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 Abstract    I 

Abstract 

Lung diseases such as asthma and chronic obstructive pulmonary disease (COPD) 

increase the global health burden affecting hundreds of millions of people worldwide. 

The development of novel inhaled therapies is hindered by the lack of understanding 

of alveolar macrophages to inhaled particulate medicines. In animal models, there is 

increasing evidence that inhaled medicines are taken up by alveolar macrophages 

resident within the lung resulting in poorly understood perturbations.  

In vitro alveolar models are frequently employed to investigate the biological roles of 

alveolar macrophages in human health and disease and for inhaled drug discovery 

research. To generate translational data, it is crucial that such cell systems respond 

similarly to cells in situ. Cell culture lung models are available, but few are 

representative of alveolar drug delivery response, and, additionally, most exclude 

macrophages.  

In vitro cell culture models provide an ideal platform for assessing cell response to 

exposure of compounds in a high throughput manner and investigating the 

mechanisms involved that support undefined macrophage phenotype responses.  To 

generate such platforms, it is first necessary to identify an appropriate, well-

characterized cell line to develop a robust in vitro human model.  To date, no human 

alveolar macrophage cell line is readily available.  As such, current models rely on 

lung and blood-derived monocyte cell lines, which are differentiated using various 

stimuli to generate a mature monocyte/macrophage-like cell line that can be exposed 

to aerosols or particulate matter of interest. However, the methodologies available to 

differentiate and validate these cell lines are poorly defined, especially for U937 cells, 
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whereby differentiation protocols vary significantly from the use of different stimuli, 

incubation and resting times.  

This research aimed to investigate if varying the differentiation protocols for U937 

impacted the resulting cell characteristics and, with them, construct two co-culture 

models incorporating alveolar type I or type II epithelial cells to determine changes in 

alveolar like macrophage phenotypes in the presence of cationic amphiphilic drug 

amiodarone commonly used to generate a 'foamy' macrophage phenotype. 

Our results suggested that the concentration of PMA U937 cells are exposed to has a 

more significant impact on cell characteristics (differentiation markers and 

functionality) than the length of incubation. A differentiation protocol was adopted, and 

co-culture models were characterized regarding their morphology and barrier 

properties, with permeability assays and cytokine interactions. High content image 

analysis assessed macrophage responses when exposed to drug concentrations of 

amiodarone. Morphological changes induced by amiodarone could be compared 

rather than determined cell death for vacuolated "foamy" macrophage assessments. 

In summary, these models were characterised regarding their morphology and viability 

properties, with functional assays showing applicability for evaluating macrophage cell 

response and cell-cell communication. Cocultivation allows a more physiologically 

relevant representation of the lower airway, and immunocompetent in vitro models can 

be applied as a valuable tool to evaluate new formulations intended for pulmonary 

delivery 
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   Chapter One 

Introduction to The Lung 

 

 

1. Introduction to The Lung 

1.1. Drug delivery to the lungs 

Inhaled drug delivery is defined as “the science of targeting drug administration to the 

required site of pharmacological action via inhalation” (Colbeck et al.,  2014). The 

respiratory tract has been used for over 3,500 years to deliver medical therapies into 

the human body. Inhaled smoke from tobacco, other plants and volatile oils have long 

been used by ancient civilisations for therapeutic and recreational purposes (Sanders, 

2007). 

The lung is a highly efficient organ with a large surface area and is considered a major 

route for pharmaceutical administration (Smyth et al.,  2011). It is a target for treating 

pulmonary diseases such as asthma and chronic obstructive pulmonary disease 

(COPD) and lung infections (Smyth et al.,  2011). The inhaled drug particles can 

quickly target the active site with a relatively low dose and avoid first-pass absorption 

metabolism in the stomach and intestines, passing through the liver before reaching 

systemic circulation, reducing systemic side effects. The lower airways of the lung 

(alveolus) have a large surface area in the region of 100 m2 with almost 100% 

bioavailability to rapidly absorb therapeutic proteins such as insulin or growth 

hormones into the systemic circulation (Patton et al.,  2007). Furthermore, additional 

advantages of drug delivery via the lung include needle-free systemic delivery of drugs 

with poor oral bioavailability and pain/ needle-free delivery for drugs that require 

subcutaneous or intravenous injection (Laube, 2014). For this reason, the alveolar 
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region is a highly desirable route for local and systemic delivery of new aerosol 

formulations (de Souza Carvalho et al.,  2014). 

Over the past fifteen years,  significant advancements have been made in the 

accuracy, efficiency, and reproducibility of administered inhaled doses and improved 

particle characterisation (Siekmeier et al.,  2008). Inhaled drug delivery still faces many 

challenges, including the small fraction of inhaled drug that reaches the target region, 

risk of potential allergic reactions in the lungs and variability of drug absorption from 

the alveoli into the circulation (Siekmeier et al.,  2008). Developments in modern 

aerosol delivery systems now allow the manufacture of an aerosol with a defined and 

optimised aerosol particle. When combined with appropriate breathing manoeuvres, 

these improved inhaled formulations have significantly optimised the efficiency and 

clinical efficacy of inhaled pharmaceuticals (Siekmeier & Scheuch, 2008; Kwok & 

Chan, 2013) rather than medicines for conventional routes of administration (e.g., oral 

and parenteral) whereby the inhaled drug particles rapidly target the site of action with 

a relatively low dose, consequently decreasing systemic adverse effects (Kwok et al.,  

2013).  

Newer applications for inhaled delivery also include delivery of nucleic acids that result 

in a permanent expression of gene constructs or protein-coding sequences in a 

population of cells, thus reversing or preventing a disease process (gene therapy); and 

providing needle-free immunisation against diseases (aerosolised vaccination) 

(Laube, 2014). Inclusive of local and systemic delivery, all of these applications have 

achieved varying degrees of success in translational progress in clinical efficacy and 

commercialisation (Laube, 2014). These advancements further support the 

importance of the lung as a suitable route of administration for drug delivery. 
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1.1.1 Challenges for drug delivery to the lungs 

Aerosolised particles are solid or liquid droplets encapsulated in a gas suspension and 

ideal for drug delivery to the lungs. Many new aerosolised pharmaceuticals are unable 

to reach the market because safety aspects set out in regulatory guidelines for non-

clinical and clinical phases are not met (Forbes et al.,   2014). The most common 

response to aerosol drug delivery in in vivo studies is nasal and laryngeal irritation in 

rats, which has little relevance for human orally inhaled pharmaceuticals (Nielsen et 

al.,  2008). Rats are obligate nose-breathers, and the nasal tract of the rat is more 

complex than in humans (Nielsen et al.,   2008). Anatomically, the human lung is 

different in many aspects; for example, the rat lung has a long monopodial branching 

system, unlike the relatively symmetrical branching scheme of the human lung (Phalen 

et al.,  1983). Tracheal length/diameter ratios and branch shapes scale for humans 

being (6) is considerably shorter compared to rats (8.85), hamsters (9.23), dogs 

(10.63) and monkeys (10) (Phalen et al.,  1983). Differences in airway bifurcation and, 

consequently, airflow among species can contribute to variations in regional particle 

deposition in the lungs (Esch et al.,  1988). Rats are more sensitive than humans in 

developing alveolar epithelial hyperplasia, alveolar lipoproteinosis and tumour 

formation in response to inhalation of silica dust, whereas the human lung is more 

prone to developing high-grade fibrosis (Green et al.,  2007). Consequently, it is 

impossible to extrapolate findings directly from rat to human in vivo studies.  

Lung irritation, observed in acute studies (e.g., changes in the epithelium at the 

bronchial and alveolar regions) may be considered adverse responses in short term 

studies resulting in discontinuation of those studies and the pharmaceutical agent 

(Jones et al.,  2012). What is not known is whether these responses to inhaled aerosols 

are truly adverse or a normal adaptive response, at what point is an adverse response 
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determined and at what point is the response predictive of a potentially adverse event 

for treated patients (Forbes et al.,  2014; Jones et al.,  2012b). In this context, in vitro 

models are valuable tools to understand the responses of alveolar cells to inhaled 

aerosols in monocultures and co-cultures (Nahar et al.,   2013). 

1.2. The lung 

1.2.1 Structure and function of the lungs 

The respiratory system consists of nasal passages, the trachea and a pair of lungs in 

the thoracic cage (Ward et al.,  2011). The principal role of the lung is for gaseous 

exchange, maintaining cellular homeostasis in the body through the delivery of oxygen 

to tissues and removal of metabolic wastes by a process known as respiration (Ward 

et al.,   2011). In addition to respiration, the lungs act as a protective organ against 

gases and xenobiotics via filtration, metabolism and excretion of toxins (Davies et al.,  

2003). 

The airways of the lung divide by dichotomous branching, with approximately 23 

generations of branches from the trachea to the alveoli (Weibel, 1963) (Figure 1.1). 

On inspiration, air passes through the nasal cavity and pharynx into the trachea, 

whereafter the airways subsequently bifurcate. (Weibel, 1963). The conducting 

airways consist of the trachea and bronchi, which function to warm, humidify and filter 

inspired air distributing it to and from the respiratory airways, comprising of respiratory 

bronchioles, alveolar ducts and alveolar sacs (Weibel, 1963). The alveolar sacs are 

small, round chambers roughly 300 µm in diameter, surrounded by a wall of alveolar 

epithelium and a network of capillaries to allow for gaseous exchange (Davies et al.,  

2003). 
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The trachea divides into two main bronchi. The trachea and bronchi are supported by 

U-shaped cartilage and smooth muscle that divide to give segmental bronchi, which 

become narrower, shorter, and more numerous with each generation (Clancy et al.,  

2002). Bronchioles are smaller airways embedded in lung tissue and lack cartilage in 

their walls. With increasing bifurcation in the bronchiolar region, the ciliated respiratory 

epithelial cells and mucus-secreting goblet cells become replaced by club cells. These 

secretory and ciliated cells work together to perform mucociliary clearance as the first 

line of defence against inhaled particulates in the upper conducting airways 

(Whittemore 2003).  

The respiratory bronchioles are the first generation of the respiratory unit to have 

alveoli in their walls which form connected groups at the end of bronchoalveolar 

 

Figure 1.1 Diagram of the lung’s branching airways.  

Division denotes the order of the conducting airways and respiratory unit via 

generations with trachea as zero up to alveolar sacs as 23. The airways branch 16-

17 times before alveolar sacs are encountered adapted from Phalen (Phalen et al.,  

1983). 
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ductiles. These develop into alveolar ducts and sacs, whose walls are only composed 

of alveoli. The alveolus wall is lined by the alveolar epithelium with underlying 

connective tissue and capillary networks. These networks form the septum of 

neighbouring alveoli with alveolar epithelium on each side (Davies et al.,  2003). 

In adult humans, the average alveolar surface area is more than 100 m2 compared to 

the surface area of the conducting airways, reaching only a few metres (Ward et al.,   

2011). Due to their difference in size, rodents have a much smaller alveolar epithelial 

surface area than other mammals (e.g. rat: 0.4 m2, mouse: 0.05m2, dog: 52 m2) (Stone 

et al.,  1992). However, there is a strong correlation between lung size and numbers 

of different cell types, such as alveolar epithelial cells, when analysed using data from 

various mammals (Stone et al.,   1992). 

1.2.2 The Alveolus 

The alveolar epithelium represents 99% of the surface area of the lung (Guillot et al.,   

2013) and comprises type I and type II alveolar epithelial cells (AECI and AECII) that 

occupy 95% and 5% respectively of the alveolar surface (Figure 1.2) (Guillot et al.,   

2013). AECI cells are flat, membranous cells that form the air-blood barrier component 

and are found in close apposition to capillary endothelial cells to facilitate efficient gas 

exchange (Whitsett et al.,  2015). Both AECI and AECII are strongly associated with 

the innate immune response. AECI are understood to be involved in pro-inflammatory 

response through their extensive surface contact with resident alveolar macrophages 

in the alveolar space (Guillot et al.,   2013). They express Toll-like receptors (TLR) and 

produce pro-inflammatory cytokines, such as IL-1β, CXCL1, CXCL2, CXCL5 and 

CCL20 in response to stimuli (Yamamoto et al.,   2012). AECI are derived from AECII 
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cells through a trans-differentiation process, but the progenitor mechanism and 

function in the normal lung is not yet fully understood (Fehrenbach, 2001; Herzog et 

al.,  2008). 

AECII are known as the “defenders of the alveolus” because of their multitude of 

functions related to inflammation, cell repair and synthesis of surface-active agents for 

alveolar protection.  (Fehrenbach, 2001). They are large cuboidal cells with high 

plasticity, and one of their main functions is the synthesis and secretion of surfactants 

(Fehrenbach, 2001). Alveolar surfactant is composed mainly of lipids and a low 

concentration of specific surfactant proteins produced by AECII cell-lamellar bodies 

and secreted into the airspace (Guillot et al.,   2013). Alveolar surfactant plays a major 

role in alveolar homeostasis during breathing as it lowers the surface tension at the 

air-blood barrier (Fehrenbach, 2001). It is also necessary for alveolar fluid balance and 

a host-defence/ physical barrier. The alveolar fluid balance disruption leads to 

biophysical challenges (Whitsett et al.,  2015).  

Surfactant proteins (SP) provide structure, regulation, function, and intrinsic host-

defence properties to the alveoli (Whitsett et al.,  2015). SP- A and SP- D are well-

conserved members of the collectin cohort and are highly expressed by AECII (Guillot 

et al.,   2013). The calcium-dependent lectins recognise pathogen-associated 

molecular patterns and modulate inflammatory and allergic responses, activating 

effector mechanisms like direct opsonisation, neutralisation, and phagocytosis by 

alveolar macrophages (Gupta et al.,  2007). SP-B and SP-C, synthesised by AECII, 

produce hydrophobic peptides necessary to spread and stabilise surfactant lipids 

(Whitsett et al.,  2015).  
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1.2.3 The fate of inhaled particles in the airways 

Mechanisms of particle deposition in the respiratory tract include inertial impaction, 

gravitational sedimentation and Brownian motion (Smyth et al.,  2011) (Figure 1.2). 

Deposition by inertial impaction is the primary mechanism for large particles (<5 µm 

diameter) with high momentum that impacts the airway walls rather than following the 

airstream deeper into the lungs (Smyth et al.,  2011). Gravitational sedimentation is a 

deposition mechanism for particles (0.5-3 µm diameter) in the conducting airways; 

increased gravitational sedimentation occurs upon breath-holding (Smyth et al.,  

2011). Brownian motion is the mechanism of deposition by diffusion of small particles 

(<0.1 µm) from a high to low concentration within the lower respiratory airways 

/alveolar region (Smyth et al.,  2011).  

 
Figure 1.2 Deposition mechanisms of inhaled particles in the respiratory tract.  

The paracellular transport pathways across the airway epithelium involve inertial 

impaction: large particles (>5 µm) deposit in the upper airways, gravitational 

sedimentation: particles (0.5-3 µm) settle in the conducting airways and Brownian 

motion: deposit in the small airway. Adapted from (Smyth et al.,  2011).  
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The physicochemical properties of the particles influence solubility and determine the 

absorption pathway across the airway epithelial barrier (Colbeck et al.,  2014). 

Paracellular transport involves molecules passing between adjacent selective cells 

with tight junctions and is the predominant absorption pathway for small, hydrophilic 

molecules and macromolecules up to 40 kDa  (Colbeck et al.,  2014). In contrast, 

transcellular transport involves the partitioning of small hydrophobic molecules through 

the thin alveolar epithelium and capillary endothelium followed by absorption into the 

bloodstream and is the principal absorption pathway for most inhaled medicines. 

(Colbeck et al.,  2014). New inhaled pharmaceuticals can often be poorly soluble; thus, 

their resident time within the lung is increased, making them ideal for sustained drug 

delivery of microparticles and nanomedicines administered to treat respiratory 

disorders. (Loira-Pastoriza  et al.,   2014). Particles deposited in the ciliated conducting 

airways are efficiently removed by mucociliary clearance mechanisms (Aulton et al.,   

2013), whereas insoluble particles in the alveolar regions are removed by cell-specific 

mechanisms involving alveolar macrophages, which are discussed further in the 

section. Clearance mechanisms and interactions between poorly soluble or insoluble 

inhaled materials and alveolar macrophages is a well-established issue in the literature 

and poses a well-documented challenge regarding the safety of inhaled products 

(Forbes et al.,   2014). 

1.2.4 Macrophages 

Macrophages are essential immune effector cells with homeostatic roles that 

participate in host defence and survival (Mosser et al.,   2008). Their main functions 

are phagocytosis of erythrocytes and cells that have undergone cell death and rapid 

clearance of cellular debris generated during tissue remodelling (Mosser et al.,   2008). 
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This clearance mechanism is a vital metabolic process without which the host would 

not survive (Mosser et al.,   2008). Macrophages are present in nearly all tissues. They 

differentiate from circulating peripheral-blood mono-nuclear cells developed from a 

common myeloid progenitor cell in the bone marrow, which migrate into tissues in 

response to inflammation or to replenish long-lived tissue-specific macrophages of the 

central nervous system (microglial cells), alveoli (alveolar macrophages), bone 

(osteoclasts), liver (Kupffer cells), connective tissue (histocytes), gastrointestinal tract 

and spleen (Gordon et al.,   2005; Mosser et al.,   2008). Macrophages of the lung are 

anatomically located (Laskin et al.,   2001). Their location and phenotypic 

characteristics are categorised into the pulmonary surface, pleural, interstitial and 

alveolar macrophages (Laskin et al.,   2001).   

1.2.5 Alveolar macrophages 

Alveolar macrophages (AM) are resident macrophages of the lungs found in the air 

space of the alveoli (Laskin et al.,   2001). They are mononuclear phagocytes and the 

first line of innate cellular defence in the lower airways, in communication with AECI 

and AECII, where they sample microbes and particulates (Guillot et al.,   2013). AMs 

phagocytic abilities are essential for clearance of foreign pathogens and xenobiotics, 

efferocytosis and regulate inflammation (Murray et al.,   2011). 

It is understood that AMs are a subset progeny of myeloid-derived circulating 

monocytes which enter tissues and differentiate (Gordon et al.,   2005). However, it is 

now accepted that AMs arise from embryonic progenitors that enter the organs and 

locally mature before and after birth (Kopf et al.,   2014). Foetal lungs contain two 

myeloid populations: F4/80hiCD11bint foetal macrophages and F4/80intCD11bhiLy6C+ 
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foetal monocytes derived from haematopoiesis in the yolk sac and liver, respectively. 

Cell surface markers on foetal lung monocytes undergo significant expression 

modifications during gestation via AECI extracellular signalling cross-talk (Westphalen 

et al.,   2014). AECI production of granulocyte-macrophage colony-stimulating factor 

(GM CSF) induces expression of nuclear receptor PPAR-γ until the foetal monocytes 

reach maturation stage; F4/80hiCD11chiSiglecFhiCD64hiCD11bloLy6C+ AMs (Gordon et 

al.,   2005; Guilliams et al.,   2013; Trapnell et al.,   2002). 

AMs have a high level of plasticity so that they can rapidly distinguish between steady-

state conditions and recognise and initiate an inflammatory response to inhaled 

particulates. Furthermore, they can distinguish between situations that require a 

tolerogenic response and those that require an anti-inflammatory response. Thus, 

these cells possess a multi-receptor signalling system to carry out a complex balancing 

act between activation and repression of signals (Hussell et al.,   2014).  

The capability of tissue macrophages to adapt and achieve several functions has 

governed their broad classification as either classically activated M1 macrophages or 

activated M2 macrophages (Mosser et al.,   2008). Classification of AMs into these 

subgroups has proven challenging because of their intricate signalling system, 

resulting in functional and phenotypical differences between AMs. Tissue damage or 

pathophysiological conditions are known to polarise AMs towards an M2 phenotype 

(Cassetta et al.,   2011). AMs become phagocytically active following exposure to 

xenobiotics during respiration.  
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1.3. AM mechanisms of response to inhaled pharmaceuticals 

Inflammatory responses of AMs are tightly controlled through cell-cell and soluble 

mediator interactions to create a well-regulated environment. Regulatory receptors 

play an important role in regulating AMs through their increased expression on 

macrophages in the lower airways compared to those in other tissues because of the 

enhanced availability of ligands and other immunomodulatory receptors in the alveoli 

or following external stimulus (Hussell et al.,   2014).  

Reaching a desired therapeutic outcome, either to enhance or avoid AM uptake, are 

subject to the mechanism of phagocytosis (Patel et al.,   2015). Phagocytosis, by which 

phagocytes efficiently recognise, engulf and eliminate inhalable particulate drug 

carriers, are a key mechanism of action for AMs. In the respiratory airways, the removal 

of inhaled particles by AMs is achieved by a series of phagocytic processes. Known 

as opsonisation, the first of the processes is the recognition of foreign particles after 

their coating with soluble proteins, for example, phospholipids and surfactant proteins 

such as SP-A and SP-D (Aderem et al.,   1999; Ruge et al.,   2012). Dual functioning 

AM surface receptors such as complement and immunoglobulins bind the opsonised 

particles activating the receptors to initiate cytoskeletal rearrangements and formation 

of pseudopods by the phagocytes. Subsequently, the phagocytes engulf the particles 

(> 0.5 m) by internalising them through endocytosis, forming a phagosome 

(Greenberg et al.,   2002). Finally, a lysosome merges with the phagosome to form a 

phagolysosome. The lysosomal environment acidifies the content of the phagosome, 

where it is enzymatically destroyed (Figure 1.3). 

Multiple mechanisms for particle recognition by phagocytes rely on receptor-specific 

pathways. These receptors are involved in the recognition and phagocytosis of inhaled 
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pharmaceuticals (Patel et al.,   2015). Particles detected by AMs are by specific pattern 

recognition receptors called scavenger receptors (Palecanda et al.,   1999). A group 

of scavenger receptors known as macrophage receptors with collagenous structure 

(MARCO) are involved in innate immune recognition and facilitate the elimination, 

alongside transporter proteins of inhaled particles (Arredouani et al.,   2005). Other 

scavenger receptors involved in particle recognition and initiation of phagocytosis in 

AMs include TLRs (TRL 2, TRL 4 and TRL 5), integrins (IL- 10) and mannose receptors 

(CD 206) (Hussell et al.,   2014; B. Patel et al.,   2015). 

 

Mechanisms of response by AMs depend on the particle's properties, such as size, 

shape, and physicochemical properties. With advances in inhaled drug delivery, it is 

possible to achieve targeted delivery specifically to the alveolar region with poorly 

soluble therapeutics or purpose-designed sustained-release formulations. However, 

whilst the increase in residence time of therapeutics in the small lung has the potential 

to generate medicines with reduced administration frequency and achieve superior 

systemic bioavailability, interactions with AMs question the safety of these strategies. 

(Forbes et al., 2014). The image was taken from Patel et al. 2015.   

 

Figure 1.3 Process of particle engulfment through phagocytosis by alveolar 

macrophages. 
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AMs, recognise and respond by initiating particle clearance via phagocytosis of the 

increasing accumulation of materials. This, in turn, results in excessive macrophage 

stimulation and recruitment of other immune cells and inflammatory factors (Patton et 

al.,   2007). During assessments of lung targeted pharmaceuticals, AMs have been 

reported to respond in a manner that has yet to be determined as an adaptive or 

adverse response (Forbes et al.,   2014).  

‘Foamy macrophage’ is a term used to describe AMs that are granular or have a 

vacuolated appearance under a light microscope (Minta et al.,  1985). These foamy 

AMs (FAMs) are often larger in size than their phenotype due to lysosomal lamellar 

bodies and engulfment of insolubilised, crystalline inhaled drug materials (Lewis et al.,   

2014; Patton & Byron, 2007). The observation of a FAM phenotype likely classifies a 

broad spectrum of biochemical reactions, which results in a highly vacuolated 

phenotype. Additionally, FAM responses are highly variable depending on the 

pharmaceutical agent, concentration, and exposure time to the alveoli (Lewis et al.,   

2014). Lewis et al. proposed the classification of these AMs based on their range of 

responses in the rat lung (see Table 1.1) 
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1.3.1 Classification of AMs responses 

1.4. Current in vitro AM models of the alveoli for inhaled 
pharmaceutical response 

Many viable assessment systems can be adapted to measure inhaled pharmaceutical 

responses. Figure 1.4 identifies how each system for preclinical and clinical outputs 

increases complexity. As the inhaled testing systems become more complex, from 

computational physicochemical measures to human studies, so do factors driving the 

choice of a system used. These factors include limiting the number of tested 

chemicals, increased expenses to run animal and human trials, and meeting ethical 

requirements. Each factor is carefully considered for the most appropriate and efficient 

output. 

Table 1.1 Alveolar macrophage responses in rats.   

A categorisation of AMs based on their range of responses to inhaled pharmaceuticals 

in the rat lung as discussed by (Lewis et al. 2014). NOEL: No observed effect level. 

Other clinical relevant pathologies include pulmonary alveolar proteinosis and 

phospholipidosis (Halliwell, 1997). Pulmonary alveolar proteinosis is described as a 

marked accumulation of surfactant lipids, most likely related to specific exposures, e.g. 

silica dust (Heppleston et al.,   1970). Drug-induced phospholipidosis is characterised 

by secondary inflammatory changes and long-term fibrosis (Forbes et al.,   2014). 
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Systems include in silico, in vitro, ex vivo and in vivo approaches (Ehrhardt and Forbes 
2008). 

In vitro, alveolar models predictive of the human response to inhaled medicines have 

been identified as valuable predictive tools to provide supplementary data for 

designing and interpreting inhalation toxicity in in vivo models and progress to the clinic 

(Forbes et al.,   2014). Furthermore, the 3R strategy (Replacement, Reduction and 

Refinement) recommends reducing animal usage, developing non-animal 

approaches, and improving scientific applications for animal welfare (Guhad, 2005). 

Consequently, in vitro models ranging from monocultures to multiple cell co-cultures 

and three-dimensional (3D) models of lung tissue have been developed (Alfaro-

Moreno et al.,   2008; Braydich-Stolle et al.,   2010; Carterson et al.,   2005; Crabbé et 

al.,   2011; Klein et al.,   2013; Kletting, 2016; Lehmann et al.,   2011; Rothen-

Rutishauser et al.,   2005).    

Figure 1.4 Illustration of a hierarchy of complexity of systems prior to clinical 

assessments of inhaled compounds. 
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In vitro human 3D alveolar cell culture models are presently in development to 

investigate the biological roles of AMs in human health and disease (Steimer et al.,   

2005) and in inhaled drug discovery research (Forbes et al.,   2014). However, their 

availability is limited because of poor cell characterisations and low commercial 

demands. The increased need for in vitro AM models is due to pressure from both 

government industrial strategies and animal rights organisations to ban animals in 

testing as established in the “testing ban” 2013 for consumer products. Pharmaceutical 

companies struggle to prove or disprove translational inhaled test results of candidate 

drugs in animals and extrapolate them to physiologically relevant human response 

outcomes. Additionally, there are a limited number of human alveolar cell sources 

(macrophages and epithelial) available to develop alveolar co-culture systems.  

The selection and generation of an in vitro model depend on the desired application; 

for example, bronchial cells are suitable for assessing inhaled medicines to proximal 

lung tissue. In order to generate translational data, it is critical that representative cell 

systems function similarly to cells types in situ (Steimer et al.,   2005). There are cell 

culture lung models available, but few represent alveolar drug delivery and response  

(Forbes et al.,   2014; Huh et al.,   2011; Steimer et al.,   2005). 

1.4.1 Primary macrophages  

The use of primary AM models to investigate the role of AMs in both health and disease 

is becoming prevalent, with most models used to investigate disease mechanisms and 

identify biomarkers (Lewis et al.,   2014). Bronchoalveolar lavage (BAL) is a commonly 

used technique to gain access to AMs from humans and animals but often yields low 

numbers and AM subpopulations among various subjects due to environmental 
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exposure and disease type (Hunninghake et al.,   1983; St-Laurent et al.,   2009; Taylor 

et al.,   2000). Studies have shown species sensitivity between BAL harvested AMs; 

human AMs were the least sensitive to effects of inhaled particles with lower 

phagocytic uptake of particles compared with rats and guinea pigs (Chen et al.,   1982; 

Schlesinger et al.,   1992). In addition to species differences discussed earlier, human 

AMs may be less sensitive to inhaled particulates than animal AMs because human 

cells are accustomed to external insults in situ. In contrast, housed animals are 

sheltered from birth, are obligate nose breathers and have narrower airway passages. 

These physical differences between human and rat airways mean their alveoli are 

exposed to different profiles of particulates (Schlesinger et al.,   1992). 

An alternative AM model uses peripheral blood monocytes isolated from donors and 

differentiated with GM-CSF, resulting in a consistent cell population phenotype 

(Trapnell et al.,   2002). These macrophages display lineage qualities similar to AMs; 

markers, Fc gamma receptors, adhesion molecules and scavenger receptors 

(Redente et al.,   2010; Tomlinson et al.,   2012). Biochemically, they respond to 

stimulants such as cigarette smoke similarly to AMs in vivo and ex vivo via signal 

transduction pathways (Karimi et al.,   2006). 

1.4.2 Alveolar macrophage cell lines 

Macrophage cell lines are frequently used as models to study mechanisms of 

macrophage responses to xenobiotics, including inhaled pathogens, particulate 

materials and, to a lesser extent, pharmaceutical compounds. Continuous 

macrophage cell lines regular to the literature are RAW 264.7 (mouse leukemic 

monocyte-derived) (Jalava et al.,   2007; Raschke et al.,   1978), and MHS (virus 
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transfected mouse alveolar macrophage) (Saxena et al.,   2008), J774.A1 (mouse 

reticulum cell sarcoma- derived). Commonly used NR8383 (normal rat alveolar 

macrophage cells) cells are considered a highly suitable cell line for investigating 

alveolar responses as they display multiple functional characteristics similar to that of 

primary alveolar macrophages (Hutter et al.,   2014; Rojanarat et al.,   2012), 

specifically the mannose receptor, which binds and internalises soluble and particulate 

materials (Lane et al. 1998).  

There are no human AM cell lines described in the literature, and primary AMs usually 

come from unhealthy smokers' lungs or diseased, compromised lung tissue through 

surgical access only. Potentially suitable AM-like cell lines are THP-1 (human leukemic 

monocyte derived-differentiated to monocyte-like macrophage through phorbol ester 

treatment) (Tsuchiya et al.,   1982) and HL-60 (Human leukemic myeloblast) 

differentiated in the presence of DMSO (Harris et al.,   1985).  

Other prospective cell lines used for alveolar macrophage responses to stimuli include 

U937 (human monocyte lymphoma cell line differentiated to alveolar macrophages in 

the presence of phorbol ester or vitamin D treatment). U937 cells and their 

differentiated phenotype have been reported extensively throughout the literature and 

are used for measuring AM responses to environmental and pathological stimuli (Vogel 

et al.,   2012). Studies support the suitability of using differentiated U937 cells to 

determine alveolar macrophage responses (Braydich-Stolle et al.,   2010; Larrick et 

al.,   1980).  

The use of a cell-line based model avoids many problems, including available cell 

numbers, variability, high costs and time-consuming procedures encountered while 
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working with primary cells (Forbes et al.,   2014). Monoculture cell models have 

improved our knowledge regarding particle interactions and nanomaterial toxicity (de 

Souza Carvalho et al.,   2014); however, the validity of any single myeloid or 

macrophage model system has yet to be fully verified, and challenges remain using in 

vitro systems for accurately determining their outcomes in response to inhaled 

particulates. There is a need for rigour in understanding macrophage models' 

morphological and functional characteristics to exploit these models to their full 

potential in inhaled drug delivery response. 

1.4.3 Alveolar epithelial culture models 

1.4.3.1. Primary cell models 

The development of an alveolar epithelium is often of primary interest when 

establishing responses to inhaled particulates. Primary cultures such as AECII and 

AEC freshly isolated from rabbit and rat alveolar epithelium, respectively, can establish 

a permeable barrier in vitro. Rabbit AECII are cultured as models for studying alveolar 

function in surfactant production (Finkelstein et al.,   1983; Kikkawa et al.,   1975). Rat 

AEC display qualities suitable for system transportation of drugs, caveolin-1 

expression and presence (AECI) or lack of caveolae (AECII) and investigation of 

biological characteristics such as differentiation by flattening, phospholipidosis 

secretion and generation of trans-epithelial electrical resistance (TEER) (Borok et al.,   

2002; Campbell et al.,   1999; Cheek et al.,   1989). Human alveolar epithelial primary 

culture (HAEpC), derived from human lungs, is a highly suitable approach for in vivo 

comparisons (Elbert et al.,   1999; Robinson et al.,   1984). HAEpC cells have similar 

characteristics to that of primary rat AEC. In addition, they exhibit tight junctions and 

cell-specific lectin binding (Elbert et al.,   1999). 
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Primary cultures of rat and human AECI cultures are the leading and most established 

alveolar epithelium in vitro systems presently available. A drawback remains for the 

use of HAEpC cells because of ethical considerations. Moreover, the material is 

commonly derived from tumour patients, which can lead to contamination of tumour 

cells and unknown patient variability’s, e.g., age, smoker or non-smoker and disease 

hereditary. These factors limit the ability of this model and make it unsuitable for first 

stage high-throughput screening. 

1.4.3.2. Cell line models 

A number of human and non-human lung epithelial cell lines are commercially 

available; however, few mimic the tight barrier formed by AECI cells compared with 

the commercially abundant AECII cells, which have limited applications in vitro. A new 

human alveolar epithelial cell line is the hAELVi cell (human Alveolar Epithelial 

Lentivirus immortalised). These immortalised primary cells are reported to display 

AECI-like characteristics and form a polarised cell layer with functional tight junctions 

and epithelial electrical resistance values in line with those recorded for primary 

alveolar epithelial cells/native human tissues. Moreover, hAELVi cells are proposed as 

suitable to model the air-blood barrier of the alveolar surface (Wirth et al.,   2016). 

For AECII type cells, the human cell line A427, derived from lung carcinoma, is suitable 

for measuring mucin gene expressions but not for pharmacological testing (Berger et 

al.,   2012). A549, human lung carcinoma, is a widely used and accepted in vitro model 

for pulmonary studies. The A549 cell line has many primary AECII, including synthesis 

of phosphatidylcholine (the major component of alveolar surfactant), possesses 

surfactant protein-ligand SP-A and secrete SP-B and SP-C (Rafael-Vázquez et al.,   
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2018). Furthermore, they do not form tight junctions and are thus not representative of 

the alveolar epithelial barrier function (Lieber et al.,   1976). Nevertheless, A549 cells 

are used as an in vitro tool to predict alveolar toxicity, metabolism and gene expression 

in vivo (Foster et al.,   1998; Hiemstra et al.,   2018).  

Another human cell line displaying characteristics of AECII in the NCI-H441 cell line 

derived from human lung adenocarcinoma. Although the cell line has not been used 

for drug absorption studies, evidence supports that H441 cells form monolayers of 

polarised cells, exhibiting a significant TEER (Shlyonsky et al.,   2005). Alveolar 

epithelial cell lines from other species have also been considered in the literature and 

include R3/1 and L-2 (rat), MLE-12 and 15 (mouse) and RLE-6TN (rat) (ATCC, 2002). 

The RLE-6TN rat AECII line model has been used to measure cytokine expressions, 

endoplasmic reticulum stress and epithelial to mesenchymal transitions in response to 

xenobiotic uptake (Driscoll et al.; Oda et al.,   2011; Tanjore et al.,   2011). It is unknown 

if the rat and mouse cell lines are suitable as a model for absorption studies as, 

similarly to A549 cells, they do not form tight junctions but are the current models for 

assessing inhaled pharmaceutical responses in the alveolar region. 

1.4.4 In vitro co-culture models of the lung 

Cell culture models are becoming an acceptable alternative to animal models due to 

many factors, including reduced costs compared to animals, the ability to predict and 

simulate pharmacological and toxicological outcomes, and the potential for high 

throughput. The 3R strategy (Replacement, Reduction and Refinement) advocates 

reducing animal usage, developing non-animal methods, and improving scientific 

methods for animal welfare (Törnqvist et al.,   2014). Recent advancements in in vitro 
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models with cultured cells have been reported in several studies that aim to develop 

better in vitro and in vivo correlations. Thus, in vitro models have been developed from 

monocultures to multicell cell co-cultures describing simple to more lifelike three-

dimensional (3D) lung tissue models. Models of interest for the current review are co-

culture models that contain alveoli cells and mimic alveoli conditions.  

Rothen-Rutishauser et al. developed a trans-epithelial network 3D model using trans-

well inserts represented by human AMs and dendritic cells (DCs) derived from human 

blood monocytes and alveolar epithelial cells; A549. Following particle exposure, 

particle uptake (1 µm) and translocation by the three cell types were reported (Blank 

et al.,   2007; Rothen-Rutishauser et al.,   2005). Further work suggested higher 

epithelial integrity of the model following replacement of A549 cell with human alveolar 

epithelial primary cells whereby tight junction protein zonula occludens-1 was regularly 

expressed, unlike in A549 cells (Lehmann et al.,   2011). 

Carterson et al. reported that a 3D culture model of A549 epithelial cells developed 

using a rotating-wall vessel bioreactor increased mucin-specific and cytokine markers 

expression compared to A549 monolayer culture. Also, 3D culture promoted tight 

junction formation and cell polarity similar to in vivo conditions (Carterson et al.,   2005). 

Crabbé and co-workers further developed Carterson’s monotypic 3D model into a 

multicellular complex of naturally differentiated U937 macrophages and A549 cells that 

displayed physiologically relevant morphological characteristics (Crabbe et al.,   2011).  

A tetra-culture composed of A549 cells, differentiated macrophage-like cells (THP-1), 

mast cells (HMC-1) and endothelial cells (EA.hy 926) seeded in a 3D orientation was 

reported to more closely resemble the in vivo organisation and functionality of the 
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alveolar region (Klein et al.,   2013). This system was optimised from a previous study 

(Alfaro-Moreno et al.,   2008) which, investigated the characteristics of single cultures, 

bi-cultures (A549 + HMC-1, THP-1 + HMC-1), tri-culture (A549 + THP-1 + HMC-1) and 

tetra-culture (A549 + THP-1 + HMC-1 + EA.hy926). Cytokine secretion was increased 

with increased complexity the systems mimicking cell-communications found in intact 

tissues (particularly the mast cell-macrophage crosstalk), and results generated 

corresponded better to report in vivo effects. 

Several articles report the successful development of alveolar co-cultures for 

particulate and pathogen exposure (Braakhuis et al.,   2016; Grabowski et al.,   2016). 

However, the majority of these co-culture models combine epithelial cells with 

endothelial or goblet cells (Rayner et al.,   2019), and few incorporate constructs with 

alveolar macrophages (Evans et al.,   2020; Kletting, 2016; Luyts et al.,   2015)). The 

toxicity of inhaled nanoparticles to the alveoli has increased interest through the recent 

advancements in nanotechnology. Nanoparticles dispersed in artificial lung surfactant 

were exposed to differentiated U937 or THP-1  (macrophage) cells co-cultured with 

A549 cells (Braydich-Stolle et al.,   2010; Grabowski et al.,   2016). Increased cytokine 

secretion and necrosis of AMs were detected by the presence of nanoparticles 

(Braydich-Stolle et al.,   2010; Grabowski et al.,   2016). 

Co-culture models of the rat alveolus have also been reported using the rat alveolar 

epithelial cell line RLE -6TN co-cultured with rat AMs via BAL (Tao et al.,   2002; S. J. 

Wang et al.,   2002). This model has shown sensitivity in response to environmental 

particulates. Reports suggest that responses to co-culture models are amplified than 

those of monocultures by contact-dependent interactions between epithelial cells and 

macrophages. Although particle uptake by macrophages did not differ between 
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monoculture and co-culture, particle-induced cytokine release in co-culture was 

significant (Tao et al.,   2002). Conversely, the opposite was reported for the same 

model when exposed to JP-8 jet fuel (Wang et al.,   2002). Cytokine release was 

reported to be higher in monocultures of both RLE-6TN and AMs than cultured 

together, suggesting cell signalling between cultures may provide a balance for 

cytokine secretion in response to stimuli. 

Macrophage response is heavily dependent on the type of stimuli it is exposed to and 

the physiochemical properties of the stimuli. Cell-cell communications between 

cultures of a model have been recognised, which further highlights the need for a 

suitable inhaled pharmaceutical testing system for alveolar in vivo -in vitro correlations. 

1.4.5 In vivo models 

In vivo models are mainly used for studying the pharmacodynamics, toxicokinetics and 

distribution of drug formulations in various lung regions of inhaled medicines (Nahar et 

al.,   2013). Anesthetised or conscious animals receive pharmaceutical compounds by 

various delivery techniques (e.g. nasal inhalation, insufflation, intratracheal instillation) 

with or without surgical intervention. Mice and rats have been widely used to determine 

the pulmonary pharmacology of large and small molecular weight drugs. The use of 

larger animals such as guinea pigs, rabbits, dogs, sheep, and monkeys has also been 

reported (Cryan et al.,   2007), although their use is restricted due to the high cost and 

standard operating procedures required to house and handle larger animals. It is 

crucial that variation in animal physiology is considered when exposing models to 

inhaled formulations. Variations in animal size, breathing patterns and lung capacity 

can lead to disparities in pharmacodynamic and pharmacokinetic profiles (Cheng et 

al.,   2010).  
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1.4.6 Ex vivo models 

Isolated perfused tissues are a well-established ex-vivo approach to study the 

mechanisms of drug transport, disposition and efficacy in the lung while retaining its 

structural and functional integrity. Some isolated perfused tissue models can provide 

a more realistic correlation with in vivo studies when compared to single-cell models 

(Nahar et al.,   2013).  

Isolated perfused lung models have been developed for rodents such as rats (Byron 

et al.,   1986), mice and rabbits (Bleyl et al.,   2010). As animal models do not 

anatomically represent the human lung, ex-vivo, isolated perfused human lung models 

have also been developed with tissues sourced from transplantation rejection (Nahar 

et al.,   2013). However, the allocation of human lungs for research is through a closed 

group process, and availability is restricted to qualifying research groups who receive 

either whole lungs, individual lobes, airways or isolated cells for assessment of 

pathophysiology of acute lung injury or testing of new therapeutics (Ross et al.,   2019). 

Unfortunately, the high demand for ex- Vivo- lungs in research outweighs their 

availability and users must meet ethical requirements. Furthermore, the donor's lungs 

are often sourced from patients with lung injury such as pulmonary oedema or insults 

from smoking which questions the suitability of this model for safety and efficacy 

assessment of inhaled therapeutics for the small airways (Bhowmick et al.,   2016; 

Ross et al.,   2019). Nevertheless, ex vivo human lung models have gained recognition 

for clinical applications in gene and stem cell therapies (P. G. Chan et al.,   2020). 
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1.4.7 In silico models 

In silico modelling refers to using computational methods employed for drug target 

validation and prediction of toxicity. In silico toxicology uses computational resources 

(i.e., methods, algorithms, software and data) intertwined with in silico pharmacology 

to model, simulate and predict the toxicity of chemicals for non-clinical and clinical 

outputs (Raies et al.,   2016). Computational methods are commonly used for 

transdermal and oral absorption studies and blood-brain barrier permeability pathways  

(C. Ehrhardt et al.,   2008). More recently, in silico approaches have been employed 

for inhalation toxicology studies and could help predict the toxicity of chemical 

compounds after inhalation exposures (Clippinger et al.,   2018). Inhaled compounds 

may be deemed “fit for purpose” through multiple assessments needs such as 

prioritisation, regulatory hazard identification for lethal concentration 50% (LC50) and 

quantitative risk assessment (Bell et al.,   2018). In silico strategies currently employed 

in toxicity assessment include empirical grouping approaches, quantitative structure-

activity relationship (QSAR) analyses and mechanistic computational dosimetry 

models (Clippinger et al.,   2018). These approaches are based on the principle that 

similar compounds are expected to exhibit similar biological activities in situ. 

Currently, computational methods aim to complement in vitro and in vivo toxicity tests 

to minimise the need for animal testing and reduce the cost and time of toxicity tests 

(Raies et al.,   2016). There are commercial interests in developing in silico methods 

to predict estimated ranges of LC50 values. Such values could be used for better 

hazard classification and provide mechanistic information on how inhaled compounds 

cause systemic toxicity in humans, thereby leading to better Characterisation of their 

potential hazards than existing in vivo methods and in in vitro and in 

vivo extrapolations (Clippinger et al.,   2018; Koullapis et al.,   2019). 

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/quantitative-structure-activity-relationship
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/quantitative-structure-activity-relationship


 Introduction to The Lung    28 

1.5. Model selection for inhaled pharmaceutical response 

1.5.1 Selection of human representative models 

Many species are available to study the disposition of drugs in the lungs. It is important 

to consider cells and tissue orientation in the lung whilst selecting an in vivo model to 

extrapolate the findings to humans. Anatomically, the human lung is different in many 

aspects, as discussed previously. The parameters of cells in the alveolar region of the 

lungs of rats, dogs, baboons and humans are shown in Table 1.2 (Crapo et al.,   1983).  

 

Adapted from Crapo et al.,   1983. 

Studies have reported significant interspecies differences in alveolar macrophage 

physiology between humans, rats, hamsters and monkeys. In addition to the human 

lung containing a higher percentage of macrophages than other species (Krombach et 

al.,   1997),  rat and mouse alveolar macrophages have demonstrated different 

susceptibilities to single and repeated xenobiotic exposures (Oosting et al.,   1991). 

Furthermore, the rate and ability of AMs to phagocytose and clear particles are 

Table 1.2 Morphometric parameters of cells in the alveolar region of rat, dog, 

baboon and human lungs.  
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dependent on the cell size of AMs, which is an inherent characteristic of the species 

(Krombach et al.,   1997). 

The thickness of the pleura and the interlobular connective tissue in the human lung is 

also significantly greater than rats and monkeys whose interlobular connective tissue 

is less prevalent (Nikula et al. 2001). It has also been demonstrated that these species 

are more likely to accumulate macrophages in the interstitium in response to insoluble 

environmental particulates (Nikula et al.,   1997, 2001). Therefore, caution must be 

taken when extrapolating the sensitivity of an in vivo response to inhaled stimuli as the 

differences between human and animal lung anatomy and physiology are significant. 

Observations in in vivo alveolar responses to inhaled particles are not necessarily 

directly predictive of human responses to the same xenobiotics (Forbes et al.,   2014; 

Hoffman et al.,   2017). Further investigations in species-specific macrophage biology 

would help understand the differences in responses to inhaled pharmaceuticals.  

1.6. Summary 

The lung is a major route for the delivery of pharmaceuticals due to its accessibility. It 

delivers local and systemic treatment, gene therapies and vaccinations. Rat models 

are commonly used to assess toxicity profiles of new drug formulations, but 

anatomically they are not compatible and show different hypersensitivities compared 

with humans. Furthermore, physiological AM responses in vivo have been observed 

following inhaled treatments, and further investigation is required in defining them as 

adaptive or adverse events.  

Several in vitro studies have been performed on mono-cell type cultures of 

monocyte/macrophage cells. These studies do not fully reflect the multicellular 
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complexity in in vivo tissues, given that; cellular interactions within the alveoli and the 

cellular crosstalk between the epithelial cells and macrophages are essential for innate 

defence. AMs work to eliminate inhaled particulates and trigger immune responses in 

the alveolar epithelium, such as increased immune function and cytokine production. 

There is also a commercial need for alveolar tissue models with 3D architecture and 

multicellular characterisations to consider the role of AMs and other alveolar cells (e.g., 

epithelial cells) in predicting the safety and efficacy of new compounds in a reliable 

and reproducible manner.  

In order to develop a robust in vitro AM human lung model, a suitable, well-

characterised cell model representing the human alveolar macrophage needs to be 

identified. This development proves challenging because no human AM cell lines are 

readily available. Whilst tissue and blood-derived monocyte cells (primaries and cell 

lines) are differentiated by various stimuli to generate mature monocytes/ macrophage, 

the methodologies available to differentiate and validate these cell lines are heavily 

variable, and the extent to how accurately these represent AM specifically is largely 

unreported. Validation of macrophage cells and their phenotype differ due to the lack 

of standardised terminology of morphological and phenotypical thresholds compared 

to other macrophage cell lines, highlighting the need to characterise a cell model which 

similarly represents human AMs.  

Once this is achieved, developing a more representative immunocompetent co-culture 

model of the human alveolus can support chemical manufacturing companies to 

determine their future products without using animals safely. 
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1.7. Thesis Aims 

Several in vitro lung models have been described and are used to evaluate the impact 

of inhaled substances, including chemicals, nanoparticles, microorganisms and toxins. 

However, most in vitro lung models aim to represent the upper airways and bronchiolar 

regions. There is a need for models of the lower airways and alveolar region that are 

physiologically representative with functional immune and barrier characteristics. 

Furthermore, many co-cultures of the lower airways currently use alveolar epithelial 

cells that fail to maintain suitable barrier properties and do not represent human 

physiology. Thus, two cell line-based co-culture models comprising alveolar epithelial 

type I or type II cells with differentiated monocytes to alveolar like macrophages was 

established.  

To facilitate medium to high-throughput screening and decision making for “go” or “no-

go” developments of new drug candidates based upon output readings from AMs, 

better understanding immunological responses by AMs mimicking healthy state 

conditions was addressed.   Reproducible alveolus co-culture models were assessed 

for lower airway suitability. For this purpose, the well-established AECII cell line, A549 

or newly established AECI cell line, hAELVi, was combined with the recently validated 

differentiated AM (U937 cell line). Suitability of epithelial function for both AECs and 

immunological responses of macrophages, when combined in co-culture via continued 

health state models, was established. In addition, immunological co-culture models 

should be designed to allow individual cell type assessments following exposure to 

drug compounds to assist in ease of translational read-across for in vivo and ex vivo 

correlations. 
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The first part of this thesis includes the differentiation and Characterisation of the U937 

cell line in the presence of a range of PMA concentrations and incubation times to 

represent alveolar like macrophages and compare them to ex vivo human AMs. 

Characterisation was examined for cellular morphology by light microscope, cell 

functionality by flow cytometry (FC), cultured cell heterogony by microarray analysis 

and cell viability by absorbance. 

The second part of this thesis includes validation of hAELVi and A549 cells cultivated 

at air-liquid interphase (ALI) and liquid-liquid conditions (LLC) concerning its barrier 

properties determined by measurement of transepithelial electrical resistance (TEER), 

the set-up and characterisation of the epithelial cell/ macrophage (AECI/ U937 and 

AECII/ U937) co-culture models with regard to the examination of cellular morphology 

by light microscopy, cell viability by absorbance measures, cellular interactions and 

cell functionality by FC for macrophages and barrier properties by TEER for epithelial 

cells.  

The last part of this thesis includes the application of high content image staining and 

analysis to co-culture models AECI/ U937 and AECII/ U937 at ALI to antiarrhythmic 

drug amiodarone. The high content image analysis assay was developed as part of 

the NC3R’s (National Centre FOR 3R’s) funded CRACK IT inhalation challenge 

consortium, used to provide a detailed morphological characterisation of human 

alveolar-like macrophages to known and unknown drug candidates. This assay 

provides a basis for developing quantifiable and visual methods to predict or 

understand macrophage vacuolation following inhaled drug exposure. The assay was 

adapted to assess macrophage health from co-culture models rather than single-cell 

AM monocultures. In this respect, the impact of amiodarone on macrophage cell health 
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in co-culture with epithelial cells was determined at ALI. The system was further 

evaluated regarding cytotoxicity and macrophage functionality.  

In summary, the overall aim of this thesis was to successfully standardise 

differentiation of the U937 cell line to alveolar like macrophages, establish a co-culture 

model of the human alveolus in the healthy state. This model should serve as a tool to 

categorise macrophage responses to new drug candidates and chemicals and 

contribute to the development of new inhaled drug formulations and products to the 

market.



Chapter Two 

Materials and Methods 

 

2. Materials and Methods 

2.1. Materials 

2.1.1 Equipment 

All fluorescent and luminescent samples were analysed using the Promega 

Luminometer Glomax (Southampton, UK). Assays using absorbance were read using 

the Multiskan Ascent plate reader (Loughborough, Leicestershire, UK) and BMG 

labtech CLARIOstar® (Aylesbury, Buckinghamshire, UK). Fluorescent 

immunocytochemistry data was collected using the Guava easyCyte™ 8HT Sampling 

Flow Cytometer (Watford, Herts, UK). Fluorescently stained samples were viewed 

using the Olympus microscope (Southend-on-Sea, Essex, UK). Images were captured 

using the GE Healthcare In Cell Analyser 6000 (Little Chalfont, Bucks, UK) or Nikon 

fluorescent microscope and EVOS FL Cell Imaging System from Thermo Fisher 

Scientific (Loughborough, Leicestershire UK). Immunoblots were visualised using 

myECL™ Imager from Thermo Scientific™. The transepithelial electrical resistance 

(TEER) was measured using an EVOM2 from World Precision Instruments 

(Stevenage, Hertfordshire, UK). 
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2.1.2 General reagents 

Unless otherwise specified, general reagents were obtained from Sigma Aldrich 

(Poole, Dorset, UK). Water used was ultrapure distilled (dH2O) MilliQ® 700 (Watford, 

Hertfordshire, UK), and all cell culture reagents were purchased sterile or sterilised 

before use by either autoclaving at 121 °C at 1 bar for 20 min or by filtration through a 

0.22 μm Whatman sterile filter. Phosphate buffered saline (PBS) was at pH 7.4 without 

calcium and magnesium. 

2.1.3 Cell culture reagents 

U937 and A549 cell lines were obtained from the American Type Culture Collection 

(Teddington, Middlesex, UK). All cell lines were cultured using foetal bovine serum 

(FBS) non-USA origin from Sigma (Poole, Dorset, UK). hAELVi cells were obtained 

from InSCREENeX GmbH (Inhoffenstr, Braunschweig, Germany). RPMI-1640 

medium, phosphate-buffered saline, penicillin-streptomycin and trypsin-EDTA 

(ethylenediaminetetraacetic acid) from Sigma. hAELVi medium, basal supplement, 

coating solution and freezing medium from InSCREENeX GmbH. Culture flasks (75 

cm2, 25 cm2) and polyester Transwells® 0.4 μm (CL 3470) and 3.0 μm (CLS3472) pore 

size, 6 well (3.48 cm2), 24 well (1.12 cm2) and 96 well (0.33 cm2) were obtained from 

Corning Costar (Nottingham, Nottinghamshire, UK).  

2.1.4 Immuno-chemicals 

All conjugated mouse anti-human CD (cluster of differentiation) markers and isotype 

controls were purchased from BD Biosciences (Oxford, Oxfordshire, UK). Details 

regarding fluorescent antibodies CD11a, CD11b, CD14, CD36, CD206 and isotype 

control IgG1 κ, IgM κ and IgG2a κ are outlined in Table 2.1.  
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2.1.5 Compounds 

Amiodarone hydrochloride, dimethyl sulfoxide (DMSO), lipopolysaccharides (LPS) 

and phorbol 12-myristate 13-acetate (PMA) were purchased from Sigma. All 

compounds used were cell culture grade. 

2.1.6 Morphology and staining chemicals 

For cell health and morphology assessments, Cell Mask Deep Red, HCS Hoechst 

33342, MitoTracker Red and Image-It Dead Green were purchased from Invitrogen 

(Inchinnan, Renfrewshire, UK). Shandon™ Kwik-Diff™ Stains and DAPI from 

ThermoFisher Scientific. 
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2.2. Methods 

2.2.1 Cell culture 

2.2.1.1.  General cell culture 

For routine cell culture, all cell types were maintained in a humidified incubator at 37 

°C and 5 % v/v CO2, and medium supplemented with 1% v/v penicillin-streptomycin 

(10,000 units/ mL of penicillin, 10,000 µg/mL of streptomycin) antibiotic solution was 

replaced three times per week unless otherwise stated. Cells were passaged when 

confluency reached 80- 90 % of the T- 75 culture flask. FBS was heat-inactivated by 

incubation for 30 minutes at 56 °C in a water bath with mixing to inactivate 

complement. For adherent cells, cells were rinsed with 10 mL of pre-warmed PBS 

before incubation with 5 mL 0.25 % v/v trypsin/EDTA solution until a visual detachment 

of the cells occurred. Trypsin was inactivated by the addition of 7 mL of complete 

culture medium (CCM). The cell suspension was collected and centrifuged at 250 g 

for 5 min at room temperature unless otherwise stated. The supernatant was 

aspirated, and the resulting pellet was resuspended in CCM, and a portion of this was 

transferred to a new culture flask. Medium was pre-warmed to 37 oC unless stated 

otherwise. 

2.2.1.2. U937 cell culture 

Human, monocytic, U937 cells were obtained at an unknown passage number and 

further used for 20 subsequent passages. The cells were cultured in RPMI 

supplemented with 2 mM L-glutamine and 10 % v/v FBS. The suspension cells were 

passaged when 90% confluent using a 1: 10 split ratio.  



Chapter 2 - Materials and Methods   39 

 

Human alveolar epithelial cell lines A549 and hAELVi (hAELVi - human alveolar 

epithelial lentivirus immortalised) were cultivated onto coated T75 flasks or Polyester 

Transwell® membranes with a pore size either 0.4 μm, 3.0 μm in 100 L and growth 

area of 0.33 cm² (Corning: 3470; 3472) to 600 μL basolateral. Cells were seeded at a 

density of 1 x 105 cells/ cm² in either RPMI, supplemented with 2 mM L-glutamine, and 

10 % v/v FBS for A549 or small airway growth medium (hAELVi medium, basal 

supplement) containing 5% v/v FBS. Two days post-seeding, the seeded Transwell® 

filters were divided into two groups, one for culturing under liquid-liquid conditions 

(LCC) and the other at air-liquid interphase(ALI).  

2.2.1.3. U937 cell differentiation  

Cells were seeded at a density of 1.5 x 105 cells/ cm2 on 96, 24 and 6 well plates. 

Monocytes were induced to differentiate in 5 nM or 100 nM PMA cell culture medium. 

After the PMA addition, cells were incubated at 37 °C and 5 % v/v CO2 for up to 96 h, 

then further incubated with fresh CCM for 24 h (rest period).  

2.2.2 Human primary alveolar macrophages 

Human primary macrophages were obtained from the Helmholtz Institute for 

Pharmaceutical Research, Saarland University (Saarbrücken, Germany). Biopsy 

tissue from non-tumour lung tissue was obtained from patients undergoing surgery. 

Cells were isolated according to a protocol modified from Demling et al. (Demling et 

al. 2006). After dissection and enzymatic digestion of the lung tissue (Daum et al.,   

2012), the crude cell suspension was transported on ice and received within 3 days 

from surgery. Briefly, the crude cell suspension was washed three times in buffer (137 

mM NaCl, 5 mM KCl, 0.7 mM Na2HPO4, 10 mM HEPES, 5.5 mM glucose, pH 7.4) and 



Chapter 2 - Materials and Methods   40 

 

filtered with a cell strainer (100 μm pore size; Becton Dickinson, Heidelberg, 

Germany). Alveolar macrophages from the first filtrate were incubated with RPMI 

medium containing 5 % FCS and 1 % v/v penicillin-streptomycin on a Petri dish for 2 

h to allow the macrophages to adhere.  Alveolar macrophages were rinsed with RPMI 

and incubated in RPMI CCM with fluorosperes (see section 2.2.5.1.2) or fixed with 3.7 

% PFA by the Ehrhardt group (Biomedical Science Institute, Trinity College Dublin, 

Ireland) for further processing. The use of human material was approved by the 

Saarland State Medical Board (Saarbrücken, Germany). 

2.2.3 Human alveolar epithelial cell lines 

Human alveolar epithelial cell lines A549 and hAELVi (hAELVi - human alveolar 

epithelial lentivirus immortalised) were cultivated onto coated T75 flasks or Polyester 

Transwell® membranes with a pore size either 0.4 μm, 3.0 μM as recommended by 

the manufacturer’s guidelines and growth area of 0.33 cm² (Corning: 3470; 3472). 

Cells were seeded at a density of 1 x 105 cells/ cm² in either RPMI, supplemented with 

2 mM L-glutamine, and 10 % v/v FBS for A549 or small airway growth medium (hAELVi 

medium, basal supplement) containing 5% v/v FBS. Two days after seeding, the 

seeded Transwell® filters were divided into two groups, one for culturing under liquid-

liquid conditions (LCC) and the other at air-liquid interphase (ALI).  

After two days of cultivation, cells were raised to the ALI by the removal of media in 

the apical compartment. The culture of the medium was then completely aspirated, 

and the cells were further fed from the basolateral compartment, i.e. 600 μL 

basolateral only, as described by Kletting (Kletting, 2016). The medium was changed 

every second day. To characterise and compare cell growth of A549 and hAELVi cells 
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under both LCC and ALI culture conditions. TEER measurements were performed for 

up to 20 days. On days 7 and 14, the cells were fixed and stained for 

immunocytochemistry, or transport studies were conducted.  

2.2.4 Co-culture cultivation and assembly 

2.2.4.1. Cell cultivation 

Human monocytic U937 cells derived from the pleural cavity (passages 2- 20) were 

seeded (day 0) at 1.5 x 105 cells/ cm2 in a 24 well plate with 100 nM PMA (dissolved 

in DMSO; <1 % v/v) in complete RPMI medium (10% v/v FBS, 1% v/v pen-strep, 2 

mM L-Glutamine). As previously validated, cells were incubated for 72 h at normal cell 

cultivation conditions to differentiate the cells to mature macrophages. Following PMA 

incubation (day 3), media was replaced with fresh CCM and incubated for a further 24 

h to give the cells a rest period. After the 24 h rest phase (day 4), U937/ MØ were 

ready for co-culture assembly. U937/ MØ cells were prepared in line with when 

epithelial cells were ready (i.e. day 7 for A549 and day 12 for hAELVi cells) at ALI on 

0.4 μm Transwell® membranes. 

2.2.4.2. Model assembly 

Inserts were rinsed with RPMI prior to assembly with U937/ MØ. Model was 

assembled with epithelial cells on the apical Transwell® membrane and U937/ MØ on 

the basolateral / base of the well. Each model was incubated at normal cell cultivation 

conditions in RPMI for 24 h before further testing, i.e. toxicity studies. 
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2.2.5 Cell revival 

Cells were removed from liquid nitrogen storage and rapidly thawed to room 

temperature. Immediately, the cells (approx. 1 x 106 cells/ mL) were transferred into a 

15 mL conical centrifuge tube containing 10 mL of pre-warmed medium, centrifuged, 

re-suspended in 2 mL medium and transferred into a culture flask containing CCM. 

For adherent cells, CCM was replaced the following morning. 

2.2.6 Cryopreservation 

Cells were removed from the culture flask as previously described for each cell type 

and centrifuged. The cell pellet was resuspended in a 1.5 mL ‘freezing medium’ 

comprising a complete growth medium supplemented with 10 % (v/v) DMSO for U937 

and A549 or hAECLVi freezing medium hAELVi cells. Approximately 1.5 x 106 cells/ 

mL were transferred to cryogenic storage vials, placed in an isopropanol containing 

cryo-container (Mr Frosty™) and stored in a -80 °C freezer. After 24 h, vials were 

relocated to liquid nitrogen for long term storage. 

2.2.7 Viability assays 

2.2.7.1. Trypan blue cell viability exclusion assay 

For the trypan blue exclusion cell viability assay, a small volume (20-100 μL) of cell 

suspension was added (1:1) to an equal volume of trypan blue 0.4 % w/v. The cell 

suspension and trypan blue were gently mixed by vortex and 10 µl loaded onto a 

haemocytometer and visually examined under a microscope at low magnification (x 

10). Cells were counted in three outer squares when cell count remained within a 10% 

range per square, and results averaged. The trypan blue-stained cells (non-viable) 

were excluded from the count. 
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2.2.7.2. Cytotoxicity 

Cytotoxicity was determined using the CytoTox-ONETM Homogeneous Membrane 

Integrity Assay kit purchased from Promega (Southampton, UK). The assay was 

performed according to the manufacturer’s instructions. Briefly, 50 µl of cell 

supernatant was incubated with 50 µl CytoTox-ONETM reagent in the dark at room 

temperature for 10 min followed by 25 µl stop solution. Fluorescence (560 nm 

excitation and 590 nm emission wavelengths) was measured using the fluorimeter (n= 

3 replicates within the same experimental system). 

2.2.7.3. MTS assay 

The CellTiter 96® AQueous One Solution Cell Proliferation Assay (MTS) reagent was 

purchased from Promega. The assay was performed according to the manufacturer’s 

instructions. Briefly, 100 µl cell suspension was incubated with 20 µl MTS reagent and 

incubated at 37 oC for 2 h. Absorbance was measured at 492 nm using the absorbance 

plate reader (n= 3 replicates within the same experimental system). 

2.2.8 Morphological characterisation 

2.2.8.1. Preparation of cytology samples 

U937 cells were seeded at 5 x 105 cells/ mL onto 8 well Permanox® Nunc® Lab-Tek® 

Chamber Slides and differentiated with PMA (5 nM or 100 nM for 24- 96 h) followed 

by a rest period of 24 h. The supernatant was removed, and the chambers were rinsed 

with PBS and incubated in cold 3.7 % w/v paraformaldehyde for 15 min, followed by 

immersion in PBS for up to 7 days. Samples were stored at 4 oC until processed.  
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2.2.8.2. Cytological staining 

PBS was removed, and chambers were extracted from slides using the manufacturer's 

guidelines. The slides were allowed to air dry at room temperature. Using Shandon™ 

Kwik-Diff™ stain kit, the samples were submerged five times, for one second each, 

into stain 1 (eosin), allowing the excess solution to drain after each dip and five times, 

for one second each, into stain 2 (methylene blue). Slides were rinsed in dH2O until 

the colour ran clear and mounted with glycerol and coverslip for imaging. 

2.2.8.3. Toxicology study 

U937 cells were seeded at an optimal density of 5 x 105 cells/cm2 in 100 μl of complete 

cell culture medium onto bottom μclear black 96-well plates (Greiner Bio-One, 

Stonehouse, Gloucester, UK) or in 600 μl for 24 well plates. Cells were incubated with 

100 nM PMA for 72 h followed by a 24 h rest period. Following differentiation, cells 

were incubated with phospholipid inducing agent- amiodarone hydrochloride (0.03–

100 μM) in complete cell culture medium with 1 % v/v DMSO for 48 h alongside internal 

controls of either untreated cells, 1% v/v DMSO vehicle control, 200 μM carbonyl 

cyanide4-(trifluoromethoxy) phenylhydrazone (FCCP) mitochondrial activity positive 

control or 0.5% v/v Triton X-100 (TX-100) cell death control. 
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2.2.9 Immunofluorescent staining 

2.2.9.1. Surface marker antigens 

After the 24 h rest period, differentiated cells were detached mechanically using a 

pipette with 3 mL CCM and transferred to 15 mL centrifuge conical tubes. The cell 

suspension was centrifuged at 250 g for 5 min. Recovery (> 90 %) of adherent cells 

from the well plate was verified via light microscopy. The supernatant was aspirated, 

and cells re-suspended in 1 mL of 10 % v/v human serum (from human male AB 

plasma, USA origin in PBS) blocking buffer and incubated for 20 min at 37 °C. Cells 

were rinsed with PBS, centrifuged (250 g for 5 min)  and the supernatant aspirated.  

Samples were incubated in 80 µl of staining buffer (5 % v/v FBS in PBS) (as 

recommended by the manufacturer) and either 5 µl or 20 µl (per 1x 106 cells) antibody 

specific for a receptor or with an immunoglobulin (Ig) isotype-matched control for 45 

min at 4 °C.  Following incubation, 100 µl of blocking buffer was added, cells were 

pelleted by centrifugation at 180 x g for 5 min at room temperature, and the 

supernatant was removed and repeated. Cells were fixed with 3.7 % w/v PFA for 15 

min at room temperature, then centrifuged. Finally, the cell pellet was re-suspended 

in 200 µl of PBS and transferred to a 96 well plate for flow cytometry analysis.  

For data analysis, each sample population was gated to only include viable cells based 

on their forward scatter and side scatter contours. A total of 5000 events were collected 

for each gated sample. Relative median fluorescent intensity (MFI) value is defined as 

[Relative MFI] = [MFI value of sample] / [MFI value of isotype], where the positive 

signal was determined as being more fluorescent (histogram showing a shift to the 

right) relative to its isotype control.  Raw data was analysed using Millipore Incyte 

software version 2.2.3. 
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2.2.9.2. Phagocytosis 

Macrophages were incubated with 1.0 µM carboxylate-modified FluoSpheres™ 

(ThermoFisher Scientific) for the identification of the phagocytic process in vitro. 

Carboxylate-modified FluoSpheres® beads have a high density of pendent carboxylic 

acids on their surface, making them suitable for covalent coupling of protein. 

Differentiated cells or primary macrophages were incubated with microsphere 

particles (1 cell: 30 particles) for 2 h in a dark, humidified incubator at 37 oC, 5% v/v 

CO2 in fresh CCM. Each sample was diluted with 100 µl CCM before centrifugation, 

and cells were rinsed twice using 200 µl PBS followed by incubation in 100 µl 3.7 % 

w/v paraformaldehyde for 15 min. Samples were stored in the dark at 4 °C in 200 µl 

PBS for a max of 7 days before imaging. Cells were imaged using the EVOS FL Cell 

Imaging System then resuspended by gentle pipetting for flow cytometric analysis. 

The engulfed fluorescent beads were detected using a fluorescence microscope 

measuring maxima excitation at 505 nm and emission at 515 nm. 

2.2.9.3. Viability 

Guava® ViaCount® Reagent provided precise and accurate assessments of cell 

suspensions allowing for quantitative analysis of cell count and viability. The ViaCount 

Reagent distinguished both viable and non-viable cells based on differential 

permeabilities of two DNA-binding dyes in the Guava ViaCount Reagent. The nuclear 

dye stains only nucleated cells, while the viability dye stains dying cells. The 

proprietary of dyes enabled the Guava ViaCount Assay to distinguish viable, apoptotic, 

and dead cells. Cell debris was excluded from results based on negative staining with 

the nuclear dye. Briefly, cells were resuspended with trypsin or by gentle pipetting. 
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According to the manufacturer's dilution guide, samples were diluted and stained with 

Guava ViaCount® Reagent in a sample tube or well plate. Accurate cell counting on 

the Guava system occurred at a concentration range of 1 x 104 up to 5 x 105 cells/ mL 

in the stained sample. In a 96 well plate, samples were diluted 1: 10 (cell suspension: 

ViaCount reagent) to ensure the appropriate concentration range for cell counting 

accuracy (between 10 and 500 cells/ μL). Samples were incubated in the dark at room 

temperature (19 oC) for 5 min before flow cytometric analysis using the guava Viacount 

assay. 

2.2.9.4. CD marker microarray  

In a 6 well plate, monocytic U937 cells at passage 5 and passage 25 were cultured for 

differentiation. Cells were differentiated at a density of 5x 105 cells/ mL in 100 nM PMA 

in complete media for 48 h followed by 24 h in fresh culture medium. After 

differentiation, the adherent cells were removed via gentle pipetting and pelleted by 

centrifugation at 250 G at 37 oC for 5 min.  The supernatant was aspirated and cells 

resuspended in fresh culture medium. The cell density was adjusted to 5x 106 cells/ 

mL in FBS. Halt Protease Inhibitor Cocktail from ThermoFisher Scientific was used to 

protect the protein from degradation by endogenous proteases released during 

protein extraction and purification. The protease inhibitor cocktail was added to give a 

1x final concentration. Samples were stored in liquid nitrogen and transported in dry 

ice.   

 

The samples were analysed by microarray technology for expression of CD-markers, 

a selected set of cytokines and additional relevant proteins by Sciomics, Heidelberg, 

Germany. There, proteins were extracted with Scio-Extract buffer using the extraction 

SOPs. BCA assay determined the bulk protein concentration. The samples were 
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labelled at an adjusted protein concentration of 1 mg/ mL for one hour with Scio-Dye1 

and Scio-Dye 2. After one hour, the reaction was stopped by the addition of 

hydroxylamine. Excess dye was removed 30 min later, and the buffer changed to PBS 

using Zeba Desalt columns (ThermoFisher Scientific). The arrays were blocked with 

Scio-Block on a Hybstation 4800 (Tecan, Austria), and the samples were incubated 

competitively. After incubation for 3 h, the slides were thoroughly washed with PBS 

detergent, rinsed with 0.1x PBS as well as water, and dried with nitrogen.  

 

During the commercial analysis, slide scanning was conducted on a Powerscanner 

using identical instrument laser power. Spot segmentation was performed with 

GenePix Pro 6.0 (Molecular Devices, Union City, CA, USA). The resulting raw data 

was analysed using the linear models for microarray data (LIMMA) package following 

calculation of the mean signal intensities. For normalisation, a specialised invariant 

Lowess method was applied. In the analyses, duplicate spots were accounted for. A 

one-factorial linear model was fitted with LIMMA to analyse the samples, resulting in 

a two-sided t-test or F-test based on moderated statistics. All presented p-values were 

adjusted for multiple testing via the Benjamini and Hochberg procedure.  

2.2.9.5. In Cell Analyser 

Differentiated U937 cells were exposed to amiodarone hydrochloride for 24 h. The 

protocol used is as described by Hoffman and co-workers (Hoffman et al.,   2017).  

Cells were assessed for health and morphology post-exposure by incubating them 

with a master mix- dye-containing Hoechst 33342 10 μg/ mL, MitoTracker Red 300 

nM, Image-It Dead Green 25 nM and fresh CCM for 30 min in a humidified incubator 

at 37 oC, 5% v/v CO2.  The master mix dye was carefully aspirated as not to remove 
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semi adherent cells and washed with 100 μL PBS. Cells were centrifuged at 380 g for 

5 min and fixed with 3.7 % w/v PFA for 15 min. Fixed cells were stained overnight with 

Cell Mask Deep Red diluted 1: 1000 in PBS (according to the manufacturer’s protocol) 

in the dark at 4 °C for up to 7 days. Before imaging, cells were washed once with 100 

μL PBS. Images were acquired using the In-Cell Analyser 6000 imaging system with 

a 40x objective with an exposure time of 0.1 seconds. Image analysis was performed 

using In-Cell Developer Toolbox v 1.9.2, Level 3 analysis (GE Healthcare, Little 

Chalfont, Bucks, UK). 

2.2.10  Transepithelial electrical resistance (TEER) 

TEER values were recorded to verify cell barrier integrity for the formation of tight 

junctions. For TEER measurements, chopstick electrodes were connected to an 

epithelial voltohmmeter EVOM system and sterilised in 70 % v/v IMS before use to 

measure TEER. Cells cultured at the ALI had 100 μl CCM added to the apical 

compartment, so the final volumes were 100 μl apical and 500 μl basolateral. Samples 

were allowed to equilibrate in an incubator for 1 h before conducting TEER 

measurements. Afterwards, the medium was aspirated, and the cells were cultured at 

ALI. An average reading from blank Transwell® insert without cells was deducted from 

the raw TEER value to account for the resistance (R) produced by the membrane and 

collagen treatment. TEER values were adjusted for area (M) of the Transwell® insert 

and stated in Ω.cm2 (39 Ω for 0.33 cm²). 

Where R tissue(Ω) = R total – R blank 

TEER values are reported (TEER reported) in units of Ω. cm2 and calculated as: 
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TEER reported = R tissue (Ω) × M area (cm2) (Srinivasan et al.,   2015). 

2.2.11 Transport studies 

According to previous protocols, transport experiments were conducted (Salomon et 

al.,   2014; Wirthet al., 2016) with minor modifications. Prior to starting the experiment, 

the epithelial cells at days 7 and 14 were washed twice in freshly prepared, pre-

warmed Krebs-Ringer Buffer (KRB; 116.4 mM NaCl, 5.4 mM KCl, 15 mM HEPES, 

5.55 mM D-Glucose, 0.81 mM MgSO4, 0.78 mM NaH2PO4 25 mM NaHCO3 1.8 mM 

CaCl2; pH 7.4) and were further incubated with KRB for 60 min at 37oC. TEER values 

were recorded before and after the transport study to verify cell layer integrity. To start 

the transport study, KRB was aspirated, and 150 μL of 50 μM fluorescein sodium 

(FluNa) in KRB ± 16 mM EDTA was added to the apical (donor) compartment, and 

450 μL KRB was put into the basolateral compartment (acceptor). Samples were 

directly taken from the donor (20 μL) at the start and end of the experiment and the 

acceptor compartment (200 μL) and subsequently transferred into a 96- well plate.  

Samples from the basolateral compartment were taken and replaced with 200 μL of 

fresh transport buffer every 15 min for 90 min. The samples were then measured using 

BMG labtech CLARIOstar® at 485 nm (em) and 520 nm (ex) wavelengths. Each 

experiment was run in triplicate.  

2.2.12  Proteome Profiler Human Cytokine Array  

The Proteome Profiler Human Cytokine Array Kit was purchased from R&D Systems 

(Abingdon, Oxfordshire, UK) and used for proteome profiling of human cytokines. The 

kit was a membrane-based multiplex immunoassay used to detect multiple cytokines 

in a single sample. Samples were mixed with a cocktail of biotinylated detection 
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antibodies and then incubated with the array membranes, which were spotted in 

duplicate with capture antibodies to specific target proteins (Appendix 1). Captured 

proteins were visualized using chemiluminescent detection reagents where the signal 

produced was proportional to the amount of analyte bound.  

Briefly, 500 μL cell culture supernatants were isolated from the U937/ MØ monoculture 

and epithelial cell co-culture at ALI and LLC. Particulates were removed by 

centrifugation at 250 g for 5 min, and samples were stored at ≤ -20 °C. 

The protocol was executed as described by the manufacturer. Briefly, 2.0 mL of 

blocking buffer was pipetted into each well of the 4-well multi-dish array. Each 

membrane was placed in a well of the 4-well multi-dish. The membranes were 

incubated on a rocking platform at 20 rpm for 1 h at room temperature (19 oC). Cell 

culture supernatant samples were thawed and added to 500 μL of kit supplied blocking 

buffer and adjusted to a final volume of 1.5 mL with array buffer 5. A 15 μL volume of 

reconstituted Human Cytokine Array Detection Antibody Cocktail was added to each 

prepared sample and incubated at room temperature (19 oC) for 1 h. Blocking buffer 

was aspirated from the wells, and the sample/antibody was added and incubated 

overnight at 2-8 °C on a 20 rpm rocking platform. 

After the elapsed time, each membrane was placed into individual plastic containers 

with 20 mL of 1X Wash Buffer. The 4-Well Multi-dish was rinsed with dH2O and air-

dried.  Each membrane was washed with 1X Wash Buffer for 10 minutes on a rocking 

platform shaker at 20 rpm and repeated twice for a total of three washes. Streptavidin-

HRP was diluted according to the manufacturer's protocol and 2.0 mL pipetted into 

each well of the 4-Well Multi-dish. The membranes were carefully removed from the 
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wash containers; excess buffer was allowed to drain from the membrane and returned 

to the 4-Well Multi-dish containing the Streptavidin-HRP. Samples were incubated for 

30 min at room temperature on a rocking platform shaker at 20 rpm. 

Membranes were again removed to individual plastic containers with 20 mL of 1X 

Wash Buffer, and the 4-Well Multi-dish was rinsed with dH2O and air-dried thoroughly. 

Membranes were blotted against a paper towel to remove excess wash buffer and 

placed on the plastic sheet protector. 1 mL of Chemi Reagent Mix was evenly pipetted 

onto each membrane. The membrane was covered with a top sheet of plastic sheet 

protector and incubated for 1 minute. The plastic was removed, and membranes were 

wrapped in cling film. Membranes were exposed for 17 min and 54 seconds and 

visualised with the myECL™ Imager (Thermo Fisher Scientific) in Chemiluminescence 

mode. Digital images of the films for analysis were saved as TIFF images.  

Image J software was employed to analyse the positive signals visible on developed 

film images. An overlay template of the array was aligned with the pairs of reference 

spots in three corners of each array. Each film was digitally stamped with an 

identification number to distinguish between test samples. Pixel densities on 

developed films were analysed using Image J analysis software. A circular template 

was placed around each spot on the film. Signal values for mean pixel density were 

calculated for each spot and exported to a Microsoft Excel spreadsheet file. Each 

visualised spot was manually identified, labelled with its corresponding cytokine, and 

the average signal (pixel density) of the pair of duplicate spots representing each 

cytokine was calculated. Using the background from the negative control spots 

(averaged), the difference in pixel density was calculated for each cytokine on each of 

the 8 films to determine the relative change in cytokine levels between samples. 
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2.2.13  General data management and statistical analysis 

For data analysis, the relevant data was exported into a Microsoft Excel (version 14, 

15 and 16) sheet, the mean ±standard deviation (SD) or standard error mean (SEM) 

was calculated for data obtained from cell viability assays and relative median 

fluorescent intensity ±SD for FC.  

Quantitative high content image analysis was performed using In-Cell Developer 

Toolbox v 1.9.2, Level 3 analysis (GE Healthcare, Little Chalfont, Bucks, UK). For 

morphometric data analysis, data outputs expanding over 100,000 data points were 

analysed using macro programming in Microsoft Excel.  

Using Incyte software version 2.7, the median data ±SD was calculated for flow 

cytometric analysis. The IBM SPSS software pack version 22 was used for statistical 

analysis to determine normal distribution (Levene’s test) and homogeneity of variance 

(Shapiro-Wilk test) of data. GraphPad Prism 5 software was used for detailed 

statistical analysis of parametric and non-parametric tests of one-way ANOVA or two-

way ANOVA and Kruskal Wallis, respectively. Where significance was determined for 

p< 0.05, multiple comparison post-hoc tests: Tukey, Bonferroni and Dunn’s test were 

applied depending on test group size. All graphs were generated through GraphPad 

Prism 

ImageJ (ImageJ bundled with 64-bit Java 1.8.0_112) was employed to view exported 

cell images from Incell Analyser and image overlay of fluorescent cells and analysis 

for human cytokine array pixel intensities. 

http://wsr.imagej.net/distros/win/ij153-win-java8.zip
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3. Validation of human monocytic lymphoma cell line-U937 as 

alveolar like macrophages 

3.1. Introduction 

In vitro, alveolar models are in demand to investigate the biological roles of alveolar 

macrophages (AM)s in human health and disease (Evans et al.,   2020; Steimer et al.,   

2005) and for in inhaled drug discovery research (Forbes et al.,   2014). To generate 

translational human in vivo data, cell systems must respond similarly to cells in situ 

(Steimer et al.,   2005). Cell culture lung models are available, but few represent 

alveolar physiology, and response and, additionally, most exclude macrophages 

(BéruBé et al.,   2009; Miller et al.,   2017).  

3D alveolar model constructed from established human cell lines avoids multiple 

problems, including changes in phenotype, finite life span, available cell numbers and 

high cost, commonly encountered during work with primary blood cells. Conversely, 

the validity of a single myeloid-macrophage model system has yet to be fully 

characterised. For over 35 years, myeloid cell lines: HL-60, THP-1 and U937 have 

been widely used as models for investigating monocyte-macrophage differentiation 

and biological mechanisms of differentiated cells (Gallagher et al.,   1979; Sundström 

et al.,   1976; Tsuchiya et al.,   1982).  
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Cellular differentiation of the monocytes requires a stimulus (i.e. DMSO, IFN-γ, retinoic 

acid, PMA, vitamin D3, granulocyte-macrophage colony-stimulating factors (GM CSF), 

either alone or in combination to induce maturational changes into macrophages 

(Harris et al.,   1985). The myeloid cell lines differ morphologically and biochemically 

in standard culture conditions and the following differentiation via a stimulant. 

Phenotypically, HL-60 cells are progenitors of granulocytes, whereas THP-1 and U937 

are progenitors of pro-monocytes and monocytes, respectively.  HL-60 and THP-1 

blood leukemic cells are less mature than U937 cells, which originate from a pleural 

effusion of histiocytic lymphoma and are arrested in a more advanced phase of 

differentiation (Chanput et al.,   2015; Harris et al.,   1985). 

Upon differentiation with GM-CSF, retinoic acid or DMSO, HL-60 cells fail to develop 

secondary granules and have been reported to transform along the eosinophil line 

(Metcalf, 1983; Newburger et al.,   1979; Padilla et al.,   2000). U937 cells exposed to 

PMA are reported to increase in size, acquire a lobulated nucleus, and replace 

cytoplasmic granules by vacuoles mimicking a more mature monocyte or immature 

macrophage (R Hass et al.,   1989; Minta et al.,   1985). Published reports state a 

similar differentiation outcome when THP-1 cells are exposed to PMA (Daigneault et 

al.,   2010). Both U937 and THP-1 cells can then be further transformed to classically 

activated M1 and alternatively activated M2 macrophages in the presence of 

lipopolysaccharide (LPS) and interleukin-4 (IL-4), respectively (Genin et al.,   2015; 

Taniguchi et al.,   2015). 
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A prospective cell line used for alveolar macrophage responses to stimuli is U937.  The 

human hematopoietic cell line U937 was derived from the pleural effusion of a 37-year-

old man with histiocytic lymphoma (Sundström et al.,   1976).  U937 cells have 

morphological and functional characteristics in line with those found in macrophages 

after chemical differentiation (Hass et al.,   1989; Sundström et al.,   1976). U937 are 

commonly reported to differentiate to alveolar-like macrophages in the presence of 

PMA or vitamin D treatment (Harris et al.,   1985). U937 cells and their differentiated 

phenotype can be found throughout the literature and are used for measuring AM 

cytotoxic responses to environmental and pathological stimuli (Vogel et al.,   2012), 

understanding biochemical pathways and mechanisms such as cell cycle, 

phagocytosis and inflammation (Ruijters et al.,   2014). The suitability of using 

differentiated U937 cells to determine macrophage responses are supported within the 

literature (Braydich-Stolle et al.,   2010; Larrick et al.,   1980). 

However, the methodology available to differentiate and validate these cell lines is 

largely variable, especially for U937 cells, whereby methodology for differentiation 

ranges significantly in cell densities, the concentrations of various stimuli, incubation 

and resting times (Table 3.1). Cell densities range from 2 x 105 to 2 x 106 cells/mL, 

PMA concentrations between 1 nM to 162 nM, incubation times range between 8 h to 

96 h and resting periods whereby the PMA is removed from the cells and replenished 

with fresh culture medium ranges from 0 h to 72 h. 

To advance AM response biology, protocol standardisation is required to facilitate 

comparable data exchange. Furthermore, validation of differentiated U937 cells and 

their phenotype differ due to multiple differentiation procedures and a lack of 

standardised terminology of morphological and phenotypical characteristics among 
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other macrophage cell lines (Harris et al.,   1985). As a result of there not being a 

standardised protocol for monocyte-derived macrophages phenotype and functional 

data from the literature cannot be directly compared. Thus, suggesting a possible need 

to characterise individual cell lines to their specificity profiles.  The availability of a 

standardised human alveolar-like macrophage cell line would provide a reproducible 

source for exploration of the process of the biochemistry and biology of an immune 

response to pharmaceutical or pathogenic stimuli and in the generation of an alveolar 

in vitro system. 

To better understand the responses of an AM-like model to external stimuli, 

characteristics of the U937 cells in their differentiated state also need to be well 

understood.  We hypothesise that ranges in the PMA differentiation protocol of U937 

cells may give rise to a variety of macrophage progeny. Additionally, there is a need to 

identify the most suitable differentiation protocol to generate alveolar-like macrophages 

which are phenotypically and functionally closer to native humans.
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3.2. Aims  

This chapter focuses on identifying an optimal differentiation protocol for the human 

lymphoma cell line (U937) to mimic an alveolar macrophage-like phenotype. 

Specifically, the objectives were to: 

• Identify human monocyte to alveolar-like macrophage PMA differentiation 

protocols within the literature 

 

• Assess the influence of differentiation protocol (PMA concentration and 

exposure time) on: 

o Cell health and proliferation 

o Cell morphology 

o Cell phenotype 

o Cell functionality 

 

• Evaluate the optimal differentiation protocol to generate cells with the closest 

characteristics to alveolar macrophages 
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3.3. Results 

3.3.1 Biomarker Identification of PMA treated U937 cells 

The Scio-CD antibody microarray targeted 81 CD -markers as well as additional 

relevant cytokines, chemokines and other proteins (Table 3.2 in Appendix I) and 

compared their expressions for treated cells (PMA treated) and untreated controls at a 

passage 5 (low) and passage 25 (high). The comparison results were summarised in 

the respective volcano plots (Figure 3.1 A and Figure 3.1 B). All significant (p<0.05) 

differential proteins were identified. 

3.3.1.1. Biomarker comparison of low and passage 25 for untreated and PMA 

treated U937 cells 

For the cell passages 5 and 25, both the untreated U937 cells were compared at a low 

and passage 25, PMA treated U937 cells were compared at a low and passage 25 

(Figure 3.1). Only two protein markers were identified to be differentially expressed 

where p<0.05 in the untreated U937 cells at passage 25, compared to its passage 5. 

These markers were CD 41 and Etoxin-1. In comparing passage 5 versus passage 25 

in the treated U937 cells, multiple protein markers were identified to be significantly 

expressed in passage 25: CD 6, CD 17, CD 45RA, and TSLPrec. 
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3.3.1.2. Biomarker comparison of PMA treated cells versus control cells 

Surface markers for treated PMA and untreated cells were identified in both groups. At 

passage 5, untreated U937 cells expressed biomarkers; CD 58 and CD 20 (Figure 3.1 

A). Similarly, for passage 25 untreated U937 cells, only CD 4 was significantly 

expressed (Figure 3.1 B). Thus, there was minimal surface marker expression in U937 

cells.  

U937 cells were found to significantly express multiple markers following treatment 

with PMA. At passage 5 treated U937 cells expressed biomarkers; CD 11a, CD 23, 

CD 25, CD 29, CD 33, CD 36, CD 45RA, CD 45RA, CD 54, CD 58, CD 8, FDC 

(Follicular dendritic cell), IL-15, TSLPrec (thymic stromal lymphopoietin protein 

receptor) (Figure 3.1 A). At passage 25, treated U937 cells expressed biomarkers; CD 

8, CD 11a, CD 17, CD 23, CD 29, CD 33, CD 36, CD 45RA, CD 45RA, CD 45RB, CD 

54, CD 54, CD 58, CD 62L, CD 147, Etoxin-1, IL-6, IL-7, IL-18, FDC, HLA I, TSLPrec 

(Figure 3.1 B). 
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3.3.2 CD Marker expression profile 

Five CD markers were selected from the CD microarray and current literature: CD 11a, 

CD 11b, CD 14, CD 36, and CD 206. Expressions of these markers were measured 

and quantitatively analysed using flow cytometry for PMA treated U937 cells and 

primary human alveolar macrophages. 

3.3.2.1. Effects of DMSO on U937 cells 

The effects of DMSO on U937 cells were determined by measuring changes in CD 

marker expression using flow cytometry as PMA was initially reconstituted in DMSO. 

The U937 cells were incubated in a 1: 5000 dilution of DMSO in CCM, the equivalent 

of that present in 100 nM PMA for 48 h followed by a 24 h rest period in fresh culture 

medium.  For all markers: CD 11a, CD 11b, CD 14, CD 36 and CD 206, no expression 

differences were detected in the DMSO treated U937 cells when compared to 

untreated U937 cells, and CD marker expression was lower than the PMA treated 

U937 cells (Figure 3.2). Therefore, at 0.001%, DMSO did not affect the CD marker 

expressions on U937 cells 
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Figure 3.2 Effects of DMSO on U937 cells and PMA treated U937 cells for surface 

markers.  

U937 cells were exposed to 0.001 % (v/ v) DMSO, 100 nM PMA or untreated (UT) for 

48 h followed by a 24 h rest period, where n= 5. The effects of DMSO on U937 cells 

were measured by comparing its median fluorescent intensity (MFI) to each treatment 

group: UT and PMA. No CD marker expression changes were detected between the 

UT and DMSO groups. MFI for DMSO treated cells were lower than PMA treated cells 

for all CD markers.  
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3.3.2.2. Differentiated U937-PMA CD marker profile 

U937 cells were exposed to either 0 nM (control), 5 nM and 100 nM PMA for 24 h, 48 

h, 72 h and 96 h in standard culture conditions followed by a 24 h rest period in fresh 

culture medium. CD marker expression following treatment with PMA was measured 

by flow cytometry, Figure 3.3. CD 11a (A) expression in untreated U937 cells increased 

over time. No significant difference (p<0.05) in the expression of CD 11a was observed 

between control and 5 nM. Treatment of 100 nM PMA significantly increased CD 11a 

expression compared to untreated cells, but the expression significantly decreased 

upon the increase of incubation time with PMA. No significant difference (p<0.05) in 

the expression of CD 11b (B) was observed at different time points. However, the 

treatment of 100 nM PMA was found to significantly (p<0.05) enhance CD 11b MFI 

compared to untreated cells. The presence of CD 14 (C) (Figure 3.3) was low for all 0 

nM, 5 nM, and 100 nM PMA treatment groups and treatment of 100 nM PMA 

significantly (p<0.05) increased CD 14 MFI compared to untreated cells. For CD 36 

(D), no significant difference (p<0.05) was detected for samples with different 

incubation time points or PMA concentrations.  Marker, CD 206 (E) was poorly 

expressed in the control and both treatment groups and showed no significant (p<0.05) 

differences between time points of the groups. 
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Figure 3.3 Expression profile comparison of selected CD markers in PMA treated 

U937 cells and primary alveolar macrophages.  

CD markers are: (A) CD 11a, (B) CD 11b, (C) CD 14, (D) CD 36 and (E) CD 206. U937 

cells were treated with (0 nM, 5 nM, and 100 nM) PMA for 24 h to 96 h followed by a 

24 h rest period in fresh culture medium. Expression of CD markers was measured by 

flow cytometry and are presented as median fluorescent intensity (MFI ± SEM). A two 

way ANOVA was used to determine significance for each treatment group, and 

Bonferroni post hoc test was employed when *:  p<0.05, ** : p <0.01 where n= 12 of four 

cell passages for U937 cells. Human primary AMs (pAM) were cultured, where n= 3 

patients. 
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PMA concentration and PMA incubation time did not significantly (p<0.05) alter the 

expression of CD 11a (Figure 3.3 A). Cell expression of CD 11a was within the range 

expressed in pAMs (0.67 ±126.68).  

There was a significant increase (p<0.05) in the expression of CD11b (Figure 3.3 B) 

when cells were exposed to all concentrations of PMA for all incubation times 

assessed. Exposure to 100nM PMA for above 72 hours resulted in a 4-fold higher 

expression of CD11b in comparison with cells exposed to 5 nM, in line with primary 

alveolar macrophage expression of CD11b (6.92 ±76.18) 

A significant increase (p<0.05) in the expression of CD 14 was determined when cells 

were exposed to 100 nM PMA for 72 h (8.96 ±4.64) compared to untreated cells (2.086 

±1.6346) (Figure 3.3 C) and were not significant. Independently, concentration had a 

significant effect on CD 14 expression. (p<0.05) Expression of CD  14 in the were in 

line with pAMs (6.1644 ±1.52106). 

No significant (p<0.05) differences were determined for CD 36 on cells in the presence 

of PMA (Figure 3.3 D). Expression of CD  36 was 3-fold higher in pAMs than in PMA 

treated cells. Exposure conditions of PMA incubation time or concentration did not alter 

CD 36 in cells. 

CD 206 was not expressed in U937 cells. There were no significant differences 

(p<0.05) in the expression of CD 206 (Figure 3.3 E) between exposure groups. Marker 

CD  206 was expressed in pAMs.  
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3.3.3 Phagocytic activity of PMA treated U937 cells 

The phagocytic ability of U937 cells, PMA-differentiated U937 cells, and pAMs were 

examined and compared (Figure 3.4, Figure 3.5). Monocytic U937 cells were naturally 

phagocytic without PMA stimulation suggesting the cells already possess 

macrophage-like characteristics. It was evident that culture conditions affected the 

functional profile of the cells. Culture conditions in this experiment included the length 

of time for cells in culture and to PMA stimulus.  Variability in the phagocytic activity 

regarding length in culture was evident for PMA naive cells and similarly for PMA 

treated cells with maximum phagocytic functioning at 48 h and 72 h post-seeding or 

PMA stimulation. 

Stimulation of U937 cells with PMA significantly increased cells ability to phagocytose 

1 uM beads compared to PMA naive cells. 

Both PMA concentration and incubation time were shown to have a significant (p<0.05) 

effect on the phagocytic function of cells. Additionally, 80% of the cells treated with 100 

nM at 48 and 72 h had phagocytic activity in accordance with primary AMs. Cells 

incubated with 100 nM PMA concentration for 48 h,72 h, and 96 h had significantly 

higher (p<0.05) phagocytic activity than untreFated and 5 nM PMA concentrations. 

Thus, 100 nM PMA achieved a significantly higher phagocytic proportion of the cell 

population in line with human primaries. 
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PMA induced cells were incubated with FITC tagged beads for 2 h and read on flow 

cytometer excited by 488 nm laser. The gated population was analysed for 

fluorescence on the Y-axis and forward scatter on the x-axis. Control shows a no bead 

sample, n= 1 on each graph.  
 

Figure 3.4 Determining the phagocytic ability of U937 cells following incubation with 

PMA. 
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Percentage of phagocytic cells (mean ± SEM) from PMA treated U937 cells. Cells 

were cultured with 5 nM or 100 nM PMA for 24 h -96 h and incubated with fluorescent 

1 uM beads. The phagocytic population was determined by flow cytometry. Data are 

shown for treatment groups n=9 for each time point for PMA and n= 3 for primary 

alveolar macrophage cells, p<0.01** and p<0.001***.

Figure 3.5 Comparison of Phagocytic activity of PMA treated U937 cells. 
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3.3.4 Morphology of differentiated U937 cells and primary AMs 

Monocytes, U937 cells were seeded onto 6 well chamber slides and incubated with 

PMA for 24 h, 48 h, 72 h or 96 h.  Cells were stained with Eosin, a common dye specific 

for the cytoplasm and methylene blue, specific for the cell nuclei. Phenotypic plasticity 

of cells was evident following PMA stimulation, and cells were irregular in shape 

(Figure 3.6). PMA naive cells were small, round cells with densely stained nuclei 

irregularly shaped nuclei with a high nucleus/ cytoplasmic ratio with minimal 

adherence. PMA induced cells displayed some morphological characteristics of 

alveolar macrophages, such as larger cell area: reduced nuclei/ cytoplasmic ratio 

compared to PMA naive cells and rounded nuclear uniformity among cells. Some PMA 

induced cells had a highly vacuolated cytoplasm (foamy cells) as well as extensive 

pseudopodia (Figure 3.6). 

The 5 nM PMA treatment group displayed increased adherence and cell clustering at 

48 h (Figure 3.6). Longer incubation of cells in 5 nM PMA at 72 h and 96 h resulted in 

a further loss of adherence and reduction in morphological macrophage similarities 

(Figure 3.6). The 100 nM treatment group displayed multiple morphological changes 

over incubation time of increased adherence after 24 h and cell clustering at 48 h, 

which reduced after 72 h. 

Vacuolation was evident in the treated 100 nM cells (Figure 3.6). Vacuoles were seen 

to increase in size over incubation time. After 96 h, cell structures became irregular, 

and approximately half of the cell population was reduced in size. 

Healthy pAMs adhered to the chamber slides following 2 h incubation in complete 

culture media. Differences were observed in cellular morphology; cells lacked 

uniformity in that some were large and rounded, whereas others were slightly 
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elongated.  Pseudopodia was evident in all samples, with some vacuoles present 

(Figure 3.6).
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3.3.5 Cell Health 

The health of U937 cells following PMA treatment at 24 h, 48 h, 72 h and 96 h with a 

24 h rest period in fresh culture medium was assessed by measuring: cell viability, 

mitochondrial activity, and cytotoxicity. 

3.3.5.1. Cell viability and proliferation 

Viability of U937 cells post-incubation with PMA was assessed using ViaCount reagent 

to determine both cell count and cell viability by flow cytometry. PMA naive cells 

significantly (p<0.05) proliferated over 96 h with more debris with increased time (Figure 

3.7 A). Viability and proliferation of cells treated with 5 nM PMA remained unaffected 

(Figure 3.7 B).  Viability was noticeably higher in the PMA naive U937 cells, which 

increased to 7 x 106 cells/ mL than the 100 nM treated U937 cells, which remained 

unchanged at 2 x 106 cells/ mL up to 96 h (Figure 3.7 C). Cell debris was significantly 

(p<0.05) elevated against viable 100 nM treated cells at 48 h, 72 h and 96 h. 
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U937 cells 

were incubated with 0 nM (A), 5 nM (B) and 100 nM (C) concentrations of PMA over 

24 h to 96 h timepoints. Cells were resuspended, and entire well contents were 

assessed using Viacount reagent via flow cytometry for total and viable cells/ mL 

(median± SEM) for 10,000 events, where n= 6.  A two-way ANOVA was used to 

determine significance for each treatment group, and the Bonferroni post hoc test was 

employed when *p<0.05. 
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Figure 3.7 Assessment of cell viability for U937 cells cultured in PMA. 
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In the absence of PMA, U937 cells displayed typical proliferative cell conditions 

increasing in total cell number and viable cell number (Figure 3.7 A), similarly for 5 nM 

PMA U937 cells (Figure 3.7 B).  In the presence of 100 nM PMA, U937 cell proliferative 

conditions were inhibited at 24 h, 48 h 72 h and 96 h (Figure 3.7 C). 
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Cells were seeded at 5x105 cells/ mL with no PMA (untreated), 5 nM or 100 nM PMA 

for 24 h (A) or 96 h (B) followed a 24 h rest period in fresh complete cell culture medium, 

which was exchanged every 48 h. Cell proliferation was assessed using Guava 

ViaCount assay via flow cytometry for 10,000 events. Results shown are 

representative for two repeated experiments performed in triplicate. Viable cells/ mL 

shown as mean ± SD. A one-way ANOVA was used to determine each treatment 

group's significance (*p<0.05). 
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Figure 3.8 Long-term proliferation profile of PMA treated U937 cells. 
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Proliferation and culture characteristics were not significantly (p<0.05) different for 

PMA naïve and 5nM PMA treated U937 cells.  U937 cells exposed to 5 nM PMA 

followed similar cell culture growth characteristics as PMA naive cells, which moved to 

exponential growth phase by day two for 24 h (Figure 3.8 A) and day three for 96 h 

(Figure 3.8 B) cell types. For the 24 h and 96 h PMA treatment groups, cell viability of 

PMA naive and 5 nM treated cells ranged from 1.5- 15 x105 cells/ mL and 4.9- 13 x105 

cells/ mL, respectively. Conversely, treatment of U937 cells with 100 nM PMA for 24 h 

and 96 h caused the cells to maintain a viability range of 1 x105 cell/ mL to 5 x105 cells/ 

mL without proliferating (p<0.05) for up to 17 days.  
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3.3.5.2. Metabolic activity of PMA treated U937 cells by comparison of two     

mitochondrial activity assays 

Mitochondrial activity was assessed using two individual assays: MTS assay (Figure 

3.9) and mitotracker dye on the flow cytometer (Figure 3.10). Mitochondrial activity was 

significantly (p<0.05) increased in both 5 nM PMA and 100 nM PMA treatment groups 

after 24 h compared to untreated control increase in mitochondrial activity of the 

untreated cells. No significant differences (p<0.05) between the treatment groups at 

48h, 72 h or 96 h were detected. Additionally, there were no significant (p<0.05) 

differences between 5 nM and 100 nM concentrations at each time point. Thus, U937 

cells displayed a natural increase in mitochondrial activity after 24 h post-seeding, and 

PMA did not influence their metabolic activity.  

For mitochondrial activity assessed by flow cytometry (Figure 3.10), no significant 

differences (p<0.05) were found between the treatment groups compared to control. 

After 24 h, there was a significant difference (p<0.05) in absorbance between cells 

exposed to PMA compared with untreated cells. However, after 48 h, no significant 

difference (p<0.05) was observed in mitochondrial activity of cells with/without PMA 

exposure. Viable primary AMs were not available for comparison. 
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Mitochondrial activity (MTS assay) was measured by OD 490 nm using the CellTiter 

96® AQueous One Solution Cell Proliferation Assay. The results shown are median ± 

SEM, where n= 3. A two-way ANOVA and Bonferroni post hoc test determined 

confidence interval (95%) for treatment groups: untreated control, 5 nM PMA and100 

nM PMA at time points: 24 h, 48 h, 72 h and 96 h where p<0.05*.  
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Figure 3.9 Effect of PMA on U937 cell mitochondrial activity determined by MTS 

assay. 
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Mitochondrial activity was measured by flow cytometry using MitoTracker Deep Red. 

The results shown are mean with MFI data points where n= 4. A one-way ANOVA 

determined significance of p<0.05 for treatment groups: 0 nM (untreated control), 5 nM 

PMA and100 nM PMA) at time points: (A) 24 h, (B) 48 h, (C) 72 h and (D) 96 h.  

 

 

 

Figure 3.10 Effect of PMA on U937 cell mitochondrial activity determined by flow 

cytometry. 
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3.3.5.3. Cell membrane integrity of PMA treated U937 cells by two cytotoxic 

assays 

Cytotoxicity of PMA exposure to U937 cells was assessed using two individual assays: 

Cytotox-one assay (Figure 3.11) and Image It-dead permeability dye (Figure 3.12). 

Extracellular concentrations of LDH were shown to significantly (p<0.05) increase after 

24 h for 100 nM PMA treated cells and after 48 h for 5 nM PMA -treated cells compared 

to untreated control (0 nM PMA). Increased exposure time and increased PMA 

concentrations up to 72 h significantly (p<0.05) affected cells resulting in increased 

permeability. Thus, PMA increases cell permeability in a concentration and time-

dependent manner. 

For the cytometric assay with Image It dead dye, no significance (p<0.05) was detected 

for adherent U937 cells exposed to 5 nM and 100 nM PMA compared to untreated 

control. Thus, PMA did not affect adherent U937 cell permeability.  

.  
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Membrane integrity was assessed by 560 nm using the CytoTox-One homogeneous 

membrane permeability assay. The results shown are percentage LDH released 

(mean ± SD) normalised to 0.1% Triton X-100 positive control where n= 3. A two-way 

ANOVA determined the significance of p<0.05, and Bonferroni post hoc test showed 

significance for treatment groups: 0 nM (untreated control), 5 nM PMA and100 nM 

PMA at time points: 24 h, 48 h, 72 h and 96 h where p<0.05*. 

 

Figure 3.11 Membrane Integrity of PMA treated U937 cells by Cytotox ONE assay. 
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Permeabilised cells were measured by flow cytometry for Image It dead dye. The 

results are mean with the median fluorescent intensity of 1000 gated events where n= 

5. A one-way ANOVA determined significance of p<0.05 and Tukey post hoc test, 

p<0.05* for treatment groups: 0 nM (untreated control), 5 nM PMA and100 nM PMA) 

at time points: (A) 24 h, (B) 48 h, (C) 72 h and (D) 96 h. 

 

 

Figure 3.12 Cytotoxic assessment of PMA treated U937 cells by Image It Dead. 
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3.4. Discussion 

3.4.1 Differentiation of AMs 

To measure and determine macrophage responses to inhaled pharmaceuticals, the 

development of a robust co-culture model representative of in vivo response is 

required, and therefore selection of an appropriate macrophage cell line is essential. 

The monocytic cell line U937 is readily available without the need to isolate them from 

animals or donors. U937s are established in the literature, are shown to yield 

reproducible results due to lack of inter-donor variability (Baek et al.,   2009; Sundström 

et al.,   1976) and have been documented as suitable response models to inhaled 

xenobiotics and pathogens. 

To better understand the responses of an alveolar macrophage model to external 

stimuli, characteristics of the U937 cells in their differentiated state also need to be well 

understood.  Monocyte U937 cells were differentiated to alveolar-like macrophages in 

the presence of PMA. Although U937 differentiation by PMA is well reported in the 

literature, the protocols vary considerably (e.g., cell density, PMA concentration, 

incubation times, and rest periods), which promote differentiation vary immensely. Cell 

densities range between 2 x 105 and 2 x 106 cells/mL, PMA concentrations are from 

1nM to 162nM, incubation times range from 8h to 96 h and resting periods whereby 

the PMA is removed from the cells, and they are replenished with fresh culture medium 

ranges from 0h to 72 h. It was hypothesised that changes to the PMA differentiation 

protocol of U937 cells might give rise to a heterogeneous macrophage phenotype. 

Additionally, there is a need to identify the most suitable differentiation protocol to 

generate alveolar-like macrophages. 
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3.4.2 Biomarker identification in PMA naive and PMA treated U937 cells 

Functional protein microarray technology is a powerful, high throughput tool for 

biomarker identification (Templin et al.,   2002) and has yet to be used for profiling 

cluster of differentiation (CD) markers in PMA naive and PMA treated U937 cells.  The 

microarray permitted identification showed differentiation of PMA naive and PMA 

treated U937 cells positive for the CD antigens on the microarray panel and determined 

if differences between low and passage 25s were apparent. 

In agreement with previous studies, our findings show that PMA treated U937 cells are 

abundant in surface markers. CD markers present on U937 exposed to PMA identified 

in the microarray and literature were: CD 4, CD 11a, CD 29, CD 33, CD 36, and CD 

54. CD 4 is often associated with T-cells, but it is known to be expressed on parent 

U937 cells, and expression is reduced following PMA stimulation, confirming its 

suitability as a monocyte biomarker for U937 as shown in published reports (Hewison 

et al.,   1992; Pelchen-Matthews et al.,   1993; Vigerust et al.,   2012). The expression 

of several markers (CD 8, CD 11a, CD 23, CD 29, CD 33, CD 36, CD 45RA (i), CD 

45RA (ii), CD 54, CD 58, FDC and TSLPrec) was found to be similar regardless of 

passage number and PMA exposure. 

CD 11a, CD 23, CD 29, CD 36, CD 54 and CD 58 have been demonstrated to be 

expressed on AMs extracted via BAL from humans (Lofdahl et al.,   2006; Taylor et al.,   

2000; C. Ward et al.,   2001). Marker CD 33 is involved in macrophage cell-cell 

interactions and signalling functions, but its expression on human AMs is unknown 

(Crocker, 2002). Additionally, CD 45 (lymphocyte common antigen) is expressed in 

humans, BAL extracted AMs, and the microarray highlighted increased expressions of 
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multiple epitopes compared with the untreated U937 (Altin et al.,   1997; Taylor et al.,   

2000). Similarly, for CD 58, there were two antibodies against this target; these two 

antibodies may not necessarily recognise the same conformation of the protein. It is 

possible that the recognition epitope is modified and the respective antibody cannot 

capture the protein anymore or that the protein has lost some conformational aspects/ 

conformation epitopes and is therefore not recognised anymore (Sela-Culang et al.,   

2013). 

Compared to the low and high number of cell passages, our findings confirmed that 

multiple markers for PMA treated U937 cells were more highly expressed in passage 

25 than those at passage 5. Similarly, markers Etoxin-1 and CD 41 were more highly 

expressed in PMA naive U937 cells at passage 25 than at passage 5. Surface markers 

CD 15 and CD 36 were highlighted as they were heterogeneously expressed, and the 

individual protein expression increased for the PMA treated cells investigated. CD 36 

could be a possible candidate for further analysis of alveolar-like macrophage 

development. 

The myeloid cell line U937 differentiates into adherent macrophage-like cells following 

exposure to either PMA or vitamin D3 (Harris et al.,   1985; Zhang et al.,   1994). These 

reports suggest that myeloid leukaemias are capable of terminal differentiation into a 

mature cell type. Conversely, PMA induced macrophage differentiation of U937 cells 

has been shown to generate a heterogeneous cell population (Minta et al.,   1985). To 

date, the evaluation of lymphocyte biomarker expression, other than that for 

macrophages on PMA differentiated U937 cells, varies significantly for U937 cells. One 

group describe the generation of a megakaryocyte following IFNγ stimulation of a PMA 

differentiated U937 cell subgroup identified by biomarkers CD 41 and CD 42 
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(Schneider et al.,   2009). Another study has shown the differentiation of U937 cells to 

dendritic cells induced by IL-4 and identified by CD86 (Python et al.,   2007). 

We need to consider the myeloid lineage of cells in the mononuclear phagocyte system 

in vivo and the ability of these cells to differentiate to multiple cells types. It is, then, 

possible to understand that PMA induced U937 cells could express markers 

heterogeneous to macrophages such as T- cell co-receptor CD 8, follicular dendritic 

cell (FDC) and other antigen-presenting cell characteristics (Rasaiyaah et al.,   2007; 

Stonehouse et al., 1999). The studies described in this chapter showed that protein 

biomarker expression of FDC was significantly (p<0.05) elevated in PMA treated U937 

cells compared to their phenotype at 3-fold higher at both a low and passage 25. Thus, 

FDC could act as a suitable internal control for future AM generation and validation 

work.  

Interleukins and other surface proteins on differentiated U937 cells varied in 

expression compared to their phenotype at a low (IL-15 and TSLPrec) and high (IL-6, 

IL-7, IL-18, FDC, Etoxin-1, HLA I and TSLPrec) passage number. These proteins are 

responsible for regulating the immune system, cell-cell interactions and inflammation 

signalling (Liles et al.,   1995). Our findings showed that TNFα was not expressed in 

PMA induced U937 cells. Hence, PMA exposure did not stimulate a TNFα 

inflammatory cascade but did initiate regulatory cell biomarker characteristics. 

CD 11a and CD 36 were selected as suitable AM biomarkers because they are strongly 

supported in the literature as markers for human AM. Moreover, in the protein 

microarray, these markers were shown to be significantly (p<0.05) expressed in U937 

cells once induced with PMA. Multiple studies have used CD 11b and CD 14 as 
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markers of macrophage response in PMA differentiated U937 cells, Table 3.1. 

Because these markers were not found to be expressed in the microarray, their 

expressions might only become upregulated under specific differentiation conditions. 

Additionally, reports describing expressions of the mannose receptor CD 206 are 

contradictory (Minafra et al., 2011; Taniguchi et al.,   2015).  Therefore, CD 11a, CD 

11b, CD 14, CD 36 and CD 206 were selected for profiling PMA induced U937 cells to 

compare to ex vivo human AMs.   

3.4.3 CD biomarker differentiation profiles 

The expression of multiple surface markers during differentiation by PMA at 24 h, 48 

h, 72 h and 96 h each followed by a rest period of 24 h in fresh culture medium at 0 

nM, 5 nM, and 100 nM concentrations were observed with the primary aim to determine 

if variances in the differentiation protocol affected surface membrane expression 

profiles.  

Heterodimeric integrins, CD 11a and CD 11b, function as adhesion molecules on 

macrophages (Viksman et al.,   2002; C. Ward et al.,   2001). In agreement with a 

previous report, the abundance of CD 11a and CD 11b in PMA induced U937 cells 

was significantly higher (p<0.05) compared with control (García et al.,   1999). 

Conversely, Prieto et al. describe a higher abundance of CD 11a and CD 11b in 

untreated U937 cells (Prieto et al.,   1994). Our findings show CD 11a is a marker for 

both untreated U937 and differentiated U937, and under standard culture conditions, 

the expression of CD 11a increases significantly over time in untreated U937 cells. 

Furthermore, the expression of CD 11a on differentiated cells is affected in a dose and 
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time-dependent manner. Incubation of 5 nM PMA for 96 h yielded comparable 

expression of CD 11 a to that of cells incubated with 100 nM PMA for 24 h.  

Identified as a macrophage marker, expression of CD 11b increases on PMA (20 nM) 

induced U937 cells in a time-dependent manner (Sordet et al.,   2002). Although unable 

to compare MFI values, the results in this study showed an increase in CD 11b 

expression of PMA exposed U937 cells with 100 nM but not with 5 nM concentration. 

Furthermore, Yamamato et al. describe a similar response (MFI: 20-25) of CD 11b and 

a dose-response to PMA after 24 h in line with our results after 24 h (T. Yamamoto et 

al.,   2009).  

CD 14 serves as a pattern recognition receptor in innate immunity for a variety of 

ligands and is synthesised and expressed by monocytes and macrophages only 

(Jersmann, 2005). Overall, CD 14 is poorly expressed (R Hass et al.,   1989); an 

increased level of the antigen on the cell surface of 100 nM PMA induced U937 cells 

was observed in these studies in line with previous reports using western blotting and 

flow cytometry. Increased CD 14 expression at 5 nM PMA for 48 h was in line with the 

result from  Hewison et al. (Hewison et al.,   1992).  

CD 36 functions as a pattern recognition receptor on phagocytes (Silverstein et al.,   

2010). It is better known as a scavenger receptor and is thought to bind oxidising 

lipoproteins and mediate foam cell formation (Endemann et al.,   1993). CD 36 is 

described to be abundant in U937 cells (Prieto et al.,   1994; Vigerust et al.,   2012) 

and markedly lower in PMA induced U937 cells at 48 h (Prieto et al.,   1994), unlike 

our findings where CD 36 is elevated at 24-96 h relative to untreated U937 cells 

(Alessio et al.,   1996; T. Yamamoto et al.,   2009). 
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Mannose receptor is a large (175kDa), complex ligand and plays a role in the clearance 

of endogenous molecules, regulation of cellular activation, molecule trafficking and 

promotion of antigen presentation (Martinez-Pomares, 2012). Previous work shows 

CD 206 expressed on subpopulations of macrophages in vitro and AMs ex vivo (Cai et 

al.,   2014; Chana et al.,   2014; Minafra et al.,   2011; Taniguchi et al.,   2015; Vigerust 

et al.,   2012; Zaynagetdinov et al.,   2013) The work in this chapter shows CD 206 was 

not expressed in U937 cells or PMA induced cells (Daigneault et al.,   2010; Vigerust 

et al.,   2012), but may with the addition of IL-4 (Taniguchi et al. 2015). Conversely, 

Minafra et al. describe the presence of CD 206 on PMA induced U937 cells (Minafra 

et al.,   2011). 

The absence of surface molecules CD 11b and CD 14 in the microarray are explained 

by their low MFIs in CD marker profile. Thus, the protein expressions of CD 11b and 

CD 14 were below the designated threshold set by the internal controls for the 

microarray. This outcome highlights the sensitivity of flow cytometry when determining 

small differences between samples. CD 11b and CD 14 were expressed at lower levels 

than CD 11a and CD 36 as indicated by protein microarray and flow cytometry. 

Unaffected by DMSO, PMA induced cells were easily distinguished from their 

monocytic phenotype by the expression of CD 11a, CD 11b, CD 14, and CD 36. They 

are expressed at varying levels among differentiated U937 cells suggesting their 

suitability as cell maturation markers. 
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3.4.4 Phagocytosis activity 

We assessed the phagocytic ability of U937 and PMA-treated U937 cells. In 

accordance with the literature, U937 cells differentiated on exposure to PMA displaying 

phagocytic characteristics (Daigneault et al.,   2010; Minta et al.,   1985; Taniguchi et 

al.,   2015). No significant differences (p<0.05) between treatment groups at each time 

point were observed. However, the percentage of phagocytes decreased (p<0.05) in 

a time-dependent manner where cells at 96 h showed more than a 20% decrease 

compared to cells at 24 h. This suggests that the phagocytic efficiency of the cells with 

or without PMA decreases over time. 

3.4.5 Cell viability and physiology 

In the present study, adherent PMA exposed U937 cells did not affect cell viability or 

cell membrane integrity, as also described by (Sordet et al.,   2002). When assessed 

for longevity,  U937 cells did not display the ability to proliferate following differentiation 

at 100 nM concentrations of PMA, similar to other reports that state proliferation was 

inhibited following stimulation of similar PMA concentrations (Bhalla et al. 1989; Hass 

et al. 1989; Otte et al. 2011). Furthermore, few studies assess the proliferation 

characteristics of differentiated U937 cells. A recent study reported incubating U937 

cells with PMA for 72 h followed by further incubations with compounds for up to 72 h 

(Meshkini et al., 2009). Although the authors do not confirm the proliferation or viability 

profile of the cells, they at least assumed they were still viable. To follow on from this, 

there is little data to support that, following induced senescence, the cells either 

undergo cell death or survive. Our findings suggest that the survival and viability of 

these U937 cells were still evident 17 days after exposure, after which they died. 

Hence, differentiation of U937 cells using PMA may not inhibit proliferation at low 
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concentrations of 5 nM. In support of this argument, one research group reported a 

kind of ‘reversal’ of macrophages to monocytes following a 20-day culture of PMA 

induced U937 cells in PMA-free media. By day 20, the cells were no longer adherent, 

although 100% viable with proliferative characteristics (Minta & Pambrun 1985), 

suggesting that U937 differentiation via PMA results in a short-term stable perturbation 

in cell structure and function. 

In the presence of PMA, U937 cells undergo significant morphological changes. The 

formation of adherent aggregates is associated with extension pseudopodia, enlarged 

and foamy cells (Hass et al. 1989; Minta & Pambrun 1985; Sundström & Nilsson 1976). 

Minta et al. report that at low concentrations (2.5- 10 nM), the induced cells do not 

reach maximal differentiation until 72 - 96 hours. In addition, at higher concentrations 

(40-162 nM), maximal differentiation is reported to be reached at 48 h.  

The morphological change in differentiated U937 cells is dose and time-dependent; 

with increased PMA concentration, differentiation can occur faster (Minta & Pambrun 

1985). The results from the study show similar morphological changes of cultured 

U937 cells as undifferentiated, small, dense cells to differentiated cells characterised 

by enlarged size, foamy/ vacuolated cytoplasm with pseudopodia, but induced with a 

lower concentration of PMA. This study’s results suggest that 100 nM PMA may be 

sufficient to appropriately differentiate U937 cells to AM-like phenotype. The 

experiment exploits multiple time points, so PMA induced differences in morphology 

over time can be determined. The work examined morphological differences between 

PMA induced and PMA naïve groups compared to pAMs. Cells differentiated with 100 

nM PMA displayed significantly more adherence and homogeneity, unlike 0 nM or 5 

nM PMA induced cells. Further repetition and observation by fluorescent microscopy 

may clarify these observations. 
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3.5. Conclusion 

PMA promotes the differentiation of human U937 monocytic cells into macrophage-like 

cells. Stimulation of U937 cells changes the characteristic of the cell from its phenotype 

morphologically and proteome, from up-regulated surface glycoproteins to activation 

of intracellular signalling. Additionally, these differentiated, phagocytic cells are shown 

to express markers specific to alveolar macrophages, suggesting that they are suitable 

as an alveolar like macrophage model in their differentiated state. Moreover, finally, 

differences in PMA concentration and incubation time of PMA induced U937 cells 

significantly affect the immediate progeny of that cell. 
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3.6. Appendix I 

 

 

 

CD 
Marker 

Gene 
name 

CD 
Marker 

Gene 
name 

Chemokine 
/ Cytokine 

Gene 
name 

Additional 
proteins 

Gene 
name 

CD1a LEU6 CD50 ICAM3 GM-CSF CSF2 ANCA PRTN3 
CD2 SRBC CD52 HE5 IFN alpha IFNA1 BDNF BDNF 
CD3 T3G CD53 TSPAN25 IFN gamma IFNG Cox1 PTGS1 
CD4 LEU3 CD54 ICAM1 IL-1alpha IL1A CYTL CYTL1 
CD5 LEU1 CD55 DAF IL-1beta IL1B IgE FCER1A 
CD6 TP120 CD56 NCAM1 IL-2 IL2 HLA I   

CD7 LEU9 CD57 B3GAT1 IL-4 IL4 HLA-ABC   

CD8 MAL CD58 LFA3 IL-6 IL6 HLA-DP 
HLA-
DPB1 

CD9 MIC3 CD59 MIC11 IL-7 IL7 HLA-DQ   

CD10 MME CD61 ITGB3 IL-8 CXCL8 HLA-DR   

CD11a ITGAL CD62L SELL IL-10 IL10 MPO MPO 
CD11b ITGAM CD62p SELP IL-12B IL12B NT-4 NTF4 
CD11c ITGAX CD63 TSPAN30 IL-13 IL13 NTAL LAT2 
CD13 ANPEP CD66a CEACAM1 IL-15 IL15 pan HLA-class II 
CD14   CD66b CEACAM8 IL-16 IL16 p53 TP53 
CD15 FUT4 CD66c CEACAM6 IL-18 IL18 p72Syk SYK 
CD16 FCGR3A CD66d CEACAM3 IL-37 IL37 TRYG1 TPSG1 
CD17   CD66e CEACAM5 LIF LIF TSLPR CRLF2 
CD18 ITGB2 CD69 CLEC2C TNF alpha TNF tTG TGM2 
CD19 LEU12 CD70 TNFSF7 TSLP TSLP VEGF VEGFA 
CD20 MS4A1 CD71 TFRC Eotaxin-1 CCL11     

CD21 CR2 CD72 Lyb-2 MIP-1 alpha CCL3     

CD22 SIGLEC2 CD79a MB1 RANTES CCL5     

CD23 FCER2 CD80 LAB7 MCP-2 CCL8     

CD24   CD86 LAB72 MCP-3 CCL7     

CD25 IL2RA CD95 FAS MIP-4 CCL18     
CD27 TNFRSF7 CD97           

CD28 TP44 CD98 SLC3A2         

CD29 ITGB1 CD99 MIC2         

CD30 TNFRSF8 CD105 ENG         
CD31 PECAM1 CD106 VCAM1         

CD33 SIGLEC3 CD116 CSF2RA         

CD34   CD117 KIT         

CD35 CR1 CD123 IL3RA         

CD36 GP3B CD131 CSF2RB         

CD37 TSPAN26 CD137 TNFRSF9         

CD38 ADPRC 1 CD139           
CD40 TNFRSF5 CD147 BSG         

CD41 ITGA2B CD162 SELPLG         

CD42b GP1BA CD177 NB1         

CD43 SPN CD222 IGF2R         
CD44 MDU2 CD223 LAG3         

CD45 PTPRC CD230 PRNP         

CD46 MCP CD235a GYPA         

CD47 MER6 CD235b GYPB         

CD48 BCM1 CD253 TNFSF10         

CD49d ITGA4 CD274 PDL1         

    CD279 PD1         

Table 3.2 CD Microarray table of surface biomarkers measured. 
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4. Development & characterisation of human immunocompetent alveolar co-

culture models 

4.1. Introduction 

In order to get new medicines to market, pharmaceutical companies are required to 

pass a series of regulatory approvals. Before embarking on clinical trials, 

pharmaceutical companies and independent investigators must conduct extensive 

pre-clinical in vitro and in vivo studies (C. Ehrhardt et al.,   2008). These studies must 

demonstrate the biological activity and efficacy of a drug against the targeted disease 

and evaluate the compound's safety (Forbes et al.,   2011). These studies also assist 

the decision-making process to determine whether a candidate drug has scientific 

weight to justify further development (M. Song et al.,   2015). 

Rats are the predominant species used for in vivo pre-clinical inhalation assessment. 

However, rats fail to represent human airway physiology or cell phenotype and, as a 

result, are poor models to predict the safety and efficacy of inhaled compounds in 

humans (Stone et al.,   1992). Furthermore, ethical limitations, legislation, high costs 

and concerns over the predictive value of animal experiments are responsible for the 

increased surge of applications of in vitro model systems in recent years (Törnqvist et 

al.,   2014). 



Chapter 4 - Development & characterisation of human immunocompetent alveolar co-culture models 98 

 

In vitro cell cultures comprising a single cell type cultured on flat tissue culture plastic 

surfaces are widely used as in vitro models to study cellular responses from 

biophysical and biochemical stimuli (Edmondson et al.,   2014). These well-accepted 

approaches have advanced the understanding of cell biochemistry (Crapo et al.,   

1983; Edmondson et al.,   2014; B. Rothen-Rutishauser et al.,   2008). In recent years, 

growing evidence indicates that these simple monoculture systems can result in cell 

phenotypes and functionalities that deviate from those found in the in vivo 

environment, questioning their relevance for in vivo predictions (Nahar et al.,   2013). 

To overcome this limitation, culturing multiple cell types in a 3D orientation and 

incorporating suitable biochemical and physiochemical features has been created to 

mimic the in vivo environment better (see chapter 1). In many cases, these new 

platforms have proven more capable of inducing in vivo-like responses for the specific 

processes under study (Nahar  et al.,   2013) 

Multiple lung co-culture systems have been developed, although many of these 

models are poorly validated and not anatomically accurate (Crapo et al.,   1983). 

Biological responses are determined by the interaction of several cells within the 

tissue. Therefore, studying multiple cell types in a tissue system enables researchers 

to mimic better or approximate physiological conditions existing in vivo (Hittinger et al.,   

2015; Takayama, 2020). There is substantial evidence to support that co-culture 

systems are more suitable for understanding cell/tissue functionality in vivo than 

monoculture models (Table 4.1) (BéruBé et al.,   2009). As a result, in vitro co-culture 

model systems are proving to be valuable tools to observe tissue responses and 

further evaluate the effects of compounds in specific organs for human health (Larson, 

2015). 
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1 Cell morphology (structure, phenotype) 

2 Polarity (functional directionality) 

3 Growth (proliferation) 

4 Cell motility (migration, invasion) 

5 Neurite outgrowth 

6 Signal transduction (surface receptor function) 

7 Gene and protein expression (organ and tissue-specific) 

8  Biochemical activities (proteins, enzymes) 

Adapted from Larson, 2015. 

Currently, most pre-clinical human in vitro cell culture assessments is carried out on 

airway epithelial cells (Weibel, 2015; Whitsett et al.,   2015). While these models may 

mimic the barrier function, airway secretions, and potentially some aspects of 

metabolism, they oversimplify the airways. They cannot mimic the complex 

functionality of the airway tissues (Bhowmick et al.,   2016). In particular, in vivo safety 

endpoints comprised of histological slices of whole rat lung and changes to the 

epithelial structure is only one of many observations used to assess safety (Bell et al.,   

2018). Over the past decade, alveolar macrophage responses to inhaled compounds 

visible in rodent lungs during in vivo studies have not been successfully studied in vitro 

due to the lack of appropriate models (Nikolić et al.,   2018; B. Rothen-Rutishauser et 

al.,   2008).  Therefore, there is a need to develop a suitable immunocompetent model 

representative of the human alveolar region, which can more accurately assess 

airways response for inhaled safety prediction. 

  

Table 4.1 List of cell behaviours that can be examined in co-culture models  
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4.2. Aims 

This chapter aimed to optimise and characterise two human immunocompetent in vitro 

models of the human alveolus: (i) type I alveolar epithelial cell with alveolar 

macrophage-like cells and; (ii) type II alveolar epithelial cell with alveolar macrophage-

like cells. Specifically, the objectives were to: 

• Determine the optimal culture conditions for alveolar epithelial cells (including 

medium composition, seeding density, culture period and culture substrate); 

• Develop a methodology to construct the co-culture model; 

• Assess the viability of the co-culture system; 

• Assess the functionality of the epithelial component in the co-culture system; 

• Assess the functionality and phenotype of the alveolar macrophage-like 

component in the co-culture system; 

• Evaluate how the presence of different cell types in the culture system affects 

cellular activity 
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4.3. Results 

4.3.1 Optimisation of co-culture conditions 

4.3.1.1. Selection of medium composition 

The impact of media composition on the viability and proliferation of epithelial cells 

was assessed. Monocultures of hAELVi cells were cultured on 96 well plates in the 

complete cell culture medium described for U937 cells (U937 CCM). The complete 

cell culture medium as described for hAELVi cells (hAELVi CCM) and a 1:1 ratio of 

both media. Optimisation assays showed higher levels (>50 %) of hAELVi media 

resulted in uncharacterised morphological changes of U937 cells. This was likely due 

to the large quantity of added nutrients and proteins in the hAELVi media. Thus, 

optimum viability was determined at equal volumes. As A549 cells have been 

documented in the literature to be cultured in U937 CCM, only this medium was 

assessed for these cells. 

The number of viable cells did not significantly differ until the fourth day after seeding 

(Figure 4.1 A). For hAELVi cells cultured in hAELVi CCM, the number of viable cells 

peaked at day 5 in culture and was maintained around 2 x 106 cells/mL for the duration 

of the experiment. In comparison, cells cultured in U937 CCM and the 1:1 ratio of U937 

CCM:hAELVi CCM followed a similar proliferative profile with cell number increasing 

with time in culture.  After day 7, there was a significantly lower number of viable cells 

(p<0.05) in the samples where hAELVi CCM was used compared to the other two 

media types. The decreased number of viable cells cultured in the hAELVi CCM, 

particularly from day 11, suggest that media supplements inhibit proliferation.  The 

extracellular LDH concentration from hAELVi cells cultured in the three media types 

was also measured over a 13-day time course (Figure 4.1B) and was normalised 

against a lysed cell control. On the first day, when hAELVi cultures were transferred 

to U937 CCM and the 1:1 U937 CCM:hAELVi CCM media, the extracellular LDH 
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concentration was significantly raised (p<0.05) in comparison with hAELVi CCM. 

However, no significant differences (p<0.05) in extracellular LDH concentrations were 

observed between days 2- 9 of culture. A comparable and gradual increase in the 

extracellular LDH concentration was observed for hAELVi cells cultured in all media 

types throughout the experiment. No significance was evident at day 11 for the 1:1 

U937 CCM:hAELVi CCM media compared to other media types. 

 

hAEVLi cells were seeded at a density of 1.5x10^5 cells/cm2 in a 96 well plate under 

submerged conditions for 13 days. Cells were cultured in either hAELVi CCM, U937 

CCM or a 1:1 ratio of U937 CCM: hAELVi CCM.  Every 24 h, the number of viable 

cells was determined by counting (A), and extracellular LDH was determined (B). 

Viable cells were measured using a flow cytometer and the ViaCount assay. LDH 

release was presented as relative to a lysed cell sample (treated with 0.5%v/v TX-100) 

Data shown represents mean ± SD (n= 6) from two independent experiments; *p<0.05; 

**p<0.01; ***p<0.001 vs. RPMI.  

Figure 4.1 Assessment of medium compositions the proliferation and viability of 

hAELVi cells. 
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In comparison to hAELVi cells, A549 cells displayed quicker proliferation with a 

population doubling time of 24 -36 h (Figure 4.2 A). The cell number had not plateaued 

by the end of the 13-day observation period and was significantly greater than that of 

hAELVi cells (1.4 x 107 cells/mL vs 2-4 x 106 cells/mL).  The extracellular LDH 

concentration increased over time in culture with increased cell proliferation (Figure 

4.2 B). A549 and hAELVi cell proliferation and viability were not negatively impacted 

when cultured in U937 CCM.  
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A549 cells were seeded at a density of 1.5x10^5 cells/cm2 in a 96 well plate under 

submerged conditions. Cells were cultured in U937 CCM for 13 days.  Every 24 h, the 

number of viable cells was determined (A), and extracellular LDH was determined (B). 

Exponential growth was accompanied by increasing LDH release. Absolute viable cell 

confluency at 100% was reached at day 13, where 100 % LDH was detected. Viable 

cells were measured using a flow cytometer and the ViaCount assay. LDH release 

was presented relative to a lysed cell sample (treated with 0.5%v/v TX-100). The data 

shown represent mean ± SD (n= 6) from two independent experiments. 

 

 

Figure 4.2 Assessment of U937 CCM on the proliferation and viability of A549 cells. 
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4.3.1.2. Selection of culture substratum 

The influence of pore diameter in the Transwell® insert on cell viability was assessed. 

No significant difference (p<0.05) was observed between extracellular LDH 

concentrations for hAELVi cells cultured in well plates or on Transwell® inserts with 

0.4 µm or 3 µm pore sizes until 9 days in culture (Figure 4.3 A). hAELVi cells cultured 

on 0.4 µm inserts released significantly less LDH after 9 and 11 days in culture than 

control and 3.0 µm Transwell® inserts but was significantly elevated after 13 days. 

The hALELVi cell membranes were significantly less compromised when cultured on 

0.4 µm Transwell® inserts.  Similarly, culture substratum had no significant impact on 

the LDH release from A549 cells for the first 5 days in culture (Figure 4.3 B).  A549 

cells cultured on 0.4 µm Transwell® inserts produced significantly higher extracellular 

LDH concentrations (p< 0.001) from day 6 onwards in comparison with cells cultured 

in well plates (control). From 11 days in culture, extracellular LDH concentrations from 

cells cultured on Transwell ® inserts with 0.4 µm and 3.0 µm were not significantly 

different (p<0.05). 
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hAELVi cells (A) or A549 cells (B) were seeded at a density of 9 x 104 cells/cm2 on a 

96 well plate (control) or 0.33 cm2 Transwell® inserts with a pore size of either 0.4 µm 

or 3.0 µm. Cells were cultured under submerged conditions for 13 days.  The apical 

compartment was sampled to assess the extracellular LDH concentration at 

designated time points. The data shown are the mean ± SD of three samples. Data is 

considered significant for 0.4 µm (*) or 3.0 µm (#) p values where p< 0.0001 (***), p< 

0.05 (#) vs control.  

 

Figure 4.3 Assessment of culture substratum on epithelial cell viability. 
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4.3.1.3. Selection of seeding density 

The effect of cell seeding density on the ability of the epithelial cells to form polarised 

cell layers was determined. TEER measurements were taken every 2-3 days to 

indicate if a functional polarised cell layer was present (Figure 4.4) 
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hAELVi cells (A) or A549 cells (B) were seeded at densities of 5 x 104, 1 x 105 or 2.5 

x 105 cells/cm-2 on 0.4 µm pore diameter, 0.33 cm2 Transwell® inserts. Cells were 

cultured under submerged conditions for 20 days, and the medium was replaced on 

alternate days. Every 2-3 days, TEER was recorded using EVOM2 chopstick 

electrodes. Results were adjusted for the resistance of the filter and normalised to the 

insert area. Data are represented as mean ± SD of 4-6 inserts. 

 

 

Figure 4.4 Assessment of seeding density on epithelial cell barrier function. 
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All TEER profiles for hAELVi cells followed a similar profile with increasing TEER, 3-5 

days of maximum readings followed by reduced values (Figure 4.4 A).  Reducing the 

seeding density delayed the time to reach the maximum TEER values (5-7 days for 

cells seeded at 2.5 x 105 cells.cm2; 9-12 days for cells seeded at 1 x 105 cells.cm2; 12-

15 days for cells seeded at 5 x 104 cells.cm2). Whereas TEER values were maintained 

above 1000 Ω.cm2 for hAELVi cells once confluence was reached, TEER values for 

A549 cells were <100 Ω.cm2
 for the entire time course, indicating they did not form 

polarised cell layers and the absence of functional tight junctions. 

The effect of cell seeding density on the viability of the epithelial cell layers was 

determined (Figure 4.5). For hAELVi cells, no significant difference (p<0.05) in 

extracellular LDH concentration was observed until 17 days in culture (Figure 4.5 A 

and B).  After 17 days, extracellular LDH release increased and was comparable for 

hAELVi cells seeded at 1 x 105 and 2.5 x 105 cells.cm-2 but was significantly lower 

(p<0.05) for cells seeded at the lowest density of 5 x 104 cells.cm-2. Compared with 

hAELVi cells, extracellular LDH concentrations increased earlier, after day 5 in culture 

but were approximately 2-fold lower at the end of the study after 20 days in culture 

(Figure 4.5 C and D). Samples for LDH were taken from both the apical and basolateral 

compartment; however, in comparison with the apical compartment, LDH 

concentration in the basolateral compartment was negligible for the entire duration of 

the experiment (Figure 4.5 B and D). 
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4.3.1.4. Suitability of epithelial culture at the air-liquid interphase (ALI) 

To evaluate the ability of epithelial cells to form polarised cell layers at the ALI, hAELVi 

and A549 cells were seeded onto 0.4 µm pore diameter Transwell® inserts and 

cultivated under either submerged liquid-liquid conditions (LLC) or at the air-liquid 

interphase (ALI). TEER was determined every second day for 14 days (Figure 4.6). 
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hAELVi cells 

(A) or A549 cells (B) were seeded at 1.5 x 105 cells.cm-2 on 0.4 µm pore diameter, 

0.33 cm2 Transwell® inserts. Cells were cultured under either submerged conditions 

(LLC) or raised to the ALI for 14 days.  Media was exchanged on alternate days, and 

TEER was recorded using EVOM2 chopstick electrodes. Results were adjusted for 

the resistance of the filter and normalised to the insert area. Data shown are mean ± 

sd (n= 5) independent Transwell® inserts; ***p< 0.0001 vs. ALI. 

 

 

Figure 4.6 Assessment of ALI culture on epithelial barrier function 
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hAELVi cell-cultured at the ALI took longer to reach TEER values of 1000 Ω.cm2 in 

comparison with submerged cultures (5 days LLC vs 9 days ALI) (Figure 4.6). 

However, once cells reached confluency (day 9), there was no significant difference 

(p<0.05) in the TEER value. In comparison, A549 cell layers produced TEER readings 

<150 Ω.cm2 for the duration of the experiment. Neither LLC nor ALI culture generated 

polarised cell layers with functional tight junctions. 

TEER values were verified with transport studies using the paracellular marker 

fluorescein. Before starting the experiment, the epithelial cells at days 7 and 14 were 

washed twice in freshly prepared, pre-warmed Krebs-Ringer Buffer (KRB) and were 

further incubated with KRB for 60 min at 37 OC. To start the transport study, KRB was 

aspirated and 150 μL of 50 μM fluorescein sodium (FluNa) in KRB ± 16 mM EDTA 

was added to the apical (donor) compartment, and 450 μL KRB was put into the 

basolateral compartment (acceptor). Samples were directly taken from the donor (20 

μL) at the start, and the end of the experiment and from the acceptor compartment 

(200 μL) and were subsequently transferred into a 96- well plate. Samples from the 

basolateral compartment were taken and replaced with 200 μL of fresh transport buffer 

every 15 min for 90 min. The samples were then measured using BMG labtech 

CLARIOstar® at 485 nm (em) and 520 nm (ex) wavelengths. Each experiment was 

run in triplicate. 

Fluorescein Papp was comparable between cells cultured under LLC and ALI 

conditions (Figure 4.7). This was achieved by measuring the permeability of 

fluorescein through cell monolayers. The hydrophilic molecule is used as a  marker to 

assess paracellular transport,  alone or in combination with EDTA, where EDTA 

modulates cell barrier integrity called tight junctions. Generally, barrier cells 
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mechanically restrict the diffusion of lipids and proteins via the paracellular route. 

Thus, high TEER is accompanied by low paracellular transport. This effect was 

observed on day 7 and day 14. In the presence of EDTA,  TEER  dropped to zero, and 

the  Papp value of fluorescein reached maximum output, resulting in the opening of the 

tight junctions and elevated transport of fluorescein to the basolateral compartment. 

In line with TEER data obtained, Fluorescein Papp was significantly lower (p<0.05) for 

hAELVi cells cultured for 14 days compared with a 7 day culture period, indicating tight 

junction maturation overtime culture at both LLC and ALI. 
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EDTA was used to disrupt tight functions as a negative control. hAELVi cells were 

seeded on 0.4 µm pore diameter, 0.33 cm2 Transwell® inserts and cultured under 

submerged conditions (LLC) or raised to the ALI for 7 and 14 days. Cells were 

assessed for apparent permeability using a paracellular marker, 50 µM fluorescein 

Data shown are mean ± sd (n= 4) independent Transwell® inserts; *p< 0.05.  

Figure 4.7 Assessment of paracellular permeability for hAELVi cell layers using 

paracellular marker fluorescein. 
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4.3.2 Construction of immunocompetent alveolar co-culture systems  

The resulting methodology for model construction was determined by cell viability 

and functionality for all cell types used in this chapter (Figure 4.8) 

 

 

 

Optimised co-culture model of human alveolar type I epithelial cells (hAELVi) and 

differentiated U937 cells (MØ). Models were incubated for 24 h under normal cell 

culture conditions following construction. 

Figure 4.8 Generation and construct methodology for T I model. 
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Optimised co-culture model of human alveolar type II epithelial cells (A549) and 

differentiated U937 cells (MØ). Models were incubated for 24 h under normal cell 

culture conditions following construction. 

 

 

Figure 4.9 Generation and experimental set-up for T II model. 
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4.3.3 Characterisation of immunocompetent alveolar co-culture systems 

Two alveolar co-culture models were constructed: type I epithelial co-culture model 

(hAEVLi cells and PMA differentiated U937 cells) and type II epithelial co-culture 

model (A549 cells and PMA differentiated U937 cells). Based on earlier work, 

optimisation studies conditions were utilised. To sensitise the model, both co-culture 

models were assessed for viability and functionality of each cell type within the co-

culture with and without stimulation with LPS.  

4.3.3.1. Characterisation of cell health 

Extracellular LDH concentration was assessed as a measure of cell health and 

compared for PMA differentiated U937 cells in monoculture and the type I and type II 

epithelial co-culture models with and without exposure to LPS (Figure 4.10). Tukey’s 

post hoc test was adopted to compare all possible pairs of means. No significant 

difference (p<0.05) was observed in extracellular LDH concentration between PMA 

differentiated U937 cells in monoculture or co-culture with type I epithelial cells. 

However, there was a significant increase (p<0.05) in extracellular LDH concentration 

between PMA differentiated U937 cells in monoculture and the type II epithelial cell 

co-culture system. Treatment with LPS did not significantly (p<0.05) alter cell viability 

in any of the models tested. 
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Relative 

extracellular LDH release in relative to lysed control (Triton-X 100) for PMA 

differentiated U937 cells cultured in monoculture or co-culture with hAELVi cells (TI 

model) or with A549 cells (Type II model) naïve (A) and stimulated with 10 ng/mL LPS 

for 24 h(B). Extracellular LDH concentration was assessed 2 days after models were 

constructed. A one way ANOVA was used to determine significance for each treatment 

group, and Tukey’s multiple comparison post hoc test was employed when* p< 0.05, 
** : p< 0.001  Data shown represent n= 6 data points ± SD of three independent cell 

model experiments. 

 

 

 

 

 

 

Figure 4.10 Assessment of co-culture system on cell health. 
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4.3.3.2. Characterisation of co-culture barrier function 

Comparison of epithelial cell TEER values in monoculture and co-culture systems with 

PMA-differentiated U937 cells was assessed for hAELVi and A549 cells up to 9 days 

after model construction (Figure 4.11). For the type I epithelial cell co-culture model 

(hAELVi), TEER remained above 1000 Ω. cm2 for the duration of the experiment and 

peaked ~ 2500 Ω. cm2 at day 6. No significant difference was observed in TEER for 

hAELVi cells cultured alone or in the presence of PMA differentiated U937 cells (Figure 

4.11 A). In contrast, A549 cells cultured alone or in co-culture with PMA differentiated 

U937 cells recorded TEER values <140 Ω. cm2 for the duration of the experiment 

indicating A549 cells did not form polarised cell layers with functional tight junctions 

(Figure 4.11 B). 

Exposure of the model to 10 ng/mL LPS for 24 h did not significantly alter barrier 

function (p<0.05) (Figure 4.12), however, it did cause a decrease in variability for the 

TEER values obtained for the type I epithelial co-culture model. 
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TEER measurements for (A) hAELVi (B) A549 cells in monoculture and co-culture with 

PMA differentiated U937 cells at ALI Medium was exchanged on alternate days, and 

TEER was recorded using EVOM2 chopstick electrodes every third day. Results were 

adjusted for the resistance of the filter and normalised to the area of the insert. Data 

shown are mean ± sd (n= 5) independent Transwell® inserts. 

 

 

 

Figure 4.11 Assessment of co-culture system on epithelial barrier function. 
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TEER measurements for hAELVi cells - TI model (A) or A549 cells- TII model (B) 

cultured with PMA differentiated U937cells either naïve or stimulated with 10 ng/mL 

LPS for 24 h. TEER measurements were recorded using EVOM2 chopstick electrodes 

2 days after model construction. Results were adjusted for the resistance of the filter 

and normalised to the area of the insert. Data shown are mean ± sd (n= 3) independent 

Transwell® inserts. A paired T-test determined no significance (P>0.05). 

 

 

 

 

 

Figure 4.12 Assessment of LPS exposure on epithelial barrier function in the co-

culture systems. 
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4.3.3.3. Characterisation of macrophage functionality 

The influence of epithelial cells in the co-culture system on the phagocytic ability of 

PMA differentiated U937 cells was assessed by incubating cells with 1.0µm 

FluoSpheres™ for 2 h. Macrophages in both monoculture and co-cultures 

phagocytosed microspheres confirmed by fluorescent microscopy (Figure 4.13) and a 

flow cytometry (Figure 4.14)  
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PMA differentiated U937 cells were cultured in monoculture or co-culture with hAELVi 

cells (T I model) or A549 cells (T II model). Models were either naïve or exposed to 10 

ng/ mL LPS (+ LPS) for 24 h. Phagocytosis assessment was performed after 2 h 

incubation with 1.0 µm FluoSpheres™ Carboxylate-Modified microspheres using 

fluorescent microscopy. FluoSpheres were labelled with Yellow-green fluorescent and 

imaged using ex/em (505/515). Cell nuclear were stained with Dapi (blue) and 

visualised ex/em (358⁄461). Images were obtained at 40 x magnification.  The scale 

bar is 100 µm. Repeats were n=3 for 3 independent models. 

 

 

Figure 4.13 Phagocytic observations for PMA differentiated cells in monoculture 

and co-culture systems. 
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Flow cytometry quantitatively assessed phagocytosis for PMA differentiated U937 

cells in monoculture and T I and II co-culture models. Incubation with inflammatory 

stimulant LPS resulted in a significant decrease (p<0.0001) in phagocytic functionality 

for PMA differentiated U937 cells in monoculture and the T II model (by 14%), whereas 

no significant change (p<0.05) in phagocytic ability was observed for the T I mode in 

the presence of LPS. In contrast, there was no significant influence (p<0.05) on 

phagocytic ability for PMA differentiated U937 cells co-cultured with A549 cells, the 

phagocytic ability of the PMA differentiated U937 cells (MØ) in the T I model was 

significantly reduced by ~20% (p < 0.001). 
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PMA differentiated U937 cells were cultured in monoculture or co-culture with hAELVi 

cells (T I model) or A549 cells (T II model). Models were either naïve or exposed to 10 

ng/ mL LPS (+ LPS) for 24 h. Phagocytosis assessment was performed after 2 h 

incubation with 1.0 µm FluoSpheres™ Carboxylate-Modified microspheres using flow 

cytometry. 1000 cells were assessed for n=3 independent models. The percentage of 

cells taken up the FluoSpheresTM relative to the whole population was calculated. A 

one-way ANOVA was used to determine significance for each treatment group, and 

Tukey’s multiple comparison post hoc test was employed when *** : p<0.0001. 

  

Figure 4.14 Phagocytic activity of PMA differentiated U937 cells (MØ) in 

monoculture and co-culture systems. 
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4.3.3.4. Determination of inflammatory mediator synthesis 

A panel of 24 inflammatory molecules were used to investigate how the 

cytokine/chemokine secretion signatures may alter between monoculture and co-

culture systems.  Models were assessed either naïve or stimulated with 10 ng/mL LPS 

for 24 h (Figure 4.15) and (Figure 4.16). Significant cytokine presence between non 

stimulated versus LPS stimulated models shown in Table 4.2. 

All cytokines expressed in PMA differentiated U937 cells and hAELVi cells were 

detected in the type I epithelial co-culture system except for MIF and IL-17E (Figure 

4.16). However, IL-17, IL-4, IL-2 and IL-1ra, which were not expressed in either of the 

monoculture cell lines, were detected in the type I epithelial co-culture system. 

Compared to hAELVi cells, A549 cells expressed more cytokines/chemokines (16 vs 

6). All cytokines expressed in PMA differentiated U937, and A549 cells were detected 

in the type II epithelial co-culture system at a similar level except IP-10.  IL-23 was 

detected in the type II co-culture system but not in either of the cell types in 

monoculture (Figure 4.16). 

Changes in cytokines and chemokine production of the functionality of the models 

stimulated with 10 ng/mL LPS for 24 h were assessed (Figure 4.17). The type I 

epithelial co-culture model observed no difference in the cytokine/chemokine profiles. 

However, PMA differentiated U937 cells expressed IL-17, IL-4 and IL-2 when 

stimulated with LPS but not in the naïve cells. Furthermore, all 24 

cytokines/chemokines were detected in the type II epithelial co-culture system after 

stimulation with LPS, including sTREM-1, MIP 1b, MIP1a, MIF, IP10, IL32a, IL6, and 

IFN γ (Figure 4.17 C). 
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Detection of spots on array membranes from supernatant collected from 

monoculture and co-cultures of differentiated U937 cells (MØ) with LPS (MØ+ LPS), 

hAECLVi TI cells (T I), A549 TII cells (T II), type I co-culture model: hAECLVi and 

MØ (T I model) with LPS (T I model +LPS), type II co-culture model: A549 and MØ 

(T II model) with LPS (T II model +LPS). Models were untreated or stimulated with 

100 ng/ mL LPS for 24 h. Controls are shown as positive (green) and negative (red). 

Data represents four independent Transwell®  inserts. 

Figure 4.15 Human cytokine profile of lower airway for ALI cell models. 
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PMA differentiated U937 cells (A), and hAELVi cells (B) were cultured in monoculture 

or co-culture (C) (T I model). PMA differentiated U937 cells (D) and A549 cells (E) 

were cultured in monoculture or co-culture (F) (T II model).  Supernatant was assayed 

for the presence of 24 cytokines/chemokines. Data represents mean signal intensity 

(AU) of each protein spot from the blot detected using chemiluminescence imaging 

and quantified using ImageJ software for four independent Transwell® inserts± SD. 

 

Figure 4.16 Expression of human cytokines/chemokines panel for monoculture 

and co-culture type I and II systems. 
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PMA differentiated U937 cells (A) in co-culture with hAELVi cells – type I (B) or A549 

cells type II (C). Supernatant was assayed for the presence of 24 cytokines/ 

chemokines. Data represents mean signal intensity (AU) of each protein spot from the 

blot detected using chemiluminescence imaging and quantified using ImageJ software 

for four independent Transwell® inserts± SD. 

 

 

Figure 4.17 Expression of a panel of human cytokines/chemokines for monoculture 

and co-culture systems stimulated with LPS. 
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4.3.3.5. Comparison of cell models functionalities with specific cytokine 

markers 

 

 MØ only   T I model  T II model 

 

Non-

stimulated + LPS   

Non-

stimulated + LPS  

Non-

stimulated + LPS 

C5/C5a   ***     ***       

CD40 Ligand   ***     ***     *** 

G-CSF   ***     ***     *** 

GM-CSF   ***     ***       

sICAM-1         ***     *** 

IFN-y         ***       

IL-1ra         ***     *** 

IL-2   ***     ***     ** 

IL-4   ***     ***       

IL-6         ***       

IL- 8   ***     ***     *** 

IL- 10         ***       

IL- 17   ***     ***     *** 

IL- 17E   ***     ***       

IL- 23                 

IL- 32         ***       

IP-10         ***       

MIF         *       

MIP- 1         *       

MIP- 1                 

RANTES         ***       

SDF-1   ***     ***     *** 

TNF-          ***       

sTREM- 1         ***       

 

*Significance at *P< 0.05, ** P<0.01 and ***P< 0.001 

Cytokine presence in models: MØ only (differentiated U937 cells), T I model (MØ and 

hAELVi cells) and TII model (MØ and A549 cells) indicated in green with no detection 

in red. Two-way ANOVA analysed data with Bonferroni post hoc test of non-stimulated 

cells vs LPS stimulation. 

Table 4.2 Human cytokine profile of lower airway of monoculture and  

co-culture models in LPS. 
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4.4. Discussion  

4.4.1 Optimising the in vitro co-culture systems 

Co-culturing multiple cell types within the same culture system require extensive 

optimisation of the culture conditions to achieve optimal viability and functionality of all 

cells.  It is well reported in the literature that cells in co-culture have synergistic 

functionality not observed in the cells in monoculture. This is likely due to cell-cell 

interactions (Grabowski et al.,   2016). Specifically for co-culture models of the airways 

described by Kletting (Kletting, 2016). 

4.4.1.1. Composition of cell culture medium 

The composition of the cell culture medium can be an important factor in determining 

the function and viability of cells (McKee et al.,   2017). In a co-culture system, where 

different cell types may have different nutrient requirements, a compromise in the 

medium composition may have to be struck to sustain all cells in the co-culture system 

adequately. In chapter 3, PMA differentiated U937 cells were characterised in 

standard non-defined (FBS containing) RPMI-based medium, which is well 

established for the cell line (Kitamura et al.,   2004; Python et al.,   2007).  Maintaining 

an alveolar macrophage-like functionality in co-culture was the primary goal, the 

suitability of alveolar epithelial cell lines with the U937 CCM was assessed. A549 cells 

have been characterised in the U937 CCM in the literature, and the data from  (Cooper 

et al.,   2016) supports that cell viability and proliferation of the A549 cell line was 

adequately supported in the U937 CCM. 
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Whilst variability in LDH release from hAELVi cells was observed for individual days 

when cultured in U937 CCM, hAELVi CCM and the 1:1 mixture, the profiles over time 

remained similar, suggesting medium composition did not adversely affect whole 

population hAELVi cell health (Figure 4.1). However, hAELVi cell proliferation was 

lower when cultured using hAELVi CCM than the other media types. Therefore, the 

LDH release per cell was significantly (p<0.05) elevated for hAELVi cells cultured in 

hAELVi CCM compared to the other medium types indicating the U937 CCM may be 

preferable for maintaining cell health. 

The hAELVi CCM is a more defined culture medium (containing bovine pituitary 

extract, hydrocortisone, human epidermal growth factor, epinephrine, transferrin, 

insulin, retinoic acid, triiodothyronine and bovine serum albumin) more typically used 

for primary cell culture and to support the specific requirements for cell growth and 

proliferation (Wirth et al.,   2016). In contrast, the U937 medium uses the FBS to 

provide growth factors and hormones required for cell growth and proliferation. It was 

demonstrated by Wirth et al. that hAELVi cells cultured in FBS-containing CCM 

displayed low proliferation and that the defined medium was more suited for the 

hAELVi cells to maintain exponential growth characteristics. However, to limit this 

effect, the U937 CCM would only be used to maintain the cells once differentiated into 

polarised cell layers, whereafter nutritional requirements for proliferation would be 

reduced. 
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4.4.1.2. Culture substratum 

It is well established that the surface on which cells are cultured has a significant 

impact on their morphology and functionality (Ryan, 2008). In vivo, alveolar epithelial 

cells would be growing on basement membranes made up of collagen and laminin, 

which provide multiple functions, including cell anchoring, immunomodulation, and 

signalling (Jadad et al.,   1996). In vitro, the polycarbonate Transwell® insert can not 

provide these exact conditions. Pores in the Transwell® insert are essential to allow 

the flow of nutrients from the basolateral compartment to the epithelial cells on the 

apical side of the insert. Pore diameter has been shown to influence cell viability and 

a balance between permitting sufficient medium exchange and optimal surface 

properties for cell attachment (Wirth  et al.,   2016). Figure 4.3 indicated pore diameter 

affected cell health of cultures only after 6 days in culture once cell layers were 

established, suggesting it might have less influence on cell attachment for these cell 

lines. Similarly, hAELVi were cultured on 0.4 or 3 um Transwell membranes. Larger 

pore membranes showed cells to have significantly (p>0.05) reduced TEER values. 

Kletting et al. described optimal pore size for Transwell® insert to be 0.4 um for hAELVi 

with functional TEER values <2000.cm2  

4.4.1.3. Cell seeding density 

The density at which cells are seeded on the culture substratum can directly affect the 

cell's functionality.  High seeding densities deplete medium supplements faster, 

accelerating local pH concentration changes due to increased metabolic loading (Tang 

et al.,   2009). This was observed in figure 4.5, where hAELVi cells seeded at a higher 

density were associated with increased cell death. Furthermore, the negligible levels 

of LDH detected in the basolateral compartment suggest that cells attached to the 
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insert membrane maintain viability. In contrast, the significantly higher concentrations 

of LDH detected in the apical chamber are associated with cell death for cells on top 

of the cell layers.  

Regarding epithelial cell barrier function, the cell seeding density directly affects the 

time to produce confluent cell layers and determines the timeframe for proliferation, 

differentiation and maturation of primary hAELVi and Caco-2 cell layers (Elbert et al.,   

1999; Volpe, 2008). Extreme low or high seeding densities may even prevent the 

formation of functional cell layers altogether. This was observed in Figure 4.4A, where 

reducing the seeding density of hAELVi cells delayed the time to reach maximum 

TEER for the cell layers but increased variability of the polarised cell layers as small 

differences in cell number proliferative ability are amplified with increased population 

doublings. 

4.4.1.4. Culture at the ALI 

It is well documented that cells exposed to the same physical stimuli they would 

encounter in vivo differentiate to a more in vivo-like phenotype (Fatehullah et al.,   n.d.; 

Finnberg et al.,   2017). Airway epithelial cells are exposed to air at their apical surface, 

and there is extensive literature for a range of airway epithelial cell types that culture 

at an ALI promotes cells with a closer morphology to their native tissues (C. Ehrhardt 

et al.,   2002; Grainger et al.,   2006). Specifically, hAELVi cells cultured at the ALI 

display tight junctions (C. Ehrhardt et al.,   2002) and differentiate to a phenotype that 

more closely resembles the elongated morphology typical of type I epithelial cells in 

the human alveoli (Elbert et al.,   1999). Similarly, A549 display oxidative stress levels 
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and release of proinflammatory mediators IL- 1, IL-6, IL-8 detected in situ (Kooter et 

al.,   2013; G. Wang et al.,   2020).  

In line with other airway epithelial cell lines and research published on hAELVi cells, 

whilst culture at the ALI may enhance desired morphological features, barrier function 

is reduced (Figure 4.6A). However, TEER values were still suitable to model the barrier 

function of the alveolar epithelium and in line with other published reports (Wirth et al.,   

2016). Paracellular permeability of the hAELVi cell layers was in line with that 

published in the literature (~1 x 10-6 cm.s-1) and indicative of functional polarised cell 

layers. Additionally, the permeability of hAELVi cell layers on day 7 was less variable 

in LLC compared to those at ALI, which was reduced (p<0.05) on day 14 in line with 

literature and proliferation studies (Kletting, 2016).  The well-documented A549 cells 

that are alveolar type II epithelial cells do not form polarised cell layers, which is also 

observed in Figure 4.6 – 4.7. Whilst barrier function is important in the co-culture model 

to provide barrier characteristics and assess permeability in vitro, A549 cells also offer 

the advantage of representing other features such as alveolar surfactant production 

and other biochemical signalling (Cooper et al.,   2016; Hiemstra et al.,   2018). 

In vitro co-culture construction requires careful consideration for optimal alveolar 

conditions. Few models have been characterised to such conditions to include optimal 

seeding densities and medium, showing significant differences in cell morphology and 

biochemistry (Victoria Hutter, 2012; Kletting, 2016). Similarly, the culture of 

differentiated U937 cells in SAGM activates proliferation compared to the cell’s 

proliferation profiles in RPMI, further differentiating the U937s from their known 

baseline and in vivo like representation. 
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4.4.2 Characterisation of co-culture model 

It is well documented that different cells types cultured in the same environment can 

alter the functionality of the other cells in culture, inhibit or enhance response 

synergistically, or display new functionalities not observed with each cell type alone 

(Haghi et al.,   2015). Given this, it is important to characterise the co-culture systems' 

functionality to understand better these synergies and how they influence our 

modelling and understanding of cell responses in vitro systems.  The maturation state 

of AMs can typically be characterised by the expression of specific surface markers 

and AM functionality. At the site of insult of infection, inflamed cells are often described 

as being in an activation state (Mosser, 2003), which can be obtained by stimulating 

differentiated U937 cells with an inflammatory activator, for instance, 

lipopolysaccharide (LPS). Use of LPS activation for monocyte-derived macrophages, 

mainly U937 and THP-1 but also ML-2, HL-60 and MonoMac 6 cells, have been used 

in biomedical research and show no impact on cell health co-culture models in line 

with this chapter’s findings (Qin, 2012; Sharif et al.,   2007; Ziegler-Heitbrock et al.,   

1994).  

Raised LDH concentrations in the TII model compared with those of the TI model or 

differentiated U937 cells in monoculture are most likely related to the A549 cells 

inability to form tight junctions. Unlike hAELVi cells, the release of LDH from A549 

epithelial cells is not restricted to the apical layer and instead migrates to the medium 

in the basolateral layer of the well towards AMs. Increased LDH concentrations may 

additionally signal an inflammatory response of the AMs (Drent et al.,   1996) and 

supports the validity of the U937/ A549 alveolar models through sensitivity to stimuli 

and cell to cell communication as previously described (Crabbe et al.,   2011).  
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4.4.2.1. Macrophage co-culture characterisation 

Striz et al. showed that cell contacts between pulmonary epithelium (A549) and THP-

1 are important for regulating the phenotype of human macrophages (Stříž et al.,   

2001). The phagocytic functionality of alveolar like macrophages assessed in co-

culture remained consistent, at 80% active phagocyte population for the TII model but 

significantly reduced for the T I model compared to its monoculture AM phenotype. 

Interestingly, only the TI model displayed phagocytic stability in the presence of LPS 

suggesting that interaction between the different epithelial cells in the co-culture 

system makes them more resistant to this insult (Luyts et al.,   2015). 

4.4.2.2. Whole model response characterisation 

PMA differentiated U937 cells have been widely used as an in vitro model of human 

monocytes and macrophages in mechanistic studies of inflammatory respiratory 

response (Hoffman et al.,   2017; Larrick et al.,   1980). Both TI and TII cell systems 

displayed differences in their cytokine/ chemokine signatures in line with findings for 

hAELVi and A549 monocultures. In monoculture, hAELVi cells display few cytokines, 

which is in line with an AEC I phenotype (Weibel, 2015), although due to the novelty 

of the hAELVi cell line, a cytokine library is yet to be published (Wirth et al.,   2016). 

Unlike hAELVi cells, A549 cells produce a cascade of cytokines IL-4, IL-6, TNF-  to 

enhance cell to cell communication channels between barrier cells and AEC II / 

alveolar macrophages as reported in vivo (Fehrenbach, 2001). In line with the 

chapter's findings, additional cytokines such as IL-8 are produced or further enhanced 

by A549 cells following stimulant exposure (Bitterle et al.,   2006). When stimulated by 

LPS, the presence of AMs in culture with A549, cytokine responses decrease for IL-6, 
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IL-8 and TNF-  suggesting active pro-inflammatory responses by AMs (Chanput et 

al.,   2014). Thus, representing an integrative unit within the alveolus models. 

4.5. Conclusion 

Chapter four aimed to optimise and characterise two human immunocompetent in vitro 

models of the human alveolus: (i) type I alveolar epithelial cell with alveolar 

macrophage-like cells and; (ii) type II alveolar epithelial cell with alveolar macrophage-

like cells. Optimal culture conditions for alveolar epithelial cells (including medium 

composition, seeding density, culture period, and culture substrate) were determined 

and shown to influence cell characteristics from their phenotype significantly. Two 

alveolar immunocompetent cell systems were constructed and cultured with the 

established A549 or new hAELVi cells. Both viable systems display functional 

characteristics for the barrier cells and alveolar like macrophages. Different cell types 

in the culture system affect the cellular activity and highlight the necessity of 

constructing an optimised and validated model suitable for the desired assessment. 

These models were designed for medium-high throughput assessments of inhaled 

medicines but can also be used for inhaled chemicals. The value of this model is that 

many different endpoints can be measured to access changes in alveolar homeostasis 

or alveolar toxicity, such as barrier function and inflammation. 
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5. U937 cell phenotypes in mono- and co-culture systems using a high content image analysis approach 

5.1. Introduction 

Inhaled drug delivery offers excellent potential for fast, non-invasive delivery 

therapeutic molecules for both local airways diseases (e.g. asthma, COPD) and 

systemic therapies (e.g. diabetes) (Nikula et al.,   2014). Despite the fact that 

significant research and development budgets in the pharmaceutical industry are 

spent on developing new inhaled therapies, few new inhaled medicines have made it 

to market over the past two decades (Forbes et al.,   2014). 

New inhaled medicines must undergo extensive pre-clinical safety assessment to 

evaluate their safety and efficacy before human studies (Forbes et al.,   2011, 2014; 

Jones et al.,   2012a; Lewis et al.,   2014; Nikula et al.,   2014; Owen, 2013). In vivo 

studies in rats are typically employed to assess pre-clinical safety, and it is not 

uncommon to observe alveolar macrophage responses to be observed in histological 

lung slices (Lewis et al.,   2014; Nikula et al.,   2014).  These responses are typically 

characterised by a highly vacuolated appearance and larger cell size (Forbes et al.,   

2014; Lewis et al.,   2014) and are often termed ‘foamy’ macrophages – a term used 

by pathologists to describe an alveolar macrophage with a vacuolated cytoplasm when 

viewed by light microscopy (Lewis et al.,   2014; Nikula et al.,   2014). These cell 

responses may be unaccompanied by other changes or associated with other immune 

cell infiltration of lung tissue remodelling (Forbes et al.,   2014; Lewis et al.,   2014). 
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Whilst the pathophysiology for these ‘foamy’ phenotypic responses are not well 

understood; they are used to set safe exposure levels. As a result, safety and efficacy 

are the leading reasons why inhaled medicines fail in pre-clinical studies without 

knowing if the responses are relevant to humans (Jones & Neef, 2012; Owen 2013; 

Forbes et al.,   2014). 

Cell culture models of the upper respiratory tract have proven to shorten the 

development time for new drug products (Owen, 2013). As a pre-clinical application, 

they can be used as a screening tool and replace whole animal tests providing a less 

expensive and less time-consuming alternative. Subsequently, data obtained from 

absorption mechanisms from such in vitro experiments enables better judgement on 

the safety of new drugs and chemicals (Jones & Neef 2012; Forbes et al.,   2014).  In 

contrast with the upper airways, few in vitro models of the alveolus are published or 

commercially available, and our current understanding of immunological, foamy 

macrophage responses after the molecule interacts with cells of the alveolus is still 

relatively limited (Forbes et al.,   2014). In this context, in vitro models of the lower 

airways will prove helpful to clarify interactions between drug compounds and 

biological response mechanisms. 

In vitro strategies using human immunocompetent alveolar models to screen new drug 

compounds for their ability to induce macrophage vacuolation and understand the 

mechanism of vacuolation is one potential approach to improve pre-clinical safety 

assessment (Hoffman et al.,   2015). Discerning the different mechanisms by which 

the vacuolated phenotypes develop and resolve could be key to understanding the 

safety implications of this phenomenon. 
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High content imaging systems allow a high level of detail to be captured from individual 

cells in a high throughput screening approach (Giuliano et al.,   2003; O’Brien, 2014; 

Wink et al.,   2014). These cell images are quantitatively analysed to characterise 

morphometric and biometric parameters of cells, which can be used to capture the 

phenotypic cellular responses of a cell to a stimulus (Wink et al.,   2014). Whilst high 

content analysis is widely established in drug discovery, its use in toxicity assessment 

is less prevalent (O’Brien, 2014; Giuliano et al.,   2014).  High content image analysis 

has been recently proposed for use in inhaled toxicity assessment by Hoffman and co-

workers who used fluorescence imaging of untreated and drug-treated human and rat 

macrophages to generate morphometric, viability and functionality profiles  (Hoffman 

et al.,   2015). This technique could prove advantageous in characterising detailed 

morphological changes in alveolar macrophages in vitro to predict in vivo responses 

and provide earlier go/no-go decision making for inhaled drug candidates. This 

technique also provides an opportunity to study how other cells present in a co-culture 

system may influence the morphology of alveolar macrophage-like cells providing a 

more in-depth understanding of the relationship between cell types in the alveolus. 
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5.2. Aims 

This chapter aimed to determine if the presence of epithelial cells within the co-culture 

system (developed from chapter 4) affects the alveolar-like macrophage component's 

response and functionality. Specifically, this chapter focuses on characterising how 

‘foamy’ alveolar macrophage phenotype responses may differ in the presence of other 

cells by employing detailed morphological characterisation techniques. Specifically, 

the objectives of this chapter were to: 

• Adapt established high content imaging methodologies for the co-culture system 

• Determine the viability and functionality of cells within the co-culture systems to 

amiodarone (inducer of phospholipidosis, a well-characterised foamy macrophage 

phenotype) 

• Perform detailed analysis of macrophage morphology in the co-culture system in 

the presence and absence of amiodarone 

• Establish baseline characteristics of alveolar-like macrophages and determine the 

influence of the co-culture environment 

• Apply phenotype analysis to determine morphological and metabolic differences of 

alveolar-like macrophages cultured in different environments. 
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5.3. Results 

5.3.1 Effect of amiodarone on cell viability and functionality in mono- and co-

culture U937 models. 

The effect of amiodarone on cell viability and functionality was assessed on PMA-

differentiated U937 cells in monoculture and on the type I and type II co-culture 

models. Models were cultured at the ALI as previously described. Dosing of 

amiodarone to cells was via The extracellular concentration of LDH was less than 3% 

for untreated models, and no significant difference (p<0.05) in viability was observed 

for PMA-differentiated U937 cells cultured alone or in co-culture with epithelial cells 

(Figure 5.1). Exposure to 1 µM and 10 µM amiodarone in CCM to the basolateral 

compartment for 48 h resulted in a significant increase (p>0.0001) in the extracellular 

concentration of LDH to 37-43 % in both monoculture and co-culture models (Figure 

5.1 Cytotoxicity of monoculture and co-cultured PMA-differentiated U937 cells on 

exposure to amiodarone.Figure 5.1).  The presence of epithelial cells did not 

significantly affect the viability of cells within the model in the presence or absence of 

amiodarone. 
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PMA differentiated U937 cells cultured alone (A) with hAELVi cells (B) or A549 cells 

(C) were either untreated or exposed to 1 µM or 10 µM amiodarone for 48 h. The 

extracellular LDH concentration was determined using the CytoToxONE assay, and 

relative extracellular LDH release was calculated from cells lysed with positive control 

0.1% v/v Triton-X 100.  A one way ANOVA was used to determine significance for 

each treatment group and Tukey’s multiple comparison post hoc test was employed 

when ** p< 0.005, *** : p< 0.0001  Data shown represent n= 3 data points ± SEM of 

three independent cell model experiments. 

 

Flow cytometry was employed to assess the influence of amiodarone exposure on the 

functional phagocytic ability of PMA-differentiated U937 cells in mono- and co-culture 

models (Figure 5.2). As demonstrated in Chapter 3, approximately 80% of cells within 

the population were engaged in active phagocytosis (Figure 3.4). For direct 

comparison of phagocytic ability in different co-culture systems, the data was 

normalised and readjusted to 100% for untreated (healthy) cells compared to the 

amiodarone treatment groups. Untreated models were expressed at 100% as a 

phagocytically active population.  

Figure 5.1 Cytotoxicity of monoculture and co-cultured PMA-differentiated U937 

cells on exposure to amiodarone. 
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PMA differentiated U937 cells were cultured with (A) hAELVi and (B) A549 and 

exposed to 1 µM or 10 µM of amiodarone for 24 h.  Phagocytosis assessment was 

performed after 2 h incubation with 1.0 µm FluoSpheres™ Carboxylate-Modified 

microspheres using flow cytometry. 1000 cells were assessed for n=3 independent 

models. The percentage of cells taken up the FluoSpheresTM relative to the whole 

population was calculated. Data are expressed as mean ± SEM, where n = 9 for 5,000 

events. Bonferroni post hoc test after one-way ANOVA where *** p<0.0001 is shown. 

 

Amiodarone significantly (p<0.0001) inhibited PMA differentiated U937 cells to 

phagocytose microbeads for both type I epithelial (TI) and type II (TII) epithelial co-

culture models (Figure 5.2). Phagocytic function of 1 µM and 10 µM amiodarone 

treated macrophages decreased significantly (p<0.001) by 15 % and 8 % respectively 

in the T I model and 25 % and 18 % respectively in the T I the T II model. The sensitivity 

of each model was evident through concentration dependant changes within the T I 

Figure 5.2 Influence of amiodarone on the phagocytic activity of PMA differentiated 

U937 cells in co-culture. 
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and T II models, where 1 µM amiodarone significantly (p<0.0001) reduced the 

phagocytic function of the macrophages. 

5.3.2 Adaptation of high content image analysis for co-culture system 

The high content image analysis methodology established by Hoffman et al. was 

successfully adapted for the co-culture system. Using the InCell Analyser 6000, 

images were taken of fluorescently stained PMA-differentiated macrophages in mono- 

or co-culture in the presence and absence of 1 µM or 10 µM amiodarone at 40 x 

magnifications (Figure 5.3, Figure 5.4, Figure 5.5) Grayscale images of fields were 

exported from InCell software and Image J software adopted to colour and stack 

images. 

For morphological cell health analysis, the nucleus was oval or irregular and stained 

dark blue. Cytoplasm regions within cells stained red and active mitochondria 

presented in yellow. The qualitative assessment indicated that the untreated, PMA-

differentiated U937 cell population displayed a more homogeneous morphology with 

minimal vacuolation. Monoculture and co-culture models exposed to amiodarone 

resulted in more heterogeneous cell responses, including enlarged cells with distinct 

vacuolation patterns (large single vacuole within the cell). 
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PMA-differentiated U937 cells were cultured on 24 well plates and exposed to either 

1 µM or 10 µM amiodarone for 48 h. Cells were fluorescently labelled (i) nuclei (blue); 

(ii) cytoplasm (red); (iii) mitochondrial activity (yellow); (iv) image overlay. Images were 

taken using the InCell Analyser 6000 with x40 objective. White arrows indicate cell 

responses of vacuolation. Control shown as untreated PMA-differentiated U937 cells. 

Data are shown for n=3 independent experiments where 72 fields per well were 

imaged. 

 

 

 

Figure 5.3 Multi-parameter images of PMA-differentiated U937 cells in monoculture 

exposed to 1µM and 10µM amiodarone. 
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PMA-differentiated U937 cells were co-cultured on 24 well plates with hAELVi cells 

suspended in Transwell® inserts at the ALI. The culture system was exposed to either 

1 µM or 10 µM amiodarone for 48 h. Cells were fluorescently labelled (i) nuclei (blue); 

(ii) cytoplasm (red); (iii) mitochondrial activity (yellow); (iv) image overlay. Images were 

taken using the InCell Analyser 6000 with x40 objective. White arrows indicate cell 

responses of vacuolation. Control shown as untreated PMA-differentiated U937 cells. 

Data are shown for n=3 independent experiments where 72 fields per well were 

imaged. 

 

Figure 5.4 Multi-parameter images of PMA-differentiated U937 cells in a co-culture 

system with type I alveolar epithelial cells exposed to 1µM and 10µM amiodarone. 
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PMA-differentiated U937 cells were co-cultured on 24 well plates with A549 cells 

suspended in Transwell® inserts at the ALI. The culture system was exposed to either 

1 µM or 10 µM amiodarone for 48 h. Cells were fluorescently labelled (i) nuclei (blue); 

(ii) cytoplasm (red); (iii) mitochondrial activity (yellow); (iv) image overlay. Images were 

taken using the InCell Analyser 6000 with x40 objective. White arrows indicate cell 

responses of vacuolation. Control shown as untreated PMA-differentiated U937 cells. 

Data are shown for n=3 independent experiments where 72 fields per well were 

imaged. 

 

 

 

Figure 5.5 Multi-parameter images of PMA-differentiated U937 cells in a co-culture 

system with type II alveolar epithelial cells exposed to 1µM and 10µM amiodarone. 
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5.3.3 Quantitative High Content Analysis  

For cell health and morphology analysis, Hoechst 33,342 cell nuclear staining was 

used to identify nucleated cells. Cell Mask Deep Red dye is an established cell 

delineation tool for cellular imaging and was used to highlight the cytoplasmic regions 

within the cells identified. Conversely, vacuoles within cells were identified based on 

negative staining with Cell Mask Deep Red. MitoTracker Red detects the changes in 

the mitochondrial membrane potential and accumulates in active mitochondria. Image-

It Green Dead is an impermeant dye to healthy cells that become permeant when the 

plasma membrane of cells is compromised. These two cell health stains were reported 

as fluorescence intensity values. Eight quantitative measurements were generated 

from the analysis, namely cell area, nuclear area, mitochondrial activity, cell 

permeability, vacuole number per cell, vacuole area per cell, which characterised cell 

health, morphology. 

 

Secondary Analysis Criteria was performed. Exclusion of Cells with Reduced 

Mitochondrial Activity Criteria to identify dead and dying cells were defined so that 

these cells could be excluded from the analysis to prevent morphology 

characterisation parameters being impacted by changes induced from cell death. 

Exposure conditions that reduced the total number of cells imaged to less than 50 % 

of the image in control (untreated) cells were excluded. In the remaining wells, cells 

with reduced mitochondrial activity were classified as those possessing less than two 

standard deviations below the mean fluorescence intensity of MitoTracker Red dye in 

the untreated cell population and were excluded from the analysis. 
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Mitochondrial activity was selected as a more sensitive marker over cell permeability 

as the washing steps within the assay methodology removed most cells with 

compromised cell membrane integrity. Cells exposed to 200 μM FCCP (potent 

mitochondrial oxidative phosphorylation uncoupling agent) were used as an internal 

assay control to confirm the appropriate mitochondrial activity exclusion boundary set. Cell 

viability has been measured as the percentage of cells with mitochondrial activity 

above the mean fluorescent value minus the second standard deviation, out of the total 

number of cells per well.  

 

5.3.3.1. High content image analysis: Cell Health 

Images of individual cells captured in the fluorescent images were analysed 

quantitatively to define detailed cell features.  Parameters describing cell health were 

calculated for each cell within the population and compared between PMA-

differentiated alveolar-like macrophages grown in mono- and co-culture conditions 

(Figure 5.6).  
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To determine the proportion of cells that may have become detached from the well 

plate during the assay, the number of cells observed for each treatment was calculated 

relative to the untreated sample.  No significant difference (p>0.05) regarding the 

number of cells counted on exposure to either concentration of amiodarone was 

observed for either PMA-differentiated U937 cells in monoculture or either co-culture 

model (Figure 5.6 A). A significant reduction (p<0.05) in cells counted was observed 

between the U937 cells in monoculture and within the type I co-culture but not the type 

II co-culture model (Figure 5.6 B). For individual cell viability assessment, no 

significant difference was observed in the mitochondrial activity of PMA differentiated 

U937 cells in each culture system or with amiodarone exposure. The only significant 

observation for altered cell membrane integrity was between untreated and 10 µM 

amiodarone in the T I model (p<0.05) (Figure 5.6 C). 

A subset of the population with elevated mitochondrial activity was also characterised 

to explore if this population of more metabolically active cells had altered cell health 

and morphological properties. No significant difference (p>0.05) in the total number of 

PMA-differentiated U937 cells with elevated mitochondrial activity was observed in the 

subset population in the presence of amiodarone or co-culture with epithelial cells 

(Figure 5.6 D).  The membrane integrity of the PMA differentiated U937 cells in the 

population remained unchanged (Figure 5.6 F) with exposure to amiodarone in all 

models.  A significant change in mitochondrial activity was observed for 5 nM and 10 

nM in the T II model (p<0.01) and 10 nM in the T I model (p<0.05) compared to control 

(Figure 5.6 E).  
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5.3.3.2. High content image analysis: Morphology 

Analysis of morphological features was divided into gross morphology (cell area, 

nuclear area and cell area: nuclear area ratio) and detailed intracellular morphology 

(number of vacuoles, percentage of the cell area occupied by vacuoles, average area 

of cell occupied by each vacuole).  For untreated samples, the cell area of PMA 

differentiated U937 cells was significantly increased (p>0.05) in both co-culture 

models in comparison with cells in monoculture (Figure 5.7A). No significant difference 

(p>0.05) in cell area was observed with amiodarone exposure at either concentration.  

Nuclear area of PMA differentiated cells was not significantly different in cells in 

monoculture but was significantly elevated (p<0.0001) for cells exposed to 10 µM 

amiodarone in comparison with untreated cells (Figure 5.7B). The average area 

occupied by each vacuole was observed to be significantly greater (p<0.001) for PMA 

differentiated U937 cells cultured with A549 cells after exposure to 10 µM amiodarone 

in comparison with untreated cells (Figure 5.7C). No other differences in vacuole 

characteristics were observed to be significant (p<0.05). 

In the subset population with elevated mitochondrial activity, PMA differentiated U937 

cells had significantly larger cell area (250-300 µm vs 475-775 µm) than the average 

of the whole population; however, no significant difference (p>0.05) was observed for 

cell area with exposure to amiodarone or between the different culture systems (Figure 

5.7D). Similarly, no significant differences (p>0.05) were observed for nuclear area for 

PMA-differentiated U937 cells between culture systems or in the presence of 

amiodarone for the subset population (Figure 5.7E). Furthermore, cells with elevated 

mitochondrial activity had a comparable nuclear area with the whole cell population. 
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In the subset population, there was no significant difference (p>0.05) in the average 

area of each vacuole within PMA differentiated U937 cells on exposure to amiodarone 

or between culture systems; however, this value was significantly higher (p<0.0001) 

for cells with elevated mitochondrial activity in comparison with the whole cell 

population (Figure 5.7F). 
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The number of vacuoles per cell was significantly increased (p<0.001 and p<0.05 

respectively) for PMA differentiated U937 cells exposed to 10 µM amiodarone in both 

TI and TII co-culture models in comparison with cells in monoculture (Figure 5.8A). 

The cell subset with elevated mitochondrial activity had a significantly higher number 

of vacuoles (p<0.0001) than the whole population (>2 fold greater) (Figure 5.8D). No 

significant difference (p>0.05) was observed in the percent area per cell occupied by 

vacuoles on exposure to amiodarone or with regards to the culture system (Figure 

5.8B). However, the percent of the cell area occupied by vacuoles was approximately 

2-fold higher in cells with elevated mitochondrial activity in comparison with the whole 

cell population (Figure 5.8E). The average area occupied by each vacuole was 

significantly lower (p<0.001) for PMA differentiated U937 cells exposed to 10 µM 

amiodarone in both co-culture systems compared to the monoculture system. (Figure 

5.8C). The population of cells with elevated mitochondrial activity had a significantly 

lower (p<0.05) average area of each vacuole in comparison with the whole cell 

population (Figure 5.8F). 

5.3.3.3. High content image analysis: Population profiling 

Characterising the profile of multiple cell health and morphology average population 

parameters was conducted to ascertain if and how PMA-differentiated U937 cell 

morphology and health differed in the presence and absence of alveolar epithelial 

cells. Amiodarone was also used to generate a ‘foamy’ macrophage phenotype by the 

mechanism of phospholipidosis in order to assess if PMA-differentiated U937 cell 

responses differed when cultured with or without epithelial cells.  A reproducible 

baseline was established for untreated PMA differentiated U937 cells, which was 
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consistent for cells cultured on both 96 and 24 well plates in the presence and absence 

of hAELVi type I epithelial cells and A549 type II epithelial cells in co-culture (Figure 

5.9).  
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A concentration dependant response to amiodarone was observed for U937 cells 

cultured on 96 well plates for nuclear area:cellular area ratio (55 % ± 34 % with 100 

µM amiodarone, 10 % ± 7 % with 31 µM amiodarone and 9 % ± 6 % with 10 µM 

amiodarone) and membrane permeability (67 % ± 4 % with 100 µM amiodarone and 

14 % ± 2 % with 31 µM amiodarone) (Figure 5.9 A). Whole population cell viability was 

significantly reduced (p<0.05) when PMA differentiated U937 cells were exposed to 

amiodarone at concentrations >10 µM; therefore, the 1 µM and 10 µM concentrations 

were taken forward to assess morphological changes directly induced by amiodarone 

rather than those linked with cell death. 

No significant difference (p<0.05) in the profile characteristics was observed between 

culture conditions or exposure to amiodarone except for mitochondrial activity.  

Mitochondrial activity was elevated in the presence of both amiodarone concentrations 

tested in the monoculture and type I alveolar epithelial co-culture and was significantly 

increased (p<0.05) for PMA differentiated cells in the type II alveolar epithelial co-

culture model in comparison with the other model systems (Figure 5.9D). 

5.3.3.4. High content image analysis: Population phenotyping 

In order to assess individual cells for multiple morphological and health characteristics, 

a dynamic single-cell phenotyping approach was undertaken, which classified the cells 

into reduced, normal or elevated for four characteristics (mitochondrial activity, cell 

area, number of vacuoles per cell and the percent area of the cell occupied by 

vacuoles) (Error! Reference source not found.). 
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PMA-differentiated U937 cells were seeded on 24 well plates at a density of 6.25 x 

105 cells/ well in monoculture and co-culture with either hAELVi (type I alveolar 

epithelial) cells (TI model) or A549 (type II alveolar epithelial) cells (T II model). Culture 

systems were exposed to 1 µM or 10 µM amiodarone for 24 h.  Cells were fluorescently 

stained with Hoescht, Mitotracker, Image it Dead, and imaged using the InCell 

Analyser 6600 followed by quantitative analysis for individual cell characteristics. Cells 

were categorised using four characteristics (mitochondrial activity, cell area, number 

of vacuoles per cell and the percent area of the cell occupied by vacuoles. These 

categories were subdivided into reduced (two standard deviations below the 

population mean), normal (between two standard deviations above and below the 

population mean) and enhanced (two standard deviations above the population 

mean).  The percent of the total population expressing the phenotype was calculated. 

Phenotypes greater than 1% of the population are displayed. 

Error! Reference source not found. 

 

From 72 potential phenotypes, only 9 contained >1% of the cell population and only 4 

of these phenotypes represented >95% of the total cell population. The majority of 

cells (65-90%) were defined as possessing a ‘normal’ level of all four characteristics. 

Cell phenotypes with reduced cell area occupied by vacuoles, increased cell area 

occupied by vacuoles and increased mitochondrial activity were identified to contain 

Mitochondrial activity ↓ - - - - - - ↑ ↑

Cell area - - - - - ↑ ↑ - -

Number of vacuoles - - - - ↑ - ↑ - -

% cell area occupied by vacuoles - ↓ - ↑ - - - ↓ -

Untreated 0 2 86 2 1 1 2 0 5

Amiodarone 1 µM 0 1 88 2 2 0 1 0 5

Amiodarone 10 µM 0 1 85 5 1 4 1 0 3

Untreated 1 3 88 1 1 1 1 0 3

Amiodarone 1 µM 1 5 80 2 1 1 1 1 8

Amiodarone 10 µM 1 8 74 2 1 2 1 1 8

Untreated 1 1 86 3 2 1 2 0 3

Amiodarone 1 µM 0 1 83 3 2 1 1 0 8

Amiodarone 10 µM 0 2 65 3 1 2 2 0 24

TI Model 

(U937 + hAELVi)

TII Model 

(U937 + A549)

Phenotype

% Population expressing phenotype

Monoculture 

(U937)

Table 5.1 Phenotype classification of PMA-differentiated U937 cells exposed to 

amiodarone. 
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>2% of the population for all systems tested. The baseline of the untreated PMA-

differentiated cell phenotype was similar for cells in monoculture and both co-culture 

systems. A greater proportion of the cells had a reduced vacuolation area within the 

cell in the type I epithelial co-culture system in comparison with the other models (for 

10 µM amiodarone 8% of cells in the type I model vs 2 % in the type II model and 1 % 

in monoculture). Cells in co-culture systems also exhibited phenotypes with elevated 

mitochondrial activity (for 10 µM amiodarone 3% in monoculture vs 8% and 24% in 

type I and type II epithelial cell co-culture models, respectively). 
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5.4. Discussion 

5.4.1 High content image analysis as a tool to assess macrophage responses 

High content image analysis is employed in the pharmaceutical industry for screening 

the phenotypic changes induced by compounds for the identification of novel 

therapeutics based on knowledge of a distinct phenotype (Lin et al.,   2020).  Whist in 

vitro approaches for predicting drug safety are widely used pre-clinically in the 

pharmaceutical industry; they typically rely on single parameter readouts typically 

providing information about a cell population. Cell responses to drug challenge in vivo 

may impact only a small percentage of the total cell population (Lewis et al.,   2014; 

Nikula et al.,   2014), and this has also been observed in vitro (Hoffman et al.,   2017). 

As a result, cellular responses in vitro may be overlooked when considering single, 

average data descriptors. Morphological assessment has traditionally been carried out 

by low-resolution imaging, and fluorescent/confocal microscopy images provide a 

crude description of the phenotype with little detail regarding the cellular changes 

(Forbes et al.,   2014). The high content image analysis methodology described in this 

chapter captures multiple parameters for individual cells, enabling analysis of a subset 

of the population of cells that respond to the drug stimulus. This chapter investigated 

if the high content image analysis techniques employed for identifying phenotypic 

changes to the cells in drug discovery could be applied to identify phenotype changes 

associated with toxicity and provide a rapid, reliable preclinical safety assessment.  

 

Fluorescence staining, imaging and analysis methodologies developed by Hoffman 

and co-workers to characterise cell morphology and cell health was adapted for the 

PMA differentiated U937 cells in the co-culture systems (Hoffman et al.,   2017). 
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Amiodarone is a cationic amphiphilic drug used clinically via the oral and systemic 

route to treat arrhythmia. It was selected as a model drug in this study as it is 

associated with inducing phospholipidosis in alveolar macrophages in vivo and in vitro 

(Hoffman et al.,   2017, 2020; A. Patel et al.,   2019). Cells undergoing phospholipidosis 

display distinct phenotypic changes, namely increase in cell size and distinct 

vacuolisation patterns within cells which have been characterised for macrophages in 

vitro (Hoffman et al., 2020; Hoffman et al.,   2017;).   

 

5.4.1.1. Cell health determination 

One important consideration for the technique is that the multiple wash steps required 

as part of the staining procedure remove dead/dying cells from the sample as they 

detach from the surface of the well plate. Therefore, cells remaining on the plate 

represent the viable cells from the population, and the pronounced phenotypic 

changes that might be anticipated may be reduced if assessing drug concentrations 

that induce cell death. For this reason, amiodarone concentrations of 1 µM and 10 µM 

were selected as they induce phenotypic changes without reducing the cell population 

(i. e. cells remain attached to the well plate) (Hoffman et al.,   2017; Nioi et al.,   2007; 

Pauluhn, 2005; Reasor et al.,   2001; Wolkove, 2009). Whilst the cell number of PMA 

differentiated U937 cells was unaffected by amiodarone, the extracellular LDH 

concentration was significantly increased with amiodarone (Figure 5.1). This is likely 

to be a transient increase in cell membrane permeability rather than due to cell lysis 

as the proportion of LDH released relative to lysed control did not reflect the viable 

number of cells in the high content imaging analysis technique.  LDH increase can be 

transient, and it is imperative that extracellular LDH concentrations should always be 
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considered alongside other endpoints (e.g. cell number, mitochondrial activity etc.) to 

validate membrane permeability (Kaja et al.,   2015). Membrane integrity measured by 

the high content image analysis technique (Figure 5.6C) confirmed this theory. 

Membrane integrity in this assay was assessed by the presence of an intracellular 

fluorescent dye that enters cells with compromised membrane permeability. Whilst 

membrane integrity was reduced, other markers of cell death (reduced cell count, 

reduced mitochondrial activity) were not observed, suggesting that these changes 

were likely to be transient. 

The benefits of the models designed and validated in this thesis allow the culturing of 

barrier and PMA differentiated U937 cells in separate compartments. This model 

design proves favourable for cell health determination and associating responses to 

individual cell types. Multiple reports describe that macrophages interact weakly with 

epithelial cell surfaces under such LLC conditions and are easily removed and lost by 

aspiration of the medium (Kletting et al.,   2018). Macrophage cells cultured with 

alveolar cell types in the ALI system are too low in density to be easily harvested and 

detected with FC analysis (Luyts et al.,   2015). Other co-culture systems only compare 

viability or cell readout comparisons of monocultures to co-cultures where cell 

responses are measured as a whole tissue than separately. In the presence of LPS, 

the tri-culture airway model displayed increased IL-8 compared to THP-1 monoculture, 

whereby the origin of the cytokine could not be established due to the complex 

construction of the model (Costa et al.,   2019). The MTT assay was used to compare 

mono/ co-cultures of hAELVi and THP-1 cells for viability and robustness, yet the 

report could not discriminate between the viable cells and thus did not conclude cell 

health (Kletting et al.,   2018).  
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5.4.1.2. Morphological characterisation 

The high content image analysis methodology allows detailed analysis of cell features. 

Protocols for defining the nuclear area and cell area (segmentation) are well 

established, and the software was able to accurately identify and quantify these 

parameters based on greyscale images obtained for Hoechst and Cell Mask 

fluorescence microscopy.  The morphological features of PMA-differentiated U937 

cells are comparable with other studies reporting cell size (Hoffman et al.,   2017, 2020; 

Krombach et al.,   1997). Whilst small differences were observed for the cell area of 

PMA-differentiated U937 cells cultured in the presence and absence of epithelial cells 

in this study, these fall within the typical distribution for cell area of PMA-differentiated 

U937 cells (123-391 µm2) as reported by Hoffman et al.,   2017. 

Characterising the vacuolation parameters is more challenging as these are smaller 

and less clearly defined morphological features. Vacuoles were identified as non-

stained areas within the cell area which were not stained with the Cell Mask dye.  The 

methodology for identifying these features was optimised; however, a balance 

between the sensitivity of detecting all vacuoles and the accuracy of the size of the 

vacuole was struck. The number of vacuoles per cell and the average area occupied 

by a vacuole for PMA-differentiated U937 cells has been reported by Hoffman et al. 

The results from these studies were in agreement. Morphological characterisation of 

PMA-differentiated U937 cells in the presence or absence of amiodarone was in 

agreement with the findings of Hoffman et al.,   2017. This supports using the 

technique to assess the differences in baseline morphology and drug response for 

PMA-differentiated U937 cells in co-culture. 
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5.4.2 Impact of co-culture on PMA-differentiated U937 morphology 

 

5.4.2.1. AECI cells and PMA-differentiated U937 cells 

In vivo, alveolar macrophages are in close contact with both AECI and AECII cells 

within the alveolar sac. It has been established that the alveolar epithelium plays an 

important role in orchestrating immune responses of alveolar macrophages 

(Bhattacharya et al.,   2016; Müller et al.,   2010). For the hAELVi co-culture model, no 

significant differences in population profiling (p>0.05) were observed for PMA-

differentiated U937 cells in the presence or absence of amiodarone (Figure 5.9), and 

cell characteristics were comparable with PMA-differentiated U937 cells in 

monoculture. From the phenotypic analysis (Table 5.1), PMA-differentiated U937 cells 

in the hAELVi co-culture model had a comparable percentage of phenotypes in the 

absence of a stimulus. However, exposure to amiodarone indicated the presence of 

hAELVi cells reduced the size of vacuoles and raised mitochondrial activity in the 

PMA-differentiated U937 cells.  

In vivo, AECI cells function to form the epithelial component of the thin air–blood 

barrier. It is possible that the presence of AEC I in co-culture increased the 

mitochondrial activity of the PMA differentiated U937 cells. More research into 

understanding the hAELVi phenotype is required to determine this outcome (Kletting 

et al.,   2018). 

5.4.2.2. AECII cells and PMA-differentiated U937 cells 

The baseline characteristics and phenotypes for PMA-differentiated U937 cells 

cultured with A549 cells were comparable to cells in monoculture. However, on 
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exposure to amiodarone, mitochondrial activity was significantly increased (p<0.05) in 

both the population (Figure 5.9) and phenotypic analysis (Table 5.1), in comparison 

with PMA-differentiated U937 cells in monoculture.  

In vivo, AECII cells function to synthesize and secret surfactant material, initiate 

hyperplasia in reaction to alveolar epithelial injury and serve as the progenitor for AEC 

I cells (Fehrenbach, 2001). Interactions between AEC II cells and AMs are important 

for alveoli homeostasis. These interactions result in the clearance of alveolar 

surfactants to prevent phospholipid buildup in alveoli which can cause alveolar 

proteinosis leading to respiratory failure (Lindert et al.,   2007). Another unique feature 

of macrophage-epithelial interactions that might determine alveolar immunity is the 

alveolar wall liquid lining. The alveolar wall liquid lining defends against inhaled 

pathogens by providing an aqueous flow at the air-epithelial interphase towards the 

terminal bronchiolar epithelium, downstream from AMs (Suzuki et al.,   2014).  

Increased mitochondrial activity is probably due to the AEC II (A549) cell. These 

secretory cells are responsible for the secretion of the protein, surfactants, and 

cytokine production. Chapter four describes increased cytokine production compared 

to AEC I cells in the presence of LPS. Thus, the mitochondrial activity could be 

associated with increased production of inflammatory proteins (He  et al.,   2019) 

Several A549- U937 co-culture and triculture models are established in the literature. 

Braydich-Stolle and colleagues constructed a co-culture system composed of PMA 

differentiated U937 cells with epithelial cells (A549) cultivated at LLC and exposed to 

aluminium nanoparticles pertaining to the biochemical interactions of the alveoli 

(Braydich-Stolle et al.,   2010). Rothen-Rutishauser and colleagues established a triple 

cell culture system cultivated at ALI composed of epithelial cells (A549), monocyte-
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derived macrophages and dendritic cells, which could show more efficacy in predicting 

in vivo toxicity compared to mono-cultures (Rothen-Rutishauser et al.,   2005). 

Applications of additional models are discussed in chapter six. 

5.4.3 Interpretation of data 

The datasets produced by high content imaging are large and complex, making 

subsequent data analysis and interpretation challenging (Lin et al.,   2020).  Here, four 

methods of data interpretation were considered. Firstly, the average morphological 

characteristics for all cells in the population were reported. This study findings show 

no changes in morphological characteristics based on average data outputs. Thus, 

high content imaging and analysis of average data sets may only be useful with potent 

and toxic concentrations of compounds. More subtle morphological changes are 

masked by the heterogeneous population with heterogenous responses and will 

therefore go undetected.  

The next approach was to consider a subset analysis. Cells with elevated 

mitochondrial activity were selected. Increased metabolic activity indicates change 

and response within the model’s microenvironment and, therefore, the cells 

responding is more to a stimulus or drug treatment (K. Chan et al.,   2005).  

The next approach was to profile the elevated responses of morphological profiles. A 

significant decrease in vacuole numbers and increasing mitochondrial activity is that 

only one or two elevated response characteristics are considered at a time. The 

advantage of this technique is the power in the datasets are individual for each cell. 

The final approach used was the phenotyping approach to four main characteristics 

linked to foamy macrophages. These phenotypes were: mitochondrial activity, cell 
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area, number of vacuoles and percentage cell area occupied by number of vacuoles. 

This approach identified significant changes in macrophage-like cell- characteristics 

when exposed to amiodarone concentrations for both TI and TII co-culture systems. 

Until recently, understanding biological processes through phenotypic high content 

screening approaches have been limited to monoculture systems. The work in this 

chapter describes the application of an innovative high content screening assay for 

cellular toxicity and response to amiodarone. Plate-based assays are relatively easy 

to handle and can facilitate standardisation in a small laboratory setting, thus allowing 

the subsequent screening of compound libraries within a short time. 

5.4.4 Conclusion 

Morphology through high content screening can be used to identify foamy 

macrophages in both mono- and co-culture systems. PMA differentiated U937 cells 

did not appear to be affected by the presence of AEC I or AEC II cells but did show 

sensitivity when exposed to 10 uM amiodarone concentrations, further supporting the 

appropriateness of more complex in vitro models. The use of co-culture models for 

high content screening requires particular considerations for throughput limitations, 

labour intensive experimental design, data-intensive computational methods. 

However, high data complexity leads to multiple data points for both selected 

populations or single cells compared with low data-complexity assays, which generate 

one data point for the whole population (Lin et al.,   2020), or a selected population 

could be adopted for modern drug discovery and toxicology. 
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6. General discussion 

6.1. Respiratory diseases 

Respiratory diseases constitute a huge burden in our society. Worldwide, around 339 

million people are living with asthma (Asthma, n.d.) and 251 million with chronic 

obstructive pulmonary disease (COPD) (Chronic Obstructive Pulmonary Disease 

(COPD), n.d.). Furthermore, COVID-19 has recently become known across the globe 

as a respiratory disease with high mortality, particularly in high-risk categories 

(Coronavirus Disease (COVID-19) Situation Reports, n.d.). The COVID-19 pandemic 

highlighted what little we know about lung response biology and the valuable 

information learnt about the virus infection using in vitro science studies (Takayama, 

2020). Consequently, the compound annual growth rate (CAGR) of the global 

respiratory drug market has grown from 17% to 42% in 2020 (World Respiratory 

Diseases Drugs Market Analysis 2020 - Market Forecast to Grow to $92.6 Billion in 

2020 at a CAGR of 42.5% Due to Increased Demand as a Result of COVID-19 

Outbreak, n.d.). Subsequently, the lung has gained interest as a site for drug delivery 

for both local targeting of therapeutics for treating respiratory diseases and for the 

inhalation of systemic therapeutic outputs (Takayama, 2020). 

Whilst there is an overabundance of research regarding particle size, device 

development and particle deposition, research regarding the morphological and 

functional mechanisms of cellular responses to drug molecules in the alveolar space 

and the site of macrophages is limited (Clippinger et al.,   2018; Patton et al.,   2010). 

Well characterised in vitro models have been established, and drug transport 
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mechanisms are reasonably understood for the main sites of oral drug absorption 

(small intestine), metabolism (liver) and secretion (kidney). In contrast, airway 

alveolus in vitro models and alveolar macrophages are less well characterised 

(Evans et al., 2020). Establishment of standardised in vitro alveolar models with 

characterised functional properties, including morphological measurements, would 

provide an ideal platform for developing novel, effective treatments with high 

bioavailability for both airway and systemic diseases. 

6.2. Immunocompetent alveolar in vitro cell culture models  

The use of in vitro cell culture models for screening of drug candidates and disease 

modelling has become widespread (C. Ehrhardt et al.,   2008). These studies have 

focused on characterising selected bronchial epithelial cell in vitro models to assess 

their morphological and functional suitability as drug molecule screening tools with no 

immunocompetent component. Employment of alveolar in vitro models has had 

significant implications for high throughput screening of potentially therapeutic 

compounds, enhancing the understanding of cell toxicity at the molecular level and 

reducing the use of in vivo  testing (Clippinger et al.,   2018). However, unless these 

models represent the human alveolar region in vivo or a correlation to the in vivo 

situation can be deduced, these efforts may be ineffective.  

6.3. Limitations of Current in vitro Inhalation Testing 

Due to low demands in advanced cell culture, a limited number of tools to develop in 

vitro models have been developed. Such tools include cell growth platforms for cell 

coculturing and anatomically suitable cell types representative of those in the alveolar 

sacs, particularly alveolar macrophage cells (Forbes et al.,   2014). Recent advances 

in tissue-engineering technologies for in vitro cell-based models for drug molecule 
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screening can be classified into (i) lung cultures grown at the Air–Liquid 

Interphase(ALI) or Liquid-Liquid Interphase(LLI); (ii) lung organoids; and (iii) lung-on-

chip (Sedláková et al.,   2019). 

Macrophage characteristics, particularly concerning identifying and defining 

macrophage response to drug molecules in the alveolar sacs, have remained relatively 

uncharacterised in both in vitro bronchial and alveolar models. The available myeloid 

cell lines differ morphologically and biochemically from each other in standard culture 

conditions and following differentiation via PMA stimulus. Phenotypically, HL-60 cells 

are progenitors of granulocytes, whereas THP-1 and U937 are progenitors of pro-

monocytes and monocytes, respectively.  HL-60 and THP-1 blood leukemic cells are 

less mature than U937 cells, which originate from a pleural effusion of histiocytic 

lymphoma and are arrested in a more advanced phase of differentiation (Chanput et 

al.,   2015; Harris et al.,   1985). 

Finally, variation in the construction and cell set-up of the alveolar in vitro models 

prevents molecular and drug response comparisons in the literature. Monoculture 

models are too simplistic, falling short in recapitulating the complex interactions 

between different cell types and tissues occurring in humans (Movia et al.,   2020), 

tetra-culture models (Klein et al.,   2013) are too complex, requiring further 

characterisation and not commercially relevant. 

Herein, the properties of the two in vitro co-culture models characterised in this thesis 

will be summarised, and their effectiveness as a model for alveolar-like macrophage 

response discussed in connection with the limitations named above. Additionally, the 

potential uses for these models in current and future in vitro -lung research will be 

considered. 
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6.4. Overcoming limitations: Advanced tools, the immunocompetent 
in vitro model 

In the presence of PMA, human monocytic U937 cells were differentiated to alveolar-

like macrophages to be morphologically and functionally like human AMs. The 

literature reported a plethora of PMA differentiation protocols which the findings in 

chapter three confirmed generated different cell phenotypes. Of these findings, the 

PMA differentiated U937 cells were most characteristically like AMs following 

incubation with 100 nM PMA for 72 hours followed by a 24-hour rest period. The 

reproducible findings of the cells will support immunocompetent airway studies and 

their AM-like characteristics suitable for further development into multi-cell culture 

systems. 

Newly developed alveolar epithelial (hAELVi) cells challenged the current need to use 

primary AECs with the advantage of being a type 1 cell line with tight junction and, 

thus, representative of 95% of the airway epithelium without the current limitations 

primary cells feature (Wirth et al.,   2016). Culturing hAELVi cells proved challenging 

with regular bacterial contaminations and low cell proliferation. Formation of a 

monolayer and cellular tight junctions were detected after day 7, with the cells showing 

promise for transport studies of drug compounds. Development of the hAELVi cell was 

an innovative approach for type I epithelial cells. 

The third cell line examined was the well-established alveolar epithelial (A549) type II 

cells. With the alveolar epithelium comprised of between 2 -8% of type II cells, A549 

cells are over exploited in their epithelial functions in vitro a monolayer epithelium. 

Better suited for non-transport studies (e.g., metabolism of certain classes of 

xenobiotics) (Hiemstra et al.,   2018; Weber et al.,   2013), the A549 was used to 
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develop the second co-culture model to complement the study as a comparative 

design in vitro tool and determine changes in AM in the presence of difference cell 

types like to findings in the literature. In vitro co-culture models with A549 cells are 

established in the literature. 

When grown on permeable membranes (Transwells®), alveolar epithelial cells form 

monolayers with high functional and morphological resemblance to type I and type II 

as described in the literature (Kletting, 2016; Movia et al.,   2019; Swain et al.,   2010). 

Additionally, long term culture of A549 was shown to promote a more differentiated 

AECII cell phenotype with increased numbers of up- and down-regulated genes 

shared with primary cells suggesting the adoption of AECII characteristics and 

multilamellar body (Cooper et al.,   2016). 

Co-cultured together as an immunocompetent type I and type II AEC model, the 

obtained results suggest that the established alveolar co-cultures are promising 

models that can serve as tools to assess the lung in a healthy state and in measuring 

adaptive and adverse macrophage response. Furthermore the simplistic set up of 

these in vitro models allows for adaptions in applying cell culture techniques with tools 

to build on immunocompetent models with/ without alveolar epithelial cells for example 

(Felder  et al.,   2019; Millar  et al.,   2016): fibroblasts or endothelial cells for focus on 

pulmonary fibrosis disease and acute respiratory distress syndrome treatment studies 

respectively. 

Understanding macrophage biology has improved dramatically in the past decade 

(Joshi et al.,   2018). Alveolar macrophages demonstrate remarkable plasticity to their 

surrounding environment, including reversibility of their foamy phenotypes when 
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exposed to amiodarone through assessment of morphological changes over time 

(Hoffman et al.,   2020). Thus, knowledge of the mechanisms through which 

inflammatory and environmental insults affect alveolar macrophage function can guide 

the development of novel therapies for respiratory diseases with macrophage 

involvement (Hoffman et al.,   2017). As a tool to support guided drug development, 

an understanding of AM polarisation in situ of a healthy human population which, is 

still in its infancy, is required (Arora et al.,   2018) as much of the current research 

reported are based on findings in mice (C. Song et al.,   2012; Veldhuizen et al.,   2019). 

Differentiated monocytic U937 cells, characterised under a standardised protocol, may 

provide a platform to take a systems biology approach to investigate the function of 

AMs in the context of their partnering cell types in vitro. 

As identified in chapter 1, in vitro models ranging from monocultures to multiple cell 

co-cultures and three-dimensional (3D) lung tissue models have been developed 

cultured on in vitro cell platforms. These platforms differ with respect to the types of 

cells included and the format for which they are grown (e.g., submerged in liquid-liquid 

condition or grown at the air-liquid interface), which influences important transport and 

transformation mechanisms (Vogel et al.,   2012). More complex biomaterial scaffolds, 

polymer gels (Sedláková et al.,   2019), spheroid structures (Movia et al.,   2020) and 

new innovative scaffolds made from keratin (Bochynska-Czyz et al.,   2020) and plant 

leaves (Lacombe et al.,   2020) are also available. Each system has its advantages 

and limitations, and the choice of which system to use will depend on the specific 

purpose of the testing.  

3D models of lung tissue have been developed cultured on transwells regularly involve 

epithelial layer and other cells, such as; fibroblasts and immune cells (Alfaro-Moreno 
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et al.,   2008; Braydich-Stolle et al.,   2010; Carterson et al.,   2005; Crabbé et al.,   

2011; Klein et al.,    2013; Kletting, 2016; Lehmann et al.,    2011; Rothen-Rutishauser 

et al.,    2005).  Although abundant in the literature, 3D co-culture models are presently 

in development to investigate the biological roles of AMs in human respiratory health 

and disease (Steimer et al.,    2005) and in inhaled drug discovery research (Forbes 

et al., 2014). Lack of appropriateness and overcomplexity of 3D lung models results in 

fewer commercially available in vitro models. Furthermore, few represent alveolar drug 

delivery and response (Forbes et al.,    2014). 

Commercially available alveolar in vitro models offers advantages for testing on a 

standardised platform which, when used and published in the literature by multiple 

laboratories, allows for accurate comparisons of findings. Higher quality assurance 

and reproducibility between models would additionally be expected. It is important to 

note several drawbacks to current commercial models. EpiAlveolarTM combines 

primary human alveolar epithelial cells (types not disclosed), endothelial and fibroblast 

cells and undisclosed monocyte-derived macrophages (Jackson et al.,    2018). The 

model response was assessed for cytotoxicity controversially by LDH measurements 

and elevated IL-8 levels (Zavala et al.,   2016). 

Obtained from patients undergoing lung lobectomy, SmallAirTM contains primary cells 

from the distal lung tissue, including beating cilia, goblet cells, and clara cells (Huang 

et al.,   2017). Although this small airway model is most likely the closest human in 

vitro model of the lower airways to contain primary cells, it does not represent alveoli 

physiology. 

As a result of respiratory diseases, lung injuries in patients are probable. The extent 

of the lung injury and type of disease does not appear to be a factor when allocating 

cells to theses primary airway models (Zavala et al.,   2016). Although the 
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commercially available cells described above are of primary origin, they should not be 

classified as healthy. It is important to note; there may be considerable differences 

between each cell model due to factors such as the patient’s disease, length of time 

with the condition, treatments received, age, sex and if they are a smoker. None of 

which are disclosed to the consumer. Recently bronchial and small airway cultures 

from different donors were found to vary functionally in thickness, cell-type 

composition, and transepithelial electrical resistance when exposed to stimuli (Bovard 

et al.,   2020). 

6.5. Concluding thoughts and deliverables of this PhD 

Multiple scientific benefits were achieved throughout this research degree. Further 

innovations will reduce the requirement to conduct multiple in vivo studies. 

Advancements in standardising differentiation protocols of immortalised cells allowed 

consistency of data between studies and methodologies to engineer easy cell culture 

set-up allowing acceleration of studies that cannot feasibly be performed in live animal 

models. Finally, first-line investigations of specific responses/ immune pathways in 

vitro are allowed. Hence they are suited to drug discovery screens and toxicology 

studies. 

Another outcome of this PhD is an alternative to in vivo experiments on respiratory 

systems, negating mild-moderate invasive procedures on rodents, ruminants and 

primates. Up to 24% of animals used for scientific procedures per year (UK) were used 

in respiratory and immune system studies (Annual Statistics of Scientific Procedures 

on Living Animals for Great Britain, 2017). 
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Practical benefits of the work completed enable users to construct an 

immunocompetent human alveolar model with desirable physiological and structural 

features and function of the human alveolus within 2 weeks. Immortalised cell lines 

from this study facilitate reproducibility and comparisons with previously published 

literature. The works can facilitate a cost-effective non-animal method approach 

compared to performing similar experiments in vivo, whereby an acute inhalation study 

of three hundred rats’ costs 1.8 million pounds. Finally, an applied biotechnology 

approach enables researchers without access to animal facilities to study respiratory 

systems but can maintain a translational focus with their work.  

Current applications from work completed throughout the thesis are that immortalised 

cell lines are suitable for studies involving monocultures of alveolar like macrophages 

and alveolar epithelial type I and II cells. The co-culture may be used for inhaled 

pharmaceutical response studies and safety assessment studies of inhaled 

manufactured chemicals (consumer products), drug molecules, vaccines, and 

interactions. 

6.6. Future perspectives 

In vitro, human alveolar models provide a new powerful platform to investigate cellular 

behaviour and mechanism of human lung alveolar cells, cell-cell interactions, 

macrophage response interactions, and conduct drug screenings and toxicity assays. 

Despite these advances, improved model systems to recapitulate the complexity of in 

vitro human lungs are still required. 

However, imitations to the models designed in this thesis remain, the cell lines are not 

100% representative of AMs, and human tissue comparison work will be needed to 
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advance the models further. A comparison study of the models to multiple human ex 

vivo alveolar cells will determine their relevance, similarities, and differences. As 

mentioned earlier, access to healthy human alveolar tissue is limited in patient number 

and sample size of <50,000 AMs per patient.  

Another limitation was that the models included either AEC I or AECII cells and have 

not yet been combined as seen in situ. From our studies, the AECII cells played a 

significant role in cell-cell interactions with AMs. Compared to AECI cells, their main 

function was maintaining an integral barrier. Further, the AECI cells proved 

enormously challenging to maintain in culture, particularly on Transwell inserts both at 

ALI and LLC, where the model failure rate, at its lowest, was 30%. Hence, cell culture 

skillset and knowledge is specifically required for the hAELVi cell line to reduce the 

failure rate from 90% to 30% 

The next research step would be to develop methods in co-culturing AECI and AECII 

cells together, maintaining tight junctions of >500Ωmh whilst signalling to AMs. Both 

epithelial cells would require viability studies in their mediums or combined mediums 

before this. Adapting the cells to different mediums could alter cell characteristics and 

ultimately affect the models’ response to external stimuli.  

Further research is necessary to determine the viability of the models in transit from 

lab to lab. Preliminary studies showed that the AMs were sensitive to environmental 

changes such as temperature and atmosphere and vibrations that the cells could 

suffer in transit. Hence, transporting the models to other labs to assess tests' continued 

functionality and reproducibility will be imperative. Moreover, cryopreservation of the 

AM cells was not feasible. Post freeze/thaw cycles were found to cause cell death and 



Chapter 6 General discussion   183

 

 

cell differentiation. Additionally, investigative proof of concept experiments found the 

current cells viably sensitive when embedded in agarose gels. Research to develop 

novel transport systems for cell culture is required. 

Finally, prolonged culture, >5 weeks of the models showed the AMs were susceptible 

to reverse differentiation whereby the AMs began to revert to their monocyte 

phenotype. Additional research is needed to determine if AMs require regular PMA 

stimulation to maintain cells in their mature state.  

To conclude, multiple research approaches are needed to continue advancing the 

current immunocompetent models for the screening of new aerosolised medicines and 

AM response biology. The in vitro models designed, validated and discussed in this 

thesis have set a firm baseline for development and research advancements for the 

lungs. 

Patents have been submitted for both immunocompetent in vitro models designed for 

this thesis. The application of the models into the commercial field has already 

expanded beyond the pharmaceutical sector. Extensive market validation confirmed 

the commercial value of the technologies to the chemical, agrichemical and consumer 

product market to assess human safety response thresholds to inhaled products from 

e-vapour, aerosol and make-up powders. 

Co-owned and led by the author, the spin-out company ImmuONE Limited was 

incorporated and secured significant funding and capital in 2019. ImmuONE is 

currently adapting the model for commercial use and scale-up manufacture. Research 

and development are ongoing to assess the scales of services required to address the 
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inhalation industry needs. Our future aims are to provide improved in vitro non-animal 

methods and provide stronger human-relevant predictive outputs so that chemical 

compounds would fail earlier in their development course. 
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