwell-COL™ cultures 

to 6.9 ± 1.9 fold (P < 0.01) in Transwell-Clear™ Geltrex- coated inserts. One explanation 

for this increased response would be the increased differentiation potential of SPOC1 

cells when grown on Geltrex-coated Transwell-Clear™ inserts. 
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Enhancement of mucin secretion using multiple treatments of AMP-PNP 

To ascertain how quickly SPOC1 cells could regenerate mucin stores after treatment with 

the secretagogue AMP-PNP (100 M) and whether or not any increase seen with further 

secretagogue treatments would be significant, an experiment was performed in which the 

same SPOC1 cells cultured on Transwell-Clear™ inserts were periodically treated with 

AMP-PNP (100 M), monitoring mucin secretion at 20 minute intervals. Previously 

published work has only shown data for a single treatment (Abdullah et al. 2003). 

Whether or not the stores were completely depleted in that instance, or how quickly 

SPOC1 cells could replenish those stores was not determined by Abdullah et al. The latter 

was particularly important for transport experiments, since replenishment of stores within 

the transport and sampling period might affect the sensitivity of the model. The results 

revealed that mucin secretion from treated SPOC1 cells was still significantly higher than 

baseline after 4 treatments of AMP-PNP (100 M), after which mucin secretion was not 

significantly higher than baseline (the 5th treatment). This suggests that one or more 

treatments within the same day do not exhaust mucin stores, but do result in a gradual 

depletion. In this instance, stores were not replenished overnight, a finding attributed to 

the extensive manipulations undertaken. 

Depletion of mucus from SPOC1 ALI cultures - the Mucus Depletion (MD) model 

The removal, or depletion, of mucus by agitation with buffer (washing), has previously 

been reported as a possibility (Hagesaether et al. 2013). However, it has been proposed 

by the same authors that removing mucus is not straightforward and may affect the 

integrity of the cell layer. In optimising the model for drug transport studies, it was 

decided to attempt to create a model depleted of mucus, whereby the cells were washed 

repeatedly to deplete the mucus content of the control wells, leaving unwashed wells to 
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mimic the natural mucus barrier. It had already been shown that washing before the use 

of a secretagogue did not cause damage to the cell layer (demonstrated by TER 

measurement). Washing the cells increased the difference between the mucin content of 

the control and experimental wells to 7.7 ± 2.1 fold that of the control cultures (washed 

wells), compared to 6.9 ± 1.9 fold in the AMP-PNP treated SPOC1 model. The quantities 

of mucins, as detected by ELLA, was increased to 32.4 ± 3.0 ng/well, up from 3.0 ± 0.4 

ng/well. These modifications are likely to improve the sensitivity of the model and led to 

its proposal as the principal model in which drug permeability in the presence of mucus 

would be studied. The use of mucus-depleted SPOC1 cells to study the effect of mucus 

on drug transport is novel.  

Whilst submucosal glands are found in the proximal airways and also distal airways 

greater than 1 mm in diameter (Shan et al. 2011), goblet cells are found throughout the 

conducting airways. As such, it is argued that goblet cells are the main source of airway 

mucus. Since SPOC1 cells are an airway epithelial goblet cell line, this makes them 

potentially more appropriate for the study of mucus as a barrier to drug delivery than the 

Calu-3 cell line, particularly as they also respond to a physiological secretagogue (AMP-

PNP, a non-hydrolysable form of ATP, used in the current study and ATP itself). SPOC1 

cells maintain a diploid karyotype, with only a few specific, non-random, chromosomal 

alterations on chromosomes 1, 3 and 6 (Doherty et al. 1995). In summary these qualities, 

considered jointly with the findings thus far in the current study with regards to the 

properties of the SPOC1 cell line when cultured on Geltrex-coated Transwell-Clear™ 

inserts, made the SPOC1 cell line ideally suited to their use in studies of the effect of 

mucus on drug transport. 
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 Characterisation and validation of the UNCN3T model 

 Introduction 

The UNCN3T cell line was one of six cell lines first described in 2009 (Fulcher et al. 

2009). It differs from other airway cell lines in that it is not oncogenic in phenotype, 

having been immortalised by the introduction of the stem cell regulator Bmi-1 and the 

catalytic subunit of telomerase, hTERT. Bmi-1 maintains stem cells by repressing the 

tumour suppressors p19ARF and p16Ink4a (Lee et al. 2011), whilst in many cell types, 

replicative senescence can be prevented by hTERT expression (Huang, Liu et al. 2005). 

The use of these two genes in the immortalisation of cells reportedly creates an airway 

cell line with an extended lifespan and a diploid karyotype, a pseudostratified 

morphology, apical polarisation and occasional ciliated cells. Together with their human 

origin and measurable TER of > 200 Ω.cm2, these qualities make UNCN3T cells a 

promising prospect as a model to study drug permeability. The cell line has also been 

shown to increase secretion of the inflammatory cytokine IL-8 in response to IL-1, TNF-

 and the toll-like receptor 2 agonist Pam3Cys (Fulcher et al. 2009) and therefore may be 

useful in studies of airway irritation in response to administration of inhaled therapeutics. 

UNCN3T cells have not previously been used in permeability studies of any type, 

therefore in order to consider the cell line, further characterisation was required in 

addition to the TER, cytokine and morphology studies performed by Fulcher et al. 

(Fulcher et al. 2009). This included studies of barrier function, in which the TER of the 

cells was measured in our laboratory during growth and experimental manipulations 

alongside the permeability of the paracellular permeability marker FD4, tight junction 

immunohistochemistry and mucus secretion analysis by assay and microscopy. 
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Tight junction characterisation was performed on cells grown at ALI for 21 days on 

Geltrex™ coated Transwell-Clear™ inserts. The antibodies chosen were zonula 

occludens-1 (ZO-1), occludin (both tight junction proteins) and the adherens junction 

protein E-cadherin. Beta-catenin was also studied, since its inclusion in adherens junction 

assembly stabilises E-cadherin and its presence in the membrane is indicative of 

differentiated cells (Förster et al. 2008). 

If the studies indicated that the model was suitable, drug permeability and irritancy studies 

would be carried out, using a small selection of compounds already studied in the SPOC1 

cell line. 
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 Materials 

 Preparation of UNCN3T culture medium and inserts 

UNCN3T cells – a kind gift received from Dr Leslie Fulcher of the Cystic 

Fibrosis/Pulmonary Research and Treatment Centre, University of North Carolina at 

Chapel Hill School of Medicine, NC, USA. 

Bronchial epithelial basal medium (BEBM). Lonza Bulletkit, includes SingleQuot™ 

cell supplements – Lonza CC3170, Lonza Biologics plc, Slough, Berkshire, United 

Kingdom 

Collagen I rat tail – Invitrogen A1048301, supplied by Fisher Scientific 

Collagen IV (powder) – Sigma C7521 

Acetic acid 0.1 M – Fisher Scientific J/0551C/05 

Transwell® Clear Polyester membrane inserts, 0.4 m, 12 mm - Sigma CLS3460 

PneumaCult™ Air-Liquid Interface Medium – Stemcell Technologies, Cambridge, 

United Kingdom 

 qRT-PCR of MUC5AC and MUC5B from isolated RNA  

All reagents can be found in section 2.2.2. 

 Histology of cross-sections of cells grown at air-liquid interface 

All reagents can be found in section 2.2.3. 
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 Enzyme-linked Lectin Assay (ELLA) and quantification of mucins 

Lectin: Biotin-labelled Helix pomatia agglutinin (HPA) - Sigma L6512 

Streptavidin-HRP (SA-HRP) – Sigma RABHRP3 

All other reagents can be found in section 2.2.4 

 Enhancement of mucin secretion from cells grown at air-liquid 

interface 

All reagents can be found in section 2.2.5 

 Tight junction characterisation of UNCN3T cells 

Rabbit (DA1E) mAb IgG XP® Isotype control – Cell Signaling Technology 3900; Cell 

Signaling Technology Europe, B.V. Leiden, The Netherlands  

Tight junction antibody sampler kit – Cell Signaling Technology 8683 

Cadherin-Catenin antibody sampler kit – Cell Signaling Technology 9961 

Anti-rabbit IgG (H+L), F(ab')2 FragmentAlexaFluor 488 – Cell Signaling Technology 

4412 

Prolong Gold Antifade with DAPI – Invitrogen VXP 36931 

Other reagents can be found in section 2.2.3. 
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 Methods 

 Preparation of UNCN3T culture medium and cell culture 

 General maintenance of UNCN3T cultures 

Cells were cultured according to the guidelines provided by the University of North 

Carolina (Fulcher et al. 2009, Fulcher et al. 2005). For routine culture, Bronchial 

Epithelial Growth Medium (BEGM) was prepared according to Lonza guidelines, adding 

SingleQuot™ kit components to 500 mL of bronchial epithelial basal medium (BEBM). 

Individual concentrations are subject to intellectual property constraints, however, the 

supplements themselves are listed as bovine pituitary extract (BPE), hydrocortisone, 

human epidermal growth factor (hEGF), epinephrine (adrenaline), transferrin, insulin, 

retinoic acid, tri-iodothyronine (T3), and gentamicin/amphotericin-B. This is further 

referred to as ‘BEGM’. Early cultures revealed that the cells were sensitive to gentamicin 

and therefore the two antibiotics were omitted from further cultures. 

Passaging was performed every 7-9 days, at a dilution factor of 1/3. The method used was 

the same as described for Calu-3 cells (section 2.3.1.1) with the exception that 

suspensions were centrifuged at 600 x g for 10 min. Cultures were grown on collagen I-

coated (50 g mL-1 in 0.02 M acetic acid) 100 mm diameter plates. Coating was 

performed by adding 3 mL of collagen I solution to the plate and incubating for 2 h at 

37oC. This was followed by 30 minutes under UV light to sterilise. The collagen solution 

was aspirated and the plates allowed to air dry for storage at 4oC, or in the case of plates 

used immediately, washed 3 x with BEGM (1 mL) to remove traces of acetic acid and 

unbound collagen I. 
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 Culture of UNCN3T cells on collagen IV coated inserts 

Transwell-Clear™ 1.12 cm2 polyester inserts were coated with 250 L of collagen IV at 

50 g mL-1 in 0.02 M acetic acid.  Inserts were allowed to dry in a Class II safety cabinet, 

then sterilised for 30 minutes under UV light. Both the apical and basolateral chambers 

were rinsed with BEGM (as above) where inserts were to be utilised immediately, or 

stored dry at 4oC for future use. 

Cells were trypsinised as for passaging (section 2.3.1.1) and counted. A total of 5 x 105 

cells were seeded per insert, in 500 L BEGM, into the apical chamber of a collagen IV-

coated Transwell-Clear™ polyester insert. BEGM (1500 L) was added to the basolateral 

chamber. Cells were grown submerged for 7 days or to confluence, before aspirating 

medium from the apical chamber and growing at ALI, feeding basolaterally only (1500 

L) at 2 - 3 day intervals, with Pneumacult™ ALI medium. Experiments and 

characterisation studies were performed 28 days after seeding, a minimum of 21 days 

after culturing at ALI. 

 Culture of UNCN3T on Geltrex™ coated inserts 

Inserts were coated as outlined in section 3.3.1.3. 

Cells were seeded as above, in BEGM. At confluence (5 – 7 days), cells were fed 

basolaterally only (1500 L), using Pneumacult™ ALI medium. Experiments were 

performed 21 days after switching to ALI. 

 qRT-PCR of MUC5AC and MUC5B from isolated RNA 

Isolation of RNA from UNCN3T cells, reverse transcription and qRT-PCR was carried 

out in accordance with the protocol outlined in section 2.3.2. 
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 Histology of cross-sections of cells grown at air-liquid interface  

Histology of UNCN3T cells was performed in accordance with the protocols outlined in 

section 2.3.3. 

 Enzyme-linked Lectin Assay (ELLA) and quantification of mucins 

The lectin for these studies was altered to biotinylated-Helix pomatia agglutinin (Biotin-

HPA), followed by horseradish peroxidase-labelled streptavidin (SA-HRP), due to batch 

inconsistencies with HRP-HPA lectin. The protocol was previously optimised in the 

laboratory for other studies and therefore no further optimisation was carried out here. 

For each standard curve, human mucin standard was diluted to 500 ng mL-1 in transport 

buffer (TB, DMEM).  

Human mucin standards were prepared in the same way as detailed in section 2.3.4.2 of 

50, 25, 12.5, 6.25, 3.125, 1.56, 0.78 and 0.39 ng well-1. Three wells contained only 

transport buffer (TB, LHC basal medium) and were used to provide blank readings. This 

format was used for all subsequent experiments. Mucin was allowed to bind overnight at 

4oC, then each well was washed three times with PBS/0.05 % gelatin/0.05 % Tween 20 

(Wash Buffer, WB). The plate was blocked with 150 l PBS/0.1 % gelatin for 1 h at 37oC, 

then washed three times with 200 l WB. Biotin-HPA lectin (100 L, 0.63 g mL-1), 

prepared in the blocking solution, was added to all wells and the plate returned to 37oC 

for 1 h. All wells were washed with WB as before, then horse radish peroxidase-labelled 

streptavidin (SA-HRP) (100 L, 1.25 g mL-1) was added to all wells and the plate 

returned to 37oC for 1 h. All wells were washed as before, then O-phenylene diamine 

(OPD) (150 L) substrate solution (made from SigmaFast™ tablets according to 
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manufacturer’s instructions) was added to all wells. The plate was incubated at room 

temperature in the dark for three minutes, before adding 50 L of 20 % sulphuric acid 

(Stop Solution) to quench the reaction. Absorbance was measured at 492 nm on an Ascent 

Multiskan™ plate reader. Absorbance values from wells containing TB only were 

subtracted from all other absorbance values and a standard curve constructed in Excel for 

each lectin tested. 

 Enhancement of mucin secretion in UNCN3T cells grown at air-liquid 

interface on collagen IV coated Transwell-Clear™ inserts using AMP-

PNP 

Cells were cultured as outlined in section 4.3.1.2. All wells were initially washed 16 h 

before the start of the experiment with LHC basal medium with no additives (Day 0). At 

this point, the TER was recorded for each well.  

On day 1, the medium was removed from both wells and replaced by fresh LHC basal 

medium pre-warmed with no additives (1500 L in basolateral chamber, 500 L in apical 

chamber), taking care to add medium to the apical chamber gently, holding the tip to the 

side of the insert. After 20 minutes, the medium of the apical chamber was removed. The 

medium was then replaced with another 500 L of pre-warmed medium (37oC) and the 

cells returned to the incubator for 20 minutes. The medium of the apical chamber was 

again removed, replaced and the plate incubated for 20 minutes. This medium was 

removed and replaced with another 500 L medium for the start of the experiment.  

To ascertain baseline mucin secretion, the medium was removed and replaced every 10 

minutes for 30 minutes, giving three baseline samples of 500 L, labelled B1, B2 and B3. 
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For the treatment period, AMP-PNP (100 M in 500 L) was added to the apical surface 

of each treatment well at time point 30 minutes, adding LHC basal medium only to the 

control wells. At 40 minutes, the apical solution was removed and replaced with fresh 

AMP-PNP or LHC basal medium only to the controls (500 L). This was repeated at 10 

minute intervals until 100 minutes. 

At 100 minutes, two treatments of 10 minutes each, containing AMP-PNP (100 M) were 

administered to the control wells, washing and replacing in the same way as for the 

treatment period. These were labelled A1 and A2. 

All samples and controls were quantified using the ELLA outlined in section 4.3.4. 

 Depletion of mucus from UNCN3T cells for studies utilising the mucin 

depletion (MD) model 

As an alternative to the use of a secretagogue to enhance mucin secretion in UNCN3T 

cells, the possibility of a mucin depletion model was explored. In this model, washing 

was used to deplete the culture surface of mucus as outlined in section 3.3.7, using LHC 

basal medium for washes. Cells were cultured on Geltrex™ coated Transwell-Clear™ 

inserts, to enable direct comparison with the SPOC1 model. 

 Tight junction characterisation of UNCN3T cells 

Cells were cultured on Geltrex™ coated Transwell-Clear™ inserts as detailed in section 

4.3.1.3. At 21 days post ALI, cells were fixed using 10 % neutral buffered formalin mixed 

1:1 with culture medium for 10 min, followed by 10 % neutral buffered formalin only for 

10 min. Each insert was then washed gently 3 x with phosphate buffered saline/0.1 % 
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tween (PBST). Permeabilisation was carried out by incubation of the inserts for 10 

minutes in 0.1 % Triton x-100, followed by another 3 x washes with PBST. 

Inserts were blocked for 30 minutes at room temperature in PBST/1 % gelatin. Antibodies 

were prepared in PBST/ 1 % gelatin and 100 L added to each insert drop wise. The 

antibodies chosen were zonula occludens-1 (ZO-1), occludin (both tight junction 

proteins) and the adherens junction protein E-cadherin. Each antibody was rabbit derived. 

A no primary control and also a rabbit IgG1 isotype control were included. After antibody 

addition, the slides were placed in a humidified chamber at 2 – 8 oC overnight. 

Inserts were gently washed three times using a plastic Pasteur pipette, in PBST (roughly 

1 mL per wash). The secondary antibody (anti-rabbit IgG (H+L), F(ab')2 fragment 

AlexaFluor 488, diluted 1/200 in PBST/1 % gelatin) was added to each insert drop wise 

as before (100 L per slide) and the inserts incubated in the humidified chamber at room 

temperature for 1 h. The inserts were washed 3 x in PBST as before, then the membrane 

gently excised using a clean scalpel. The insert was laid onto a microscope slide and 

mounted with a circular coverslip using Prolong Gold Antifade® with DAPI. Excess 

mounting medium was blotted using a lens tissue and the slides left to cure at room 

temperature in the dark. Slides were then analysed using a Leica TCS SP5 Confocal Laser 

Scanning Microscope. 

 Statistical Analysis 

TER measurements were compared using the non-parametric Mann-Whitney (U) test, 

comparing the same variable at different time points of secretion and transport 

experiments (‘before’ and ‘after’). Mucin secretion or depletion was also analysed using 

the Mann-Whitney (U) test, since the number of replicates (normally 4) was considered 
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too low to assume a normal distribution, necessary for a parametric statistical test. The P-

value in each case, defined as the probability of obtaining a result (more formally a test 

statistic) that is at least as extreme as the one observed (Nakagawa and Cuthill 2007), 

assuming that the null hypothesis is true, was set at 0.05. 
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 Results 

 RT-PCR of MUC5AC and MUC5B in UNCN3T cells 

Extracted RNA was quantified using UV spectroscopy on a NanoDrop 2000c UV-Vis 

Spectrophotmeter (Thermo Scientific), following treatment with DNase (1 L). The 

A260/A230 ratio was determined for each sample, to establish RNA purity. UNCN3T RNA 

had a ratio of 2.15, human lung total RNA had a ratio of 2.01, whilst H376 RNA had a 

ratio of 2.04. All fell above the acceptable value of 1.8 and were therefore indicative of 

highly pure RNA samples. 

Expression of MUC5AC was found to be 154.26 times more abundant in UNCN3T cells 

(Figure 4.1) relative to human lung total RNA, whilst the negative control cell line H376 

expressed negligible quantities of MUC5AC, at 0.01 relative to human total lung RNA. 

The expression of MUC5B was less abundant, although still significantly higher than the 

human total lung RNA, being 41.26 times more abundant, with expression in the H376 

cell line being 0.08 relative to the human total lung RNA.

 

Figure 4.1 Relative expession of MUC5AC and MUC5B in UNCN3T cells, calculated by the Livak method (2-

CT), normalising to TBP; mean, n=2. Original in colour. 
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Amplification efficiency was determined using the dilution or standard curve method, 

including an undiluted sample, followed by 1/10, 1/20, 1/40, 1/50 and 1/100 dilutions of 

the sample. Reaction efficiency was calculated (by the software) to be 2.01 for MUC5AC 

and 1.99 for MUC5B. Values between 1.9 (90 %) and 2.1 (110 %) are considered 

acceptable for qRT-PCR and therefore reaction efficiencies in this study fell within the 

guidelines. Since these reaction efficiencies fell within 5 % of each other, the relative 

quantification by the Livak method was also valid (Livak and Schmittgen 2001). Melt 

curve analysis showed that amplification of the target gene was specific for each gene.  

 Histology of UNCN3T cells grown at ALI 

 Lectin binding and TMB staining for visualisation of mucins 

The TMB precipitated as a distinct layer on the apical surface of the cells (Figure 4.2), 

indicating the presence of a mucus layer; however, the staining of mucin granules could 

not be observed, even at higher magnifications (60 x and 100 x), using light microscopy 

(Zeiss Axiovert 25, as described in methods section 2.3.3). 

UNCN3T cells showed an increased depth than the other studied cell lines, layers of up 

to four cells were observed in these sections, although the majority was pseudostratified. 

Nuclei were clearly visible in UNCN3T, using the neutral red counterstain. UNCN3T 

cells were found to be as problematic as other cells lines with regards to their sensitivity 

to histological manipulations. 
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Figure 4.2 Lectin-TMB staining on cross-sections of UNCN3T cells, using Helix pomatia-HRP labelled lectin at 

1.75 g mL-1, showing a clear layer of TMB precipitation. Cells fixed at day 21 post ALI. Original in colour. 

 Alcian blue and periodic acid/Schiff’s (AB/PAS) staining of 

UNC3NT cells 

Staining revealed a stratified layer across most of the insert, with distinct areas of acidic 

mucins (blue) on the apical surface of the cells. In some areas, the cultures were six cells 

deep (Figure 4.3B). The technique was not refined enough to show more detailed 

topography, although nuclei were clearly visible, as were mixtures of acidic and neutral 

mucins, represented by varying degrees of purple. 

 

Figure 4.3 AB/PAS Staining of UNCN3T cells grown at ALI and harvested at day 28 post seeding. Arrows 

indicate strong areas of acidic mucins (blue). Mixtures of acidic and neutral mucins are represented by 

varying degrees of purple, whilst nuclei are stained dark blue, particularly in the right hand image. A = apical; 

BL = basolateral (A). Original in colour. 
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 Enhancement of mucin secretion from cells grown at ALI using AMP-

PNP 

Previously it has been described that SPOC1 cells secrete mucin in response to the 

purinergic agonist homologue AMP-PNP (100 M) in section 3.4.5. Using the same 

purinergic agonist to treat UNCN3T cells, it was found that mucin secretion was 

significantly increased compared to baseline secretion, being enhanced 2 fold in wells 

treated with 100 M AMP-PNP (Mann-Whitney; P < 0.01) (Figure 4.4), representing 

mucin content of 2.91 ± 0.92 ng/well in untreated wells, rising to 5.44 ± 1.63 ng well-1 in 

AMP-PNP treated wells. Untreated (control) wells were treated with 100 M AMP-PNP 

at 100 minutes, which significantly increased mucin secretion in these wells 1.5 fold by 

120 minutes (Mann-Whitney; P < 0.01), representing an increase from 2.90 ± ng well-1 

to 4.34 ± 0.83 ng well-1.  
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Figure 4.4 The effect of AMP-PNP (100 M) on mucin secretion in UNCN3T cell cultures grown at air-liquid 

interface (ALI). Arrows indicate point of application of AMP-PNP to apical surface of experimental (red) and 

control (blue) wells. Mean ± SD; n=4. Original in colour. 

 The effect of AMP-PNP on TER measurements 

AMP-PNP (100 M) had no discernible effect upon the TER of UNCN3T cells (Table 

4.1) (Mann-Whitney; P > 0.05). The mean TER of wells before treatment was 229 ± 20 

Ω.cm2, decreasing to 219 ± 19 Ω.cm2, in the case of wells treated with AMP-PNP; this 

was an insignificant decrease (Mann-Whitney; P > 0.05). This is considerably higher than 

the TER achieved with SPOC1 cells which generated an average reading of 140 ± 23 

Ω.cm2, but similar to the readings reported by Fulcher et al., who recorded an average 

across their cultures of 195 ± 72 Ω.cm2 (Fulcher et al. 2009). 
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 BEFORE (-15 min) AFTER (120 min) 

Well TER (Ω.cm2) 

Before Expt (Mean ± SD) 

TER (Ω.cm2) 

After Expt (Mean ± SD) 
1 227 ± 11 216 ± 21 

2 232 ± 22 222 ± 14 

3 241 ± 30 230 ± 15 

4 222 ± 25 212 ± 19 

5 221 ± 11 210 ± 16 

6 242 ± 29 228 ± 24 

7 223 ± 15 218 ± 22 

8 221 ± 20 218 ± 23 

 

Table 4.1 TER readings of UNCN3T cells taken before and after AMP-PNP treatment; mean ± SD, n=3 

(readings taken) 

Maximum TER was generated by day 28 post seeding (Figure 4.5), with values above 

100 Ω.cm2 occurring ≥ day 11 post seeding. 

 

Figure 4.5 Measurement of TER in UNCN3T cells grown on collagen IV coated Transwell-CLEAR™ inserts 

at ALI; mean ± SD; n = 8. Original in colour. 
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 Depletion of mucus from UNCN3T cells for studies utilising the mucus 

depletion model 

Mucus was depleted from UNCN3T cells cultured on Geltrex™-coated Transwell-

Clear™ inserts in four individual wells, thereafter designated as controls. A further four 

wells were left unwashed to accumulate mucus. The mucins from each well were 

quantified using the UNCN3T ELLA, as detailed in section 4.3.4. It was found that 

depleting mucus as an alternative to the physiological secretagogue AMP-PNP created an 

increase in mucin level of unwashed cultures to 4.0 ± 1.4 fold that of washed cultures. 

The mucin levels were quantified at an average of 27.2 ± 2.0 ng well-1. This difference 

from 7.5 ± 2.4 ng well-1 in washed cultures was significant according to the Mann-

Whitney test (P < 0.01). 

 

Figure 4.6 The content of mucin as quantified by ELLA shown as quantified levels (A) of washed (red) and 

unwashed wells (blue), and mucin content of unwashed wells expressed as a percentage relative to that of the 

washed wells in each plate (B); mean ± SD, n=4. Original in colour. 

 Tight junction characterisation of UNCN3T cells 

Images were successfully acquired for each of the selected targets (Figure 4.7), with the 

x-y confocal images being representative of four inserts in the case of each target. In the 
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left hand side panels, DAPI staining indicates the location of the nuclei of the cells. In the 

central panels, 488 indicates the location of the target antigen. The right hand side panels 

show the two images when merged, indicating the relative positioning of the nucleus and 

target protein. 

Beta-catenin was found to be located in the membrane region of each cell. This is also 

indicative of terminally differentiated cells, in which the protein serves to stabilise E-

cadherin at the adherens junction. Proliferating cells will also stain for nuclear -catenin, 

a result of the Wnt canonical pathway. This was evident in the case of an insert fixed after 

seven days of culture and probed for -catenin, in which nuclear staining was clearly seen 

(Figure 4.8). 

E-cadherin, the adherens junction protein, was also stained strongly, characteristic of 

differentiated airway epithelial cells (Heijink, Nawijn, and Hackett 2014) and consistent 

with the antibody epitope being the central (transmembrane region) of the protein. 

As expected, both the tight junction proteins occludin and ZO-1 were located around the 

apical cell membrane, with occludin staining being strongest at the periphery of the cells. 

This is indicative of the large -COOH domain found in the cytoplasm, which is known to 

interact with ZO-1 (Rao 2009). 
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Figure 4.7 Confocal images taken with the 63 x objective of immunostained UNCN3T cells on a Leica TCS SP5 

Confocal Laser Scanning Microscope, showing clear evidence of tight junction (ZO-1 and occludin), adherens 

junction (E-cadherin) and the E-cadherin associated protein beta-catenin. Scale bar 50 m. Original in colour. 
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Figure 4.8 Confocal images taken with the 63 x objective of immunostained UNCN3T cells after seven days of 

culture on a Leica TCS SP5 Confocal Laser Scanning Microscope, in which nuclear -catenin was observed. 

Scale bar 50 m. Original in colour. 



Page | 156 

 

 Discussion 

In order to determine whether or not a model is suitable for studies of drug transport in 

the presence of mucus, it is crucial to characterise the potential model. Marshall et al. 

argued that a suitable model of the airways must first of all contain mucous cells and also 

contain the appropriate airway mucins in order to model the mucus layer component 

(Marshall et al. 2014).  

In the current study, the expression of both the predominant airway mucin genes 

MUC5AC and MUC5B was confirmed by quantitative real-time PCR (qRT-PCR). The 

aim of qRT-PCR analysis of UNCN3T RNA was to show expression of MUC5AC and 

MUC5B in the cells acquired from the University of North Carolina, as these are the 

predominant airway mucins and therefore make these cells more physiologically relevant 

as a drug transport model under enhanced mucin secretion conditions. The expression of 

these mucin genes in UNCN3T is a finding not previously reported. The quantity of 

MUC5AC and MUC5B mRNA was found to be relatively low in human lung total RNA, 

compared to the UNCN3T cells. As human lung total RNA is a mix of different cell types 

(as a differentiated tissue), it was expected that more MUC5AC would be found in the 

UNCN3T extracted RNA. 

Furthermore, it was determined that the mucins had undergone post-translational 

modifications by way of glycosylation, using the enzyme-linked lectin assay (ELLA) to 

quantify the mucins, in which the lectin binds to the carbohydrate component of the target 

mucin (Thompson et al. 2011). Using histology to visualise mucins resulted in heavy 

staining at the apical surface of UNCN3T cells, where the lectin bound the strongest, 

consistent with a mucus layer. 
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It has already been proposed that the measurement of TER acts as an indicator of tight 

junction formation and that any loss of TER is representative of disruption of the 

epithelial layer (Stewart et al. 2012). It has been theorised that this is because epithelia 

with ‘tight’ TJs are able to maintain a higher electrochemical gradient produced by active 

transcellular transport, than their ‘leaky’ counterparts (Van Itallie and Anderson 2006). 

In the characterisation of UNCN3T cells, it was found that TER rose to > 100 Ω.cm2 by 

day 11 of culture (passages 9-14). At the time of experimentation, TER was consistently 

greater than 200 Ω.cm2. TER readings of this magnitude suggest sufficient formation of 

tight junctions to generate an integral cell layer, although it is important to note that where 

multiple layers exist, this can in itself affect TER reading. 

The ELLA was used to quantify mucin secretion from two versions of the proposed 

model. The first, in which UNCN3T cells were cultured according to the protocols of 

Fulcher et al., on collagen IV coated Transwell-Clear™ inserts (Fulcher et al. 2009) found 

that mucin secretion was increased from 2.91 ± 0.92 ng/well to 5.44 ± 1.63 ng well-1, an 

increase of approximately 2 fold in response to the application of AMP-PNP. It was felt 

that this method of enhancing mucin secretion made the assay vulnerable to increases in 

mucin secretion that might be too low to affect drug transport and so it was decided that 

the mucin depletion model should be employed, using the UNCN3T cell line cultured on 

Geltrex™-coated Transwell-Clear™ inserts. This also enabled a direct comparison of the 

cell line with SPOC1 cells, using the same method of culture. Mucin levels of, on average, 

27.2 ± 2.0 ng well-1 were measured from unwashed UNCNT3 cells, 4.0 ± 1.4 fold that of 

the washed cells. By comparison, the SPOC1 model yielded 32.40 ± 3.0 ng well-1 mucins 

in unwashed cells, making the two models comparable with regards to mucin content. 

Using mucin depletion therefore improved the model by increasing the signal window 

between control (washed) and experimental (unwashed) cultures. Secondly, by using 
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unwashed cultures to create a mucus layer, the mucin content of each experimental culture 

was almost 10 fold greater when compared to the secretagogue model. This increased the 

sensitivity of the model in that compounds which interacted weakly with mucins were 

more likely to be detected. 

Thus far, the UNCN3T cell line has been characterised in terms of morphology, 

karyotype, cytokine release (IL-8) and electrophysiological properties (TER, forskolin 

response) (Fulcher et al. 2009). The karyotype was found to be that of a normal female, 

with only one out of twenty spreads showing a single chromosomal deletion. Together 

with its ability to secrete IL-8 in response to IL-1and differentiate into a pseudostratified 

epithelium containing ciliated cells, these properties make the UNCN3T a promising cell 

line for drug transport studies. The current study has also confirmed the presence of 

airway mucins as reported above. Further characterisation was carried out in terms of 

tight junction (TJs) and adherens junction protein expression. TJs form a continuous belt 

around the cell, acting as a border between the apical and basolateral membrane domains 

(Förster et al. 2008). Occludin was the first integral membrane protein identified (Furuse 

et al. 1993) and was shown to increase TER when overexpressed, providing supporting 

evidence to the theory that integral TJs were influential to the efficiency of paracellular 

transport (Balda et al. 1996). The current study confirmed that UNCN3T cells expressed 

occludin in the membrane region. Occludin is not considered essential for the formation 

of TJ strands (Förster et al. 2008, González-Mariscal, Nava, and Hernández 2005), since 

other TJ proteins are also capable of upholding the TJ barrier; however, it is nonetheless 

important for the regulation of cellular differentiation. The integral proteins of the TJ are 

bound to intracellular adaptor proteins, including the family of zonula occludens (ZO) 

proteins. Therefore, to provide further evidence of TJ structural integrity, the current 

study looked at the expression and localisation of ZO-1. This was found to be located in 
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the membrane region, supporting other studies that report the interaction of ZO-1 with 

occludin via the latter protein’s intracellular C-terminal domain (Rao 2009), an 

interaction regulated by tyrosine (Tyr) phosphorylation. 

Tyr phosphorylation also plays an important role in the formation of adherens junctions 

(AJs), which differ from TJs in that they occur as ‘spot welds’, rather than a continuous 

circumference around the cell. The assembly and maintenance of AJs is based around E-

cadherin cell-cell adhesion (Sheth et al. 2007). Disruption of AJs is linked to that of TJs 

(Basuroy et al. 2005), possibly due to Tyr phosphorylation. In AJs, Tyr phosphorylation 

occurs on -catenin, which disrupts the interaction with E-cadherin and allows loss of 

epithelial barrier function. Thus, it was decided to study both E-cadherin and -catenin 

by immunofluorescence. The result was a strong signal for both, located in the membrane 

of cells cultured at ALI for 21 days or more. A separate experiment looked at the location 

of -catenin in proliferating cells and found that nuclear -catenin was also evident, a 

result of the Wnt pathway in which -catenin is translocated to the cell nucleus to act as 

a transcription factor (Kavak et al. 2010). 

Unlike SPOC1 cells, UNCN3T cells are from human origin, and are derived from 

bronchial rather than tracheal epithelial cells. Whilst the SPOC1 cells have less 

chromosomal mutations than Calu-3 cells (non-random chromosomal alterations on 

chromosomes 1, 3 and 6) (Doherty et al. 1995), UNCN3T improve on this further by 

showing a normal female karyotype in 19 out of 20 spreads. Furthermore, the nature of 

transformation is clearly defined in UNCN3T cells, using hTERT to suppress cell 

senescence along with Bmi-1, a stem cell regulator, whereas SPOC1 cells were 

spontaneously transformed. It was proposed by Fulcher et al. that the combination of 

Bmi-1 and hTERT would prolong the growth potential of the human bronchial epithelial 
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cells whilst at the same time maintaining the potential to differentiate (Fulcher et al. 

2009). During the characterisation of Fulcher et al., cells were shown to remain diploid 

at passages 14 and 15 and showed no signs of senescence at passage 30. The UNCN3T 

cell line therefore appears to have a more stable genome than viral oncogene transformed 

cell lines and maintain growth factor dependence, consistent with primary cultures. Its 

ability to secrete airway mucins, generate a TER indicative of an integral epithelial barrier 

and show physiologically relevant characteristics make UNCN3T cells a promising 

prospect for use in studies of the airways. UNCN3T cells were therefore used in further 

studies, looking at drug irritancy and transport in the presence of mucus. 
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 The effect of mucus on transepithelial drug transport 

 Introduction 

One of the primary aims of the thesis is to explore the use of the SPOC1, Calu-3 and 

UNCN3T cell lines as potential in vitro models to test the hypothesis that the presence of 

mucus affects drug permeability, comparing and contrasting the suitability of each model 

for these studies. Having characterised each in turn, the mucus depletion (MD) models of 

all three cell lines were used to study the apical to basolateral transepithelial transport of 

the model drug testosterone. In the case of the SPOC1 cell line, this was followed by a 

group of selected inhaled compounds, used both to examine the effect of mucus on 

transepithelial drug transport in clinically relevant inhaled therapeutics and also to study 

the relationship between Papp and lipophilicity as expressed by the log of the octanol-

water partition coefficient, log P. Further drug transport studies using the SPOC1 MD 

model were carried out using a homologous series of beta blockers, chosen since although 

they are not specific to the airways, they have similar pKa values (~9.5) and molecular 

weights (~260) and yet cover a wide range of lipophilicities (Artursson 1990). 

Lipophilicity has been shown to be influential in drug transport (Schoenwald and Huang 

1983; Cheruvu and Kompella 2006), thus this series of clinically prescribed drugs could 

be used to determine the relationship of physicochemical properties such as logP and 

logD with permeability in the current study, whilst providing validation of the SPOC1 

MD model by comparing the current findings with those previously reported in the 

literature (Artursson 1990; Schoenwald and Huang 1983; Salem, Wasfi, and Al-Nassibi 

2012). 
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The characterisation of the UNCN3T cell line (Chapter 4), generated data to suggest that 

this cell line may also prove useful for studies of drug permeability in the presence of 

mucus. UNCN3T cells have not previously been used in any such studies, but during 

characterisation, they were shown to secrete the mature (glycosylated) predominant 

airway mucins MUC5AC and MUC5B, form adequate tight junctions (average of 229 ± 

20 Ω.cm2 at day 21 of ALI culture) and generate an MD model that contained 4 fold more 

mucin in the unwashed cells compared to washed cells. Previously, they have been shown 

to differentiate into a pseudostratified epithelium (Fulcher et al. 2009). Thus, the 

UNCN3T MD model was used to study transepithelial drug transport of the model 

compound testosterone and also tiotropium, one of the inhaled drugs used in the SPOC1 

cell transepithelial drug transport studies, as a ‘proof of principle’ study. 

In order to determine the rate of drug transport, it was first necessary to measure drug 

accumulation in the basolateral chamber over time, concurrently with the paracellular 

permeability marker FD4. This was then used to calculate the Papp, as described in section 

2.3.8. Each drug was quantified using liquid chromatography coupled with mass 

spectrometry (LC-MS), a process requiring extensive optimisation due to lab-to-lab 

instrument variability and also the high throughput nature of the transport studies. It is 

important to also understand the limitations of any analytical process, in order to 

determine its analytical measurement range (Armbruster and Pry 2008) and so this was 

assessed in terms of the lower limit of quantitation (LLOQ), precision and accuracy. The 

LLOQ is particularly pertinent in the current study, as the LC-MS protocol used is 

required to reliably quantify low concentrations of the drug of interest. 
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 Materials 

 Optimisation and quantification of compounds using LC-MS 

Testosterone in ethylene glycol dimethyl ether; purity >99 % - Sigma T1500 

Testosterone-d3 in 1,2-dimethoxyethane, analytical standard for analysis – Sigma T2655 

Ipratropium bromide monohydrate, tiotropium bromide monohydrate, budesonide and 

salbutamol sulphate were kindly supplied by GlaxoSmithKline, Stevenage, Herts, UK 

Atenolol - Sigma A7655 

Metoprolol tartrate - Sigma M5391 

Nadolol - Sigma N1892 

Oxprenolol hydrochloride - Sigma O0250000 

Propanolol hydrochloride - Sigma P8688 

Methanol LC-MS Chromasolv® (Fluka) - Sigma 34966 

Acetonitrile LC-MS Chromasolv® (Fluka) - Sigma 34967 

Ammonium hydroxide – Sigma 318612 

Ammonium bicarbonate – Sigma A6141 

Ammonium formate – Sigma 78314 

Formic acid 50 % in water – Sigma 09676 

Acetic acid Reagentplus® >99 % - Sigma A6283 

Ammonium acetate 5M – Sigma 09691 

Crimp vial with 0.3 mL insert (Supelco) – Sigma 508675 

Silicone crimp with septa (Supelco) – Sigma 27360-U 

Screw top glass vial 15 mL (Supelco) – Sigma 27162 
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Ascentis C18 3 m, 10 cm x 2.1 mm analytical column – Sigma 581301-U 

DMSO - Sigma 472301 

 Transepithelial drug transport in the presence of mucus 

Fluorescein isothiocyanate–dextran 4000 kDa – Sigma FD4 

Fluorescein isothiocyanate–dextran 10,000 kDa – Sigma FD10S 

Microplate, 96 well flat bottom (clear) in black, non-binding – Greiner 655900, supplied 

by Fisher Scientific 

Collagen I rat tail – Invitrogen A1048301, supplied by Fisher Scientific 

Transwell® Clear Polyester membrane inserts, 0.4 m, 12 mm - Sigma CLS3460 

Geltrex™ Extra-cellular matrix 5 mL – Fisher 11602149 

 Quantification of mucins using the ELLA 

Materials used in the quantification of mucins from Calu-3, SPOC1 and UNCN3T cells 

can be found in sections 2.2.4, 3.2.4 and 4.2.4, respectively. 
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 Methods 

 Optimisation of analytical methods 

 Optimisation of mass spectrometry conditions 

Analytes were prepared as 20 mg L-1 solutions in mobile phase (the solvent used was 

tailored to each analyte) and infused directly into a Bruker HCT Ion Trap™ mass 

spectrometer (Bruker UK limited, Coventry, UK). 

The optimisation window within the Esquire™ 5.3 software was opened and the 

instrument parameters adjusted using the autotune algorithm mode, in order to generate 

the optimum signal (peak shape), resolving power and sensitivity. Tuning included 

adjustment of voltage on the electron multiplier (ion source), adjustment of the voltage 

of the capillary and skimmer, distance from electrospray needle to mass spectrometer 

entrance (Octopoles 1 and 2), electrical potentials on lenses 1 and 2 and temperature of 

nebulizing gas (nitrogen). A schematic representing the experimental set up of the ion 

trap is shown in Figure 5.1. 

 

Figure 5.1 Experimental setup of the Bruker IonTrap. Image courtesy of www.bruker.com. Original in colour. 

 

http://www.bruker.com/
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The optimised parameters were saved in electronic format for each analyte, in preparation 

for the analysis of samples obtained in transport experiments. 

 Optimisation of liquid chromatography conditions 

For each analyte, separation was achieved using an Ascentis® C18 column, 2.1 mm i.d, 

100 mm length, particle size 3 m. This was deemed to be the most suitable, based on its 

reverse phase silica resin, small particle size (to improve separation) and long 

hydrophobic alkyl chains designed to capture smaller molecules such as those used in 

these studies. The column was conditioned prior to each use, using a flow rate of 0.05 mL 

min-1, for 1 h with mobile phase, 1 h with analytical grade HPLC water and again 1 h 

mobile phase. 

A 20 mg L-1 solution of analyte was repeatedly injected onto the column using an 

autosampler integrated into an Agilent™ 1200 binary HPLC system. HyStar™ 

Acquisition 3.1 software was used to optimise mobile phase composition, specifically the 

aqueous content and flow rate, to maximise resolution and generate optimum retention 

time. The injection volume was 5 L for all standards and samples. The flow rate for LC-

MS analysis was consistently 0.2 mL min-1, with the pressure limit being set to 140 MPa. 

 Construction of calibration curves 

Each calibration curve consisted of a minimum of six samples of known concentrations 

of analyte, spiked with a fixed concentration of internal standard. These were diluted on 

a weight/weight (w/w) basis, using an analytical balance, calibrated according to US 

Pharmacopoeial guidelines. Calibration curves were prepared in mobile phase (specific 

to the drug of interest) initially, then were compared with calibration curves prepared in 

TB (DMEM for SPOC1/Calu-3 and LHC Basal medium for UNCN3T) in order to 

determine any matrix interference and if solid phase extraction (SPE) was necessary. All 
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standard curves were run in triplicate, with one replicate at the start, one in the middle 

and one at the end of each experiment. Each plot was of the same format as Figure 5.2, 

in which the ratio of the analyte/internal standard in g g-1 was plotted on the x axis, with 

the ratio of the peak areas, determined by peak integration in the Esquire™ software, 

being plotted on the y axis. 

 

Figure 5.2. Example of an LC-MS calibration curve, derived from data obtained using the Esquire software 

and manual integration of the analyte peaks. In this example, T represents Testosterone (the analyte) and D3 

Testosterone-d3, the internal standard used to spike calibration solutions. Original in colour. 

 Validation of the analytical method 

Each analytical method was validated for sensitivity, range of reliable response, accuracy, 

precision and reproducibility.  

Accuracy was determined by the preparation of five aliquots of known concentration at 

three concentrations within the calibration curve. The deviation of the mean of each set 

of replicates from the true concentration of the known samples was calculated (each 

concentration was prepared in bulk and then aliquots taken). Deviation should not be 

more than 15 % according to Boyd et al. (2008). Precision refers to the closeness of the 

five determinations, whereby the precision should not exceed 15 % of the coefficient of 
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variance (CV), also known as the relative standard deviation (RSD), shown by the 

following equation: 

RSD% = 100.(sx/�̅�)       

Where sx is the standard deviation and �̅� is the mean. 

RSD % was therefore calculated intra and inter-experimentally (the latter being accepted 

as a guide to reproducibility). 

 Analytical methods (drugs) 

 Testosterone 

The effect of sample matrix was first assessed, using infused testosterone, by comparing 

testosterone prepared in 100 % (w/v) methanol with testosterone prepared in the TB used 

in transport studies using the SPOC1 cell line and therefore the matrix in which the drug 

would be introduced to the LC-MS using the auto-sampler.  

Calibration standards of testosterone were prepared in TB (‘matrix’) or methanol (100 

%), at concentrations 1.0 g g-1 (3.47 M), 0.8 g g-1 (2.78 M), 0.4 g g-1 (1.39 M), 

0.1 g g-1 (0.35 M), 0.08 g g-1 (0.174 M), and 0.005 g g-1 (0.02 M) testosterone, 

spiked with 0.1 g g-1 testosterone-d3. These were injected into the LC-MS (5 l) using 

the auto-sampler and 70 % methanol as mobile phase.  

LLOQ was defined as being 10 x SD of the lowest concentration of calibration standard, 

as described by Boyd et al. (Boyd, Basic, and Bethem 2008) and was calculated using the 

standard deviation of the intra-experimental standard samples of 0.005 g g-1.  
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Precision was determined using five aliquots of 0.005 g g-1, 0.4 g g-1 and 1 g g-1 

measured intra-experimentally (on the same day) and inter-experimentally (on five 

separate occasions) and expressed as relative standard deviation (RSD %).  

 Ipratropium bromide (IPR) 

Infusion studies of ipratropium in acetonitrile (ACN) were performed as described for 

testosterone. 

To determine the extent of matrix interference by TB, standards were prepared in both 

ACN and TB and the quality of each curve assessed by linear regression. Calibration 

standards were prepared at concentrations 3.0 g g-1 (9.0 M), 2.5 g g-1 (7.5 M), 2.0 

g g-1  (6.0 M), 1.2 g g-1 (3.6 M), 0.6 g g-1 (1.8 M) and 0.3 g g-1 (0.9 M), spiking 

with testosterone-d3 (1.2 g g-1). These were injected into the LC-MS (5 l) using the 

auto-sampler and 85 % ACN as mobile phase.  

LLOQ was defined as being 10 x SD of the lowest concentration of calibration standard, 

as described by Boyd et al. (Boyd, Basic and Bethem 2008) and was calculated using the 

standard deviation of the intra-experimental standard samples of 0.3 g g-1.  

Precision was determined using five aliquots of 0.3 g g-1, 1.2 g g-1 and 3 g g-1 

measured intra-experimentally (on the same day) and inter-experimentally (on five 

separate occasions).  

 Budesonide (BUD) 

Infusion studies of budesonide were performed as described for testosterone, referencing 

guidelines described by Carter and Meng (Carter and Meng 2010). Standards were 

prepared in 30/30/40 (all % v/v) methanol/acetonitrile/ 0.2 % ammonium hydroxide in 5 

mM ammonium bicarbonate in water (the mobile phase) and also in TB.  
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Calibration standards were prepared at concentrations 6.0 g g-1 (13.9 M), 3.0 g g-1 

(7.0 M), 1.5 g g-1 (3.5 M), 1.0 g g-1 (2.3 M), 0.5 g g-1 (1.2 M) and 0.25 g g-1 

(0.6 M), spiking with ipratropium (1.0 g g-1) in both mobile phase and TB. These were 

injected into the LC-MS (5 L) using the auto-sampler.  

LLOQ was defined as being 10 x SD of the lowest concentration of calibration standard, 

as described by Boyd et al. (Boyd, Basic, and Bethem 2008) and was calculated using the 

standard deviation of the intra-experimental standard samples of 0.25 g g-1.  

Precision was determined using five aliquots of 0.25 g g-1, 1.5 g g-1 and 6 g g-1 

measured intra-experimentally (on the same day) and inter-experimentally (on five 

separate occasions).  

 Salbutamol (SAL) 

Infusion studies of salbutamol were performed as described for testosterone, referencing 

the guidelines described by Wu et al. (Wu et al. 2011). Standards were prepared in a 

solution of methanol/water (85:15, v/v) containing 20 mmol L-1 ammonium formate and 

0.1% formic acid, as described by Wu et al. (2008) and also in TB.  

Calibration standards were prepared at concentrations 2.0 g g-1 (8.4 M), 1.5 g g-1 (6.3 

M), 1.0 g g-1 (4.2 M), 0.8 g g-1 (3.3 M), 0.6 g g-1 (2.5 M), 0.4 g g-1 (1.7 M) 

and 0.2 g g-1 (0.8 M), spiking with ipratropium (0.8 g g-1). These were injected into 

the LC-MS (5 L) using the auto-sampler and methanol/water (85:15, v/v) containing 20 

mmol L-1 ammonium formate and 0.1% formic acid as mobile phase.  

LLOQ was defined as being 10 x SD of the lowest concentration of calibration standard, 

as described by Boyd et al. (Boyd, Basic, and Bethem 2008) and was calculated using the 

standard deviation of the intra-experimental standard samples of 0.2 g g-1.  
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Precision was determined using five aliquots of 0.2 g g-1, 1.0 g g-1 and 2.0 g g-1 

measured intra-experimentally (on the same day) and inter-experimentally (on five 

separate occasions).  

 Tiotropium bromide (TIO) 

Infusion studies of tiotropium were performed as described for testosterone, referencing 

the guidelines described by Ding et al. (Ding et al. 2008). Standards were then prepared 

in a solution of 100 % ACN, and also in TB. The mobile phase used for autosampler 

injection was 85 % ACN in water.  

Calibration standards were prepared at concentrations 2.0 g g-1 (5.1 M), 1.5 g g-1 (3.8 

M), 1.0 g g-1 (2.6 M), 0.8 g g-1 (2.0 M), 0.6 g g-1 (1.5 M), 0.4 g g-1 (1.0 M) 

and 0.2 g g-1 (0.5 M), spiking with ipratropium (0.8 g g-1). These were injected into 

the LC-MS (5 L) using the auto-sampler.  

LLOQ was defined as being 10 x SD of the lowest concentration of calibration standard, 

as described by Boyd et al. (Boyd, Basic and Bethem 2008) and was calculated using the 

standard deviation of the intra-experimental standard samples of 0.2 g g-1.  

Precision was determined using five aliquots of 0.2 g g-1, 1.0 g g-1 and 2.0 g g-1 

measured intra-experimentally (injected on the same day) and inter-experimentally 

(injected on five separate occasions).  

 Beta blockers 

Infusion studies of atenolol, metoprolol, nadolol, oxprenolol and propanolol  were 

performed as described for testosterone, according to the guidelines described by Salem 

et al. (Salem, Wasfi and Al-Nassibi 2012). Infusion solutions for LC-MS optimisation of 

each beta blocker were prepared in 85 % methanol (v/v) (metoprolol and propranolol), 
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30/30/40 (all % v/v) methanol/acetonitrile/ 0.2 % ammonium hydroxide in 5 mM 

ammonium bicarbonate in water (atenolol and nadolol) or 90 % methanol/10 % 

ammonium formate (oxprenolol), whilst calibration standards were prepared in TB at the 

following concentrations; 2.0 g g-1, 1.5 g g-1, 1.0 g g-1, 0.8 g g-1, 0.6 g g-1 , 0.4 g 

g-1, and 0.2 g g-1, spiked with 0.8 g g-1 ipratropium. These were injected into the LC-

MS (5 L) using the auto-sampler.  

LLOQ was defined as being 10 x SD of the lowest concentration of calibration standard, 

as described by Boyd et al. (Boyd, Basic and Bethem 2008) and was calculated using the 

standard deviation of the intra-experimental standard samples of 0.2 g g-1.  

Precision was determined using five aliquots of 2.0 g g-1, 0.8 g g-1 and 0.2 g g-1 

measured intra-experimentally (injected on the same day) and inter-experimentally 

(injected on five separate occasions).  

 Transepithelial drug transport methods  

For the MD model of each cell line, washing was used to deplete the culture surface of 

mucus, prior to the experiment, according to the timeline shown in Figure 5.3. 
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Figure 5.3 Timeline of transport experiments, using the mucus-depleted (MD) model. ALI medium in the 

basolateral chamber is replaced by TB at -4:00 h. Original in colour. 

 

SPOC1 cells were cultured on inserts as described in section 3.3.1.3. Calu-3 cells and 

UNCN3T cells were cultured on inserts as described in sections 2.3.1.2 and 4.3.1.3 

respectively. Cells were used 21 days after raising cultures to ALI. Prior to each transport 

experiment, the transepithelial electrical resistance (TER) was monitored as outlined in 

section 2.3.1.2. This procedure was repeated after the transport experiment, so that TER 

values could be used as a measure of cell layer integrity before and after experimental 

manipulations. Inserts were divided into two groups, Controls (washed cultures, W) and 

Unwashed (UW). 

Time (h:min) Event(s) 

Wash apical surface with transport 
buffer (TB) at hourly intervals until 
-16:00  

Wash apical surface and switch to 
TB in basolateral chamber at -4:00 

Measure TER at -0:15 

-24:00 

-4:00 

0:00 

0:15 

Add compound of interest, plus 
permeability marker FD4 (apical) at 
0:00 

Remove 200 l basolateral samples 
at 15 minute intervals until 120 min 
(2:00 h) 

Wash and remove apical solution. 
Measure TER. 

2:00 (Calu-3 
/UNCN3T) 

1:15 (SPOC1) 
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Control cultures were washed apically with TB at hourly intervals, from -24 to -16 h, 

when the cultures were returned to 37oC, 5 % CO2/95 % air. At -4 h, washing 

recommenced (30 minute intervals). At -4 h, ALI medium was aspirated from the 

basolateral chamber and 1.5 mL TB added. At 0 h, the drug of interest and FITC Dextran 

4000 Da (FD4, 250 M) were added to the apical chamber, in 500 L TB. A sample of 

the start solution containing both the drug of interest and FD4 was taken from the working 

stock solution, for the determination of the start concentrations of each (Co). The nominal 

starting concentrations for each inhaled drug were 2 M (testosterone), 4M 

(ipratropium), 6M (budesonide), 5M (salbutamol) and 7M (tiotropium). Beta 

blockers were applied at 6 M. 

Basolateral samples (200 L) were taken from SPOC1 cells at 15, 30, 45, 60 and 75 

minutes, replacing with 200 L TB at each time point, to maintain basolateral volume. 

Each sample was analysed by LC-MS for drug content and fluorescence spectroscopy for 

FD4 content (sections 2.3.8.1 and 5.3.3.1). These were analysed alongside samples of TB, 

start solutions applied to the cells at t = 0 h (C0) (diluted 1/20) and apical samples taken 

at 75 minutes (diluted 1/20). An apical sample of 100 L was also taken at 75 minutes to 

ascertain mucin content, by ELLA, using the protocol described in section 3.3.4. 

Basolateral samples (200 L) were taken from Calu-3 and UNCN3T cells at 15, 30, 45, 

60, 75, 90, 105 and 120 minutes, replacing with 200 L TB at each time point, to maintain 

basolateral volume. Each sample was analysed by LC-MS for drug content (section 

5.3.3.1) and fluorescence spectroscopy for FD4 content (section 2.3.8.1). These were 

analysed alongside samples of TB, start solutions applied to the cells at t = 0 h (C0) 

(diluted 1/20) and apical samples taken at 120 minutes (diluted 1/20). An apical sample 
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of 100 L was also taken at 120 minutes to ascertain mucin content, by ELLA, using the 

protocol described in section 2.3.4 (Calu-3) and 4.3.4 (UNCN3T). 

 Analysis of drug content of samples 

A volume (45 L) of sample was spiked with 5 L of internal standard to create a total 

volume of 50 L, in a one piece crimp vial with 0.3 mL insert (Supelco™). The insert 

enabled the analysis of smaller volumes by LC-MS. A portion of each sample (5 L) was 

injected into a Bruker HCT Iontrap alongside a set of standards as outlined in section 

5.3.1.3. Internal standards used were dependent on the analyte, with the concentration 

being dependent upon the range of the calibration curve, which differed between analytes. 

Each calibration curve consisted of the ratio of concentrations (analyte g g-1 /internal 

standard g g-1) as determined during the preparation of solutions (described in section 

5.3.3.2) using an analytical balance (x axis) against the ratio of peak areas as determined 

by software peak integration (y axis). Further information with regards to concentrations 

of internal standard, diluent, mobile phase and calibration ranges can be found in 

Appendix 10.1 for each analyte. Samples removed from the apical chamber of the inserts 

at the end of the experiment and the solutions applied to the apical chambers at t=0 were 

diluted 1/20 before analysis, to bring them within the range of the calibration curve. 

Concentrations of unknowns were calculated using the equation of the line of best fit, 

which gave a ratio of internal standard to analyte concentration. Multiplication of the 

resulting value by the concentration of the internal standard gave the unknown 

concentration of analyte in g g-1. This was then converted to molarity (moles). The 

resulting molarities for each time point were then used to determine the Papp of the analyte 

across each insert, using the same method as for FD4, correcting for sample removal using 
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a Microsoft Excel™ spreadsheet. The Papp was calculated across the linear region of the 

curve. 

 Analysis of FD4 content of samples 

An aliquot (100 L) of each unknown sample was loaded into a flat clear-bottomed, 

black-walled assay plate. On the same plate, a standard curve was constructed consisting 

of 50, 25, 12.5, 6.25, 3.125, 1.56, 0.78 and 0.39 M FD4, diluted in the appropriate TB. 

Plates were read on a fluorimeter (Cary Varian Eclipse, Agilent Technologies, 

Waldbronn, Germany), with an excitation wavelength of 490 nm and emission 

wavelength of 520 nm. Excitation and emission slits were both set to 10 nm and 

photomultiplier tube (PMT) voltage was optimised to 640 V (manual). Fluorescence 

(RFU) was plotted against known concentrations and the concentration of FD4 in the 

sample calculated using the equation of the line of best fit. These concentrations were 

used to calculate the apparent permeability coefficient (Papp) of FD4 as described in 

section 2.3.8. 

 Quantification of mucins using the ELLA 

Mucins were quantified using the ELLAs described in section 2.3.4 (Calu-3), 3.3.4 

(SPOC1) and 4.3.4 (UNCN3T). 

 Data Analysis 

TER measurements were compared using the Mann-Whitney (U) test, comparing the 

same variable at different time points of secretion and transport experiments (‘before’ and 

‘after’). Mucin concentrations measured from washed and unwashed cultures and the 

apparent permeability coefficients of drugs across washed and unwashed cultures were 

also compared using the non-parametric Mann-Whitney (U) test, since the number of 

replicates (normally 4) was considered too low to assume a normal distribution, necessary 
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for a parametric statistical test. Measured drug ratios obtained during LC-MS analysis 

were compared with calculated drug ratios (based on readings of the analytical balance) 

using the unpaired t-test. The P-value in each case, defined as the probability of obtaining 

a result (more formally a test statistic) that is at least as extreme as the one observed 

(Nakagawa and Cuthill 2007), assuming that the null hypothesis is true, was set at 0.05. 
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 Results 

 Optimisation of drug conditions for LC-MS quantification 

 Testosterone 

Infusion of testosterone into the HCT Ion Trap, produced a dominant ion at m/z 311 in 

positive mode, with a peak also observed at m/z 289.  

The signal to noise ratio (S/N) was greater than ten in samples of 0.005 g g-1 and above, 

and a concentration dependent signal was achieved with a consistent elution time of ~ 3 

min, as shown in Figure 5.4.  

 

Figure 5.4 Representative traces of testosterone dissolved in TB m/z +311 (testosterone with sodium adduct) 

obtained during the calibration of m/z ratio. Curves shown range 0.05 down to 0.005 g g-1. Original in colour. 

No discernible decrease was seen in signal intensity using TB as a sample matrix, 

however a direct comparison of standard curves prepared in methanol and TB showed 

that the linear regressions differed in that ratios of peak areas of testosterone/testosterone-

d3 of standards prepared in TB were lower (Figure 5.5). No significant differences were 

obtained between actual ratios of concentrations (determined by the analytical balance) 
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and calculated ratios (determined by peak areas as integrated by the HRM software on 

the LC-MS, followed by use of the linear regression equation to calculate concentration 

ratios of IPR/d3 testosterone); P > 0.05 (t-test, unpaired), P > 0.05. The assay was 

therefore considered accurate. 

 

Figure 5.5 Calibration of m/z ratio, using testosterone (T)/testosterone-d3 (D3) prepared in TB (DMEM) and 

methanol. Original in colour. 

Calibration standards prepared at 1.0 g g-1 (3.47 M) down to 0.005 g g-1 testosterone, 

spiked with 0.1 g g-1 testosterone-d3 in TB produced a linear calibration curve when run 

in triplicate and therefore these concentrations were used in all subsequent testosterone 

permeability experiments. These concentrations were defined as the range of reliable 

response, as described in 5.3.1.4. No significant differences were obtained between actual 

ratios of concentrations (determined by the analytical balance) and calculated ratios 

(determined by peak areas as integrated by the HRM software on the LC-MS, followed 

by use of the linear regression equation to calculate concentration ratios of IPR/d3 

testosterone); P > 0.05 (t-test, unpaired), P > 0.05. The assay was therefore considered 

accurate. 
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Precision was determined using five aliquots of 0.005 g g-1, 0.4 g g-1 and 1 g g-1. RSD 

% of the concentration of testosterone was 8.44 % intra-experimentally and 12.21 % inter-

experimentally for 0.005 g g-1, 9.23 % intra-experimentally and 13.21 % inter-

experimentally for 0.4 g g-1 and 8.98 % intra-experimentally and 13.75 % inter-

experimentally for 1.0 g g-1. Each of the RSD % values fall below the guideline 

maximum of 15 % (Boyd et al., 2008). The validation of the assay ensured confidence in 

the quantification of samples from drug transport experiments. 

The lower limit of quantification (LLOQ), calculated using the standard deviation of the 

intra-experimental standard samples of 0.005 g g-1 was found to be 0.009 g g-1 (31.25 

nM). 

 Ipratropium bromide (IPR) 

Injection of calibration standards prepared in ACN and TB revealed that no ion 

suppression was evident for the IPR ion 332.5, in TB (Figure 5.6).  

 

Figure 5.6 Calibration of m/z ratio, ipratroptium (IPR)/ testosterone- d3 (D3) prepared in TB (DMEM) and 

ACN mobile phase. Original in colour. 
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No significant differences were obtained between actual ratios of concentrations 

(determined by the analytical balance) and calculated ratios (determined by peak areas as 

integrated by the HRM software on the LC-MS, followed by use of the linear regression 

equation to calculate concentration ratios of IPR/testosterone-d3); P > 0.05 (t-test, 

unpaired), P > 0.05. The assay was therefore considered accurate. 

Precision was determined using five aliquots of 0.3 g g-1, 1.2 g g-1 and 3 g g-1 

measured intra-experimentally (on the same day) and inter-experimentally (on five 

separate occasions). RSD % of the concentration of IPR was 5.30 % intra-experimentally 

and 7.75 % inter-experimentally for 0.3 g g-1, 6.19 % intra-experimentally and 11.31 % 

inter-experimentally for 1.2 g g-1 and 6.97 % intra-experimentally and 10.01 % inter-

experimentally for 3.0 g g-1. Each of the RSD % values fall below the guideline 

maximum of 15 % (Boyd et al., 2008). The validation of the assay ensured confidence in 

the quantification of samples from drug transport experiments. 

LLOQ, calculated using the intra-experimental values obtained for the 0.3 g g-1 standard 

(n=5), was determined to be 0.47 g g-1 (141.4 nM). The validation of the assay ensured 

confidence in the quantification of samples from drug transport experiments. 

 Budesonide (BUD) 

Infusion studies of budesonide in the mobile phase, performed as described for 

testosterone in 5.4.1.1, revealed the parent ion of budesonide in positive mode (+ 431). 

Some ion suppression was evident for the BUD ion + 431, in TB, evidenced by the lower 

ratios of peak areas (Figure 5.7). This did not affect the linearity of the curve. 
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Figure 5.7 Calibration of m/z ratio, budesonide (BUD)/ipratropium (IPR) prepared in TB (DMEM) and 

30/30/40 (v/v) methanol/acetonitrile/ 0.2 % ammonium hydroxide in 5 mM ammonium bicarbonate. Original 

in colour. 

No significant differences were obtained between actual ratios of concentrations (as 

determined using the analytical balance during standard preparation) and calculated ratios 

(determined by peak areas as integrated by the HRM software on the LC-MS). P > 0.05 

(t-test, unpaired). The assay was therefore considered accurate. 

Precision, expressed as RSD % of the concentration of BUD, was 9.4 % intra-

experimentally and 10.35 % inter-experimentally for 0.25 g g-1, 7.85 % intra-

experimentally and 11.02 % inter-experimentally for 1.5 g g-1 and 6.99 % intra-

experimentally and 9.37 % inter-experimentally for 6.0 g g-1. Each of the RSD % values 

fall below the guideline maximum of 15 % (Boyd et al., 2008). The validation of the assay 

ensured confidence in the quantification of samples from drug transport experiments. 

LLOQ, calculated using intra-experimental values obtained for the 0.25 g g-1 standard 

(n=5), was determined to be 0.049 g g-1 (113.7 nM). The validation of the assay ensured 

confidence in the quantification of samples from drug transport experiments. 
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 Salbutamol (SAL) 

Infusion studies confirmed the presence of a fragmentation molecule in positive mode 

(148.1 m/z). This represents ionisation as shown in Figure 5.8.  

 

Figure 5.8 Ionisation of salbutamol in the ion trap, as observed by Wu et al (Wu et al., 2011). 

Slight ion suppression was observed for the SAL ion (+ 148) in TB, evidenced by the 

lower ratios of peak areas (Figure 5.9). This did not affect the linearity of the curve. 

 

Figure 5.9 Calibration of m/z ratio, salbutamol (SAL)/ipratropium (IPR) prepared in TB (A) and 

methanol/water (85:15, v/v) containing 20 mmol L-1 ammonium formate and 0.1% formic acid (B). Samples 

were injected using methanol/water (85:15, v/v) containing 20 mmol L-1 ammonium formate and 0.1% formic 

acid as the mobile phase. Original in colour. 
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No significant differences were obtained between actual ratios of concentrations (as 

determined using the analytical balance during standard preparation) and calculated ratios 

(determined by peak areas as integrated by the HRM software on the LC-MS); P > 0.05(t-

test, unpaired). The assay was therefore considered accurate. 

Precision, expressed as RSD % of the concentration of SAL was 7.01 % intra-

experimentally and 13.14 % inter-experimentally for 0.2 g g-1, 9.95 % intra-

experimentally and 10.04 % inter-experimentally for 1.0 g g-1 and 8.98 % intra-

experimentally and 10.27 % inter-experimentally for 2.0 g g-1. Each of the RSD % 

values fall below the guideline maximum of 15 % (Boyd et al., 2008). The validation of 

the assay ensured confidence in the quantification of samples from drug transport 

experiments. 

LLOQ, calculated using the intra-experimental values obtained for the 0.2 g g-1 standard 

(n=5), was determined to be 0.036 g g-1 (62.5 nM). The validation of the assay ensured 

confidence in the quantification of samples from drug transport experiments. 

 Tiotropium bromide (TIO) 

Infusion studies confirmed the presence of the parent ion in positive mode (+ 392 m/z). 

However, the dominant ion in these studies was +169.8 in positive mode. This indicates 

ionisation as shown in Figure 5.10, where a protonated fragment ([169 + H]+) has been 

created by cleavage above the third oxygen atom.  
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Figure 5.10 Ionisation of tiotropium in the ion trap, infused in ACN (100 %). Original in colour. 

Slight ion suppression was evident for the TIO ion (+ 169.8) in TB, evidenced by the 

lower ratios of peak areas (Figure 5.11). This did not affect the linearity of the curve. 

 

Figure 5.11 Calibration of m/z ratio, tiotropium (TIO)/ipratropium (IPR) prepared in TB (DMEM) and ACN 

100 %. Samples were injected using ACN: water 85:15 % (v/v) as mobile phase. Original in colour. 
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No significant differences were obtained between actual ratios of concentrations (as 

determined by the analytical balance) and calculated ratios (using the HRM software on 

the LC-MS); P > 0.05 (t-test, unpaired). The assay was therefore considered accurate. 

Precision, expressed as RSD % of the concentration of SAL was 7.21 % intra-

experimentally and 9.83 % inter-experimentally for 0.2 g g-1, 8.18 % intra-

experimentally and 9.13 % inter-experimentally for 1.0 g g-1 and 10.08 % intra-

experimentally and 11.31 % inter-experimentally for 2.0 g g-1. Each of the RSD % 

values fall below the guideline maximum of 15 % (Boyd et al., 2008). The validation of 

the assay ensured confidence in the quantification of samples from drug transport 

experiments. 

LLOQ, calculated using the intra-experimental values obtained for the 0.2 g g-1 standard 

(n=5), was determined to be 0.037 g g-1 (78.4 nM). The validation of the assay ensured 

confidence in the quantification of samples from drug transport experiments. 

 Atenolol (ATE) 

Atenolol standards were prepared in TB only and used to construct a calibration curve, 

from which the concentration of unknown analytes could be determined (Figure 5.12). 

No significant differences were obtained between actual ratios of concentrations (as 

determined by the analytical balance) and calculated ratios (using the HRM software on 

the LC-MS); P > 0.05 (t-test, unpaired). The assay was therefore considered accurate. 
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Figure 5.12 Calibration of m/z ratio, atenolol (ATE)/ipratropium (IPR) prepared in TB, injected using 

30/30/40 (all % v/v) methanol/acetonitrile/ 0.2 % ammonium hydroxide in 5 mM ammonium bicarbonate in 

water as mobile phase. Original in colour. 

Precision, expressed as RSD % of the concentration of ATE was 8.61 % intra-

experimentally and 12.12 % inter-experimentally for 0.2 g g-1, 10.33 % intra-

experimentally and 12.04 % inter-experimentally for 0.8 g g-1 and 12.92 % intra-

experimentally and 13.01 % inter-experimentally for 2.0 g g-1. Each of the RSD % 

values fall below the guideline maximum of 15 % (Boyd et al., 2008). The validation of 

the assay ensured confidence in the quantification of samples from drug transport 

experiments. 

LLOQ, calculated using the intra-experimental values obtained for the 0.2 g g-1 standard 

(n=5), was determined to be 0.026 g g-1 (97.6 nM). The validation of the assay ensured 

confidence in the quantification of samples from drug transport experiments. 

 Metoprolol (MET) 

Metoprolol standards were prepared in TB and used to construct a calibration curve, from 

which the concentration of unknown analytes could be determined (Figure 5.13). 
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No significant differences were obtained between actual ratios of concentrations (as 

determined by the analytical balance) and calculated ratios (using the HRM software on 

the LC-MS); P > 0.05 (t-test, unpaired). The assay was therefore considered accurate. 

 

Figure 5.13 Calibration of m/z ratio, metoprolol (MET)/ipratropium (IPR) prepared in TB, injected using 85 

% methanol in water (v/v) as mobile phase. Original in colour. 

 

Precision, expressed as RSD % of the concentration of MET was 9.05 % intra-

experimentally and 10.24 % inter-experimentally for 0.2 g g-1, 11.14 % intra-

experimentally and 12.71 % inter-experimentally for 0.8 g g-1 and 12.95 % intra-

experimentally and 14.16 % inter-experimentally for 2.0 g g-1. Each of the RSD % 

values fall below the guideline maximum of 15 % (Boyd et al., 2008). The validation of 

the assay ensured confidence in the quantification of samples from drug transport 

experiments. 

LLOQ, calculated using the intra-experimental values obtained for the 0.2 g g-1 standard 

(n=5), was determined to be 0.022 g g-1 (92.3 nM). The validation of the assay ensured 

confidence in the quantification of samples from drug transport experiments. 
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 Nadolol (NAD) 

Nadolol standards were prepared in TB and used to construct a calibration curve, from 

which the concentration of unknown analytes could be determined (Figure 5.14). 

No significant differences were obtained between actual ratios of concentrations (as 

determined by the analytical balance) and calculated ratios (using the HRM software on 

the LC-MS); P > 0.05 (t-test, unpaired). The assay was therefore considered accurate. 

 

Figure 5.14 Calibration of m/z ratio, nadolol (NAD)/ipratropium (IPR) prepared in TB, injected using 

30/30/40 (all % v/v) methanol/acetonitrile/ 0.2 % ammonium hydroxide in 5 mM ammonium bicarbonate in 

water. Original in colour. 

Precision, expressed as RSD % of the concentration of NAD was 8.97 % intra-

experimentally and 9.54 % inter-experimentally for 0.2 g g-1, 10.33 % intra-

experimentally and 11.61 % inter-experimentally for 0.8 g/g and 12.01 % intra-

experimentally and 12.85 % inter-experimentally for 2.0 g g-1. Each of the RSD % 

values fall below the guideline maximum of 15 % (Boyd et al., 2008). The validation of 

the assay ensured confidence in the quantification of samples from drug transport 

experiments. 
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LLOQ, calculated using the intra-experimental values obtained for the 0.005 g g-1 

standard (n=5), was determined to be 0.022 g g-1 (71.1 nM). The validation of the assay 

ensured confidence in the quantification of samples from drug transport experiments. 

 Oxprenolol (OXP) 

Oxprenolol standards were prepared in TB and used to construct a calibration curve, from 

which the concentration of unknown analytes could be determined (Figure 5.15). 

No significant differences were obtained between actual ratios of concentrations (as 

determined by the analytical balance) and calculated ratios (using the HRM software on 

the LC-MS); P > 0.05 (t-test, unpaired). The assay was therefore considered accurate. 

 

Figure 5.15 Calibration of m/z ratio, nadolol (NAD)/ipratropium (IPR) prepared in TB, injected using 90 % 

methanol/10 % ammonium formate (v/v) in water. Original in colour. 

Precision, expressed as RSD % of the concentration of OXP was 9.75 % intra-

experimentally and 10.29 % inter-experimentally for 0.2 g g-1, 11.53 % intra-

experimentally and 12.24 % inter-experimentally for 0.8 g g-1 and 12.33 % intra-

experimentally and 13.19 % inter-experimentally for 2.0 g g-1. Each of the RSD % 

values fall below the guideline maximum of 15 % (Boyd et al., 2008). The validation of 
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the assay ensured confidence in the quantification of samples from drug transport 

experiments. 

LLOQ, calculated using the intra-experimental values obtained for the 0.2 g g-1 standard 

(n=5), was determined to be 0.021 g g-1 (79.2 nM). The validation of the assay ensured 

confidence in the quantification of samples from drug transport experiments. 

 Propanolol (PRO) 

Propanolol standards were prepared in TB and used to construct a calibration curve, from 

which the concentration of unknown analytes could be determined (Figure 5.16). 

No significant differences were obtained between actual ratios of concentrations (as 

determined by the analytical balance) and calculated ratios (using the HRM software on 

the LC-MS); P > 0.05 (t-test, unpaired). The assay was therefore considered accurate. 

 

Figure 5.16 Calibration of m/z ratio, propanolol (PRO)/ipratropium (IPR) prepared in TB, injected using 85 

% methanol (v/v) in water. Original in colour. 

Precision, expressed as RSD % of the concentration of PRO was 8.99 % intra-

experimentally and 10.11 % inter-experimentally for 0.2 g g-1, 9.97 % intra-

experimentally and 10.68 % inter-experimentally for 0.8 g g-1 and 11.35 % intra-

experimentally and 12.21 % inter-experimentally for 2.0 g g-1. Each of the RSD % 
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values fall below the guideline maximum of 15 % (Boyd et al., 2008). The validation of 

the assay ensured confidence in the quantification of samples from drug transport 

experiments. 

LLOQ, calculated using the intra-experimental values obtained for the 0.2 g g-1 standard 

(n=5), was determined to be 0.023 g g-1 (88.7 nM). The validation of the assay ensured 

confidence in the quantification of samples from drug transport experiments. 

 The effect of mucus on transepithelial drug transport across Calu-3 

cells, using a mucus-depleted (MD) model 

 The effect of washing on mucin content of Calu-3 cells 

Using the optimised ELLA, apical samples taken at the end of the experiment were 

analysed for mucin content. For Calu-3 cells, it was found that unwashed (UW) wells 

contained 3.21 ± 0.51 fold more mucin in comparison to washed (W) wells. Actual mucin 

content values were determined to be 0.67 ± 0.09 ng well-1 (W) and 2.14 ± 0.05 ng well-

1 (UW). These were found to differ significantly (Mann Whitney; P < 0.05) (Figure 5.17).      
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Figure 5.17 The effect of washing on mucin content of apical fluid in contact with Calu-3 cell cultures grown at 

air-liquid interface (ALI), represented by mucin content (top) and as the mucin content of unwashed cultures 

expressed as a percentage of the mucin content of washed culture content (bottom). Mean ± SD, n=4. Original 

in colour. 

 

 The effect of mucus on FD4 permeability across Calu-3 cells 

FD4 permeability was determined during the testosterone drug transport study, using the 

basolateral accumulation of FD4 (Figure 5.18). It was determined that no significant 

difference existed between permeability of FD4 across washed and unwashed cultures in 

this study, with Papp being 3.59 ± 0.22 x 10 -6 cm.s-1 (washed) and 3.82 ± 0.38 x 10 -6 cm.s-

1 (unwashed) (Mann-Whitney; P > 0.05). It was concluded, therefore, that the process of 

washing did not affect the permeability of cells to FD4. 
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Figure 5.18 The permeability of washed and unwashed Calu-3 cells to FD4 during a testosterone transport 

study; mean ± SD, n=4. Original in colour. 

As a further confirmation of the integrity of the cell layer, TER measurements were 

compared. TER was determined to be an average of 462 ± 22 Ω.cm2 prior to the transport 

experiment, falling to 451 ± 39 Ω.cm2 (n=12). The two sets of values were not found to 

be significantly different (Mann-Whitney, P > 0.05). 

 The effect of mucus on testosterone permeability across Calu-3 

cells 

The accumulation of testosterone in the basolateral chamber was sampled every 15 

minutes (Figure 5.19) and used to calculate the permeability coefficient (Papp). Using 

calibration curves prepared in TB, samples were analysed by optimised LC-MS for 

testosterone content and the Papp calculated over a period of 105 minutes (the linear period 

of accumulation as shown in Figure 5.19). It was found that testosterone crossed the cell 

layer at a rate of an average 11.65 ± 0.23 10-6 cm.s-1 for washed cultures, compared to 

11.26 ± 0.04 10-6 cm.s-1 for unwashed cultures. This was found to be an insignificant 

difference (Mann-Whitney; P > 0.05).  
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Figure 5.19 The permeability of washed and unwashed Calu-3 cells to testosterone; mean ± SD, n=4. Original 

in colour. 

 The effect of mucus on transepithelial drug transport across SPOC1 

cells, using a mucus-depleted (MD) model 

 The effect of washing on mucin content of SPOC1 cells 

It was found that depleting mucus created an average mucin level (for all drugs studied) 

in unwashed wells that was 7.5 ± 0.9 fold that of washed wells (n=40). The mucin levels 

in unwashed wells were quantified at an average of 34.2 ± 2.9 ng well-1, compared to 4.5 

± 0.9 ng well-1 in washed wells (Figure 5.20). 
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Figure 5.20 The effect of washing on mucin content of apical fluid in contact with SPOC1 cell cultures grown 

at air-liquid interface (ALI), represented by mucin content (top) and by the mucin content of unwashed 

cultures expressed as a percentage of the mucin content of washed culture content (bottom); combined values 

for all 10 drugs studied; mean ± SD, n=40. Original in colour. 

 The effect of mucus on FD4 permeability across SPOC1 cells 

Inhaled compounds 

The apparent permeability coefficients of FD4 ranged from 10.14 ± 0.67 x 10-6 cm.s-1 (in 

the presence of testosterone) to 11.94 ± 0.53 x 10-6 cm.s-1 (in the presence of salbutamol) 

for the inhaled drugs studied (washed cells) and from 10.51 ± 0.22 x 10-6 cm.s-1 (in the 

presence of testosterone) to 12.39 ± 0.74 x 10-6 cm.s-1 (in the presence of salbutamol) 

(unwashed cells). In each case, no significant difference was found between washed and 

unwashed FD4 apparent permeability coefficients (Mann-Whitney; P > 0.05) (Table 5.1). 
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Accumulation of FD4 in the basolateral chamber over time is represented for each drug 

transport experiment in Figure 5.21. 

 Washed Unwashed Region 

 Papp x 10-6 cm.s-1 ± SD Papp x 10-6 cm.s-1 ± SD (min-min) 

TES 10.14 0.67 10.51 0.22 15-75 

IPR 11.83 0.82 12.27 1.18 15-75 

BUD 11.45 0.69 11.69 0.52 15-75 

SAL 11.94 0.53 12.39 0.74 15-75 

TIO 10.84 0.38 11.09 0.33 15-75 

Table 5.1 The apparent permeability coefficients, Papp, of FD4 in the presence of each inhaled drug of interest, 

measured in the apical to basolateral direction across SPOC1 cells; mean ± SD, n=4. 

As a further confirmation of the integrity of the cell layer, TER measurements were 

compared. TER was determined to be an average of 204.5 ± 17 Ω.cm2 prior to the 

transport experiment, falling to 201 ± 17 Ω.cm2 (n=40). The two sets of values were not 

found to be significantly different (P > 0.05). 
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Figure 5.21 The permeability of SPOC1 cells to the permeability marker FD4, in transport studies of 

testosterone (TES) and the four inhaled drugs ipratropium (IPR), budesonide (BUD), salbutamol (SAL) and 

tiotropium (TIO) over time; mean ± SD; n=4. Original in colour. 
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Beta Blockers 

The apparent permeability coefficients of FD4 ranged from 11.56 ± 0.41 x 10-6 cm.s-1 (in 

the presence of propanolol) to 12.81 ± 0.89 x 10-6 cm.s-1 (in the presence of atenolol) for 

the beta blockers studied (washed cells) and from 11.82 ± 0.36 x 10-6 cm.s-1 (in the 

presence of propranolol) to 13.27 ± 1.28 x 10-6 cm.s-1 (in the presence of atenolol) 

(unwashed cells). In each case, no significant difference was found between washed and 

unwashed FD4 permeability coefficients drug by drug (Mann-Whitney; P > 0.05) (Table 

5.2). 

 Washed Unwashed Region 

 Papp x 10-6 cm.s-1 ± SD Papp x 10-6 cm.s-1 ± SD (min-min) 

ATE 12.81 0.89 13.27 1.28 15-75 

MET 11.88 0.43 12.13 0.54 30-75 

NAD 11.94 0.53 12.39 0.74 30-75 

OXP 12.71 0.57 13.19 0.79 15-75 

PRO 11.56 0.41 11.82 0.36 30-75 

Table 5.2 The apparent permeability coefficients, Papp, of FD4 in the presence of each beta blocker, measured 

in the apical to basolateral direction across SPOC1 cells; mean ± SD, n=8. 

Accumulation of FD4 in the basolateral chamber over time is represented for each drug 

transport experiment in Figure 5.22. 
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Figure 5.22 The permeability of SPOC1 cells to the permeability marker FD4, in transport studies of atenolol 

(ATE), metoprolol (MET), nadolol (NAD), propranolol (PRO) and oxprenolol (OXP) over time; mean ± SD; 

n=8. Original in colour. 
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 The effect of mucus on drug transport across SPOC1 cells 

Inhaled compounds 

Using calibration curves prepared in TB, samples were analysed by optimised LC-MS for 

drug content and the Papp calculated over a period of 60 minutes (the linear period of 

accumulation). It was found that the average Papp for testosterone was 14.06 ± 1.33 x 10-

6 cm.s-1 for washed cultures, compared to 8.50 ± 0.50 x 10-6 cm.s-1 for unwashed cultures 

(Table 5.3). This was found to be a significant difference according to the Mann-Whitney 

(P < 0.05). Of the inhaled drugs studied, none was significantly affected by the presence 

of more mucus. The Papp of tiotropium was shown to decrease from 5.10 ± 0.37 x 10-6 

cm.s-1 for washed cultures, to 4.02 ± 0.75 x 10-6 cm.s-1 for unwashed cultures. Whilst this 

was significant according to the unpaired t-test (P < 0.05), it was not significant according 

to the more stringent Mann-Whitney test (P > 0.05). Of the three remaining inhaled drugs, 

the Papp of ipratropium was found to decrease from 6.01 ± 0.66 x 10-6 cm.s-1 for washed 

cultures, to 5.55 ± 0.41 x 10-6 cm.s-1 for unwashed cultures, that of budesonide decreased 

from 5.17 ± 0.31 x 10-6 cm.s-1 for washed cultures, to 4.98 ± 0.31 x 10-6 cm.s-1 for 

unwashed cultures and the Papp of salbutamol decreased from 5.50 ± 0.75 x 10-6 cm.s-1 for 

washed cultures, to 5.30 ± 0.43 x 10-6 cm.s-1 for unwashed cultures. All were insignificant 

in their decrease according to the Mann-Whitney test (P > 0.05). 

 Washed Unwashed Region 

 
Papp x 10-6 cm.s-

1 ± SD Papp x 10-6 cm.s-1 ± SD (min-min) 

TES* 14.06 1.33 8.50 0.50 15-75 

TIO** 5.10 0.37 4.02 0.75 15-75 

IPR 6.01 0.66 5.55 0.41 15-75 

BUD 5.17 0.31 4.98 0.31 15-75 

SAL 5.50 0.75 5.30 0.43 15-75 
Table 5.3 The apparent permeability coefficients, Papp, of testosterone (TES) and the four inhaled drugs 

tiotropium (TIO), ipratropium (IPR), budesonide (BUD) and salbutamol (SAL) across SPOC1 cells in the 

apical to basolateral direction, using the MD model; mean ± SD, n=4. * P < 0.05 (Mann Whitney); ** P < 0.05 

(unpaired-t-test). 
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The apparent permeability coefficient (Papp) was calculated across the linear region of 

accumulation of the drug in each case (Figure 5.23).  

 

Figure 5.23 The permeability of SPOC1 cells to the model compound testosterone, plus the four inhaled drugs 

ipratropium (IPR), budesonide (BUD), salbutamol (SAL) and tiotropium (TIO) over time; mean ± SD; n=4. 

Original in colour. 
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Beta blockers 

Using calibration curves prepared in TB, samples were analysed by optimised LC-MS for 

drug content and the Papp calculated over a period of 75 minutes (the linear period of 

accumulation). It was found that the average Papp for atenolol was 15.38 ± 1.21 x 10-6 

cm.s-1 for washed cultures, compared to 13.89 ± 2.03 x 10-6 cm.s-1 for unwashed cultures 

(Table 5.4). The Papp of metoprolol was shown to decrease from 25.15 ± 3.02 x 10-6 cm.s-

1 for washed cultures, to 22.91 ± 2.01 x 10-6 cm.s-1 for unwashed cultures. The Papp of 

nadolol was found to decrease from 21.17 ± 2.12 x 10-6 cm-1 s-1 cm.s-1 for washed cultures, 

to 20.22 ± 1.99 x 10-6 cm.s-1 for unwashed cultures, that of oxprenolol decreased from 

26.44 ± 1.03 x 10-6 cm.s-1 for washed cultures, to 25.82 ± 1.04 x 10-6 cm.s-1 for unwashed 

cultures and propanolol from 38.10 ± 3.05 x 10-6 cm.s-1 for washed cultures, to 36.10 ± 

2.61 x 10-6 cm.s-1 for unwashed cultures. All were insignificant in their decrease according 

to the Mann-Whitney test (P > 0.05). 

 Washed Unwashed 
Regio

n 

 Papp x 10-6 cm.s-1 ± SD Papp x 10-6 cm.s-1 ± SD (min-min) 

ATE 15.38 1.21 13.89 2.03 15-75 

MET 25.15 3.02 22.91 2.01 30-75 

NAD 21.17 2.12 20.22 1.99 15-75 

OXP 26.44 1.03 25.82 1.04 15-75 

PRO 38.10 3.05 36.10 2.61 30-75 

Table 5.4 The apparent permeability coefficients, Papp, of atenolol (ATE), metoprolol (MET), nadolol (NAD), 

oxprenolol (OXP) and propranolol (PRO) across SPOC1 cells in the apical to basolateral direction, using the 

MD model; mean ± SD, n=8.  

The permeability coefficient (Papp) was calculated across the linear region of 

accumulation of the drug in each case, correcting for sample removal (Figure 5.24).  

 

 



Page | 204 

 

 

Figure 5.24 The permeability of SPOC1 cells to the beta blockers atenolol, metoprolol, nadolol, oxprenolol and 

propranolol over time; mean ± SD; n=8. Original in colour. 

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

0.45

0 15 30 45 60 75

C
o

n
ce

n
tr

at
io

n
 (

n
m

o
l m

L-1
)

Time (min)

Metoprolol

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0 15 30 45 60 75

C
o

n
ce

n
tr

at
io

n
 (

n
m

o
l m

L-1
)

Time (min)

Atenolol

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

0 15 30 45 60 75

C
o

n
ce

n
tr

at
io

n
 (

n
m

o
l m

L-1
)

Time (min)

Propranolol

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

0 15 30 45 60 75

C
o

n
ce

n
tr

at
io

n
 (

n
m

o
l m

L-1
)

Time (min)

Oxprenolol

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0 15 30 45 60 75

C
o

n
ce

n
tr

at
io

n
 (

n
m

o
l m

L-1
)

Time (min)

Nadolol



Page | 205 

 

 Physicochemical properties as predictors of drug transport 

across SPOC1 cells  

Inhaled drugs 

A positive correlation was determined between the apparent permeability coefficients 

(Papp) of the drugs studied and their log octanol-water partition coefficients (cLogP), both 

across washed and unwashed SPOC1 cell cultures (Figure 5.25). 

The correlation coefficient (r2) of washed Papp against cLogP was found to be 0.95, whilst 

the same cLogP values against Papps determined across unwashed cultures gave a 

correlation coefficient of 0.98. 

Correlation analysis was also carried out with regards to Papp and its relationship to 

molecular weight for each of the inhaled drugs studied. However, no correlation was 

observed, with the correlation coefficients being returned as 0.16 (washed cultures) and 

0.21 (unwashed cultures) respectively (Figure 5.26). 
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Figure 5.25 Log octanol-water partition coefficients (cLogP, source ChemAxon) of the four inhaled drugs, 

plotted against their apical to basolateral apparent permeability coefficients (Papp) across washed (top) and 

unwashed SPOC1 cultures (bottom); mean, n=8. Original in colour. 
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Figure 5.26 Molecular weight values for the four inhaled drugs studied, plotted against their apparent 

permeability coefficients (Papp) across washed (top) and unwashed SPOC1 cultures (bottom); mean, n=8. 

Original in colour. 

Beta blockers 
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unwashed Papp against cLogP was found to be 0.99. 

0

2

4

6

8

10

12

14

16

0 100 200 300 400 500

P
ap

p
x 

1
0

6
cm

.s
-1

Molecular weight (kDa)

0

1

2

3

4

5

6

7

8

9

0 100 200 300 400 500

P
ap

p
x 

1
0

6
cm

.s
-1

Molecular weight (kDa)

Washed         Unwashed 



Page | 208 

 

Correlation analysis was also carried out with regards to Papp and its relationship to 

distribution coefficient (cLogD, pH 7.38) for each of the beta blockers studied. The 

cLogD values were taken from studies performed using excised rabbit corneas 

(Schoenwald and Huang 1983) (Figure 5.27 B). This returned a strong positive correlation 

coefficient of 0.93.  

 

Figure 5.27 Correlation analysis of clogP (A) and clogD (pH 7.38) (B) against Papp values determined in the 

current study; mean ± SD, n = 8 

 The effect of mucus on transepithelial drug transport across UNCN3T 

cells, using a mucus-depleted (MD) model 

 The effect of washing on mucin content of UNCN3T cells 

It was found that depleting mucus created an average mucin level (for all drugs studied) 

in unwashed wells that was 4.8 ± 0.4 fold that of washed wells. The mucin levels were 

quantified at an average of 27.2 ± 2.0 ng well-1 in unwashed wells (Figure 5.28). 
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Figure 5.28 The effect of washing on mucin content of apical fluid in contact with UNCN3T cell cultures grown 

at air-liquid interface (ALI) and used for testosterone and tiotropium transport studies, represented by mucin 

content (top) and by the mucin content of unwashed cultures expressed as a percentage of the mucin content of 

washed culture content (bottom); mean ± SD, n=8. Original in colour. 

 The effect of mucus on FD4 permeability across UNCN3T cells 

FD4 permeability was determined for each drug transport study (Figure 5.29). It was 

determined that no significant difference existed between permeability of FD4 across 

washed and unwashed cultures in either transport study, with Papp being 7.93 ± 0.23 x 10 

-6 cm.s-1 (washed) and 8.31 ± 0.22 x 10 -6 cm.s-1 (unwashed) during the testosterone 

transport study and 8.55 ± 0.51 x 10 -6 cm.s-1 (washed) and 8.29 ± 0.20 x 10 -6 cm.s-1 
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Figure 5.29 The permeability of UNCN3T cells to the permeability marker FD4, in transport studies of 

testosterone (TES) and the inhaled drug tiotropium (TIO) over time; mean ± SD; n=4. Original in colour. 

As a further confirmation of the integrity of the cell layer before and after the transport 

experiment, TER measurements were compared. TER was determined to be an average 
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Ω.cm2 (n=8) and an average of 192.9 ± 10.6 Ω.cm2 prior to the tiotropium transport study, 

falling to 186.9 ± 10.02 Ω.cm2 (n=8). The before and after groups were not found to be 

significantly different (Mann-Whitney (U) test, P > 0.05).  
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 The effect of mucus on drug transport across UNCN3T cells 

Using calibration curves prepared in TB, samples were analysed by optimised LC-MS for 

drug content and the Papp calculated between 30 and 120 minutes for 2 M testosterone 

and 15 to 120 minutes for 7 M tiotropium (the linear period of basolateral accumulation). 

It was found that the average Papp of testosterone was 10.69 ± 0.99 10-6 cm.s-1 for washed 

cultures, compared to 9.43 ± 0.36 10-6 cm.s-1 for unwashed cultures (Table 5.5). This was 

found to be a significant difference (Mann Whitney; P < 0.05). The average Papp of 

tiotropium was shown to decrease from 4.21 ± 0.12 10-6 cm.s-1 for washed cultures, to 

3.75 ± 0.19 10-6 cm.s-1 for unwashed cultures. This was shown to be insignificant (Mann 

Whitney; P > 0.05). 

 Washed Unwashed 

 Papp x 10-6 cm-1 s-1 ± SD Papp x 10-6 cm-1 s-1 ± SD 

TES* 10.69 0.99 9.43 0.36 

TIO 4.21 0.12 3.75 0.19 
 

Table 5.5 The calculated apical to basolateral apparent permeability coefficients, Papp, of testosterone (TES) 

and the inhaled drug tiotropium (TIO) across UNCN3T cells, using the MD model; mean ± SD, n=4. * P < 0.05 
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Figure 5.30 The apical to basolateral permeability of UNCN3T cells to the model drug testosterone (TES) and 

the inhaled drug tiotropium (TIO); mean ± SD; n=4. Original in colour. 
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 Discussion 

Optimisation of LC-MS conditions 

In order to determine the effect of mucus as a barrier to transepithelial drug transport it 

was first necessary to optimise the methods used to quantify the drug of interest from 

basolateral samples (and their apical counterparts, diluted from the drug solution applied 

to the apical surface of the insert). Liquid chromatography coupled with mass 

spectrometry (LC-MS) is a common method by which drug samples are analysed, 

however, co-eluting matrix components (such as lipids found in culture media) which do 

not show on the LC chromatograph may interfere with the analysis, having a detrimental 

effect on the sensitivity of the technique, due to ion suppression or even enhancement of 

the analyte signal (Van Eeckhaut et al. 2009). For all analytes, separation was achieved 

using an Ascentis® C18 column, 2.1 mm i.d, 100 mm length, particle size 3 m. C18 

resin has been used previously to quantify drugs, both in transepithelial transport studies 

and otherwise (Artursson 1990; Schoenwald and Huang 1983; Salem, Wasfi and Al-

Nassibi 2012; Koren et al. 2012). 

Optimisation of LC-MS analysis was carried out for all of the drugs of interest and 

sensitivity was lower than expected. This was attributed to the preparation of the drugs in 

transport buffer, which exerts an ion suppression effect due to components of the medium, 

such as lipids (Koren et al. 2012). It has been suggested that sample preparation is 

particularly important for the study of drugs such as steroids (of which budesonide and 

testosterone are two) (Koren et al. 2012). The most common approach to overcoming 

matrix effect is sample clean up, either by dilution of the analyte in a suitable solvent or 

by a purification process such as solid phase extraction (SPE) (Koren et al. 2012). 

However, the large number of samples in the current studies made SPE impractical (in 
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the absence of automated equipment) and the loss of analyte in the SPE resin was a 

prohibitive factor. To counter matrix effect, therefore, external calibration was employed, 

whereby an internal standard was added to both calibration standards and samples. Each 

experiment generated in excess of 70 samples for SPOC1 experiments and almost twice 

this for Calu-3 and UNCN3T cell experiments. To ensure that matrix effects did not 

compromise the quality of the calibration curve, all calibration standards (of inhaled 

compounds) were first prepared in both transport buffer and mobile phase. The 

effectiveness of this technique was confirmed by the satisfactory construction of 

calibration curves for each of the drugs of interest in the transport buffer for each cell line 

and validation of the assay by assessment of precision, accuracy and sensitivity. It was 

assumed that any observed deterioration in the quality of the standard curve would be 

indicative of a detrimental effect caused by matrix interference or solubility issues. In the 

case of each of budesonide, salbutamol, tiotropium and the model compound testosterone, 

overall sensitivity was reduced for standards of the drug of interest prepared in transport 

buffer, as observed in the Bruker HCT Iontrap mass spectrometer. This was apparent from 

the lower peak area ratio of analyte over the internal standard and suggested ion 

suppression more so in the case of the internal standard than the analyte. However, 

linearity was maintained for each standard curve and the injection of known 

concentrations gave accurate quantification readings. This suggested that no precipitation 

was taking place at these low concentrations and so further studies were performed using 

transport buffer as the matrix.  

The concentration of each drug of interest used to study transepithelial transport was 

determined in part by the lower limit of quantification (LLOQ). To this end, the Method 

Detection Limit (MDL) was used, defined by the US Environmental Protection Agency 

as the minimum concentration of a substance that can be measured and reported with 99 
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% confidence that the analyte concentration is greater than zero (Boyd, Basic and Bethem 

2008). The MDL protects against incorrectly reporting the presence of a compound at low 

concentrations when noise and analyte signal may be indistinguishable. Known 

concentrations of the analyte were spiked into the matrix (the solution that the sample is 

dissolved in when injected into the LC-MS using the autosampler), until the point was 

reached where the signal to noise (S/N) ratio fell below six. Arbitrarily, values between 

three and six are chosen (Boyd, Basic and Bethem 2008). Six was chosen here as 

chromatographs with values below this were judged to be of poor quality and were more 

subject to ambiguous interpretation. The lower limit of quantification (LLOQ) for each 

drug was relatively high compared to previous studies reported in the literature. For 

example, testosterone was detected at 0.1 nM by Kulle et al. (Kulle et al. 2010) and 31.25 

nM in the current study. Such variations in LLOQ were attributed to the lack of sample 

clean-up in the current studies. 

Infusion studies of the model drug testosterone revealed the dominant ion of m/z 311, 

with a smaller peak also observed at m/z 289. This was accounted for by protonation of 

the drug and an adduct formation of the drug molecule with sodium, which originates 

from the glass vials used to prepare the samples: 

[M + H] + = 288 (Testosterone mass) + 1 = 289 

[M + Na]+ = 288 + 23 = 311 

These observations supported one of the findings of Koren et al. (Koren et al. 2012), in 

which they determined multiple reaction monitoring (MRM) transitions to be 289/97 for 

testosterone.  
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Of the inhaled drugs studied, budesonide initially proved problematic during 

optimisation; however further investigation revealed that increasing the pH of the mobile 

phase to above 8 significantly increased the signal-to-noise ratio and thus the sensitivity 

of the method. Infusion studies of budesonide revealed the parent ion of budesonide in 

positive mode (m/z 431), which represents the parent ion which has gained a proton ([M 

+ H]+). This is in agreement with Hou et al., who report this ion alongside 413, which has 

lost a water molecule ([M – H2O]+) (Hou, Hindle, and Byron 2005). The dominant ion in 

these studies contradicted the findings of Deventer et al., who followed + 413 (Deventer 

et al. 2006). However, Hou et al. pointed out the instability of budesonide in LC-MS 

analysis and that variables such as matrix could affect the ionisation pattern (Hou, Hindle, 

and Byron 2005). Also to consider is the effect of various voltages set for the instrument 

components – Hou reports that 25 V and 50 V cone voltages produce very different 

results, the latter producing + 431 (Hou, Hindle and Byron 2005). In most cases, the 

voltages across the instrument are not reported in the literature and so this study 

reinforced the need to optimise instrument settings on a lab-by-lab basis, even where the 

same model of instrument is used. 

Infusion studies of ipratropium in 100 % methanol and acetonitrile (ACN), revealed the 

dominant ion of ipratropium in positive mode (m/z 332.5), in agreement with Wu et al. 

(Wu et al. 2011). This represents the parent ion which has gained a proton ([M + H]+). 

Signal intensity was much greater for 100 % ACN than for methanol and so ACN was 

chosen as the mobile phase (70 % in ultrapure water) for further studies. Ipratropium was 

used as an internal standard for all subsequently studied drugs of interest due to its strong 

signal observed during these studies and its versatility in a variety of mobile phases, 

including methanol/water (85:15 v/v) containing 20 mmol L-1 ammonium formate and 

0.1% formic acid (Wu et al. 2011), heptafluorobutyric acid (HFBA) (15 mM) – 
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ammonium formate (20 mM) (Ariffin and Anderson 2006) and a solvent mixture of 10 

mM ammonium acetate (pH 3.0) and acetonitrile (Tang, Leung and Wan 2001).  

Optimisation of salbutamol was performed in accordance with the guidelines described 

by Wu et al., who followed the molecule in positive mode (148.1 m/z) (Wu et al. 2011). 

This represents ionisation as shown in Figure 5.31.  

 

Figure 5.31 Ionisation of salbutamol in the ion trap, as observed by Wu et al. (Wu et al., 2011).  

Using ACN as the mobile phase for infusion studies, the dominant ion for tiotropium in 

these studies was m/z 169.8 in positive mode. This indicates ionisation as shown in 

Figure 5.32, where a protonated fragment ([169 + H]+) has been created by cleavage 

above the third oxygen atom.  



Page | 218 

 

 

Figure 5.32 Ionisation of tiotropium in the ion trap, infused in ACN (100 %). Original in colour. 

This pattern of fragmentation was unexpected, since Ding et al. followed the parent ion, 

m/z 392. However, whilst electrospray ionisation (ESI) is considered one of the more 

robust of the ion sources, it can lead to extensive fragmentation, which depletes cations 

equal to the molecular mass of the neutral molecule (the parent ion) down to zero. It is 

recommended that a less characteristic fragment ion is chosen in such cases (Boyd, Basic 

and Bethem 2008).  

The range of reliable response refers to the range of concentrations that can be reliably 

and reproducibly quantified with specified accuracy and precision, in other words the 

calibration curve itself is a means of validation, as long as it can consistently demonstrate 

a concentration-response relationship. This was demonstrated in the current study by 

choosing the highest, median and lowest calibration standard with which to determine 

accuracy (comparing measured with actual amounts) and precision. The preparation of 

samples in mobile phase and TB (known as the matrix) resulted in high quality, linear 

calibrations of m/z ratio in each case, with r2 values above 0.99. Extrapolation of the 
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trendline to the origin did not alter the curve in either matrix, suggesting that the matrix 

effect was minimal upon the sensitivity of the assay. 

Using the weight values obtained during the preparation of the standards using an 

analytical balance, concentrations of each known standard were calculated using the 

linear regression. These proved accurate in both mobile phase and TB in the case of 

testosterone and the inhaled drugs studied, since no significant differences were obtained 

between actual ratios of concentrations (determined by the analytical balance) and 

calculated ratios (determined by peak areas as integrated by the HRM software on the 

LC-MS, followed by use of the linear regression equation to calculate concentration ratios 

of analyte/internal standard (unpaired t-test; P > 0.05). 

The effect of mucus on transepithelial drug transport in Calu-3 cells 

Characterisation of Calu-3 cells revealed that the chosen secretagogue (ionomycin) was 

detrimental to the integrity of the cell layer at the concentration required to elicit enhanced 

mucin secretion, using a fixed extracellular calcium ion concentration. It was therefore 

decided to employ the mucus-depleted (MD) method, optimised in SPOC1 cells, to Calu-

3 cells, using testosterone as a model compound. There was no difference between the 

permeability of testosterone in washed and unwashed cultures (average 11.65 ± 0.23 10-

6 cm.s-1 for washed cultures, compared to 11.26 ± 0.04 10-6 cm.s-1 for unwashed cultures).  

Testosterone was used as a model compound in these studies as mucus has been reported 

to provide a significant barrier to its absorption (Khanvilkar, Donovan and Flanagan 

2001; Hagesaether et al. 2013; Sigurdsson, Kirch, and Lehr 2013). It has been proposed 

that testosterone strongly interacts with mucus on account of its lipophilic nature, via 

hydrophobic interactions. Although retarded by its hydrophobic interactions with mucus, 

testosterone is still able to diffuse through mucus due to its small molecular size. This is 
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because smaller molecules are unable to make polyvalent bonds with their surroundings 

and therefore permeability coefficient is still high, on account of its lipophilic nature, 

discussed below, whereas larger molecules such as herpes simplex virus 1 (HSV1), 

reportedly > 70 000 kDa  (Para et al. 1983) is slowed about 100 fold in mucus (reviewed 

by Cone et al., 2009), suggesting that envelope membranes have partially exposed 

hydrophobic surfaces, with which polyvalent bonds can be formed with mucins. 

The inability of mucus to reduce the permeability of testosterone across unwashed Calu-

3 cells was in part attributed to the low quantity of mucin detected by ELLA; the 

difference between washed and unwashed cells being much greater in the other cell lines 

studied. This is likely to affect the sensitivity of the Calu-3 model, in which mucin 

quantities were found to be very low in cultures grown at ALI. No further work was 

carried out using this cell line, as it was concluded that these cells were unsuitable for the 

analysis of the effect of mucus on drug permeability. 

The effect of mucus on transepithelial dru g transport in SPOC1 cells  

The current study is the first of its kind to use SPOC1 cells as a model with which to study 

drug permeability in the presence of mucus. Testosterone has been tested previously in 

SPOC1 cells and was shown to have a reduced permeability in the presence of mucus 

(Hashmi 2000).  

Of the four inhaled drugs of interest, only tiotropium was shown to have a reduced 

permeability (significant using the unpaired t-test; P < 0.05) in the presence of mucus 

(5.10 ± 0.37 10-6 cm.s-1 for washed cultures, to 4.02 ± 0.75 10-6 cm.s-1 for unwashed 

cultures), in addition to the model compound testosterone (14.06 ± 1.33 10-6 cm.s-1 for 

washed cultures, compared to 8.50 ± 0.50 10-6 cm.s-1 for unwashed cultures). As an 

anticholinergic, tiotropium inhibits apical chloride secretion, basolateral potassium 
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secretion and increases sodium reabsorption (Bateman et al. 2009) and therefore it has 

been proposed that it may affect the volume and viscosity of mucus. One clinical study 

showed that patients treated with tiotropium presented a retarded mucociliary clearance 

(Meyer et al. 2011), thus supporting this proposal. It is possible that increased viscosity 

would hinder the diffusion of the drug molecule over time due to the dehydration state, 

in which water leaves mucus first, due to its lower osmotic modulus (Figure 5.33); 

however, the study by Meyer et al. was carried out over days, not hours and this theory 

does not explain the difference in basolateral accumulation pattern between tiotropium 

and the other muscarinic antagonist ipratropium, for which no significant reduction in 

apical to basal transport was seen. 

 

Figure 5.33 Dehydrated state of mucus. Water first preferentially leaves the mucus gel because of its lower 

osmotic modulus. Further dehydration leads to removal of water from both the mucus gel and the periciliary 

liquid. Taken from (Button et al. 2012). Original in colour. 

Physicochemical properties as predictors of drug transport in SPOC1 cells 

None of the beta blockers showed a retardation in apical to basal transepithelial 

permeability in unwashed cultures compared to washed cultures. It was found, however, 

that the more lipophilic of the homologous series had the highest permeability coefficients 

in both washed and unwashed cells, a finding that reflected that of Schoenwald et al. who 

studied the apical to basolateral transport of beta blockers across excised rabbit cornea 

(Schoenwald and Huang 1983) (Table 5.6). A correlation analysis to study the 

relationship between Papp and logD, using log D values taken from the Schoenwald paper 
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(Figure 5.34), revealed a strong positive correlation (using Papp values obtained from 

washed cells), supporting reports that lipophilic drugs are transported across the epithelia 

more rapidly due to their ability to partition into the phospholipid bilayer (Patton et al. 

2010, Loira-Pastoriza, Todoroff and Vanbever 2014). 
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 x 106 

cm.s-1 

 

Propanolol 1.62 -4.24 1 36.10 1 41.91 1 

Oxprenolol 0.69 -4.56 2 25.82 2 n/a n/a 

Metoprolol 0.28 -4.62 3 22.91 3 26.95 2 

Nadolol -0.82 -5.99 4 20.22 4 n/a n/a 

Atenolol -2.14 -6.17 5 13.89 5 0.203 3 

Table 5.6 The apical to basolateral apparent permeability coefficients, Papp, of the five beta blockers studied, 

comparing the data generated in the current study (using the SPOC1 MD model) with that of two earlier 

studies, rabbit cornea (Schoenwald and Huang 1983) and Caco-2 (Artursson 1990); n/a indicates drugs not 

studied. 

 

Figure 5.34 Correlation analysis of log D (pH 7.38) against Papp values of five beta blockers, determined in the 

current study across washed SPOC1 cells. Original in colour. 

 During the current study, a correlation analysis was also carried out comparing the Papp 

values of the current study with those of previous studies (Schoenwald and Huang 1983); 

(Artursson 1990). These returned positive correlation coefficients of 0.94 (Caco-2) 
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(Figure 5.35) and 0.94 (excised rabbit cornea) (Figure 5.36), evidence that the SPOC1 

MD model is valid.  

 

Figure 5.35 Correlation analysis of the Papp values of the three beta blockers studied by Artursson et al. across 

Caco-2 cells against Papp values of the same beta blockers determined in the current study across washed 

SPOC1 cells. Original in colour. 

 

Figure 5.36 Correlation analysis of the Papp values of the five beta blockers studied by Schoenwald et al. across 

excised rabbit corneas against Papp values of the same beta blockers determined in the current study across 

washed SPOC1 cells. Original in colour. 
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The effect of mucus on transepithelial drug transport in UNCN3T cells  

It was found that testosterone crossed the cell layer at a rate of an average Papp of 10.69 ± 

0.99 10-6 cm.s-1 for washed cultures, compared to 9.43 ± 0.36 10-6 cm.s-1 for unwashed 

cultures. This was found to be a significant difference (P < 0.05) and also supported 

reports in the literature of testosterone’s binding to mucus (Khanvilkar, Donovan and 

Flanagan 2001; Hagesaether et al. 2013; Sigurdsson, Kirch and Lehr 2013). Tiotropium 

was shown to decrease in Papp from 4.21 ± 0.12 10-6 cm.s-1 for washed cultures, to 3.75 ± 

0.19 10-6 cm.s-1 for unwashed cultures. Unlike the SPOC1 transport study, however, this 

decrease was shown to be insignificant. In the UNCN3T MD study, mucin in unwashed 

wells was 4.8 ± 0.4 fold that of washed wells (compared to 7.5 ± 0.9 fold in the SPOC1 

MD model). This reflects a slightly lower average mucin content in unwashed wells of 

27.2 ± 2.0 ng well-1 (compared to 34.2 ± 2.9 ng well-1 in the SPOC1 MD model) and the 

relatively lower difference between washed and unwashed cells may account for the 

insignificant result, as the model may be less sensitive. Further studies are required using 

the UNC3NT MD model, with the aim of increasing the sensitivity of the model and 

expanding the number of drugs studied.  

Integrity of the epithelial layer of Calu-3, SPOC1 and UNCN3T cells 

The integrity of the epithelial layer was monitored using TER measurements taken before 

and after all transport studies. Without exception, TER measurements fell following the 

transport study; however, the difference was insignificant (Mann-Whitney, P > 0.05). 

Further monitoring was performed by following the apical to basal transport of the 

paracellular permeability marker FD4. Again without exception, there were no significant 

changes between washed and unwashed wells (Mann-Whitney; P > 0.05) and the 

accumulation of FD4 was linear across all cell lines, which indicates an integral layer. 
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The Papp of FD4 across Calu-3 cells in the model drug study (testosterone) was measured 

as 3.59 ± 0.22 x 10 -6 cm.s-1 (washed) and 3.82 ± 0.38 x 10 -6 cm.s-1 (unwashed). This was 

significantly lower than that of the same study in SPOC1 cells which measured an FD4 

Papp of 10.14 ± 0.67 x 10-6 cm.s-1 (washed) and 10.51 ± 0.22 x 10 -6 cm.s-1 (unwashed) 

(Mann-Whitney; P < 0.01) and also UNCN3T cells which had an FD4 Papp of 7.93 ± 0.23 

x 10 -6 cm.s-1 (washed) and 8.31 ± 0.22 x 10 -6 cm.s-1 (unwashed) in the testosterone 

transport study (Mann-Whitney; P < 0.05). The rank of FD4 Papp from highest to lowest 

is SPOC1, UNCN3T and then Calu-3. This reflects the order of TER measurements taken 

and thus FD4 permeability was taken as an indicator of the strength of tight junctions in 

these studies. The relationship between Papp of the paracellular permeability marker FD4 

and TER is shown alongside that of the Papp of testosterone and TER in Figure 5.37, for 

all three cell lines. The plot reveals an inverse correlation between TER and Papp of FD4 

(r = 0.91). This highlights the importance of choosing the correct model with which to 

predict the in vivo bioavailability of hydrophilic drugs which travel via the paracellular 

route, since TER varies according to the cell type. Testosterone has been included to 

demonstrate the lack of relationship between the Papp of this lipophilic drug and TER (r = 

0.44), as such drugs are likely to travel transcellularly as they partition into the cell 

membrane. 
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Figure 5.37 The relationship between apparent permeability coefficients of the paracellular permeability 

marker FD4 and TER, plotted alongside the relationship of the apparent permeability of testosterone and 

TER, in all three cell lines. Original in colour. 

Effect of washing on mucin levels in the MD model 

Although SPOC1 cells possessed the lowest TERs of the three cell lines, they also 

secreted the greatest quantity of mucus as quantified by the ELLA  and showed the 

greatest difference between washed and unwashed cultures (unwashed wells contained 

7.5 ± 0.9 fold that of washed wells, whilst mucin levels were quantified to be 34.2 ± 2.9 

ng well-1 in unwashed wells) compared to both Calu-3 cells (unwashed wells contained 

3.21 ± 0.51 fold more mucin in comparison to washed wells, whilst mucin levels were 

quantified to be 2.14 ± 0.05 ng well-1 in unwashed wells) and UNCN3T cells (unwashed 

wells contained 4.8 ± 0.4 fold that of washed wells, whilst mucin levels were quantified 

at an average of 27.2 ± 2.0 ng well-1 in unwashed wells). The mucus quantities secreted 

by SPOC1 cells and UNCN3T cells did not differ significantly, which suggests that it was 

the lack of mucus depletion in the UNCN3T MD model which made it less sensitive and 

the model may benefit from modification of the depletion step in future studies. Due to 

the model’s increased sensitivity as a result of a greater depletion of mucus by washing, 
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SPOC1 cells were used to study physicochemical properties as predictors of drug 

transport, using a homologous series of beta blockers as described above, in addition to a 

blind compound study commissioned by GlaxoSmithKline (GSK) (Chapter 7). 
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 The use of in vitro models to study drug irritancy of the 

upper airways 

 Introduction 

There is interest in the ability of drugs to irritate the airways upon administration. To date, 

there are no reliable predictions of irritancy, but one measure might be mucus production 

in response to inhaled irritants such as cigarette smoke (Nie et al. 2012; Dijkstra et al. 

2015), or allergens such as grass pollen (Blume et al. 2013). Nie et al. developed a rat 

model with which mucus hypersecretion could be studied after respiratory insult by 

cigarette smoke and lipopolysaccharide (LPS), whilst Blume et al. studied the effect of 

grass pollen on various upstream regulators of the mucin secretion pathway 

(inflammatory mediators or cytokines). 

To study the effect of each drug upon mucus secretion, SPOC1 and UNCN3T cells were 

cultured on Geltrex™ coated 24 well Costar tissue culture plates and treated with drug 

dissolved in TB, TB alone (negative control) or the mucin secretagogue AMP-PNP (100 

M) (positive control). This enabled the determination of the drug’s effect, if any, upon 

mucin secretion from SPOC1 and UNCN3T cell cultures grown under 2D submerged 

conditions. 

The second proposed measure of irritancy in the airways is cytokine release. SPOC1 and 

UNCN3T cells were used to detect, measure and compare levels of selected cytokines in 

response to the application of varying drug concentrations, to include those used in 

permeability experiments. It is important to be able to predict irritancy and side effects of 

inhaled drugs, to avoid the exacerbation of disease and to streamline the drug discovery 

process. Cytokines are routinely used as measures of irritancy and are also linked to 
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mucus production in the airways (Chand et al. 2012; Chung 2005) and so ELISA assays 

were used to measure cytokine release in response to drug treatment of SPOC1 cells, 

concurrent with ELLA analysis to quantify mucin secretion from cells treated with the 

four inhaled drugs already subjected to transport studies. 

Three rat cytokines were chosen for the SPOC1 study. These were IL-6, TNF- and IFN-

. An increase in many cytokines has been associated with inflammatory airway diseases 

such as asthma. IL-6 levels have been shown to be elevated in asthmatic subjects 

compared with healthy controls and have been linked to the increase in mucus production 

in response to inhaled allergens (Neveu et al. 2010; Neveu et al. 2009). TNF- has been 

linked with disease pathogenesis and worsening of asthma symptoms on account of its 

elevated expression and release by many activated inflammatory and non-inflammatory 

cells (Brightling, Berry and Amrani 2008; Berry et al. 2006), in addition to inducing 

airway hyper-responsiveness (AHR) in response to cholinergic stimulation (Makwana et 

al. 2012). IFN- plays a complex role in the pathology of disease in the airways. Shown 

to reduce T helper 2 cell (Th2) function and inhibit the recruitment of lymphocytes and 

eosinophils (Mitchell et al. 2011), it potentially plays a therapeutic role in asthma. 

Elevated levels of IFN- have been reported in some asthma studies, for example that 

described by McMillan et al. (McMillan and Lloyd 2004); others suggest that decreased  

IFN-, a T helper 1 cell  (Th1) cell product, drives the asthma  phenotype, along with 

elevated IL-4 (a Th2 cytokine) levels (Lama et al. 2011). 

As part of their characterisation of UNCN3T cells, Fulcher et al. measured IL-8 release 

from the cells, in response to treatment with IL-1 (Fulcher et al. 2009). IL-8 is elevated 

in COPD in addition to asthma, as shown by sputum profiling (Bafadhel et al. 2012) and 

is also upregulated in response to rhinovirus infections (Yamaya et al. 2014). In the 
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current study, IL-6 was chosen as a second cytokine for the reasons outlined above. 

Vanadium oxysulphate was used as a positive control with which cytokine release was 

stimulated in the SPOC1 and UNCN3T cell lines. 

This chapter aims to determine whether or not in vitro models may be used to study 

drug irritancy of the airways, using cytokine release and/or mucin secretion as the 

output data.  
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 Materials 

 Measurement of cytokine release from cells in the presence of 

compound 

Corning® Costar® cell culture plate 24 well - Sigma CLS3527 

LEGEND MAX™ ELISA kit Rat IL-6 – BioLegend® 437107, BioLegend UK, 4B 

Highgate Business Centre, 33 Greenwood Place, London NW5 1LB 

LEGEND MAX™ ELISA kit Rat IFN- – BioLegend® 439007 

LEGEND MAX™ ELISA kit Rat TNF- – BioLegend® 438207 

LEGEND MAX™ ELISA kit Human IL-6 – BioLegend® 430507 

LEGEND MAX™ ELISA kit Human IL-8 – BioLegend® 431507 

Vanadium sulphate (VOSO4) – Sigma 233706 

 Quantification of mucins using the ELLA 

Materials used in the quantification of mucins from Calu-3, SPOC1 and UNCN3T cells 

can be found in sections 2.2.4, 3.2.4 and 4.2.4, respectively. 
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 Methods 

 Quantification of cytokine release in response to drug treatment 

SPOC1 or UNCN3T cells were seeded onto 24-well tissue culture treated plates, pre-

coated with a 1/20 dilution of Geltrex™. Cells were seeded at 5 x 104 cells/well and grown 

to confluence in maintenance medium (described in sections 3.3.1.3 and 4.3.1.3, 

respectively). Four wells were seeded per condition, to provide quadruplicate samples. 

Cells were seeded and cultured in this way on three separate occasions, to replicate the 

experiment. 

Wash period 

The medium was removed from all wells and replaced with pre-warmed TB (37oC) 

appropriate to each cell line (DMEM/F12 with no additives for SPOC1 cells and LHC 

basal medium for UNCN3T cells) (500 L). After 20 minutes, the TB was removed and 

discarded. The TB was then replaced with another 500 L of pre-warmed TB (37 oC) and 

the cells returned to the incubator for a further 20 minutes. This was repeated a further 

two times before discarding the final addition of TB and the cells treated as below. 

Treatment period 

Drug solutions were prepared at 50, 25, 12.5 and 6.25 M, in DMEM/F12 medium 

(SPOC1 cells) or at 20, 10 and 5 M in LHC basal medium (UNCN3T). The drugs tested 

were the model drug testosterone, plus the four inhaled drugs budesonide, ipratropium, 

salbutamol and tiotropium. As a positive control, vanadium sulphate (VOSO4) was used 

at 20 mg mL-1 (123 mM) concentration. Negative control cells were treated with 

DMEM/F12 medium (SPOC1 cells) or LHC basal medium (UNCN3T) only. Control or 
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drug solutions (500 L) were added to the cells and the plate again returned to the 

incubator at 37oC, 5 % CO2/ 95 % air, this time for 30 minutes. After this time, the cells 

were gently washed with the solution contained within the well and each solution 

aspirated into a sterile 500 L microtube, for analysis.  

ELISA 

An aliquot of each cell supernatant (50 L) was added to a 96-well LEGEND MAX™ 

ELISA plate, containing 50 L of assay buffer in each well. Samples from SPOC1 cells 

were analysed for three rat cytokines; these were IFN-, TNF- and IL-6. Samples from 

UNCN3T cells (human origin) were analysed for IL-6 and IL-8. Samples were analysed 

alongside a duplicate standard curve from reconstituted lyophilised standard provided 

with the kit. The assay procedure was common to each cytokine and was as follows: 

Samples and standards were incubated at room temperature with shaking at 200 rpm for 

1 h, followed by four washes using the wash buffer provided. Detection antibody, 

conjugated to biotin (100 L), was added (diluted according to kit instructions) and the 

plate incubated for 1 h with shaking, as before. Another wash step was performed, after 

which 100 L of avidin-HRP solution was added to each well, incubating as before with 

shaking, for 30 min. This time, five washes were performed, with the final wash solution 

being left for 1 minute to minimise background absorbance. Substrate solution (100 L) 

was added to each well and the plate incubated for 10 minutes in the dark. The reaction 

was then quenched with 100 L of stop solution and the absorbance of each plate read at 

450 nm, on an Ascent Multiskan plate reader. Cytokine levels were calculated using the 

equation of the line of best fit, in pg mL-1. Levels were compared between controls and 

test samples, making note of any dose responsive changes.  
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 Quantification of mucins using the ELLA 

Cells were cultured and treated with drug for 30 minutes as in section 6.3.1, with AMP-

PNP (100 M) being added to positive control wells. An aliquot (100 L) of the cell 

supernatant taken at the end of the drug treatment period was bound to a 96 well Costar 

high binding plate alongside standards prepared in DMEM/F12 (SPOC1) or LHC Basal 

medium (UNCN3T). Mucins were then quantified using the ELLA described in section 

3.3.4 (SPOC1) and 4.3.4 (UNCN3T). 

 Data Analysis 

Data was analysed for significance using an ANOVA to compare multiple drug 

concentrations along with their corresponding controls. Where significant variance was 

found between drug concentrations and the negative control, further analysis was carried 

out using the Mann-Whitney, with the confidence level set at P < 0.05 for the comparison 

of an individual drug concentration with its corresponding controls. 
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 Results 

 The effect of drug administration on cytokine release  

 SPOC1 cells 

The effect of drug treatment upon IL-6 release 

The treatment of cells with the positive control VOSO4 significantly increased IL-6 levels 

to 1.9 ± 0.3 fold that of untreated levels (Mann-Whitney, P < 0.05). The negative control 

cells released IL-6 at an average of 51.0 ± 3.7 pg mL-1, compared to the positive control 

of 97.7 ± 7.4 pg mL-1 (Figure 6.1).  

No significant increase in IL-6 release was observed for testosterone, budesonide, 

ipratropium or tiotropium at any concentration (ANOVA; P > 0.05). Salbutamol, 

however, did show a dose-dependent increase in IL-6 release from SPOC1 cells, from 

6.25 M up to 50 M, which was a significant variance (ANOVA; P < 0.05). However, 

the increases were not significant when the Mann-Whitney test was applied to each 

concentration and analysed against the negative control (P > 0.10). Levels of IL-6 released 

from SPOC1 cells following salbutamol treatment were as follows: 50 M (87.14 ± 4.1 

pg mL-1), 25 M (66.23 ± 5.1 pg mL-1) and 12.5 M (59.90 ± 3.76 pg mL-1). 
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Figure 6.1 The effect of drug treatment on IL-6 cytokine release from SPOC1 cells grown on Geltrex™ coated 

plastic. Vanadium oxysulphate (VOSO4) was used as positive control; mean ± SD, n =12 (3 x n=4). Original in 

colour. 

The effect of drug treatment upon TNF- release 

The treatment of cells with the positive control VOSO4 significantly increased TNF- 

levels to 1.5 ± 0.1 fold that of untreated levels (Mann-Whitney; P < 0.05). The negative 

control cells released TNF- at an average of 29.8 ± 0.5 pg mL-1, compared to the positive 

control of 45.2 ± 1.2 pg mL-1. No significant increase was observed for budesonide, 

tiotropium, ipratropium, salbutamol or the model drug testosterone (ANOVA; P > 0.05) 

(Figure 6.2). The levels of TNF- released from SPOC1 cells in response to drug 

treatment ranged from 29.5 ± 0.1 pg mL-1 (budesonide, 25 M) to 30.9 ± 0.6 pg mL-1 

(salbutamol, 6.25 M). Analysis by ANOVA found no significant variance between 
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different concentration groups of the same drug or same concentration groups for 

different drugs (P > 0.05). 

 

Figure 6.2 The effect of drug treatment on TNF- cytokine release from SPOC1 cells grown on Geltrex™ 

coated plastic. Vanadium oxysulphate (VOSO4) was used as positive control; mean ± SD, n =12 (3 x n=4). 

Original in colour. 

 

The effect of drug treatment upon IFN- release 

The treatment of cells with the positive control VOSO4 significantly increased INF- 

levels to 7.0 ± 0.2 fold that of untreated levels (Mann-Whitney; P < 0.05). The negative 

control cells released IFN- at an average of 43.4 ± 3.8 pg mL-1, compared to the positive 

control of 308.3 ± 1.2 pg mL-1. No significant increase was observed for budesonide, 

tiotropium, ipratropium, salbutamol or testosterone (ANOVA; P > 0.05) (Figure 6.3). The 

levels of IFN- released from SPOC1 cells in response to drug treatment ranged from 

31.9 ± 4.0 pg mL-1 (budesonide, 25 M) to 56.0 ± 5.3 pg mL-1 (ipratropium, 50 M). 
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Analysis by ANOVA found no significant variance between different concentration 

groups of the same drug or same concentration groups for different drugs (P > 0.05). 

 

 

Figure 6.3 The effect of drug treatment on IFN- cytokine release from SPOC1 cells grown on Geltrex™ 

coated plastic. Vanadium oxysulphate (VOSO4) was used as positive control; mean ± SD, n =12 (3 x n=4). 

Original in colour. 

 

 UNCN3T cells 

The effect of drug treatment upon IL-6 release 

The effect of drug treatment upon IL-6 release is shown in Figure 6.4. The treatment of 

cells with the positive control VOSO4 increased IL-6 levels to 97 fold that of untreated 

levels. This was a significant increase in IL-6 detection (Mann-Whitney, P < 0.01).  The 

negative control cells secreted IL-6 at an average of 1.3 ± 0.4 pg mL-1, compared to the 

positive control of 124.0 ± 6.5 pg mL-1. The levels of IL-6 released from UNCN3T cells 
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to 5.8 ± 0.9 pg mL-1 (ipratropium, 50 M). Analysis by ANOVA found no significant 

variance between same concentration groups (including negative control) for different 

drugs (P > 0.05), however a significant difference was revealed during analysis of 

different concentrations of the same drug (P < 0.01 for each drug tested). Further analysis 

of the data using the Mann-Whitney showed a significant difference between the negative 

control group and the highest concentration for each drug, including the model drug 

testosterone (P < 0.01 for each drug tested). The highest drug concentration resulted in 

IL-6 levels of 4.0 ± 1.1 pg mL-1 (budesonide), 3.6 ± 1.5 pg mL-1 (salbutamol), 4.6 ± 2.5 

pg mL-1 (tiotropium), 4.9 ± 2.5 pg mL-1 (ipratropium) and 7.7 ± 1.2 pg mL-1 (testosterone). 

  

Figure 6.4 The effect of drug treatment on IL-6 cytokine release from UNCN3T cells grown on plastic. 

Vanadium oxysulphate (VOSO4) was used as positive control; mean ± SD, n =12 (3 x n=4). Original in colour. 
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The effect of drug treatment upon IL-8 release 

The effect of drug treatment upon IL-8 release is shown in Figure 6.5. The treatment of 

cells with the positive control VOSO4 increased IL-8 levels to 200 fold that of untreated 

levels. This was a significant increase in IL-8 detection. (Mann-Whitney; P < 0.01). The 

negative control cells released IL-8 at an average of 12.5 ± 0.6 pg mL-1, compared to the 

positive control of 251.1.0 ± 14.5 pg mL-1. The levels of IL-8 released from UNCN3T 

cells in response to inhaled drug treatment ranged from 10.9 ± 2.5 pg mL-1 (tiotropium, 5 

M) to 18.6 ± 3.2 pg mL-1 (budesonide, 20 M). No significant increase was observed 

for tiotropium, ipratropium, salbutamol or the model drug testosterone (ANOVA; P > 

0.05) between different concentration groups of the same drug (including negative 

control) or the same concentration across different drug groups. Analysis of the 

budesonide data using the Mann-Whitney showed a significant difference between the 

negative control group and 20 M (P < 0.05) and also 10 M (P < 0.05).  

 

Figure 6.5 The effect of drug treatment on IL-8 cytokine release from UNCN3T cells grown on plastic. 

Vanadium oxysulphate (VOSO4) was used as positive control; mean ± SD, n =12 (3 x n=4). Original in colour. 
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 The effect of drug administration on mucin secretion  

 SPOC1 cells  

Treatment of the positive control group with AMP-PNP (100 M) resulted in mucin 

secretion that was 4.2 fold that of the negative control (3.82 ± 0.21 ng well-1 compared 

with 0.90 ± 0.04 ng well-1) (Figure 6.6). Analysis of variance between the same 

concentrations across different drug groups revealed a significant difference at 12.5 M 

and above (ANOVA, P < 0.001). The highest mucin secretion was observed after 

treatment of SPOC1 cells with the model drug testosterone (50 M), at 1.45 ± 0.03 ng 

well-1, a significant increase from the negative control (Mann-Whitney; P < 0.01). Both 

ipratropium and tiotropium also produced significant increases in mucin at 12.5, 25 and 

50 M (Mann-Whitney; P < 0.01). These resulted in mucin secretions following drug 

treatment of 12.5 M of 1.24 ± 0.07 ng well-1 and 1.29 ± 0.05 ng well-1 (ipratroptium and 

tiotropium respectively); treatment by drug at 25 M of 1.27 ± 0.05 ng well-1 and 1.35 ± 

0.05 ng/well and treatment by drug of 50 M of 1.30 ± 0.02 ng well-1 and 1.38 ± 0.04 

ng/well. However, all of these values were significantly less than secretion in response to 

AMP-PNP (positive control (Mann-Whitney; P < 0.01). 
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Figure 6.6 The effect of drug on mucin secretion from SPOC1 cells, as measured by the ELLA using samples 

taken from cells grown on Geltrex-coated plastic;mean ± SD, n =12 (3 x n=4). Original in colour. 

 UNCN3T cells 
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1.07 ± 0.06 ng well-1 (Mann-Whitney; P < 0.05), whilst salbutamol also produced a 

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

Negative
control

AMP-PNP BUD SAL IPR TIO TEST

M
u

ci
n

 n
g 

w
el

l-1

Negative Control Positive Control 6.25 uM 12.5 uM 25 uM 50 uM



Page | 243 

 

significant increase in mucin at 20 M, at 1.01 ± 0.06 ng well-1 and 50 M, at 1.04 ± 0.04 

ng well-1 (Mann-Whitney; P < 0.05). Both ipratropium and tiotropium produced 

significant increases in mucin at 10 M (0.98 ± 0.02 ng well-1 and 1.11 ± 0.08 ng well-1 

respectively), 20 M (1.11 ± 0.04 ng well-1 and 1.10 ± 0.08 ng well-1) and 50 M (1.16 ± 

0.06 ng well-1 and 1.18 ± 0.05 ng well-1, respectively) (Mann-Whitney; P < 0.01). 

However, all of these values were significantly less than the positive control (Mann-

Whitney; P < 0.01). 

 

Figure 6.7 The effect of drug upon mucin secretion from UNCN3T cells, as measured by the ELLA using 

samples taken from cells grown on Geltrex-coatedplastic; mean ± SD, n =12 (3 x n=4). Original in colour. 
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 Discussion 

It is important to be able to predict irritancy and side effects of inhaled drugs, to avoid the 

exacerbation of disease and to streamline the drug discovery process. Some adverse 

effects are predictable, on account of the pharmacological action of the drug, as is the 

case for -agonists such as salbutamol, which have been reported to induce mild 

tachycardia once absorbed into the systemic circulation (Sears 2002). Others are less 

predictable, such as airway hyper-responsiveness (AHR) and increased inflammation. A 

robust in vitro cell model of the airways would potentially improve the predictability of 

local adverse effects earlier in the drug discovery process.  

Cytokines are routinely used as measures of irritancy and are also linked to mucus 

production in the airways (Chand et al. 2012; Chung 2005) and so ELISA assays were 

used to measure cytokine release in response to drug treatment of SPOC1 and UNCN3T 

cells.  

The sensitivity of the assays used to detect IL-6, TNF- and INF- release from SPOC1 

cells was similar for all three cytokines, since all were capable of detecting 30 to 50 pg 

mL-1 of each cytokine in response to the negative control. The application of the positive 

control (VOSO4) caused the release of more of each cytokine from the SPOC1cells than 

any of the drugs which indicated that in no case was the maximum amount of each 

cytokine that the cells were capable of releasing exceeded.  

The sensitivity of the assays used to detect IL-6 and IL-8 release from UNCN3T cells 

was similar for both cytokines as both were capable of detecting 5 to 15 pg mL-1 of each 

cytokine in response to the negative control. The application of the positive control 

(VOSO4) caused the release of more of each cytokine from the UNCN3T cells than any 
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of the drugs which indicated that in no case was the maximum amount of each cytokine 

that the cells were capable of releasing exceeded.  

IL-6 release by SPOC1 cells in response to the positive control was, perhaps, surprising, 

being only 1.9 fold that of the negative control (and thus under the standard 2 fold signal 

window) (Iversen et al. 2006). This raises questions as to the validity of the assay. 

Although SPOC1 cells responded significantly according to statistical analysis, the levels 

of IL-6 released at the maximum concentration of 50 M drug were lower than the 

VOSO4 positive control and so this data should be treated with caution, although the dose-

responsive effect of salbutamol does warrant further study. IL-6 release from SPOC1 cells 

was in a dose-dependent manner in response to treatment with salbutamol, with a 

significant IL-6 release at the higher concentrations of 12.5, 25 and 50 M. This was 

unexpected as salbutamol is widely available as a prescribed drug which has succeeded 

in clinical trials in terms of therapeutic benefit. This may indicate that release of IL-6 in 

vitro is not a good marker of irritancy in vivo. However, studies, performed in vivo, have 

shown that -agonists such as salbutamol also increase AHR (Gauvreau et al. 1997) and 

increase inflammation (Galland and Blackman 1993). Effects such as these are 

particularly detrimental, as they lead to the possibility of airway narrowing and the need 

for higher doses of therapy to maintain control of the disease. IL-6 was also shown to be 

significantly increased at the highest concentration of each inhaled drug applied to 

UNCN3T cells (50 M). The positive control (VOSO4) applied to UNCN3T cells 

produced a 97 fold increase in IL-6 release, indicating that the assay was valid in this 

instance. 

No significant increases were seen in TNF- release following the treatment of SPOC1 

cells with any of the selected drug concentrations. The assay was able to detect levels of 
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< 30 pg mL-1 in the negative control; however, the VOSO4 positive control was only 1.5 

fold higher than the negative control, indicating that the assay was not valid in this 

instance. Although most commonly associated with macrophages (Chung 2005), airway 

epithelial cells (particularly basal cells) are also accredited with cytokine release 

(including TNF-) and so some response was expected, since airway epithelial cells have 

been observed to release TNF- in response to fungal allergens (Leino et al. 2013). 

However, this was not the case in the current study.  Since there are no reports of this 

cytokine being released from SPOC1 cells in the literature thus far, it is possible that 

SPOC1 cells do not express this cytokine in sufficient quantities with which to develop a 

sensitive assay. 

No significant increases of IFN- were observed following the treatment of SPOC1 cells 

with inhaled drugs. This may reflect the finding that IFN-is known to be a Th1 cytokine 

and the expression in SPOC1 cells has not previously been reported. Since IFN- 

synthesis can be induced by agonists of the epidermal growth factor receptor (EGF-R) 

(Karakawa et al. 2014) and this is expressed by bronchial epithelial cells and is implicated 

in mucin secretion in response to irritants (Yu et al. 2015), it was hoped to see some effect 

on IFN- levels in this study; however, this was not the case.  

Treatment of UNCN3T cells with IL-1, TNF- and the Toll-like receptor 2 ligand 

Pam3Cys has previously been shown to elevate levels of IL-8 release from UNCN3T 

cells. However, no differences in IL-8 release were observed between cystic fibrosis (CF) 

and the healthy cell lines (including UNCN3T) (Fulcher et al. 2009). This would suggest 

that any IL-8 increase observed in patients could be attributed to drug irritancy and not 

disease pathology. In the current investigation there was little response from the treatment 

of these cells with four of the five drugs studied. Budesonide produced a significant 
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increase at 20 M, however, this was still 13.5 fold less than the effect seen after positive 

control treatment. This was a surprising result, given the beneficial effect observed during 

previous studies which show that budesonide lowers IL-8 release as detected in broncho-

alveolar lavage fluid, in addition to the inflammatory cytokines NF-B and TNF- (Ju et 

al. 2014; Miyamasu et al. 1998; Yoshimura et al. 2001; Pang et al. 2015) and the 

inhibition of chemokine generation in eosinophils (Miyamasu et al. 1998). 

Glucocorticoids have also been shown to promote basophil apoptosis (Yoshimura et al. 

2001), in which IL-8 is down-regulated, not up-regulated, as seen in the current study 

(Pang et al. 2015; Zurek, Pallister and Voyich 2015). Budesonide was also found to 

enhance mucin secretion from SPOC1 cells at the higher concentrations of 25 and 50 M 

in the current study. Unexpectedly, budesonide also produced a significant increase in 

mucin levels compared to the negative control at 20 and 50 M from UNCN3T cells. In 

their review of glucocorticoid receptors and mechanisms of glucocorticoids such as 

budesonide, Stahn et al. do highlight the interaction of glucocorticoids with cellular 

membranes, non-genomic effects mediated by cytosolic glucocorticoid receptors and 

specific interactions with membrane-bound glucocorticoid receptors in addition to the 

transactivation of genes by the nuclear localised glucocorticoid receptor (Stahn and 

Buttgereit 2008). Patel et al. also point out that at the molecular and tissue-specific level, 

there are still many unknown protein mediators of glucocorticoid response (Patel, 

Williams-Dautovich and Cummins 2014). Nevertheless, no mechanism could be found 

for the increases observed in the current study. 

These results provide evidence that the SPOC1 and UNCN3T cell lines may be used to 

predict drug irritancy, using the ELISA assay to measure IL-6 cytokine release in 

response to drug treatment. No evidence could be found, however, to support either the 

use of the SPOC1 cell line to predict drug irritancy by measuring the release of TNF-
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and IFN- or the use of UNCN3T cells to predict drug irritancy by measuring the 

release of IL-8 in response to drug treatments. 

Salbutamol was found to enhance mucin secretion from SPOC1 cells at the higher 

concentrations of 25 and 50 M, a finding that was replicated with salbutamol at 25 and 

50 M in UNCN3T cells. This effect of salbutamol is perhaps a less surprising finding 

than that of the ability of budesonide to enhance mucin secretion, since 2-adrenergic 

receptors (2-ARs) are known to be expressed in airway epithelial cells (Zhou et al. 2014) 

and agonists such as salbutamol may increase the expression of the airway mucins via the 

MAPK signalling pathway. These findings are in agreement with those of an unpublished 

study, in which an increase in mucin secretion was also observed in response to 

salbutamol (Hashmi 2000). 

In the current study, a dose-dependent increase in mucin secretion was also observed 

following treatment of both SPOC1 and UNCN3T cells by the two muscarinic antagonists 

ipratropium and tiotropium. In fact, the reverse was expected with these two muscarinic 

antagonists, since muscarinic receptors, as G-protein-coupled receptors, could stimulate 

the pathway that leads to epidermal growth factor receptor (EGFR) activation and 

downstream mucin expression (in the presence of an agonist) (Nadel 2007) and thus their 

inhibition would, presumably, lead to a decrease in mucus in a study such as this. It is 

possible that these two muscarinic antagonists might bind to other membrane-associated 

GPCRs, including P2Y2 and the -AR in an allosteric fashion, activation of which are 

known to result in the expression of MUC5AC (Kreda et al. 2007; Zhou et al. 2014), 

thereby acting as a partial agonist. Tiotropium and ipratropium both significantly 

increased mucin secretion from SPOC1 cells at the 12.5, 25 and 50 M, when compared 

to the cells treated with medium only, in a dose-dependent manner. The increase observed 
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with tiotropium and ipratropium was significantly less than the effect observed with 

AMP-PNP, with the positive control levels being 3 fold those of samples taken from cells 

treated with either ipratropium or tiotropium at 50 M. This suggests that a higher drug 

dosage might result in an extension of the dose-dependent findings reported here. It was 

revealed that treatment of UNCN3T cells with ipratropium and tiotropium at 10, 20 and 

50 M also produced significantly higher levels of mucin detected by the ELLA in a dose-

dependent response, although the positive control was 4 fold higher than the drug-

responsive increase for this study. 

GPCRs are found in many guises within the airway epithelium and the lung. Two 

pertinent examples to the current study are the 2-AR, the activation of which gives rise 

to bronchodilation and the P2Y2 receptor, activated by adenine and uridine nucleotides or 

nucleotide sugars (Abbracchio and Ceruti 2006; Kreda et al. 2007). Stimulation of the 2-

AR increases intracellular cAMP levels. This leads to activation of the catalytic subunit 

of protein kinase A (PKA), which in turn phosphorylates cAMP-responsive element 

binding protein (CREB), which allows it to bind to CRE sites in the nucleus. The 2-AR 

has numerous sites of phosphorylation. One such site, when phosphorylated, can result in 

the uncoupling of the receptor from G protein by -arrestin, a MAPK associated protein. 

Inhibition of the MAPK pathway using small interfering RNA (siRNA) targeted to -

arrestin2 has been shown to result in a loss of phosphorylation of extracellular signal-

regulated kinases 1 and 2 (ERK1/2) and therefore a reduction in MUC5AC expression in 

the airway epithelial cell line NCI-H292 (Zhou et al. 2014), therefore potential agonists 

of the 2-AR should be treated with caution, when considering inhaled therapeutics. The 

P2Y2 receptor uses ATP or UTP as the primary agonist. Upon stimulation, the P2Y2 

receptor couples with phospholipase C (PLC) to generate inositol 1,4,5 trisphosphate 
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(IP3). This mobilises intracellular calcium stores and activates protein kinase C (PKC), as 

part of the mucin secretory pathway (Abdullah et al. 2003). The increase in available 

intracellular calcium and phosphorylation of myristoylated alanine-rich C kinase 

substrate (MARCKS) gives rise to the tethering, docking and fusion of secretory granules 

with the apical plasma membrane and thus release of mucin, as reviewed by Williams and 

Davis (Williams et al. 2006; Davis and Dickey 2008).  

The third example relevant to the current study of a GPCR is that of the muscarinic 

receptor, so named since, in addition to responding to an acetylcholine (ACh) agonist, it 

also responds to muscarine, found in the toxic mushroom Amanita muscaria. Mucin 

granule exocytosis is rapidly induced by a variety of cholinergic agonists in a chloride 

ion and bicarbonate dependent fashion (Tanaka et al. 2013; Trout et al. 1998; Ballard et 

al. 1999; Yang, Garcia and Quinton 2013).  There is little in the literature with regards to 

recent study of muscarinic receptors in the superficial airway epithelium (the study 

performed by Tanaka et al. was carried out in porcine antral gastric mucous cells, whilst 

Yang used excised mouse ilea) and in his review, Davis highlights that the extent of 

muscarinic-induced mucin secretion in the superficial epithelium (as opposed to 

glandular) is unknown and that the expression of the M3 receptor on the surface of goblet 

cells may not be at a level to be of concern. The current study suggests that importance 

should be assigned to the study of this mode of stimulation of mucin secretion from goblet 

cells, particularly in the context of airway therapeutics for diseases in which mucus 

hypersecretion is an issue, since it is possible that the muscarinic antagonists used in this 

study are acting as partial agonists of either M3 or other GPCR receptors (binding 

allosterically) or are agonists of chemoreceptors.  

In addition to increasing IL-6 release from UNCN3T cells at the highest concentration 

studied of 20 M, the model drug testosterone was found to enhance mucin secretion 
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from both cell lines, although the positive control was 2.6 fold that of testosterone treated 

SPOC1 cells (50 M)  and 3 fold that of testosterone treated UNCN3T cells (20 M). 

These were the greatest increases observed of all the drugs studied. This increase was 

attributed to the MAPK pathway, since testosterone has recently been shown to induce 

phosphorylation of ERK1/2 and NF-B in 3T3-L1 adipocytes (Su et al. 2015). This would 

explain the increase in mucins as detected by the ELLA. The findings of the current study 

are therefore in agreement with the literature and collectively would suggest that it may 

be possible to predict drug irritancy using mucin secretion as detected by ELLA, 

following drug treatment. 
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 The use of the SPOC1 mucus-depleted (MD) model to 

study the relationship between the physicochemical properties of 

compounds and their permeability 

 Introduction 

Previously, the SPOC1 cell line has been shown to secrete the airway mucins MUC5AC 

and MUC5B (Abdullah and Davis 2007; Doherty et al. 1995) and was therefore chosen 

as a cell line to characterise and develop as a model to study drug permeability in the 

presence of mucus. The data presented thus far has shown the potential of the SPOC1 

MD model for its use in permeability experiments in the presence of mucus and its ability 

to detect changes in LogP for a homologous series of drugs.  

In order to develop a successful inhaled formulation, it is important to gain a thorough 

understanding of a drug’s physicochemical properties, as well as the biological properties 

of the airways (Haghi et al. 2014). Lipid solubility and molecular size have long been 

considered the main factors in determining drug absorption (Hamm, Fabel and Bartsch 

1992), in addition to route of permeability (Amidon et al. 1995). However, a drug’s 

physicochemical properties are not the only factors which affect its interactions with 

mucus and transport across the epithelium. The addition of excipients (formulation) and 

physiological variables such as regional variations in cell type and the presence of 

transporter proteins such as P-glycoprotein (P-gp) also play a role in drug absorption. 

Nevertheless, physicochemical properties have been shown to correlate with absorption 

rates, such as the correlation of Papp with molecular polar surface area and hydrogen 

bonding potential (Tronde et al. 2003). It was also reported by Tronde et al. that drug 
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absorption rates measured in their in vivo rat model correlated with Papp of the same drugs 

of interest across Caco-2 cell monolayers. 

In this chapter, the permeability of a range of unknown compounds, previously studied 

by GSK as part of a drug screening programme, was assessed utilising the SPOC1 MD 

model. Firstly, the compounds were subjected to the SPOC1 MD transport model in a 

blind fashion, to ensure that no experimental bias could occur from the knowledge of 

physicochemical properties, such as lipophilicity (LogP). Once the results had been 

obtained, a range of properties was provided by GSK for each compound, which allowed 

for correlation analysis between the calculated Papp for each compound and the 

physicochemical properties disclosed. Finally, the Papp data obtained in the current study 

was compared with Papp data obtained by GSK, in the same way as Tronde et al. (2003). 

The relationship between LogP, LogD, calculated molar refractivity (CMR), human 

serum albumin (HSA) binding, alpha-1 acid glycoprotein (AGP) binding, solubility in 

simulated lung fluid (SLF), previous permeability studies performed by GSK and the Papp 

of the unknown compounds across SPOC1 cells was studied. 
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 Materials 

 Quantification of compounds using LC-MS 

Acetonitrile LC-MS Chromasolv® (Fluka) - Sigma 34967 

Formic Acid 50 % in water – Sigma 09676 

Ipratropium bromide - kindly provided by GlaxoSmithKline 

Crimp vial with 0.3 ml insert (Supelco) – Sigma 508675 

Silicone crimp with septa (Supelco) – Sigma 27360-U 

Screw top glass vial 15 ml (Supelco) – Sigma 27162 

Ascentis C18 3 m, 10 cm x 2.1 mm analytical column – Sigma 581301-U 

DMSO - Sigma 472301 

 Trans-epithelial drug transport in the presence of mucus 

Fluorescein isothiocyanate–dextran 4000 kDa – Sigma FD4 

Microplate, 96 well flat bottom (clear) in black, non-binding – Greiner 655900, supplied 

by Fisher Scientific 

Transwell® Clear Polyester membrane inserts, 0.4 m, 12 mm - Sigma CLS3460 

Geltrex™ Extra-cellular matrix 5 mL – Fisher 11602149 

 Quantification of mucins using the ELLA 

Materials used in the quantification of mucins SPOC1 cells can be found in section 

3.2.4. 
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 Methods 

 Trans-epithelial drug transport of unknown compounds 

The method used for the trans-epithelial transport study of each unknown compound is 

outlined in Chapter 5, section 5.3.3. Compounds A to K were initially dissolved in 1 mL 

of dimethyl sulfoxide (DMSO), resulting in concentrations ranging from 15.3 M 

(compound B) to 41.9 M (compound J). All subsequent dilutions were performed in TB. 

This resulted in final DMSO concentrations of < 5 %, which has previously been shown 

to be of no detriment to SPOC1 cells. Each compound was added to SPOC1 cells at 6 M 

in TB, calculating molarities according to the Q1 mass (parent ion) supplied with each 

compound code. 

 Analysis of drug content by LC-MS 

Calibration standards of each blind compound were prepared in TB at concentrations 1.0 

g g-1, 0.8 g g-1, 0.4 g g-1, 0.1 g g-1, 0.08 g g-1 and 0.005 g g-1, spiked with 0.1 g 

g-1 ipratropium bromide as internal standard.  

LLOQ was defined as being 10 x SD of the lowest concentration of calibration standard, 

as described by Boyd et al. (Boyd, Basic and Bethem 2008) and was calculated using the 

standard deviation of the intra-experimental standard samples of 0.005 g g-1.  

Precision was determined using five aliquots of 0.005 g g-1, 0.4 g g-1 and 1 g g-1 

measured intra-experimentally (on the same day) and inter-experimentally (on five 

separate occasions) and expressed as relative standard deviation (RSD %).  
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Samples from each transport study were prepared for LC-MS analysis in the same way 

as for those in Chapter 5, section 5.3.3.1. 

Each compound was injected (5 L) onto an Ascentis C18 3 m, 10 cm x 2.1 mm 

analytical column, at a flow rate of 0.15 mL/min, linked to a Bruker HCT IonTrap™ mass 

spectrometer. All samples were run in accordance with the HPLC conditions supplied by 

GSK, as specified in Table 7.1. Samples were loaded using 5 % acetonitrile/0.1 % formic 

acid as mobile phase. 

% B Time from injection (min) 

5 0.00 

95 1.00 

5 4.05 

5 4.30 
Table 7.1 Gradient conditions used to elute unknown compounds A to K, as supplied by GSK. A = 100 % 

HPLC grade water/0.1 % Formic acid, B = 100 % acetonitrile/0.1 % formic acid. 

The Papp of each unknown compound was calculated in the same way as earlier transport 

studies, the method of which can be found in section 5.3.3.1. 

 Analysis of FD4 content by fluorescence spectroscopy 

The method used to analyse FD4 content of donor (apical chamber) and recipient 

(basolateral chamber) samples and the calculation of Papp is described in Chapter 5, 

section 5.3.3.2. 

 Quantification of mucins by ELLA 

The method used to analyse mucin content of apical samples is described in Chapter 3, 

section 3.3.4.2. 
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 Data Analysis 

The values for mucin levels were analysed using the Mann-Whitney test in Graphpad 

Prizm 5.0™, using P < 0.05 as the minimal level of statistical significance. The TER of 

each set of cultures was analysed by ANOVA. This enabled a comparison to be made of 

the TER across the 11 unknown compounds. The Papp of FD4 was also analysed by 

ANOVA for the same reason, whilst the Papp of each unknown compound was analysed 

using the Mann-Whitney test. Correlation analysis was performed in Microsoft Excel™, 

using Pearson’s ‘r’ coefficient as data output. 
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 Results 

 The effect of mucus on trans-epithelial transport of unknown 

compounds across SPOC1 cells 

 The effect of washing on TER and mucin content of SPOC1 cells  

TER measurements indicated that the experimental manipulations and drug treatment 

did not compromise the integrity of the cell layer enough to affect results (pre-

experimental TER was 211 Ω.cm2 ± 17.9, (n=44), falling to a post-experimental average 

of 192 Ω.cm2 ± 14.6 (n=44), a fall of 5.9 %). This fall was significant (ANOVA; P < 

0.001), however, TER values above 100 Ω.cm2 were deemed to represent an integral 

layer.  

The results of the ELLA established that mucin was present in unwashed cultures at 

approximately 7 fold that found in washed cultures at the end of the experiment (Figure 

7.1), with an average across plates of 34.8 ± 2.4 ng well-1 in unwashed cultures, compared 

to 5.3 ± 0.4 ng well-1 in washed cultures.   
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Figure 7.1. The effect of washing on mucin content of SPOC1 cultures used in the transport studies of 

unknown compounds A to K. Unwashed cultures (red) contained an average of 34.8 ± 7.4 ng well-1 mucin, 6.6 ± 

0.6 fold that of the washed (blue) cultures (mean ± SD, n=4). Original in colour. 

 The effect of mucus on FD4 permeability across SPOC1 cells 

Neither washing the cultures nor the presence of drug affected the Papp of the marker FD4 

as measured by fluorescence spectrophotometry. The Papp values of FD4 were calculated 

over the linear region of accumulation of unknown compound and are summarised in 

Table 7.2, alongside details of the time period relating to the linear region of each 

unknown compound, whilst the accumulation plots are shown in Figure 7.2 (right hand 

side figures) (ANOVA; P > 0.05). Combined with the TER data, this confirms that the 

cultures maintained an integral layer throughout the experiment. 
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Compound 

 

Mean Papp of FD4 

Washed 

Mean Papp of FD4  

Unwashed 

Calculated over 
time 

(min-min) 

A 11.51 ± 0.17 11.27 ± 0.22 30-75 

B 11.54 ± 0.18 11.64 ± 0.20 15-75 

C 12.16 ± 0.12 11.96 ± 0.13 15-75 

D 11.99 ± 0.09 12.10 ± 0.23 15-75 

E 12.04 ± 0.09 12.08 ± 0.03 15-75 

F 11.75 ± 0.12 11.78 ± 0.05 15-75 

G 10.85 ± 0.12 10.82 ± 0.07 15-75 

H 11.49 ± 0.16 11.59 ± 0.13 15-75 

I 10.84 ± 0.25 10.85 ± 0.11 15-75 

J 11.24 ± 0.13 11.32 ± 0.26 15-75 

K 11.17 ± 0.10 11.21 ± 0.11 15-75 

Table 7.2. Mean Papp values (x 10-6 cm.s-1) of FD4 in the presence of each unknown compound and the time 

over which Papp was calculated. Mean ± SD, n=4.  
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Figure 7.2 i. Accumulation of unknown compounds A-C (left hand side) and FD4 (right hand side) in the 

basolateral chambers as measured by LC-MS and fluorescence spectrophotometry respectively; mean ± SD, 

n=4. Original in colour. 
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Figure 7.2 ii. Accumulation of unknown compounds D-F (left hand side) and FD4 (right hand side) in the 

basolateral chambers as measured by LC-MS and fluorescence spectrophotometry respectively; mean ± SD, 

n=4. Original in colour. 
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Figure 7.2 iii. Accumulation of unknown compounds G-I (left hand side) and FD4 (right hand side) in the 

basolateral chambers as measured by LC-MS and fluorescence spectrophotometry respectively; mean ± SD, 

n=4. Original in colour. 

0.0

0.1

0.1

0.2

0.2

0.3

0.3

0.4

0.4

0 15 30 45 60 75

C
o

n
ce

n
tr

at
io

n
 (

n
m

o
l m

L-1
)

Time (min)

G 

0.0

0.2

0.4

0.6

0.8

1.0

1.2

0 15 30 45 60 75

C
o

n
ce

n
tr

at
io

n
 (

n
m

o
l m

L-1
)

Time (min)

H 

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0 15 30 45 60 75

C
o

n
ce

n
tr

at
io

n
 (

n
m

o
l m

L-1
)

Time (min)

I 

0

2

4

6

8

10

12

0 15 30 45 60 75

C
o

n
ce

n
tr

at
io

n
 (

n
m

o
l m

L-1
)

Time (min)

0

2

4

6

8

10

12

0 15 30 45 60 75

C
o

n
ce

n
tr

at
io

n
 (

n
m

o
l m

L-1
)

Time (min)

0

2

4

6

8

10

12

0 15 30 45 60 75

C
o

n
ce

n
tr

at
io

n
 (

n
m

o
l m

L-1
)

Time (min)



Page | 264 

 

 

Figure 7.2 iv. Accumulation of unknown compounds J-K (left hand side) and FD4 (right hand side) in the 

basolateral chambers as measured by LC-MS and fluorescence spectrophotometry respectively; mean ± SD, 

n=4. Original in colour. 
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 The effect of mucus on unknown compound transport across 

SPOC1 cells 

The Papp of each compound was calculated over the linear region of each plot (shown on 

left hand side, Figure 7.2 i to iv). The Papp of compounds A, G, H and J were 

significantly reduced by the presence of mucus in the unwashed cultures (Mann-Whitney; 

P values as in legend, Table 7.3). To enable a direct comparison between the Papp values 

for compounds across unwashed cultures with those of washed cultures, these were 

plotted in histogram format in Figure 7.3. 

Compound 

 

Mean Papp of compound 

Washed 

Mean Papp of compound  

Unwashed 

Calculated 
over time 

(min-min) 

A** 54.94 ± 2.69 46.22 ± 4.63 30-75 

B 22.05 ± 0.67 22.98 ± 0.15 15-75 

C 19.41 ± 0.39 19.39 ± 0.30 15-75 

D 37.28 ± 0.76 37.35 ± 0.43 15-75 

E 32.66 ± 1.16 32.90 ± 0.43 15-75 

F 34.52 ± 3.43 35.80 ± 4.24 15-75 

G*** 20.58 ± 1.93 11.15 ± 0.76 15-75 

H*** 55.64 ± 0.52 46.37 ± 4.96 15-75 

I 35.71 ± 0.68 33.06 ± 1.54 15-75 

J* 49.30 ± 4.54 47.40 ± 0.32 15-75 

K 37.77 ± 0.69 37.24 ± 0.44 15-75 

Table 7.3. Mean Papp values (x 10-6 cm.s-1) for each unknown compound; * P < 0.05; **P < 0.01; ***P < 0.001 

(Mann-Whitney); mean ± SD, n=4. Original in colour. 
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Figure 7.3. Histogram representation of Papp values for each unknown compound studied. * P < 0.05, ** P < 

0.01, *** P < 0.001 (Mann-Whitney); mean ± SD, n=4. Original in colour. 

 

 Comparative analysis of physicochemical properties of unknown 

compounds 

 Relationship between mass and the Papp of the unknown 

compounds across SPOC1 cells 

Investigation of the relationship between Q1 Mass and Papp returned a correlation 

coefficient (Pearson’s r) of 3 x 10-8. This suggested that there was no relationship between 

the two parameters (Figure 7.4). 
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Figure 7.4. Scatter plot to show the relationship of Q1 (protonated) mass of each drug with the average Papp of 

the drug across unwashed SPOC1 cultures. Original in colour. 

 

 Relationship between the Papp of the unknown compounds 

across MDCK cells and their Papp across SPOC1 cells 

The recoveries quoted in the GSK data set for the MDCK assay at pH 7.4 were very 

variable and in some cases very low (for example, 13 % of compound B and 24 % of 

compound F were recovered in the MDCK study performed by GSK at pH 7.4), so the 

comparison of this data set with the values obtained using the SPOC1 model was 

inconclusive. Figure 7.5 below shows a comparison of percentage recovery values from 

the SPOC1 assay with those from the MDCK assays. 
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Figure 7.5. Comparison of mean percentage recovery values obtained during transport experiments using 

SPOC1 cells (mean ± SD, n = 4) at pH 7.4 and MDCK cells at pH 6.9 and 7.4. Original in colour. 

Although the % recoveries of compounds at pH 7.4 were variable in the MDCK assay, 

the Papp values of compounds across both MDCK and SPOC1 cells at pH 7.4 were plotted 

against one another, taking account of the low values (compounds with a % recovery of 

< 50 % are marked with yellow symbols, Figure 7.6). It was expected that compounds 

would correlate with each other in washed cultures (in the absence of mucus), whilst this 

correlation might be skewed in unwashed cultures, since mucus might form an additional 

barrier, particularly in the case of lipophilic compounds. No relationship was observed, 

regardless of whether the SPOC1 cells were washed or unwashed and it was apparent that 

a high Papp across SPOC1 was not reflected by a high Papp across MDCK cells. 
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Figure 7.6. Comparison of Papp values across MDCK cells at pH 7.4, with those obtained across SPOC1 cells 

pH 7.4 (washed and unwashed). Original in colour. 

The same analysis was repeated using the MDCK data obtained at pH 6.9. Although our 

experiments were never carried out at this pH, it was felt that the Papp values obtained 

using MDCK cells at this pH were more reliable due to the higher recovery rates (shown 

as green bars in Figure 7.5). The recovery of compound F was still relatively low at this 

pH; however all other compounds showed greater than 60 % recovery. No relationship 

was observed using pH 6.9 MDCK data, either in unwashed or washed cells (Figure 7.7). 

 

Figure 7.7. Comparison of Papp values across MDCK cells at pH 6.9, with those obtained across SPOC1 cells 

pH 7.4 (unwashed and washed). Original in colour. 
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 Relationship between the permeability of an artificial 

membrane to the unknown compounds and their Papp across 

SPOC1 cells 

The results of a study of the relationship between the permeability of an artificial 

membrane to the unknown compounds and their Papp across SPOC1 cells is shown in 

Figure 7.8. 

 

 

Figure 7.8. Comparison of Papp values obtained in the PAMPA assay with those obtained in the SPOC1 model 

(unwashed and washed). Data highlighted with red markers represent those compounds having significantly 

decreased Papp values in the presence of mucus. Original in colour. 

Values for A, B and I in the PAMPA assay were not provided by GSK and therefore could 

not be included in the analysis. The correlation was poor for both sets of data, although 

the Pearson’s ‘r’ value was slightly increased in the case of the analysis of unwashed Papp 

against PAMPA data (0.25, compared to 0.11 for washed values); however, with so few 

data points, little can be concluded from this analysis. 
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 Relationship between calculated molar refractivity (CMR) and 

the Papp of the unknown compounds across SPOC1 cells 

It was found that no relationship was apparent between the CMR of the unknown 

compounds and their Papp, either in washed (mucus-depleted) or unwashed (in the 

presence of mucus) SPOC1 cultures (Figure 7.9 A and B). Plots were also generated from 

the MDCK permeability experiments. Both sets of data, from the two different pH values 

studied by GSK were analysed. As with the SPOC1 studies, no direct relationship was 

observed for either pH (Figure 7.9 C and D).  

 

Figure 7.9. Scatter plot representations of Papp as a function of CMR, across SPOC1 cultures (A, unwashed 

and B, washed) and MDCK monolayers (C, pH 7.4 and D, pH 6.9). Original in colour. 
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 Relationship between Human serum albumin binding (HSA %) 

and the Papp of the unknown compounds across SPOC1 cells 

No relationship between HSA binding and the Papp or decrease of the Papp of the unknown 

compounds across SPOC1 cells could be observed (Figure 7.10 A and B). Due to the 

clustering of data, it was decided to remove the outlier, compound J and replot (C). This 

produced a positive correlation of Papp with HSA binding affinity with a Pearson’s (r) 

coefficient of 0.64 (increased from -0.28). The same analysis was repeated for the mucus-

depleted (washed) cells, where removal of the outlier J increased the r coefficient from -

0.19 to 0.45 (Figure 7.10 D and E). Although a positive correlation is produced, the 

increase in r value in both sets of data suggest that the correlation between the increase 

of Papp and HSA binding affinity is independent of mucus. 
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Figure 7.10. Relationship between percentage Human Serum Albumin binding (HSA %) and the observed 

decreases in Papp when mucus was not depleted by washing (A), Papp across unwashed cells (B) and Papp across 

unwashed cells with the outlier, compound J, removed (C). The same analysis was repeated for the mucus-

depleted (washed) cells (D) and across mucus-depleted cells with outlier J removed (E). Data highlighted with 

red markers represent those compounds having significantly decreased Papp values in the presence of mucus. 

Original in colour. 
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 Relationship between Alpha-1 acid glycoprotein (AGP %) 

binding and the Papp of the unknown compounds across SPOC1 

cells 

The Papp values of the studied compounds were plotted against their affinity for Alpha-1 

acid glycoprotein (AGP %) (Figure 7.11 A and C, unwashed and washed, respectively), 

with the finding that there was no correlation between the two values for the complete 

data set of either washed or unwashed cultures. Since removal of the outlier affected the 

analysis of HSA binding against Papp values, the outlier (J) was also removed here (Figure 

7.11 B and D) with the result that the correlation was not improved, according to 

Pearson’s correlation analysis, where the coefficient ‘r’ was determined to be -0.004 

(Figure 7.11 C).   
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Figure 7.11. Relationship between alpha-1 acid glycoprotein binding (AGP %) and Papp across unwashed 

SPOC1 cultures, with the complete data set (A) and with the outlier J removed (B) and washed cultures with 

the complete data set (C) and outlier J removed (D); data highlighted with red markers represent those 

compounds having significantly decreased Papp values in the presence of mucus; mean ± SD, n=4. Original in 

colour. 
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The CLND data supplied by GSK (all compounds except A) refers to aqueous solubility 
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SPOC1 permeability experiments. No relationship was found between the aqueous 

solubility of the unknown compounds and the decrease in Papp (Figure 7.12 B). 

 

Figure 7.12. Relationship between CLND (M) and the Papp of compounds A to J (A) and between CLND and 

the decrease in Papp (B). Medium used in CLND analysis is undisclosed. Red markers represent those 

compounds having significantly decreased Papp values in the presence of mucus; mean ± SD, n=4. Original in 

colour. 

 Relationship between Solubility in simulated lung fluid (SLF) 

and the Papp of the unknown compounds across SPOC1 cells 

The relationship between the solubility of each unknown compound in simulated lung 

fluid (SLF) and its Papp in the presence or absence of mucus was examined (Figure 7.13). 

An additional analysis examined the relationship of solubility of each unknown 

compound in SLF with the percentage decrease of Papp across unwashed SPOC1 cultures 

(Figure 7.14). No major differences were observed between the relationship of solubility 

in SLF with washed versus unwashed cultures. 
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Figure 7.13. Relationship between compound solubility in SLF and its Papp across cultures where mucus was 

either present (unwashed) or depleted (washed). Mean ±SD; n=4. Original in colour. 

A correlation analysis of the relationship between compound solubility in SLF and the 

percentage decrease in Papp observed in the presence of mucus (in unwashed cultures) was 

performed, which returned a Pearson’s correlation coefficient (r) of 0.49, suggesting that 

some positive correlation exists, but is weak.  

 

Figure 7.14. Relationship between compound solubility in SLF and the percentage decrease in Papp observed in 

the presence of mucus (in unwashed cultures). Red markers represent those compounds having significantly 

decreased Papp values in the presence of mucus. Original in colour. 
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 Relationship of the log partition coefficient (LogP) and 

distribution coefficient (LogD) with the Papp across SPOC1 cells 

Correlation analysis of LogP against the percentage decrease of Papp in the presence of 

mucus returned a Pearson’s correlation coefficient of 0.23, a very weak positive (Figure 

7.15) . 

 

Figure 7.15. Relationship between compound Papp values measured across SPOC1 cultures and partition 

coefficient (LogP). Red markers represent those compounds having significantly decreased Papp values in the 

presence of mucus. Original in colour. 
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Correlation was extremely weak/absent between LogD and Papp for both washed and 

unwashed cultures (Figure 7.16), where the Pearson’s ‘r’ values were returned as -0.06, -

0.12 and -0.36 for pH 2, 7.4 and 10.5, respectively. Findings were similar when analysing 

washed culture data, where the ‘r’ values returned were 0.01,-0.05 and -0.25. 

 

Figure 7.16. Relationship between compound Papp values measured across SPOC1 cultures and distribution 

coefficient (LogD), at pH 2 (A and B), pH 7.4 (C and D) and pH 10.5 (E and F). Original in colour. 
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Analysis of the distribution coefficients against the percentage decrease of Papp in the 

presence of mucus also showed little correlation at any pH, returning ‘r’ values of 0.03, 

0.03 and 0.2 at pH 2, 7.4 and 10.5 respectively (Figure 7.17). It could be said that the 

higher the lipophilicity at each pH, the greater the decrease observed in permeability when 

mucus is present, with the correlation being greater at the higher pH.  
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Figure 7.17. Relationship between the distribution coefficients (LogD) of the unknown compounds and the 

percentage decrease in Papp across SPOC1 cells where mucus was present. Red markers represent those 

compounds having significantly decreased Papp values in the presence of mucus. Original in colour. 
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affected by active efflux transport were compounds A, C, D, F, H, I and K. This indicates 

that those compounds might show a potential for permeability to be decreased, 

irrespective of mucus presence and the presence of these compounds in our analyses may 

skew the results. For this reason, they were removed for certain analyses. These included 

the artificial membrane permeability and MDCK Papp (Figure 7.18), LogP (Figure 7.19) 

and LogD analyses (Figure 7.20). The lack of data points for the artificial membrane 

permeability meant that this was inconclusive; however, no improvement in correlation 

was seen for any of the other analyses, when compounds found to be subjected to efflux 

transport were removed from the data. 
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Figure 7.18. Relationship between compound Papp values, determined by PAMPA analysis (top) and MDCK 

assay at pH 6.9 (middle) and pH7.4 (bottom) and those determined using the SPOC1 model, removing 

compounds shown in the data as being subject to active efflux transport. Original in colour. 
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Figure 7.19. Relationship between compound Papp values, measured across SPOC1 cultures where mucus was 

either present (unwashed) or depleted (washed) and predicted LogP, removing compounds subject to active 

efflux transport.  
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Figure 7.20 Relationship between Papp values measured across SPOC1 cultures and distribution coefficient 

(LogD) determined by chromatography at pH 2 (A and B), pH 7.4 (C and D) and pH 10.5 (E and F), removing 

compounds subject to active efflux transport. 
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 Discussion 

SPOC1 cells were cultured at air-liquid interface and the mucus depletion (MD) model 

used to study the apparent permeability of 11 unknown compounds, supplied by GSK. 

Washing of the control wells resulted in mucus being present in the experimental wells at 

approximately 7 fold. 

The compound of interest was added to the culture surface and basolateral samples were 

taken at designated time points, to monitor the apical to basal transit of each compound. 

Integrity of all wells was monitored and found to be satisfactory before, during and after 

the experiment. The apical to basal transport of the marker FITC-dextran 4 kDa was found 

not to be affected by manipulations. 

Analysis of samples by LC-MS revealed that four compounds showed a significant 

decrease in their Papp when mucus was present. These were A, G, H and J. G and H were 

particularly affected, with a P < 0.001 (Mann-Whitney). Various properties of the 

unknown compounds were supplied following the completion of the transport studies and 

the relationship between these and the permeability of the compounds was explored. It 

was of interest to see if any factors were particularly affected by the presence of mucus 

and also if one or more factor could be used to predict the behaviour of a compound in 

drug permeability studies where mucus was present. 

Data analysis began with a study of the relationship between the permeability of the 

unknown compounds across Madin-Darby canine kidney (MDCK) cells and their 

permeability across washed and unwashed SPOC1 cells. The MDCK permeability assay 

refers to a unidirectional permeability screen in which the Papp of test compounds is 

measured across a monolayer of MDCK cells. Two datasets were supplied by GSK, 
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consisting of MDCK Papp values calculated at pH 6.9 and 7.4. No correlation was 

observed for either pH, although the experiments in MDCK cells conducted at the same 

pH as the SPOC1 studies (pH 7.4) had very low recovery percentages, which may have 

affected the Papp values. In both MDCK studies performed by GSK, the recovery values 

were very variable, ranging from 13 to 89 % at pH 7.4 and 48 to 98 % at pH 6.9. SPOC1 

recoveries from the current study were consistently above 80 %.  

The parallel artificial membrane permeability assay (PAMPA) is a commonly used 

screening tool for early drug candidates, using an artificial lipid-based membrane to 

mimic a barrier for drug permeability studies. In the current study, the apparent 

permeability values of the PAMPA were compared alongside those of the SPOC1 MD 

model in a correlation analysis, both in washed and unwashed cultures. It was expected 

that the apparent permeability coefficients from the PAMPA assay would correlate 

positively with those calculated from the SPOC1 studies in washed cultures (in the 

absence of mucus), whilst this correlation might be skewed in unwashed cultures, where 

mucus might form an additional barrier, particularly to lipophilic compounds. Three 

compounds, however, did not have data from the PAMPA assay supplied, therefore any 

analysis was inconclusive. 

Calculated Molar Refractivity (CMR) is a calculated measure of the volume occupied by 

an atom or group and is dependent on temperature, the index of refraction, and pressure. 

It is based upon the atomic method proposed by Viswanadhan et al. (Viswanadhan, 

Rajesh and Balaji 2011). Molar refractivity is also considered a measure of a molecule’s 

polarisability and is therefore also related to the London dispersion forces which have an 

important effect in drug-receptor interaction processes. To see if there was a relationship 

between molar volume and the effect of mucus as a barrier, CMR of the unknown 

compounds was plotted against the Papp values obtained in the current SPOC1 studies, in 
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addition to the MDCK data supplied by GSK. No correlation was observed in either 

analysis, suggesting that there was no relationship between molar volume and an 

interaction with mucus. It was also observed that whilst the SPOC1 model was able to 

discriminate between all unknown compounds, the MDCK assay could not distinguish 

between B, C, F, G, H and J. One explanation for this is that compounds using the 

paracellular route are unable to pass through the tight TJs of the MDCK cells, which 

generate TERs of > 200 Ω.cm2  (Quan et al. 2012), but are able to travel through the less 

tight TJs of the SPOC1 cell layer. 

Human serum albumin is the most abundant protein in human plasma. The protein binds 

a number of endogenous ligands, all of which are acidic and lipophilic, through multiple 

binding sites (Ghuman et al. 2005). Whilst albumin binding may aid solubility and help 

prevent aggregation and poor distribution, an excessively high binding affinity requires 

higher drug dosage in order for the drug to be effective. In terms of correlation with 

permeability, it could be argued that a high affinity (HSA %) will be reflected by a high 

Papp in washed cultures since lipophilic drugs are also more likely to partition into the cell 

membrane. However, in unwashed cultures mucus is more likely to present a barrier to 

the diffusion of lipophilic compounds (Khanvilkar, Donovan and Flanagan 2001). When 

the outlier J was removed, a positive correlation between Papp and % HSA binding was 

observed. However, the removal of J and the variability in HSA % values within the 

subset of compounds most affected by the presence of mucus would indicate that again, 

other factors play a role in mucus binding. In addition, the increase of binding affinity 

bore no relationship to the decrease in Papp observed when cultures were unwashed, 

confirming that the relationship between Papp and binding affinity was independent of the 

presence of mucus.  
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Plasma protein binding (PPB), including HSA and AGP, might be considered 

unimportant to inhaled therapeutics acting on or within the epithelial layer, since PPB 

occurs beyond the epithelium and affects the distribution and free, active concentration 

of circulating inhaled drugs with non-pulmonary targets  or orally administered drugs 

(Lambrinidis, Vallianatou and Tsantili-Kakoulidou 2015). However, structural 

similarities between plasma proteins and mucins, such as the lipophilic binding nature of 

HSA and high carbohydrate content of AGP mean that positive correlations might be 

useful in predicting the effect of mucus upon inhaled drug absorption. Alpha-1 acid 

glycoprotein (AGP) is one of a number of acute-phase proteins released in response to 

inflammation (Tesseromatis and Alevizou 2008). The resulting increase in plasma 

concentration and the extent of drug binding affects the mode of drug action, distribution, 

elimination and disposition. The current study found a positive correlation of apparent 

permeability coefficient with the binding affinity of the unknown drugs studied for HSA, 

but not AGP. One possible explanation for this is the variability of AGP, which naturally 

occurs as three different forms (A, F and S) (Huang et al. 2012). However, it should also 

be noted that whilst mucins contain oligosaccharides connected via alpha-O-glycosidic 

linkages to the hydroxyl region of serine or threonine, AGP contains five N-asparaginyl-

linked glycan chains, making it a more defined structure. The difference is magnified by 

the presence of variable numbers of tandem repeats in mucins, resulting in a diverse and 

complex glycosylation pattern (Hauber, Foley and Hamid 2006). Drugs binding to AGP 

might be hindered in their permeability in the presence of mucus, since  the diffusion of 

small, relatively hydrophobic molecules (for example, testosterone) is slowed due to 

transient, monovalent, low-affinity bonds between the exposed hydrophobic surfaces of 

the molecule and the mucin fibres (Cone 2009). HSA has been reported to contain nine 

high affinity binding sites for acidic molecules (Krenzel, Chen, and Hamilton 2013), 



Page | 290 

 

whilst AGP is known to bind preferentially to basic compounds, such as the tricyclic 

antidepressants (Huang et al. 2012). Of the compounds studied, C, D (weak), F, G and J 

were disclosed as basic compounds. Of these only G and J were shown to be significantly 

affected by the presence of mucus. This may be partly attributed to the form of AGP used 

in the GSK study (undisclosed), since AGP exists as three genetic variants with 

significant topographical differences. For example, the hydrophobic ligand binding 

pocket of the F1*S variant is larger than that of the A variant and contains three lobes, 

whilst the A variant contains two (Huang et al. 2012), a property which will affect drug 

binding affinity. 

Chemiluminescent nitrogen detection (CLND) is used to determine the solubility of drugs 

as part of pharmaceutical profiling in drug discovery for lead selection (Kestranek et al. 

2013). Early in vitro studies are performed using library compounds prepared in 

dimethylsulfoxide (DMSO) and therefore it is important to determine compound 

solubility in DMSO. However, aqueous solubility is equally important, since a drug must 

be dissolved in the aqueous contents of the airway surface liquid in order to gain access 

to the epithelium. Data was supplied relating to aqueous solubility of the unknown 

compounds and was plotted against their Papp values and also the percentage decrease in 

Papp of each unknown compound, comparing unwashed and washed culture Papp values. 

It was expected that those blind compounds with higher aqueous solubilities would be 

less affected by the presence of mucus in unwashed cultures, whilst those with lower 

solubilities would be more greatly affected. In this study, a relationship could not be found 

between Papp or the effect of mucus and CLND solubility, however, the values of CLND 

ranged widely from 13 to 686 M and one value (A) was not disclosed.  
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The relationship between SLF solubility and Papp was also examined, since a higher 

aqueous solubility might be expected to reflect a lesser effect exerted on the transcellular 

transport by the presence of mucus.  SLF is used in in vitro dissolution studies of lead 

compounds, as part of efficacy studies for inhaled drug delivery (Smyth and Hickey 

2011). Its use allows the prediction of the behaviour of pharmaceutical dosage forms in 

vivo. Davies et al. define dissolution as “the process by which a solid substance enters 

into a solvent to yield a solution and is controlled by the affinity between the solid 

substance and the solvent” (Davies and Feddah 2003). Drugs used in the medication of 

respiratory diseases ideally should have a high dissolution, as particles deposited in the 

peripheral, non-ciliated areas of the lungs need to be in solution in order to cause a local 

and/or systemic effect. Mucus itself acts as a barrier to lipophilic drugs (Sigurdsson, Kirch 

and Lehr 2013). Evidence has accumulated over the past 40 years indicating that poorly 

soluble drugs will interact with mucus glycoprotein, therefore one might observe a high 

Papp in the presence or absence of mucus, but a greater difference between the Papp of 

compound across a cell layer with mucus present and a depleted layer, for compounds 

with a low SLF solubility i.e. a negative correlation. Solubility is dependent upon 

ionisation and therefore the pH of the SLF used is influential. For this analysis, the pH 

and formulation of SLF was undisclosed. In the analysis, a weak positive correlation was 

observed between SLF solubility of the unknown compounds and percentage decrease in 

Papp across SPOC1 cells in the presence of mucus, the opposite of expectations. No 

explanation was apparent for this finding. 

The study also looked at the relationship between partition (LogP) and distribution 

(LogD) coefficients with the Papp values calculated across SPOC1 cells in the MD model. 

When a neutral third substance is added to a system of octanol and water, the added 

component will distribute itself between the two solvents until an equilibrium is formed. 
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The resulting ratio of the substance between the two liquids is termed the partition 

coefficient; the logarithm of which is LogP. However, this descriptor of lipophilicity 

refers to distribution in the absence of ionisation. Ionisation of a compound will favour 

the distribution of the drug into the aqueous phase, since the concentration of the neutral 

form of the compound, which is the only form of the compound capable of partitioning 

into the octanol phase, is reduced. As the degree of ionisation is determined by the acidity 

constant, pKa, the distribution coefficient, LogD, is pH dependent and effectively 

describes the lipophilicity of a compound at any given pH. The data supplied included 

the LogP of each blind compound, plus three values of LogD, at pH 2.0, 7.4 and 10.5. 

These were plotted against both the Papp of each compound across SPOC1 cells and also 

the percentage decrease in Papp. Since more lipophilic compounds are able to partition 

into the cell membrane and have been shown to interact with mucus (Khanvilkar, 

Donovan and Flanagan 2001), it is reasonable to assume that those compounds with a 

higher log partition coefficient  (LogP) will be more greatly affected by the presence of 

mucus. Analysis of LogP against the percentage decrease of Papp in the presence of mucus 

did indeed generate a positive correlation, although the ‘r’ value was very weak, at 0.23. 

Furthermore, whilst three of the compounds significantly affected by mucus (A, G and 

H) were lipophilic and support the hypothesis that a higher degree of mucus binding 

(represented by a greater decrease of Papp when cultures are unwashed) is reflected by a 

higher lipophilicity, the fourth compound, J, is actually hydrophilic. Further analysis was 

performed using LogD values, where no correlation was found at any of the three pHs, 

when either comparing the Papp values themselves, or percentage decrease in the presence 

of mucus. This was in stark contrast to the correlation analyses performed for both the 

homologous series of beta-blockers and inhaled compounds. 
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Efflux transporters, including P-glycoprotein (P-gp), have been demonstrated to affect 

transport across epithelial barriers (Greiner et al. 1999) and have been shown to be 

expressed in the human airway (Florea et al. 2001). This may influence the prediction of 

mucus effect upon compound permeability. In order to look at the effect of active 

transport on permeability in the presence of mucus, some analyses were repeated 

removing those compounds found previously to be affected by P-gp, also referred to as 

multi-drug resistance protein 1 (MDR1), reported to extrude many hydrophobic drugs 

from 16HBE14o- epithelial cells against the concentration gradient (Ehrhardt et al. 2003). 

The expression status of P-gp in SPOC1 cells is unknown, although this transporter is 

certainly expressed in another airway epithelial cell line, 16HBE14o- (Ehrhardt et al. 

2003). During previous studies performed by GSK, an unspecified cell line transfected 

with MDR1 was treated with each compound in the presence or absence of a P-gp 

inhibitor. Those compounds affected by P-gp might show a potential for permeability to 

be decreased, irrespective of mucus presence and the presence of these compounds in our 

analyses may skew the results. Analyses repeated following the removal of P-gp affected 

compounds included the MDCK Papp, LogP and LogD datasets for the blind compounds. 

The problem with removing these compounds was that this left too few samples to draw 

conclusions from.  

No relationship was found between molecular weight and permeability in the current 

study, which contradicts earlier studies (van de Waterbeemd et al. 1998; Winiwarter et 

al. 1998; Wang, Zhang and Zhang 2004). However, the analysis of the current study was 

performed on only eleven drugs and thus contained a limited range of both parameters.  

Those compounds most affected by the presence of mucus were A, G and H (and to a 

lesser extent, J). With the exception of J, these compounds are lipophilic and have high 

distribution coefficients (LogD) at each pH studied, although they are by no means the 
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highest of each parameter, suggesting that other parameters are influential. Whilst a weak 

correlation was found between SLF and the percentage decrease of Papp across unwashed 

cultures for the compounds as a whole, those most affected were across the range of SLF, 

ranging from 0.1 g mL-1 (A) to 4 g mL-1 (H) and 3000.0 g mL-1 (G and J).  

The sample size was influential in the lack of conclusion for some analyses, particularly 

for those parameters where data for some compounds was absent. However, greater 

emphasis probably lies with the variability within the compound set such as those 

parameters mentioned above, the values of which may be found in Appendix 10.2. A 

homologous series might be more amenable to correlation study. The variability of each 

of the parameters associated with these compounds mean that any effect may be masked. 

For example, the compounds range widely in terms of LogP and LogD, CMR and CLND 

solubility, in addition to being variable in terms of acidity and role as transporter 

substrate.  

The drug class of each unknown compound studied was also revealed to be variable. 

During post-study data provision, two of the compounds, A and B, were stated to be 

glucocorticoids (GCs). This class of drugs acts on the glucocorticoid receptor, which then 

translocates to the nucleus and binds to the glucocorticoid response element. In this way, 

GCs directly affect the transcription of inflammatory cytokines. GCs also indirectly 

regulate the inflammatory pathway, by interaction with the glucocorticoid receptor 

protein, which then binds to and inhibits NFB (Schäcke et al. 2004). As neutral 

compounds with high LogP values, GCs would be expected to rank highly in a study such 

as this in terms of Papp, due to their ability to partition into the cell membrane. In fact, 

although compounds A and B had LogP values of 3.72 and 3.91, respectively, compound 

A ranked 3rd in a list of Papp across unwashed SPOC1 cells and B ranked 9th (Table 7.4). 
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As insoluble or lipophilic drugs, glucocorticoids are more likely to interact with mucus 

as reviewed by Sigurdsson et al. (Sigurdsson, Kirch and Lehr 2013). In the current study, 

the glucocorticoid ranked highly both in terms of Papp and magnitude of effect imposed 

by the presence of mucus. The second glucocorticoid, compound B, was listed as one of 

the compounds subject to efflux transport by P-gp, which would be one reason for such a 

profound drop in the ranking of permeability coefficient. The diffusion of a drug through 

mucus, however, is not solely dependent on hydrophobic interactions with mucins 

(Hagesaether et al. 2013). Other factors to consider are the relative size of the drug 

molecule, charge and effective mesh spacing of the mucus gel (Khanvilkar, Donovan and 

Flanagan 2001), whilst interactions themselves can be due to electrostatic and 

hydrophobic forces, as well as hydrogen bonds (Lieleg and Ribbeck 2011; Olmsted et al. 

2001). This would go some way to explain the varied nature of the compounds whose 

apparent permeability coefficients were affected by mucus. The outlier J, for example, is 

disclosed as a hydrophilic and basic molecule, belonging to the -agonist drug class. As 

a basic molecule (and therefore a proton acceptor according to the Bronsted-Lowry 

definition of acids and bases), it is probable that the permeability of J is affected by 

electrostatic interactions with the carbohydrate component of mucins. Perhaps the most 

well characterised drug of this kind is salbutamol, which may be positively charged on 

the amine group (Ehrhardt et al. 2005) and actively transported by the organic cation 

transporter OCT1 (Salomon et al., 2015; Salomon et al., 2014). The earlier transport 

experiments of the current study found a reduction of 3.5 % in the Papp of salbutamol by 

mucus, but this was not a significant reduction. Quaternary ammonium salts (such as G) 

are also positively charged and therefore may be subject to electrostatic interactions in 

the same way as compound J. It is more difficult to predict an interaction mechanism for 

H, since the acidity of the molecule is not disclosed and other variable values are also 
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incomplete; however, most p38 inhibitors are ATP-competitive, forming hydrogen bonds 

with the conserved phenylalanine (Phe) residue of the DFG motif in the ATP-binding 

pocket (Kammerer et al. 2007; Huang et al. 2010), therefore it is possible that this 

compound also forms hydrophobic interactions with the protein backbone of mucins.  

Compound C was revealed to be an inhibitor of inhibitory B kinase (IKK2). The 

degradation of the inhibitory IB by IKK2 results in the release of NFB, a nuclear factor 

that is a major regulator of inflammatory genes. NFB then translocates to the nucleus, 

where it acts as a transcription factor of inflammatory genes (Newton et al. 2007). Like 

compound B, compound C is also subject to efflux transport. In this study, this is reflected 

in C ranking the lowest in terms of Papp across both washed and unwashed SPOC1 cells, 

although compound C also has a relatively low LogP value of 1.05 and so is a relatively 

hydrophilic compound. 

 

Ave 
Washed Rank 

Ave 
Unwashed Rank 

Compound Description 

A** 54.94 ± 2.69 2 46.22 ± 4.63 3 Steroid / Glucocorticoid Receptor Agonist 

B 22.05 ± 0.67 9 22.98 ± 0.15 9 
Non-Steroidal Glucocorticoid Receptor 

Agonist 

C 19.41 ± 0.39 11 19.39 ± 0.30 11 IKK2 inhibitor 

D 37.28 ± 0.76 5 37.35 ± 0.43 4 H1H3 antagonist (anti-histamine) 

E 32.66 ± 1.16 8 32.90 ± 0.43 8 CRAC inhibitor  

F 34.52 ± 3.43 6 35.80 ± 4.24 7 H1 antagonist (anti-histamine) 

G*** 20.58 ± 1.93 10 11.15 ± 0.76 10 
M3 antagonist / quaternary ammonium 

salt 

H*** 55.64 ± 0.52 1 46.37 ± 4.96 2 P38 inhibitor 

I 35.71 ± 0.68 7 33.06 ± 1.54 8 PDE4 inhibitor 

J* 49.30 ± 4.54 3 47.40 ± 0.32 1 2 agonist 

K 37.77 ± 0.69 4 37.24 ± 0.44 6 P38 inhibitor 

Table 7.4 Summary of unknown compound Papp values, ranked highest to lowest, alongside drug class, 

supplied by GSK post-study. * P < 0.05; ** P < 0.01; *** P < 0.001 

D and F were both reported to be histamine receptor antagonists, with D acting on the H1 

and H3 receptors and F on the H1 receptor only. In bronchial asthma, histamine is released 

by mast cells or basophils upon stimulation of Fc receptors. Recently, it has been shown 

that that histamine stimulates mucin secretion (Kim, Lee and Rhee 2012), pro-
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inflammatory cytokine release (Matsubara et al. 2005), and airway remodelling (Hirota 

et al. 2012) through the activation of epidermal growth factor receptor signalling. It has 

also been shown to stimulate hydrogen peroxide production by bronchial epithelial cells 

and therefore contribute to oxidative stress (Rada et al. 2014). Perhaps owing to the length 

of the transport study, neither compound D or F were affected by the presence of mucus. 

Both appeared mid-table in the Papp rankings. This is perhaps expected given their high 

lipophilicities (LogP of 3.49 and 3.69, respectively), countered by both compounds being 

subject to efflux by P-gp. 

Compound E was reported to be a calcium release activated calcium (CRAC) channel 

inhibitor. This channel plays a role in lymphocyte activation, via regulation of the nuclear 

factor of activated T-cells (NFAT) and is particularly important in exacerbations of 

COPD, in which an increase of CD8+ lymphocytes is observed (Grundy et al. 2014). 

Surprisingly, despite not being subject to efflux transport, being a neutral compound and 

having a relatively high lipophilicity (LogP of 3.21), compound E ranked below mid-

table in permeability across both washed and unwashed SPOC1 cells. There was no 

obvious explanation for this.  

G was revealed as a muscarinic cholinergic subtype 3 (M3) receptor antagonist. As one 

of the receptors for the neurotransmitter acetylcholine (ACh), M3 plays a role in 

remodelling and inflammation of the airways. Since its expression has been documented 

throughout the airways (reviewed by Kistemaker and Gosens 2015), blocking of the M3 

receptor is thought to be particularly beneficial in cases of bronchoconstriction, especially 

since the M3 receptor has now been shown to be up-regulated by long-acting beta agonists 

(LABAs) (Kistemaker et al. 2014; Kistemaker et al. 2012; Liu et al. 2015). As a 

compound with a high lipophilicity (LogP 3.28) and not being subjected to the efflux 

transporter P-gp, it would be expected that G would have a relatively high permeability 
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coefficient. However, the Papp was ranked 10th of the 11 compounds studied. As a basic 

compound, it is possible that at pH 7.4, the ionised form predominates for this compound, 

which will lower the rate of transepithelial transport and account at least in part for the 

lower ranking. 

Compounds H and K were both reported to be p38 mitogen activated protein kinase 

(MAPK) inhibitors. The p38 family consists of four isoforms of serine/threonine protein 

kinases, that are activated by inflammatory stimuli, including Toll-like receptor agonists 

(Khorasani et al. 2015). When activated, p38 MAPK phosphorylates a number of 

proteins, including the glucocorticoid receptor, thus regulating the stability of 

inflammatory cytokine mRNAs. It is therefore a desirable target for inhibition, partly due 

to its upregulation of expression by alveolar macrophages in COPD and partly as 

inhibition of p38 circumvents the problem of corticoid insensitivity after prolonged use 

(Armstrong et al. 2011). Both H and K are subject to efflux transport, yet H ranked 1 and 

2 in the Papp table (washed and unwashed, respectively) and K was ranked 4th. The 

compounds have LogP values of 2.09 (H) and 2.17 (K) and therefore are similar in terms 

of lipophilicity; however, compound H has a higher binding affinity to HSA (96.03 %) 

and AGP (90.76 %) compared to K (HSA 90.15 % and AGP 77.97 %), thus this finding 

was in agreement with the hypothesis that a higher HSA binding affinity would be 

reflected by a higher Papp, as outlined earlier. 

Only one 2 agonist was included in the blind compound study. This was compound J, 

which ranked highly in both washed (3rd) and unwashed (1st) Papp tables. It is known that 

2 agonists relax smooth muscle by activating adenylyl cyclase via the coupling protein 

Gs and increase intracellular cyclic adenosine monophosphate (cAMP) (Matsumoto et al. 

2013). A recent paper also reported that the cAMP-mediated pathway stimulates HCO3
− 
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secretion to help discharge exocytosed mucins (Yang, Garcia, and Quinton 2013), 

therefore one would expect that in time, this compound would result in an increase of 

mucin secretion and exacerbate conditions such as asthma with prolonged use, as reported 

by Liu et al. (Liu et al. 2015) 

In conclusion, it is not possible to predict mucus interactions in the SPOC1 model based 

on the parameters studied for these compounds. Certain parameters increase the 

probability of mucus binding, such as LogP and mass, however these should not be 

considered in isolation, as these studies show that they are not mutually exclusive. The 

number of compounds studied was deemed too few for multi-variate analysis; however 

for studies involving a greater number of compounds, this is certainly an option to 

consider. 
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 General Discussion 

The aim of this thesis was to explore the use of the SPOC1, Calu-3 and UNCN3T cell 

lines as potential in vitro models, to test the hypothesis that the presence of mucus affects 

drug permeability. This involved the characterisation and evaluation of each cell line in 

terms of mucin expression, secretion, histology and morphology, before using those cell 

lines that showed potential to perform transport studies in the presence or absence of 

mucus. The thesis also tested the hypothesis that it was possible to use in vitro models to 

predict drug irritancy of the airway by measuring the effect of the drug of interest on 

mucin secretion, using an ELLA and cytokine release using an ELISA.  

The first cell line studied was Calu-3, a human adenocarcinoma cell line of sub-glandular 

epithelial origin (Shen et al. 1994). Previously shown to form tight junctions and to have 

the ability to be cultured at ALI, these were reported to have great potential as a model 

epithelial cell layer (Haghi et al. 2010). SPOC1 cells were spontaneously immortalised 

from epithelial cells of the rat superficial airway epithelium (Doherty et al. 1995) and 

were previously shown to stain positive for AB-PAS (Randell et al. 1996) and respond to 

the physiological agonists to the P2Y2 receptor, ATP and its non-hydrolysable analogue 

AMP-PNP (Abdullah and Davis 2007). The well characterised production of mucins, 

including the deconvolution of the secretory pathway (Abdullah et al. 2003; Abdullah et 

al. 1996), led to the proposal that the SPOC1 cell line had potential as a model to study 

drug permeability in the presence of mucus and drug irritancy. The third cell line studied 

was a non-oncogenic cell line, UNCN3T, derived from normal human bronchial 

epithelium and transformed using the stem-cell regulator Bmi-1 and the catalytic subunit 

of telomerase, hTERT (Fulcher et al. 2009). Little was reported with regards to the 

phenotype of these cells previous to the current study. In addition, UNCN3T cells had 

previously been monitored for cell layer integrity using TER only with no reference being 
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made to the presence of crucial TJ proteins. TJs are thought to be influential in the 

efficiency of paracellular transport (Balda et al. 1996). The current study therefore chose 

two TJ proteins (ZO-1 and occludin) and one adherens junction (AJ) protein (E-cadherin), 

together with the AJ associated protein -catenin. All were shown by 

immunofluorescence (IF) to be present and located within the membrane region. It was 

not possible to show whether or not the cellular location was apical or basal, since the 

microscopy was performed on fixed and permeabilised cultures grown at ALI, as opposed 

to sections embedded in paraffin. The reason for this was the delicate nature of the 

cultures. It was often problematic to maintain integrity of the cross-section, since the cell 

layer was prone to detachment from the insert membrane following the dewaxing step, as 

seen during the histology characterisation in all three cell lines studied. Generally, to 

perform IF, a further step of antigen retrieval is performed, to recover the target epitope 

and enable antigen-antibody binding. As this involves boiling the section in a suitable 

retrieval buffer, it was felt that the technique would have been too harsh to use on the 

sections in the current study. 

 The use of in vitro models to study drug permeability in the presence 

of mucus 

Early characterisation studies of the three cells lines aimed to determine the suitability of 

the three cell lines for use as models to study drug transport in the presence of mucus. 

The parameters chosen were gene expression, mucin secretion, the ability to respond to a 

physiological secretagogue and the ability to form an integral cell layer at air liquid 

interface, as measured by TER. This was followed by preliminary studies using the model 

compound testosterone, whereby the affect of mucus upon the transepithelial transport of 

testosterone was studied using each cell line.  
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Characterisation of gene expression used qRT-PCR, normalising to human (Calu-3, 

UNCN3T) or rat (SPOC1) total lung RNA, with the finding that both MUC5AC and 

MUC5B were expressed in the Calu-3 cell line, with relative amounts that were in 

agreement with the literature (Kreda et al. 2007), but not with expectations, based on the 

origin of Calu-3 cells being that of the submucosal glands (Shen et al. 1994). Muc5ac and 

Muc5b were also expressed in the SPOC1 cell line, a finding not previously reported, 

since previous characterisation utilised the RTE11 monoclonal antibody (Randell et al. 

1996) and the ELLA (Rossi, Sears and Davis 2004; Abdullah et al. 1996). Similarly, 

previous studies of the UNCN3T cell line had revealed a mucous cell population (Fulcher 

et al. 2009), but did not include qRT-PCR studies of gene expression or characterisation 

of mucin secretion. The current study found that both MUC5AC and MUC5B were 

expressed by UNCN3T cells (using qRT-PCR). Thus, all three cell lines were found to 

express the relevant airway mucin genes.  

To confirm that mucins secreted from each cell line cultured at ALI were mature 

(glycosylated), histology techniques were used to adapt the ELLA to a format in which 

the oligosaccharide side chains of mucins could be visualised in situ, using cross-sections 

of cell layers embedded in paraffin wax. It was found that a precipitate of TMB substrate, 

consistent with a mucus layer, could be observed in Calu-3 cells cultured at ALI, although 

the technique was not refined enough to visualise mucin granules, which would have been 

better characterised by transmission electron microscopy (TEM). Lectin binding used in 

conjunction with TMB staining was again used to visualise the mucins of the SPOC1 and 

UNCN3T cell lines, a finding that also confirmed the glycosylation status of the mucins 

and therefore suggested that the mucins secreted from these cell lines had undergone post-

translational modifications and were mature, a finding not previously demonstrated using 

histology. 
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Mucin secretion was enhanced in two ways; using a secretagogue (the physiological 

secretagogue AMP-PNP or the ionophore, ionomycin) and by mucus depletion of control 

wells (the MD model). The reason for choosing ionomycin to enhance mucin secretion in 

Calu-3 cells was the lack of P2Y2 receptors in this cell line (and therefore the option of a 

physiologically relevant secretagogue), confirmed by the present study and reported also 

by Kreda et al. (Kreda et al. 2007). Its use, however, resulted in deterioration of the cell 

layer, as monitored by TER and permeability of the paracellular permeability marker FD4 

and confirmed by viability and apoptosis assays.  In a study by Foster et al., it was 

proposed that the drop in TER in response to drug treatment (cocaine in the referenced 

study) may be due to ‘drug-induced permeability changes’ (Foster et al. 2000); however, 

the current study showed that Calu-3 cells were compromised in viability and also showed 

an increased level of apoptosis, despite the lack of drug treatment. The finding that 

ionomycin has a detrimental effect on Calu-3 cells is novel and highlights the need to 

exercise caution when conducting permeability studies, particularly when these follow 

treatment by either a drug or secretagogue. The SPOC1 cell line has previously been 

reported to respond to the physiological agonists to the P2Y2 receptor, ATP and its non-

hydrolysable analogue AMP-PNP (Abdullah and Davis 2007), a response confirmed by 

the present study. There are no previous studies of the enhancement of mucin secretion 

in UNCN3T cells, therefore the demonstration of the response of the UNCN3T cell line 

to the physiological secretagogue AMP-PNP suggests the presence of the P2Y2 receptor 

in this cell line and is a finding not previously reported. These findings put Calu-3 at a 

disadvantage to both UNCN3T and SPOC1 cells in terms of suitability for drug transport 

studies in the presence of mucus and studies of drug irritancy in the airways. 

Critical to the use of in vitro cell models in studies such as those carried out here is the 

ability to correlate the data with that obtained during in vivo studies. This requires 
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physiological similarities between cell lines and their in vivo counterparts (Haghi et al. 

2014). With regards to chromosome abnormalities, Calu-3 cells have been reported to 

possess an abnormal karyotype, according to the American Type Culture Collection 

(ATCC) (Shan et al. 2011), being triploid for unspecified chromosomes and lacking 

normal chromosomes 1, 13, 15 and 17. The SPOC1 cell line, meanwhile, was reported to 

have non-random chromosomal alterations on chromosomes 1, 3 and 6 (Doherty et al. 

1995), whilst UNCN3T displays a normal karyotype in 19 of 20 spreads (Fulcher et al. 

2009) and remains diploid at passage 15, suggesting that this cell line is more genetically 

stable than either Calu-3 or SPOC1. The UNCN3T cell line also has been shown to 

maintain growth factor dependence and husbandry consistent with primary cell cultures, 

a characteristic shared with SPOC1 cells, which again places Calu-3 cells at a 

disadvantage with regards to their suitability as a (physiologically relevant) drug transport 

model in the presence of mucus. Nevertheless, studies conducted using the Calu-3 cell 

line have been shown to correlate well with in vivo data (Mathias et al. 2002; Grainger et 

al. 2009; Florea et al. 2006). It would be pertinent to note here that not enough data exists 

for either the SPOC1 or UNCN3T cell lines to establish such correlations, which needs 

to be addressed in future studies. It is also important to re-iterate the need for models to 

exhibit an appropriate TER in order to be physiologically relevant. Too high a TER would 

suggest that there is less of a paracellular transport component to the model, whilst too 

low would indicate insufficient tight junctions and a less selective (leaky) barrier. SPOC1 

and UNCN3T cell lines both demonstrate TER values in the region of 200 Ω.cm2. In the 

current study, Calu-3 cells cultured at ALI generated TER values of an average of 368 ± 

183 Ω.cm2, which agreed with previous studies in which relatively high TER values were 

reported (Kreda et al. 2007; Foster et al. 2000; Grainger et al. 2006). It should be noted, 

however, that TER measurements of Calu-3 ALI cultures in both the current study and 
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previous literature are much higher than those reported from primary human bronchial 

epithelial cells (HBECs), which range from 100 Ω.cm2 (Coyne et al. 2003) to 350 Ω.cm2 

(Coyne et al. 2003; Stewart et al. 2012). When taken in context with such values, Calu-3 

cells would appear to be less physiologically relevant than either SPOC1 or UNCN3T, 

which again renders them less desirable for their use as a drug transport model of the 

airways. 

Previous, unpublished, studies involving the SPOC1 cell line had reported culture 

medium in the apical chamber of Transwell™ inserts (Hashmi 2000) when the cells were 

cultured at ALI, resulting in minimal time of culture at ALI and potentially affecting 

differentiation of the SPOC1 cells (Grainger et al. 2006). This was confirmed in the 

current study and suggested a ‘leaky’ epithelial layer and so Geltrex™ was investigated 

as an alternative insert coating to collagen I. Aside from increasing TER measurements 

from 117.2 ± 11.8 Ω.cm2 to 205.3 ± 14.6 Ω.cm2, culturing on Geltrex™-coated 

Transwell-Clear™ inserts significantly increased the response of SPOC1 cells to AMP-

PNP, resulting in a 7 fold difference in mucin secretion between control wells and 

stimulated wells. During mucin secretion studies, it was found that wells which had been 

left untouched after seeding for the duration of ALI culture, contained in excess of 30 

ng/well mucin, as quantified by the ELLA and so Geltrex™-coated inserts were used for 

the remainder of the SPOC1 studies. To improve the model further, the focus was 

switched from enhancing mucus secretion in test wells, to depleting it in control wells. 

Depletion of mucus by washing of the control wells gave rise to an almost 8 fold 

difference mucin content between depleted (control) wells and unwashed (test) wells, 

increasing the sensitivity of the model to drugs which might interact with mucus. The 

same approach was applied to UNCN3T cells, comparing the data with that obtained 

using the secretagogue model in which cells grown at ALI were stimulated with AMP-
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PNP in the same way as for SPOC1 cells. The UNCN3T cell line behaved very similarly 

to SPOC1, in that mucins in unwashed cultures were quantified at close to 30 ng/well by 

the ELLA, this value being 10 fold that observed in the secretagogue model, in which 

mucin secretion was enhanced by treatment with AMP-PNP. UNCN3T cells were 

cultured on Geltrex™-coated Transwell-Clear™ inserts to enable direct comparison with 

the SPOC1 counterpart MD model, in terms of mucin content and, later, permeability 

studies. Attempts were made to replicate the MD model using the Calu-3 cell line, but the 

relatively small amounts of mucin (2.14 ± 0.05 ng well-1 in unwashed wells) secreted 

gave rise to only a 3 fold increase in mucin in the unwashed wells. The Calu-3 cell line 

was therefore deemed the least appropriate of the three cell lines studied as a model to 

study drug permeability in the presence of mucus, due to the lack of response to a 

physiological secretagogue and low levels of mucin secretion potentially affecting the 

sensitivity of the model. Whilst SPOC1 had a relatively abnormal karyotype in 

comparison with the UNCN3T cell line, both cell lines lend themselves well to the 

relatively high throughput model consistent with the needs of drug transport studies, 

fulfilling the desirable criteria of an in vitro model as outlined in Table 8.1. Further drug 

transport studies were hence performed using the SPOC1 MD model, whilst efforts with 

regards to the UNCN3T cell lined concentrated on their further characterisation. 
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 Calu-3 SPOC1 UNCN3T 

Responsive to 

physiological 

secretagogue 

(ATP/AMP-PNP) 

X1, c.s 


8,10, c.s 


c.s 

Evidence of TJs 

(TER/TEM/IF*) 


2,7 c.s 
9, c.s 


5, c.s  

In vivo-in vitro 

correlation 

(permeability data) 


2,4 

c.s n.a 

Expression of airway 

mucins MUC5AC and 

MUC5B 


6, c.s 


c.s 


c.s 

Differentiation 

capacity 

(mucous/ciliated cells) 


2,6 ** 


11 


5 

Normal karyotype X12 X9 


5 

Table 8.1 Desirable criteria of a model of the respiratory epithelium used to study drug permeability in the 

presence of mucus and the conformation to such criteria by the cell lines used in the current study, with 

accompanying sources of evidence. *TER – transepithelial electrical resistance, TEM – transmission electron 

microscopy, IF – immunofluorescence; n.a – not available; c.s – current study; **Reported as microvilli only. 

1- Kreda (2007); 2-Shen (1994); 3-Abdullah; 4-Foster (2000); 5-Fulcher (2009); 6-Shumilov (2013); 7-Bogdan 

(2003); 8-Abdullah (2007); 9-Doherty (1995);10-Ehre (2007);11-Ehre (2005); 12-Shan (2011) 

 

In order to conduct further studies of drug transport, it was first necessary to optimise the 

methods used to quantify the drug of interest, prior to the performance of transport 

experiments. Liquid chromatography coupled with mass spectrometry (LC-MS) is a 

common method by which drug samples are analysed, as it is sufficiently sensitive to 

detect the low concentrations of drug to be quantified. Testosterone was used as a model 

compound in these studies, since mucus has been reported to provide a significant barrier 

to testosterone permeability across the epithelium (Khanvilkar, Donovan and Flanagan 

2001; Hagesaether et al. 2013; Sigurdsson, Kirch and Lehr 2013). The presence of mucus 

in the unwashed wells of the Calu-3 MD model was unable to reduce the permeability of 

testosterone. This was attributed to the low quantity of mucin secreted by the cell line. 
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The level of mucin in unwashed wells was more than 3 fold (2.14 ± 0.05 ng well-1) that 

of the washed (mucus-depleted) wells. This exceeded the signal-to- background ratio 

guidance of screening assays (Iversen et al. 2006); however the signal window here was 

less than a third of that observed in both SPOC1 and UNCN3T cell lines, in which 

testosterone permeability was reduced significantly across unwashed cultures. This 

retardation of permeability in the presence of mucus has been attributed to testosterone’s 

lipophilic nature and its interaction with hydrophobic regions of the mucin glycoprotein 

(Khanvilkar, Donovan and Flanagan 2001; Hagesaether et al. 2013; Sigurdsson, Kirch, 

and Lehr 2013). No inhaled drugs were observed to be significantly affected by the 

presence of mucus in the unwashed cultures of the SPOC1 or UNCN3T MD models using 

the Mann-Whitney test, although a positive correlation was observed between the 

apparent permeability coefficient Papp of the inhaled compounds studied and lipophilicity 

(represented by log partition coefficient, logP) in the SPOC1 MD model. This finding 

was replicated by the study of the permeability of a homologous series of beta-blockers 

across SPOC1 cells, where it was also shown that the apparent permeability coefficients 

determined in the current study (across unwashed cultures) positively correlated with 

those observed across excised rabbit corneas (Schoenwald and Huang 1983) and Caco-2 

cells (Artursson 1990). Together, these findings provided confidence in and validation of 

the SPOC1 MD model in its use to study drug permeability in the presence of mucus, 

whilst the significant reduction in permeability of the UNCN3T MD model to testosterone 

provided evidence to suggest that this model would also be well suited to further studies 

of drug transport in the presence of mucus. 

Since the Calu-3 MD model was unable to detect any change in the transport of 

testosterone, it could not be reliably used to detect changes in the transport of other 

compounds. This lack of sensitivity coupled with the inability of Calu-3 cells to secrete 
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mucin in response to the application of a physiological secretagogue meant that the 

SPOC1 and the UNCN3T cell lines appeared to have the most potential as models to 

study the effect of mucus on drug transport. Furthermore, the relatively high TER values 

reported for Calu-3 cultures, in addition to those of the current study, place into doubt the 

use of this cell line as a physiologically relevant model of drug transport. Indeed, it has 

been proposed that models generating a more ‘leaky’ phenotype (and therefore lower 

TER values) would be of greater benefit, since it has been proposed that the relative 

leakiness of tight junctions in airway epithelia contribute to normal airway functioning 

(Coyne et al. 2003).  

 The use of in vitro models to predict drug irritancy in the airways 

The functions of the epithelial barrier fall into three categories. These are chemical, 

physical and immunological (Blume et al. 2013). The mucus secreted by bronchial 

epithelial cells, containing antimicrobial molecules, protease inhibitors and antioxidants 

provides the former, whilst tight junctions regulate the macromolecular and ionic 

permeability and polarity of the epithelial barrier, thus fulfilling the physical role. Lastly, 

bronchial epithelial cells have the capacity to release cytokines, chemokines and growth 

factors which work together to constitute the immunological barrier. 

Previous studies have utilised Calu-3 cells to investigate epithelial barrier functions and 

the interference of irritants with the epithelial barrier (Vinhas et al. 2011). However, it is 

difficult to directly compare such studies with those in vivo, since the expression profiles 

of cell lines with limited differentiation capacity can vary from those of primary sources, 

particularly with respect to the inflammatory pathways (Pezzulo et al. 2011) and some in 

vitro models do not secrete sufficient mucus as a barrier to the environment (Gray et al. 

1996), a problem which was encountered using Calu-3 cells in the current study, but not 
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when using either SPOC1 or UNCN3T cells, thus Calu-3 was discounted from studies of 

drug irritancy. It was therefore important to determine the cytokine secretory capacity of 

the cell lines used in the current studies, once their mucin expression and secretion had 

been determined by qRT-PCR and ELLA, respectively. Vanadium oxysulphate (vanadyl 

sulphate, VOSO4) is an established positive control for the determination of cytokine 

response to metal oxides and other nanoparticle inhaled irritants (Veranth et al. 2007) and 

thus it was used in the current studies, creating a significant increase for all cytokines 

studied.  

IL-6 release by SPOC1 cells in response to the positive control was 1.9 fold that of the 

negative control and thus fell below the standard 2 fold signal window (Iversen et al. 

2006), indicating that the assay was invalid, although the dose-responsive effect of 

salbutamol upon IL-6 release does warrant further study. In contrast to the SPOC1 cells, 

IL-6 release by UNCN3T cells in response to VOSO4 was 97 fold that of the negative 

control, which may be a reflection of increased differentiation potential, which would 

better represent the in vivo phenotype (Blume et al. 2013). Similarly, the assay signal 

window for TNF- release from SPOC1 cells was less than 2 fold between positive and 

negative controls, at 1.5 fold. This once more would suggest that the assay in this instance 

is not valid. The release of IFN-however was significantly increased by the positive 

control (7 fold), but not by any other drug, indicating that the drugs studied did not 

significantly affect IFN- release and also that this was a valid assay. The last cytokine 

studied was IL-8 (CXCL8). In the current study, treatment with the positive control 

resulted in a 200 fold increase in IL-8 release from UNCN3T cells, which validated the 

assay and supported the previous findings of Fulcher et al. (Fulcher et al. 2009). In 

summary, these results provide evidence that the SPOC1 and UNCN3T cell lines may be 

used to predict drug irritancy, using the ELISA assay to measure IL-6 (SPOC1 and 
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UNCN3T) and IFN-UNCN3T only) cytokine release in response to drug treatment, but 

not TNF- or IL-8 (UNCN3T) in response to drug treatments. 

Budesonide was also shown in the current study to increase mucin secretion from both 

SPOC1 cells and UNCN3T cells, again in disagreement with the literature, in which no 

indication of irritancy is reported. The increase in mucin secretion from SPOC1 cells, 

induced by salbutamol, was less surprising, since 2-adrenergic receptors (2-ARs) are 

expressed in airway epithelial cells (Zhou et al. 2014) and agonists such as salbutamol 

may increase the expression of the airway mucins via the MAPK signalling pathway. The 

findings of the current study would suggest that the detection of mucin secretion in 

response to treatments of SPOC1 and UNCN3T models using the ELLA is a more reliable 

measure of drug irritancy in these models than that of cytokine release.  

 The relationship of physicochemical properties with drug 

permeability in the airways 

It is important to consider the relationship between the absorption rate of inhaled drugs 

and the drugs’ physicochemical properties when developing novel therapies for 

respiratory diseases. Physicochemical properties affect the rate of dissolution, absorption, 

metabolism and later the elimination (ADME) of an inhaled drug. To ascertain whether 

or not it is possible to predict the effect of one variable (mucus) based on the previously 

determined effect of another variable, in this case using data supplied by GSK, the current 

study calculated the apparent permeability coefficients of 11 unknown compounds and 

compared these with a profile of physicochemical properties in a series of correlation 

analyses. Four unknown compounds were found to be significantly affected by mucus. 

These were A (a glucocorticoid), G (a muscarinic M3 antagonist), H (a p38 inhibitor) and 
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J (a 2 agonist). J is the outlier in this group, being hydrophilic (LogP = - 0.16).  In the 

case of certain variables, correlation analysis was flawed, either due to discrepancies in 

recovery (MDCK permeability), incomplete data (PAMPA assay and CLND solubility) 

or simply the small sample size studied and their variability in drug class/structure. For 

this reason, mucus interactions could not be reliably predicted based on the analyses 

carried out here, although the correlations observed do suggest that with a larger sample 

size and/or a homologous series of compounds, more meaningful data could be generated, 

for example using multi-variate analysis.  

 Conclusions 

Calu-3, SPOC1 and UNCN3T cell lines have all been shown to express and secrete 

mature, glycosylated mucins. The UNCN3T cell line was also successfully characterised 

in terms of TJ and associated protein phenotype, lending this model to the possibility of 

further studies of the behaviour of human airway epithelial cells and the correlation of 

such studies with in vivo generated data. Whilst Calu-3 cells may be suitable for drug 

transport studies independent of mucus secretion, the current study suggests that they are 

not suitable for studies in which the investigator wishes to ascertain the effect of mucus 

on drug permeability, due to the lack of response to a physiological secretagogue and the 

detrimental effect of an ionophore and the low levels of mucus secreted making the MD 

model ineffective. Conversely, both SPOC1 and UNCN3T cell lines show promise as 

models to study drug permeability in the presence of mucus. Both respond to a 

physiological secretagogue and also offer a broad signal window in the ELLA assay, 

when utilising the MD model. Both cell lines demonstrated the retardation of testosterone 

permeability in the presence of mucus, replicating the findings previously reported in the 

literature and validating the models for future studies.  
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Both the SPOC1 and UNCN3T cell lines were used to demonstrate irritancy using mucin 

secretion as an endpoint, quantified by the ELLA. However, the use of the ELISA to 

quantify cytokine release in response to drug treatment requires careful review in terms 

of the cytokines studied, perhaps also using qRT-PCR as an additional technique to 

monitor expression of cytokines over time, since inhaled therapeutics are mostly 

delivered chronically, rather than as single, acute treatments. 

In the current study of 11 unknown compounds, it was concluded that the correlation of 

physicochemical properties with the effect of mucus on drug permeability in the airways 

is difficult and requires careful attention, particularly with reference to the variability of 

the drug class and sample size.  However, the SPOC1 model was capable of detecting 

changes in logP when the molecular weight and structure of the compounds was kept 

similar. 

In summary, this study has shown that SPOC1 cells and UNCN3T cells may be used to 

show that the presence of mucus can affect drug permeability across the airways, using 

developed and characterised models in which mucus was depleted by washing, thereby 

rejecting the null hypothesis that the presence of mucus does not affect drug permeability. 

Such models have not been reported previously and are therefore novel. This study has 

also shown that it is possible to predict drug irritancy of the airways using the SPOC1 and 

UNCN3T cell lines, using mucin secretion as quantified by the ELLA as the endpoint. 

Further studies are required using the ELISA to quantify cytokine secretion in response 

to drug treatment, but the data generated by the current study suggests that the SPOC1 

and UNCN3T models both have potential to demonstrate drug irritancy of the airways by 

measuring cytokine release. 
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 Appendices 

 Calibration ranges and internal standards used in LC-MS analysis of 

inhaled compounds 

Compound Diluent Mobile 

Phase 

Calibration 

Lowest (g/g / 

nM) 

Calibration 

Highest (g/g / 

nM) 

Internal 

Standard 

Testosterone Methanol 70 % 

methanol 

0.002/6.9 1.0/3500 D3 Testosterone 

(0.1 g/g) 

Budesonide 30/30/40* 30/30/40* 0.25/600 6.0/13900 Ipratropium (1.0 

g/g) 

Ipratropium ACN 85 % ACN 0.3/900 3.0/9000 D3 Testosterone 

(1.2 g/g) 

Salbutamol 85 % 

MeOH** 

85 % 

MeOH** 

0.2/800 2.0/8400 Ipratropium (0.8 

g/g) 

Tiotropium ACN 85 % ACN 0.2/500 2.0/5100 Ipratropium (0.8 

g/g) 

*30/30/40 (v/v) methanol/acetonitrile/ 0.2 % ammonium hydroxide in 5 mM ammonium bicarbonate; 

**methanol/water (85:15, v/v) containing 20 mmol L-1 ammonium formate and 0.1% formic acid 
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