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Abstract 
Concerns have been raised regarding possible health effects due to constituents of air pollution, 

including increasing diesel use and addition of fuel catalysts such as cerium dioxide 

nanoparticles (CeO2NPs). There is limited information on the potential hazards of this 

nanomaterial as part of diesel exhaust on respiratory conditions, including asthma and allergic 

airway disease (AAD).  

We therefore aimed to identify the effects of diesel exhaust particles (DEP) alone and in 

combination with CeO2NPs in both an in vitro lung epithelial model and an in vivo murine house 

dust mite (HDM) model of AAD.  

Human primary bronchial epithelial cells (HPBECs) and Balb/c mice were exposed via a quasi-

air liquid interface or intranasally to HDM alone or with DEP (50µg) alone or combined with 

low (50ng) or high (1.5µg) concentrations of CeO2NPs in single and repeat dose protocols over 

24 hours and 3 weeks.  

HPBECs DEP exposure leads to increases in type II immune response mRNA expression when 

compared to co-exposure (CeO2NPs/DEP), while IL-25 expression was significantly increased 

after CeO2NPs/DEP exposure compared to particles alone and control.  

Within the murine AAD model, the addition of DEP to HDM (over 3 weeks) caused an increase 

in the inflammatory cell counts (specifically lymphocytes, macrophages and neutrophils). 

Addition of CeO2NPs to this combination resulted in a further significant increase in BAL cell 

counts, specifically lymphocytes and eosinophils. This was also paralleled by CeO2NPs 

dependent alterations in inflammatory gene expression, as well as an increase in mucus 

production, airway remodelling and hyperresponsiveness when compared to DEP, CeO2NPs 

alone and the HDM control.  

This taken together suggests that the addition of CeO2NPs has the potential to modify DEP 

effects and enhance an allergic response within a murine AAD model. This has the potential to 

have impacts within the asthmatic population as these catalysts increase in popularity.  
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Chapter 1: General introduction 

1 Overview  

Air pollution is a worldwide problem which is thought to cause 7 million deaths each year 

(World Health Organisation (WHO)), with around 30 thousand of these in the UK (Committee 

on the Medical Effects of Air Pollutants). A major concern is diesel exhaust particles (DEPs) 

with high pollutant levels which have been linked to cardiovascular diseases, diabetes, reduced 

cognitive function and pulmonary diseases (such as Chronic Obstructive Pulmonary Disease 

(COPD) and asthma) (Kelly and Fussell, 2015b, Kaminsky, 2012). Inhaled engineered 

nanoparticles are also of concern as, like the ultrafine components of airborne particulate 

matter, they can reach the deep lung. Cerium oxide (CeO2) is a rare metal that, amongst other 

applications, is used as a fuel catalyst added to diesel fuel to improve fuel economy, which is 

available commercially. Nothing is known about how the addition of CeO2 to diesel might 

modify the behaviour of DEP within the lung. The focus of this work is to examine the 

bioreactivity of CeO2 and DEP in relation to their impact on allergic lung disease and asthma. 

Each of these will be studied independently as well as in combination in the various models 

used within this thesis.  

1.1 Air pollution 

Air pollution has been present throughout human history; however, the composition and 

concentration of the pollutants have changed as civilisation proceeds. More recently, this has 

paralleled major advances in medicine and technology, leading to increased public involvement 

and focus. Indeed, indoor and outdoor air pollution, and air pollution tracking, have become 

independent fields of study, along with many other associated specialties.  

1.1.1 History 

Air pollution is not a new problem but a gradually changing one. The one thing that has without 

a doubt changed is the attitude towards pollution. Ironically, pollution was once considered a 

sign of growth and affluence - higher pollution indicated an industrial area and therefore more 

wealth being generated (Yang et al., 2014). 

But air pollution has been a problem for as long as humans have burnt fossil fuels for heat and 

cooking and has been documented as far back as ancient Rome along with the realisation that 

clean air to breathe was important, and something had to be done to protect the clean air 

(Mosley, 2014). Other occupations (which will be discussed in section 1.1.2) also began to cause 
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problems, such smelting and release of lead and copper particles (the evidence of which can be 

found in Arctic ice cores) (Mosley, 2014). 

Even before the Industrial Revolution in Europe and the USA, there were rising concerns over 

the increasing amount of smoke in the cities as they switched from using the dwindling supply 

of wood, to the more abundant and smoky coal. So much so that Londoners were banned from 

using “sea-coal” in 1306 as the air quality in the city decreased (Mosley, 2014).    

Smog (a mixture of smoke and fog, first coined by Dr. H.A. des Voeux (1905) affected many areas 

of the world including the UK, Europe and the USA. The most commonly used example of a 

“historic” pollution event, its connection to detrimental health and its legacy is the London 

Smog of 1952. This 4 day event occurred due to an assortment of different factors, starting with 

a slow anticyclone stopping above the city causing a cooling effect. This led to an increase in 

the amount of coal-derived heating required by the population and therefore an increase in 

domestic pollution. Every day of the 4 day event caused an increase of up to “1000 tonnes of 

smoke particles, 2000 tonnes of carbon dioxide, 140 tonnes of hydrochloric acid and 14 tonnes 

of fluorine compounds. 370 tonnes of sulphur dioxide were converted into 800 tonnes of 

sulphuric acid” (Fenger, 2009). This increase has been shown to be linked to thousands of deaths 

at the time of the incident (Figure 1-1) and a public outcry forced the government at the time to 

implement changes. This eventually resulted in the implementation of the 1st Clean Air Act of 

1956, which aimed to control industrial as well as domestic air pollution sources by legally 

enforcing smoke free zones within cities, new regulations for burning furnaces, height of 

Figure 1-1. Daily air pollution and deaths. The levels of SO2, smoke and deaths daily during the London Smog 

event of 1954 (Wilkins, 1954). 
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chimneys, measurement of emitted materials from furnaces and the setup of a “Clean Air 

Council” (Akimoto, 2003). 

1.1.2 Air pollution components  

The composition of air pollution has dramatically changed throughout history. Air pollution 

can be made up of a variety of different components in varying proportions depending on 

location/source, weather and time of the year (Figure 1-2). This can be split into gaseous, volatile 

and particulate components. The air pollution segments that are of most interest are those that 

are predicted to affect human health; however, it is difficult to tease out exactly which 

component of these segments cause the observed health effects.  

Since the 1970s, there has been a decrease in most fuel components (except ammonia; Figure 

1-3.) which has had a number of impacts. One of the main causes for the steady decline of these 

components is the introduction of new European emission standards for both petrol and diesel 

cars. Burning of diesel or petrol produces different types of emissions and therefore they are 

subject to different regulations.     

Furthermore, as different engines generate different emissions, it is important to have separate 

standards for them. These standards were originally introduced in 1992 and have steadily 

become more refined and restrictive in terms of the emissions that are produced by cars sold 

today (either petrol or diesel). The main focus of these standards was to initially lower the 

Figure 1-2. Air pollution components.  Illustration of components of air pollution found in the atmospheric 

environment split into gaseous, particulate and volatile segments. Reproduced from Miller et al. (2012), (Kaminsky, 2012) 
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carbon monoxide (CO) levels emitted in both engine types (with a slight focus on particulate 

matter from the diesel engines), this has now moved to a focus on reducing CO, nitrogen oxides 

(NOx) and particulate matter (PM) regardless of engine type (Table 1.1).  There is conflicting 

evidence with regards to the respiratory effects caused by NOx, with some studies identifying a 

potential link between NOx and respiratory disorders (Cesar et al., 2015, Amster et al., 2014, 

Nordling et al., 2008) and others debating this link (Sommar et al., 2014, Kelly et al., 2011). 

The most recent of these standards is the Real Driving Emissions (RDE) test – which aims to 

tackle the ongoing problem of real-life emissions not reflecting what is measured in the 

laboratory environment. This test was implemented on all new cars from the 1st of September 

2017 and will be applied to all cars by September 2019. However, this has led to manufacturers 

manipulating test situations and data in order for vehicles to pass laboratory tests but which 

will not necessarily pass real driving emission tests (Drive, air-quality.org.uk, 2018). 

 

Figure 1-3. Levels of specific air pollutant emissions from 1970-2016. Levels of sulphur dioxides, non-

methane volatile organic compounds, ammonia and particulate matter (PM10 and PM2.5). The index line is present to allow 
a comparison as a percent of original concentrations (Figure reproduced from Affairs, 2018). 
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Table 1-1 European emission standards for diesel and petrol engines. The standards implemented from 

1992 until the present day. These indicate the development of these standards and their requirements from newer engines.  
A recent focus has been NOx from both diesel and petrol engines. The most recent aim is to decrease particulate matter 
generated by petrol engines (previously required of just diesel engines). Figure reproduced from 
http://www.autoexpress.co.uk/car-news/consumer-news/90816/euro-6-emissions-standards-what-do-they-mean-for-you 
and (Drive). 

 

CO is a by-product of incomplete combustion, specifically the burning of organic compounds 

(such as diesel, petrol, domestic gas and solid fuels) with the largest source coming from vehicle 

emissions. Therefore, the highest concentrations of CO tend to be in urban areas where there 

are high levels of traffic (Board and Council, 2002). CO has an atmospheric half-life of 0.5-1 

month, which means its potential effects can be long lasting (Akimoto, 2003). This being said, 

CO emissions have significantly declined since the requirement for vehicles to be fitted with a 

catalytic converter was introduced (Chen et al., 2007). Cigarette smoke is a source of carbon 

monoxide and there are also naturally occurring sources of CO, such as volcanoes, 

  CO (g/km) NOx (g/km) PM (g/km) 

Euro Standard  Date  Diesel  Petrol  Diesel  Petrol  Diesel  Petrol  

Euro 1 Jul-92 2.72 2.72 n/a n/a 0.14 n/a 

Euro 2 Jan-96 1 2.2 n/a n/a 0.08 n/a 

Euro 3 Jan-00 0.64 2.3 0.5 0.15 0.05 n/a 

Euro 4 Jan-05 0.5 1 0.25 0.08 0.025 n/a 

Euro 5a Sep-09 0.5 1 0.18 0.06 0.005 0.005 

Euro 6 Sep-14 0.5 1 0.08 0.06 0.005 0.005 

Euro 6 RDE Sep-17 0.5 1 0.08 0.06 0.005 0.005 

Figure 1-4. Causes of CO poisoning deaths in 2015. Causes of death after CO poisoning in England and Wales in 

2015. Cause of death was defined using the International Classification of Diseases, Tenth Revision (ICD 10). Only accidental 
deaths were included and where the secondary cause of death was due to CO effects. Taken from Office for National 
Statistics (2018 ).   

http://www.autoexpress.co.uk/car-news/consumer-news/90816/euro-6-emissions-standards-what-do-they-mean-for-you
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photochemical reactions, forest fires and, in certain conditions, the ocean (Swinnerton et al., 

1970). Indoor exposure is the most common route for CO poisoning due to incomplete 

combustion (cooking stoves, gas boilers, BBQs and open or accidental fires) and approximately 

50% of reported cases in 2015 in England and Wales were due to indoor CO exposure (Figure 

1-4).  

CO is often used as an indicator for other pollutants that are released at the same time but 

cannot be measured as easily, such as PM2.5 (as they are both produced through the same 

process)(Board and Council, 2002); however Carter et al. (2017) recently suggested that this was 

not the case and every exposure would need to be validated for different variables due to a 

variety of reasons and fuel burning methods.  

1.1.2.1  Other gaseous components  

Sulphur dioxide (SO2) is produced from the combustion of sulphur-containing fuels such as oil 

and coal.  SO2 then dissolves in water droplets to form acid rain, and gasses in the environment 

to produce sulphates (air-quality.org.uk, 2018). In contrast to previously mentioned air pollution 

components, naturally produced nitrogen oxides far overshadow those that are manufactured 

by man. Sources include volcanoes, bacteria and lightning phenomena, as well as organic fuel 

combustion, and nitric acid production (air-quality.org.uk, 2018). Ozone (O3) levels have 

gradually been increasing globally over the last 100 years and remote areas now have the same 

concentrations of ozone that were found in populated areas before the industrial times. This 

increase has been connected to the increase in NOx production, which in turn is associated with 

fossil fuel burning, which has steadily increased with industrialisation (Finlayson-Pitts and Pitts, 

1997).  

1.1.2.2 Metals 

Various metals are released into the atmosphere through chemical processes or from burning 

fuel. In early engines there were initially problems with “knocking”, where the fuel was ignited 

too early. This was solved by the addition of lead to the fuel producing better fuel efficiency and 

economy, however causing lead to be released into the environment. Patterson (1965) 

highlighted the potential health effects of lead on the American public but this was not what 

caused the removal from petroleum. It was only removed when it became apparent it poisoned 

the catalytic converter in the engines (which were introduced to improve various gaseous 

emissions) (Mosley, 2014), and not due to the impact on public health.  
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1.1.2.3 Particulate matter (PM) 

PM is defined as any particles (both solid and liquid) that are suspended in the air, which vary 

in size, configuration and origin (Pope, 2000). This category includes smoke, soot, combustion 

by-products, dust, salt, pollen and spores (Dockery, 2009).  

Particles in the air are a mixture of sizes and can be categorised as follows, based on their 

aerodynamic diameter: 

• Course Particles (PM10, 2.5-10µm) – these are predominantly naturally occurring 

particles from soil and dust. 

• Fine Particles (PM2.5, <2.5µm) – these are generated from combustion in industry, 

vehicles, and power production (Pope, 2000).  

• Ultrafine Particles (UF, PM 0.1, <100nm) – a significant component of this are DEP 

(Wichmann, 2007). 

Currently only PM10 and PM2.5 are systematically monitored and under regulation in the 

environment. The UFs cannot be consistently observed without using alternative measurement 

systems such as a particle number counter (Robertson and Miller, 2018b). As the UF are the 

smallest of all the environmental particles, these are the ones that could pose the highest 

potential risk to the general population as the smaller the particles the higher the potential to 

reach the deep lung and remain within the body.  Different particle size leads to differential 

deposition at sites within the respiratory tract (Section 1.2.1.2) which will impact on their 

bioreactivity and fate.  

Figure 1-5. Examples of air pollution particulate matter. PM consists of a number of component sources and 

surface elements, including organics, metals and volatile elements. Reproduced from Miller et al. (2012). 
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PM is made up of many chemical and elemental constituents, as mentioned above (Figure 1-5), 

and is therefore both physically and chemically different with the potential to cause different 

responses. A critical factor is the geographical location of exposure and previous studies have 

sampled and characterised particles from across the world (Hoek et al., 2002, Marcazzan et al., 

2001, Schmitz, 2005, Schäfer et al., 2006) in order to determine which physicochemical traits 

might relate to adverse health effects, as different fuels may alter the particle composition and 

therefore the health effects these particles may cause.  

There have been numerous studies that have been completed identifying the potential health 

effects air pollution may have on various populations, with the majority of these being linked to 

the lung. However, after exposure to PM, studies have also found a link to cardiovascular 

diseases mortality and PM2.5 (Hvidtfeldt et al., 2019, Hoek et al., 2013), increases in sleep 

disorders in an elderly population (Tang et al., 2019), a decrease in the lung function of children 

exposed to air pollution PM (Chen et al., 2019, Korten et al., 2017, Rice et al., 2016) and low birth 

weight and premature births if exposed in utero (Korten et al., 2017, Kim et al., 2018).  

1.1.3 Air pollution sources  

As noted earlier, air pollution is the result of a variety of processes, from both manmade and 

natural sources. The composition of air pollution and its effects can depend on other factors, 

such as the weather (including temperature fluctuations, humidity, sunlight, rain and windy 

conditions) and the time of the year. In terms of individual exposure and exposure limits, it is 

important to note that these sources will vary in importance in terms of the impact of exposure 

on health, depending on the location of the subject and whether they are indoors or outdoors. 
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1.1.3.1 Man-made sources  

There are multiple anthropogenic sources of air pollution that can either be exclusively 

produced by man, or also have some natural sources. Man-made sources make up most of air 

pollution components. Most man-made pollutants are produced from transport (Figure 1-6), 

where this source is the highest contributor to carbon monoxide, nitrogen oxides and PM 

(Cichowicz et al., 2017). 

Man-made sources of air pollution can be broadly divided and described as follows: 

1.1.3.1.1 Road and transport 

Road and traffic pollution are the main sources of particulate air pollution released into the 

environment and consist of both vehicle exhaust emissions and wear particles (such as brake 

disks, tyres and other abrasive mechanisms) (Pallavi Pant, 2013). If an engine is cold, then the 

engine operates less efficiently, and emission control systems do not work as they should. 

Combustion is not complete, and catalysts are not fully operational until the engine is hot 

(Board and Council, 2002). This effect can also be enhanced by low environmental 

temperatures. This incomplete combustion leads to more particulate matter and CO produced 

and can contribute up to 80% of the pollution level for 3-4 mins after engine ignition (the 

problem of cold starts).   

As alluded to above, the amount of harmful emissions a vehicle produces varies, particularly in 

relation to the age of the vehicle; the greater these are the greater the road tax that is paid. This 

is an incentive by government to persuade the public to buy newer and “cleaner” vehicles.  

Figure 1-6. Anthropogenic air pollution sources in England. Percentages of the four major air pollution 

components and the source of their production in 2013. Taken from the National Atmospheric Emissions Inventory 
database (NAEI). The most recent NAEI report (Defra 2013). 
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1.1.3.1.2 Domestic 

Domestic and indoor air pollution has become of more concern over the last few years. There is 

a realisation that the public are also exposed to the gaseous and particulate matter inside the 

home that has previously been described in outdoor air pollution.  

The producer of the most gas and particulate matter is the wood burning stove (Hawkes, 2015). 

This has become a popular item in the home in the last 10 years, along with the fire pits and 

chimaeras now found in many gardens and communal spaces. Whether they have been installed 

for functional (cooking and heating) or for decorative appeal, they still produce pollutants, and 

these concentrations have been identified as being higher when there is a high or low 

throughput of material and vary depending on what is burned in the stove (Friederike  

Fachinger 2017). 

1.1.3.2 Natural sources  

There are multiple natural sources of air pollution that have not yet been mentioned. These can 

be formed during everyday processes or during extreme weather events. Sand and dust have 

been shown to travel thousands of miles in the air before settling and causing potential 

problems in completely different continents to that of their origin (Wilkening et al., 2000). 

There are also now strong indications that, in fact, sea salt ameliorates the effect of the pollution 

particles that are blown over the oceans (Rosenfeld et al., 2002). Volcanos, once erupted, can 

release a massive amount of particulate and gaseous material into the air which goes on to 

spread throughout the atmosphere. Clouds of volcanic gases contain sulphur dioxide, hydrogen 

chloride, hydrogen fluoride and toxic metal (Curtis et al., 2006), which can fall as acid rain once 

they interact with the moisture in the atmosphere. The ash emitted from volcanoes contains 

rock, silt and particles of silica, which all contribute to the particulate matter in the atmosphere 

(Beach, 2017).  
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1.2 Engineered nanomaterials  

The synthesis and use of engineered nanomaterials has expanded rapidly over the last 40 years 

(Kessler, 2011), with the number of papers published increasing over 175-fold since 1997 (Figure 

1-7). This indicates both an increased interest in a growing field and an increase in the number 

of types of particles being produced and used industrially, domestically, medically, 

environmentally and commercially (Khan et al., 2017).  

Nanoparticles (NPs) have incredibly wide and diverse uses, both inside and outside the 

laboratory, and have been used as fuel additives, in cosmetics and sun creams, and as industrial 

catalysts. In medicine they are being developed and used for a wide range of purposes, including 

targeted drug delivery, localisation and diagnosis of cancer (due to their light scattering 

abilities) (Tolstik et al., 2016), as antimicrobials in the environment and therapeutically (water 

and package disinfection; treatment of drug resistant bacterial infection (Malekkhaiat Haffner 

and Malmsten, 2017, Bhawana et al., 2011, Hoseinnejad et al., 2018)). In engineering, their 

applications include use as semiconductors, as coatings, lubricants and adhesives (Khan et al., 

2017). Nanoparticulate materials have been used for centuries due to their novel properties, 

before the realisation that their nanosized properties conferred the unique qualities observed. 

 

 

 

Figure 1-7. Number of papers published from 1997-2017 featuring "nanoparticle". Data extracted 

from PubMed on the number of papers published containing the word “nanoparticle” over a twenty year period.   
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1.2.1 Properties, characteristics, biological effects and safety concerns 

A nanomaterial is defined as being 100nm or less in at least one dimension (Sambandam et al., 

2014, Horie et al., 2011). A nanoparticle is, strictly speaking, a spheroid and hence has a diameter 

of 100nm or less (Figure 1-8). These nanoparticles are therefore perceived/recognised by 

eukaryotic cells as natural objects; this feature could potentially allow the particles to enter the 

cell passively, or by normal endosomal processes for nanosized molecules, without being 

prevented by the normal cellular mechanisms that would control them (Sambandam et al., 

2014). Nanoparticles inhaled into the respiratory system have the potential to be bioreactive 

within the lung and therefore induce the release of various mediators that act locally. These 

mediators may also be accountable for the systemic effects associated with the inhalation of PM, 

but the exact mechanisms of this still needs to be established (Mostovenko et al., 2019, Yang et 

al., 2017). It has been shown that a proportion of inhaled nanoparticles are capable of reaching 

both the lung and the gastrointestinal tract (through swallowing mucus that is driven to the 

throat), but their translocation into secondary organs via translocation from the lung into the 

blood is very low, but is still possible (Raftis and Miller, 2019, Miller et al., 2017). A proportion 

of inhaled nanoparticles which are engulfed by macrophages within the lung secretions are 

cleared following swallowing of mucus and excreted in faeces (Krug, 2014).  

Figure 1-8. Size range from large down to the nanoscale. Nanoparticles are in the nanometer range (0.1µm 

range) and make up some of the smallest particles found in the air. The average diameter of a human hair equals 80 µm 
and is used as an easy comparison as something that can be seen but is still small. Figure adapted from Ahmed (2019), 
White et al. (2011), (Hartney and Robichaud, 2013).  
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1.2.1.1 Properties and characteristics of nanoparticulate objects 

The smaller size of a nanoparticle results in a higher surface area per unit volume/mass when 

compared to particles greater than 100nm (Hackenberg et al., 2011). A larger surface area confers 

greater surface reactivity and potential to react with cellular membranes and components at a 

molecular level, possibly impacting the organ and systemic systems upon exposure. In addition, 

with significantly greater particle numbers per unit mass, inhalation and dispersion of even very 

small amounts by weight of nanoparticles could result in targeting large areas of the lung. 

There are multiple other ways that a nanosized object can be defined including its shape (rod, 

tube, sphere, hexagon, cube, triangle, etc), chemistry, surface composition, surface electric 

charge and method of synthesis (Sukhanova et al., 2018). Due to the almost limitless 

combination of physicochemical possibilities, engineered nanoparticles have diverse 

characteristics that lend themselves to a wide range of applications. Where a property may be 

beneficial in one scenario it may be completely inappropriate in a different one. These various 

characteristics can cause problems for those interested in putative toxicological effects (an 

important consideration, as discussed below), as it is not always clear which properties might 

be responsible for any adverse effects seen in the models used. These characteristics (both 

physical and chemical) are vital in determining the mechanisms of toxicology of a specific 

nanoparticle and it is therefore crucial to work with fully characterised materials in any 

toxicological investigation.  

Nevertheless, there is a distinct lack of sufficient characterisation of nanoparticles (both 

physical and chemical) in many nanotoxicology studies which hinders interpretation and 

significance of the data (Krug, 2014). It is important to know the conditions in which the 

nanomaterials have been characterised, and to characterise the nanoparticles under the 

conditions in which they are prepared/studied. For example, the pH of the diluent, or the 

addition of serum (found in cell culture medium) has the potential to impact the size of the 

particles (Cho et al., 2013), by forming a corona, or by initiating agglomeration/aggregation of 

the particles. Some fluids, such as pulmonary surfactant, have been shown to both disperse 

(General Strategies for Nanoparticle Dispersion) and enhance agglomeration (Kendall et al., 

2015), depending on the particles under investigation. Furthermore, the modified characteristics 

and variable properties of the nanoparticles can have a striking influence on particle 

bioreactivity, uptake, translocation and the cellular responses (Kuhn et al., 2014).  
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1.2.1.2 Biological effects of nanoparticles 

With the increased uses of engineered nanoparticles within a number of different applications, 

there is more potential for exposure and possible health effects. Just like their bulk particle 

counterparts, some nanoparticles potentially have more health implications than others and 

therefore an increase of their concentration in the air is of concern to many, including 

government agencies, health professionals, the public, and industry. Those who engineer 

nanomaterials focus on their mechanistic effects and the practical applications of these particles 

and not the toxicological effects (Krug, 2014).  

Cells can internalise particles in various ways much depending on the size, but also membrane 

interactions, via phagocytosis (macrophage engulfment of larger particles, between 2 and 

10µm), micropinocytosis (uptake of fluids or particles in small vesicles) or endocytosis via 

clathrin-mediated mechanisms (a receptor is activated and the particle, <300nm, is engulfed 

and taken into the cell)  and caveolae (caveolin-mediated for molecules less than 100nm; e.g. 

this process is utilised for cholesterol translocation and homeostasis) (Cho et al., 2013, Kuhn et 

al., 2014). Not all cells internalise extracellular objects, and not every cell is capable of each 

uptake method, and therefore not every cell will be affected by every nanoparticle it is exposed 

to (Kuhn et al., 2014). For example, previous work within the group has demonstrated that TT1 

cells (type I alveolar cells) take up significantly more nanoparticles (polystyrene) than ATII cells 

(type II alveolar cells) regardless of size or surface modification. 50nm particles were found to 

be distributed throughout the cytoplasm, involving passive uptake, while the 100nm particles 

were mostly found in the intracellular vesicles, indicating active uptake mechanisms. 

Transepithelial electrical resistance (TEER) values remained unchanged after particular 

exposure, indicating that there was no disruption to the tight junctions between the cells and 

therefore no translocation (Thorley et al., 2014). Thus, a combination of uptake mechanisms 

contribute to cellular internalisation of nanoparticles (Kuhn et al., 2014, Novak et al., 2014).  

1.2.1.2.1 Lungs 

Clearance of particles from the respiratory alveolar region of the lung is slower than that of the 

ciliated airways, where the mucociliatory escalator drives particles and particle-containing cells 

towards the throat where they are swallowed or expectorated. Instead, as there are no cilia and 

far fewer secretions, clearance of unwanted material in the alveolar region is dependent on 

macrophage phagocytotic elimination; however, nanoparticles may be so small that they evade 

detection and phagocytosis by macrophages and remain at the gas-liquid interface of the 

alveolae and can interact with the airway epithelium (Maynard et al., 2013).  
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1.2.1.3 Deposition of particles in the lung 

The deposition pattern of aerosolised particles within the lung needs to be taken into 

consideration when investigating a nanoparticle, particularly in vivo. Different sized particles 

will deposit into different regions of the lung (see Figure 1-9), with smaller particles getting 

deeper than the larger particles (Fulcher and Randell, 2013). There are a number of 

characteristics that have the potential to impact on how the particles are deposited and where. 

The particle size, size distribution (monodispersed or polydispersed samples), density, shape, 

atmospheric pressure in the environment in which they are suspended matter. The size of the 

respiratory tract (depending on age and gender of the person, species differences if comparing 

across animals), wind speed, type of breather (does the subject breathe from both the mouth 

and the nose at an equal rate or are they using one or the other) and the breathing rate of the 

subject (the higher the rate, the more particles that will be taken into the lung) are also 

important factors (Klumpp and Bertelli, 2017). 

1.2.1.4 Translocation of nanoparticles  

Nanoparticles after inhalation can translocate through the air-blood barrier and can be 

discovered in additional organs throughout the body (Kreyling et al., 2010), despite being a low 

proportion of that deposited. There have been several different studies that track the fate of 

nanoparticles after inhalation/pulmonary deposition that illustrate that translocation to other 

organs throughout the body (Figure 1-10) is reliant on the size of the particles that have been 

inhaled. Small particles (smaller than ~6nm) can enter the bloodstream and are cleared via the 

kidneys. Particles that are ~34nm or smaller can be found in the lymph nodes, while the particles 

that are larger are mostly retained within the lung (Choi et al., 2010). Uptake by alveolar 

Figure 1-9. Predicted deposition of inhaled particles. Percentage of deposition of particle up to 10m into the 

alveolar, tracheobronchial and nasopharyngeal regions of the respiratory tract. Only nanosized particles deposit in the 
alveolar region. Adapted from Chen et al. (2016), (Fulcher and Randell, 2013), originally from ICRP (1994), (Xu and Qu, 2014). 
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macrophages of these particles is the main clearance mechanism, which then have the potential 

to translocate into the lymphatics system and influence the immune system from there (Geiser, 

2010). The size and the material of the particle is an important factor in the translocation of 

particles, along with exposure routes (Nakane, 2012). Once a particle has entered the 

bloodstream and circulation, there is the potential for it to translocate to any area of the body, 

via the blood or the lymph and accumulate there if the relevant clearance mechanisms are not 

present.  NP surface charge influences the translocation potential as well as the uptake of the 

particle. This is easily modified within the microenvironment and is hard to predict (Chen et 

al., 2018, Choi et al., 2010). Human volunteers have been used to determine the deposition of 

particles with known characteristics within the lung and potentially analyse the translocation 

of these particles. One such study utilised radiolabelled carbon nanoparticles (diameter of 

100nm) and tracked their location 6 hours after inhalation. It was found that the majority 

remained within the lung but a small percentage (3.2±0.7%) was detected within the blood 

immediately after inhalation and was cleared via the kidneys (observed 60 mins after inhalation) 

(Mills et al., 2006). Another study of gold nanoparticles (2 hour exposure during intermittent 

exercise), found that the gold was present in the blood within 15 mins of exposure and remained 

3 months post-exposure. This study used particles of different sizes (5 and 30nm) and discovered 

that the smaller particles were at a higher concentration in the fluids analysed and were also 

present in the urine, while the larger particles were not  (Miller et al., 2017). 
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Figure 1-10. Deposition and possible systemic translocation of inhaled nanoparticles. Once 

nanoparticles have been inhaled, it has been shown that a small percentage of some types of particles are able to 
translocate via the blood and the lymph to other secondary organs. Reproduced from Kreyling et al. (2010). 
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1.2.2 Cerium oxide (CeO2) nanomaterials  

Cerium oxide (CeO2) is an oxide of the rare metal cerium, and is one of the most abundant 

precious metals (Yokel et al., 2014). It has a high affinity for both oxygen and sulphur (Lin et al., 

2006). Nanoceria (CeO2 nano particles)  has been used as a fuel catalyst in diesel engines, and is 

being used as a polishing agent, as a component of solar panels and is used in glass and ceramics 

production (Lin et al., 2006). The nano form is not found in nature commonly; importantly, it is 

becoming increasingly used within industry and industrial processes. CeO2 has been used as a 

catalyst since 1999 (Cassee et al., 2011). With the increase in the number of diesel engines and 

the regular change of laws within the European Union to lower the emissions from these 

engines, new methods are being deployed to decrease the levels from older engines. These 

methods include the production of better catalytic converters and the introduction of chemical 

catalysts into the fuel tanks. These catalysts can contain a number of different components, 

including urea (AdBlue – which is injected and acts as a reductant within the catalyst system) 

and CeO2 (Eolys and Envirox). These catalysts are added to a tank of fuel with the aim to increase 

fuel efficacy by making the engine more efficient, thus saving expenditure. A by-product of this 

is a reduction of emissions produced by that engine. 

The catalytic nature of CeO2 is due to its chemical properties (Figure 1-11). It donates oxygen 

molecules for the oxidation of CO and causes a reduction effect on the NOx molecules (Arul 

Mozhi Selvan et al., 2014). The addition of CeO2 to the fuel lowers the temperature that the soot 

requires to be burnt off (the “light off” temperature). Thus more of the soot is burnt away from 

Figure 1-11. CeO2 catalytic converter. Illustration of how CeO2 catalysts work in increasing efficacy in diesel fuel 

consumption within the engine and the end products of combustion. CeO2 is able to act as both a reduction and an oxidation 
catalyst depending on the burning conditions (Vivier and Duprez, 2010). 
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the inside of the engine causing the engine to run more efficiently and cleanly (Zhang et al., 

2013, Cassee et al., 2011, Jung et al., 2005). 

1.2.2.1 Envirox  

Envirox is a fluid that is manually added to the tank of diesel by the consumer. 

Before the release of Envirox onto the market, a number of safety tests were 

carried out in order to ensure the additional amount of CeO2 released from the 

exhaust did not cause harm to humans. The initial study (Park et al., 2007), 

determined that there were no adverse effects from the cerium based on full 

characterisation of the particles, in vitro and in vivo assays. Adding the Envirox 

catalyst to the diesel at the manufacture’s recommended concentration of 0.5ml of Envirox to 

one litre of diesel fuel and above, decreases the fuel consumption of the engine, the volume of 

CO2 produced and the particulate mass (Figure 1-12). With an increase in the concentration of 

Envirox there is also an increase in the volume of NOx produced and the total number of 

particles produced (Zhang et al., 2013). This can also cause a change in the physical properties 

of the particles emitted from the engine, which are smaller, and might therefore lead to an 

increase in the toxicity of these particles. In conclusion, this catalyst does do the job for which 

it is intended, but the health consequences of the Envirox needs to be further investigated. In 

Figure 1-12. Consequences of addition of Envirox to diesel fuel on diesel engine emissions. This figure 

shows some of the changes in engine exhaust emissions when the CeO2 nanoparticle catalyst, Envirox, is added to diesel 
engine fuel at the recommended concentration. Green arrows show decreased emissions, red arrows show unwanted 
increased emissions or changes (reduced particle size) and blue bars show no change, indicated as good, bad or neutral 
effects. Reproduced from Zhang et al. (2013).   
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summary, as the concentration of Envirox in the fuel increases, so does the concentration of 

NOx and particulate cerium found in the emissions, while the size of the particles decreases. 

However, the particle zeta potential remains consistent regardless of volume of Envirox added 

to the fuel. The carbon content of the particles and the oxidative potential are reduced, and the 

concentration of cerium and nitrogen are increased. The structure of the particles is also 

changed. This could cause changes in the clearance of these particles from the lung, as well as 

the biological responses to them, when inhaled (Zhang et al., 2016). 

After addition of CeO2 to diesel fuel, there is release of CeO2 particles as part of the particulate 

diesel exhaust. This is currently restricted to a small number of locations across the UK. With 

the potential for further increases of CeO2 into the environment due to more widespread use of 

these catalysts, it is of interest to explore how such changes impact pulmonary health. CeO2NPs 

are a common form of this type of fuel catalyst and their interaction with biological systems has 

been examined in some detail within the literature and this thesis.  

1.2.2.2 Biological effects of CeO2 nanomaterials (CeO2NPs) 

CeO2 is a unique material with special redox characteristics which may impact biological systems. 

It has the ability to have both pro-oxidative and anti-0xidative effects on cells. Toxicity of CeOzNPs 

has been found to be due to the valence state and the percentage of the surface that is Ce3+ (Pulido-

Reyes et al., 2015a) when compared to Ce4+, which can be reversed with the addition of phosphate 

ions. Phosphate ions have been found to alter the characteristics of CeOzNPs, and the redox state. 

Due to the high abundance of phosphate in biological systems this could be the potential source 

of the conflicting redox states of CeOzNPs within the literature (Singh et al., 2011). The fact that 

CeOzNPs have this potential to have varying surface chemistry could allow the differences seen in 

the literature when exposing models to CeOzNPs to be explained (Dunnick et al., 2015, Xu and 

Qu, 2014).  

CeO2 nanoparticles can be internalised by some cells and remain within specific vesicles without 

causing damage to the mitochondria (Xia et al., 2008). There are conflicting opinions on the 

capability of cerium to be both cytotoxic and cyto-protective of cells. Some studies have found 

evidence for CeO2 being protective (Xia et al., 2008), while others have demonstrated the opposite 

and cytotoxicity (Lin et al., 2006). Some studies have managed to demonstrate both oxidative and 

antioxidative properties (Horie et al., 2011). This is reflected in the flux in reactive oxygen species 

(ROS) at high and low concentrations of CeO2. A higher concentration of the nanoparticles leads 

to an increase ROS production, while a lower concentration has an anti-oxidative effect, resulting 

in a lower production of ROS (Horie et al., 2011).  
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After inhalation of cerium, only around 1% of the particles are translocated throughout the body, 

but it does appear to have a slow clearance rate from the body (due to low solubility) and 

accumulation in the lung and liver can cause localised toxic effects at high doses there. CeO2 can 

also exist in two different redox states; it has been found that Ce3+ is the more toxic of the two and 

has more biological effects within the body (Yokel et al., 2014).  

1.2.2.3 Effects of CeO2 nanomaterials in models of human disease  

There is no current evidence that would suggest that CeO2 is toxic in humans, there is however 

evidence that suggests the nano-CeO2 is potentially more toxic than its microparticle 

counterparts (Kumari et al., 2014b). For example, potential genotoxic effects of these particles 

(Franchi et al., 2015, Kumari et al., 2014a)) have been described, as well as potential geno-

protective effects (Rubio et al., 2016). Interestingly, nanoparticulate ceria exists in various forms, 

and within an aquatic environment it has been identified that the oxidative state of the particles 

and not the shape, concentration or surface charge of the particles influenced their toxicity 

(Pulido-Reyes et al., 2015b).  
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1.3  Asthma and allergic airway disease  

1.3.1 Background  

Asthma is a chronic inflammatory disease of the airways that is characterised by a constriction 

of the airways associated with, but not limited to; coughing, chest tightness, mucus build up, 

wheezing and bronchial constriction, that can be triggered by a number of patient specific 

stimuli (Lambrecht and Hammad, 2012).  There are numerous potential triggers of an 

exacerbation of existing asthma, whilst development of asthma is complex and includes 

environmental and genetic causes. Not everyone that has an allergic phenotype is asthmatic 

(Davies et al., 2016). 

There is evidence that single nucleotide polymorphisms (SNPs) changes might play a small role 

in determining the asthmatic risk (Saba et al., 2018, Raeiszadeh Jahromi et al., 2015, Wan et al., 

2012) and in the development of this disease, however it is becoming increasingly clear that 

environmental exposures also play a role. One of the theories for the increase in asthma cases 

is the “hygiene hypothesis”. This states that children are now being brought up in an 

environment that is too clean and are not exposed to germs and other agents which would 

normally build up their immune response to these triggers. Consequently, at a later stage of 

their life, the immune system reacts to a range of biological material to which it should not 

normally react (Turner, 2017). The hygiene hypothesis is too general a statement for the causes 

of asthma. It does not explain the increase of allergies found in poorer and less developed areas 

(van Tilburg Bernardes and Arrieta, 2017). It is thought that there needs to be the perfect storm 

of genetic and environmental triggers where “genetics loads the gun and the environment pulls 

the trigger” (Turner, 2017) for asthma to develop.  
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1.3.2 Cellular physiology 

The cellular physiology of asthma and allergic airways disease depends on the region of interest 

and the function it has been designed to do (Figure 1-13). For example, in the normal lung, the 

larger airways have a thicker cell layer with smooth muscle and immune cells, while the alveolar 

region is made of a single cell layer of specialised cells that secrete surfactant (to stop the lungs 

from collapsing) and aim gas exchange from the pulmonary system to the cardiovascular. Thus 

the pathology reflects the site affected. 

1.3.2.1 Epithelial barrier 

Epithelial cells play an important role in the development of asthma and are the main barrier 

cells against airborne stress inducing factors, such as oxidative and mechanical stress, allergens, 

pollutants and viruses (Olin and Wechsler, 2014). Its barrier function is dependent on integrity 

of the cells and the interactions between these cells (Xiao et al., 2011). The epithelial barrier does 

this in a number of ways, but the production of type-II cytokines and cross talk and activation 

of dendritic cells are some of the main ways (Hammad and Lambrecht, 2015), while 

antimicrobial secretions, mucociliary apparatus and tight junctions physically stop interaction 

with the subepithelial tissues (Brune et al., 2015).  

One of the major features of asthma is epithelial cell activation, and understanding the 

interactions is important in understanding the disease. The epithelium acts as a sensor of the 

external and local environment and is a sentinel compartment that maintains homeostasis. 

Damage to the epithelial layer (including cell shedding, cilia loss and mucus production 

(Manuyakorn et al., 2013)) plays a role in the airway remodelling that is a key feature of asthma. 

Altered epithelial behaviour is a major feature of asthma development, caused by increased 

injury via environmental exposures and a changed injury repair response (Holgate, 2013); 

Figure 1-13. Various cells and their location within the lung. Different regions of the lung contain different 

cells in order for them to fulfil their primary function. The airway epithelium contains cells that allow mucus to be produced 
and be beaten out of the respiratory system, as well as a layer of basal cells present to differentiate into terminal cells as 
required. As the alveolar region is for gas exchange, the cell layer reflects that and is composed of a much thinner cell layer, 
allowing gas exchange across these cells. Immune cells are also present throughout the lungs, but at different 
concentrations within different regions. Reproduced from Nikolic et al. (2018b). 
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however these changes are not specific to asthma (Manuyakorn et al., 2013) and can be apparent 

in other airway diseases such as COPD (Tam et al., 2011), and cystic fibrosis (Hiemstra et al., 

2015).  

The normal epithelial layer in the large airways is composed of goblet cells (secretory cells that 

produce mucus, which contributes to the construction of a physical barrier to the outside world 

and a major part of the innate defence system (McCauley and Guasch, 2015)) and ciliated cells 

(the predominant cell in the airways arising from either basal or secretory cells (Knight and 

Holgate, 2003)). Each ciliated cell has in the region of 200 cilia per cell allowing sufficient 

beating to power the mucociliary escalator and clearance of debris out of the airways (Grainge 

and Davies, 2013). Ciliated cells form a segment of the mucociliary transport system and through 

their beating they transport foreign bodies trapped in the mucus back out of the respiratory 

system (Yaghi and Dolovich, 2016). Around 30% of the large airway epithelium is made up of 

basal cells, these cells anchor the epithelium to the matrix and protect the underlying stroma 

from the external environment (Rock et al., 2010). They are also important in airway repair as 

they are stem cells. Around 9% of the small airway epithelium is made up of club cells which 

produce multifunctional uteroglobin/club cell secretory protein (CC10); antiproteases such as 

secretory leukoprotease inhibitor; and other molecules important in lung defence and 

components of lung lining fluid (Rokicki et al., 2016). Club cells are also progenitor cells. In the 

respiratory units, and not thought to be important in asthma, type II alveolar epithelial cells can 

be characterised very easily by their distinctive cuboidal shape, numerous microvilli and 

secretory lamellar bodies which contain and secrete lung surfactant. While type I alveolar 

epithelial cells which line 95% of the epithelial surface are characterised by their very thin 

cytoplasm and facilitate gas exchange and passage of small molecules across the membrane 

(Crapo et al., 1982). 

Epithelial cells are capable of interacting with, and activating, cells of the immune system 

through the release of chemokines, cytokines and by expressing certain receptors on the cell 

surface (Swindle et al., 2009). Any fault in these mechanisms has the potential to disrupt the 

airway homeostasis. It was found in a study by Blume et al. (2013) that the epithelial cells 

released cytokines in response to pollen exposure, but the physical properties of the cells were 

unchanged (the membrane integrity remained intact and the cellular characteristics did not 

change with the cytokine release). This allowed the physical barrier (the integrity of which 

depends on the formation of tight junctions (Wittekindt, 2017)) to remain intact and continue 

to defend against external factors. This barrier also stops the interaction of various 
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environmental particles with the surface of the epithelium. Surfactant is produced by type II 

alveolar epithelial cells. Surfactant consists of 90% lipid and 10% proteins. This allows pathogens 

etc. to then be cleared via the mucociliary clearance mechanisms (Proud and Leigh, 2011). 

Airway epithelial cells express pattern recognition receptors (PRRs) which respond to pathogens 

via pathogen-associated molecular patterns (PAMPs) that are on their surface and to cell death 

and stress markers via damage-associated molecular markers (DAMPs) (Lambrecht and 

Hammad, 2012), such as histamine (Takizawa et al., 1995). This activation causes release of a 

number of chemokines and cytokines that have multiple downstream effects and have the 

potential to enhance the asthmatic phenotype. TNF-α, IL-1β, IL-8, IL-6, IL-25, IL-33, TSLP, GM-

CSF and MCP-1 (which can be induced by viral and bacterial infections, non-proteolytic 

allergens, and fungal spores (Wittekindt, 2017)) are released and attract immune cells, including 

basophils, eosinophils, lymphocytes, dendritic cells and macrophages (Olin and Wechsler, 2014, 

Lambrecht and Hammad, 2014, Wittekindt, 2017, Proud and Leigh, 2011). IL-4 and IL-13 cause 

epithelial cells to respond to these chemokines by releasing GM-CSF, IL-8, CCL1, and CCL17 

(which further attract neutrophils, eosinophils and T cells), but may also contribute to the 

further damage to epithelial cells  (Lambrecht and Hammad, 2012), due to the interference these 

chemokines have on the tight junctions in the epithelial barrier (Wittekindt, 2017). 

Toll-like receptor (TLR) 4 is a receptor on the surface of epithelial cells which can lead to the 

triggering of immune responses via allergens found in the air (LPS (found on the wall of gram-

negative bacteria) (Alpizar et al., 2017) in low amounts activates a Th2 type response. At higher 

concentrations Th1 type responses are activated (Na et al., 2016)) and in house dust mites 

(HDM) for example, both directly and indirectly. TLRs signals result in the activation of NF-κB, 

which also contributes to the degradation of epithelial tight junctions (Wittekindt, 2017),  TLR4 

leads to the recruitment of neutrophils, eosinophils and basophils, while TLR2 and TLR5 lead 

to the activation of dendritic cells (Carlier et al., 2016).  

Some allergens can cause damage to the tight junctions by proteolytic cleavage of occludin and 

claudin, allowing interstitial dendritic cells to access the air-liquid interface to sample more of 

the environmental material deposited at this site during which they potentially become 

activated more often. Low IL-13 levels leads to epithelial healing, while high IL-13 levels leans 

towards allergic sensitisation (Lambrecht and Hammad, 2014). 

CCL20 and CCL2 production is activated by various allergens (including but not limited to), 

HDM inhalation causes the attraction of dendritic cells to the epithelial layer. CCL20 production 
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is initially simulated by TNF-α, but can also be released after IL-1β and IL-4 and IL-13 (Liu et al., 

2018). Production of CCL20 depends on E3 ubiquitin ligase mideline-1, and as well as attracting 

dendritic cells to the site of secretion, CCL20 also causes activation of the dendritic cells 

(Lambrecht and Hammad, 2014, Reibman et al., 2003, Liu et al., 2018).  

TSLP can induce secretory leukocyte protease inhibitor (SLPI) which can potentially activate 

the repair of epithelial cells and dampen the airway inflammatory process (Lambrecht and 

Hammad, 2012). The concentration of TSLP in the airways has also been shown to correlate with 

the severity of asthma in patients (Ying et al., 2005). 

Damage to the epithelial layer, including epithelial shedding, is a significant process in the 

development of asthma and other inflammatory diseases; it is well established that abnormal 

epithelial repair mechanisms also contribute to the disease severity (Davies et al., 1999). In 

asthma, there is an increase in EGFR and loss to columnar epithelial cells, which is a normal 

repair process that is increased due to the induction of transforming growth factor-β (TGF-β) 

(Druilhe et al., 2008) and an increase in epithelial repair over time (Grainge and Davies, 2013). 

There are 40 times more stem cells present in asthmatic epithelium when compared to normal 

patients, which could be due to a number of different factors, including the increased need for 

stem cells due to the continuous injury and repair cycles found in this disease (Grainge and 

Davies, 2013).  Basal cells are a form of stem cells and contribute to epithelial repair after injury. 

Changes to the genome of these cells (via epigenetic alternators due to environmental 

conditions, and genome mutations) can affect the susceptibility of the patient to airway 

remodelling (Rock et al., 2010). Changes to the equilibrium of basal injury and repair can lead 

to basal cell hyperplasia, epithelial hyperplasia, mucous cell hyperplasia, metaplasia and 

squamous metaplasia (Rock et al., 2010). 

Epithelial cells can also internalise particles (as do macrophages); however this uptake varies 

between different types of epithelial cells. Alveolar type I cells have been found to internalise 

some nanoparticles at the same rate as macrophages in vitro (Ruenraroengsak and Tetley, 2015), 

while type II cells were slower to internalise the particles in vitro (Kuhn et al., 2014). In addition, 

the size of the particle determines the mechanism of its uptake (due to different endocytotic 

uptake mechanisms and passive uptake) (Kuhn et al., 2014, Adamson et al., 1990). 

Injury to the epithelium by exogenous agents includes induction of cell death and tight junction 

degradation; in asthmatics, this injury is compounded by incomplete repair processes that mean 

the epithelial cell layer can never fully recover (Olin and Wechsler, 2014). Asthmatic patients 
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have a different tight junction profile (including patchy, incomplete, tight junctions and lower 

transepithelial membrane resistance involving low zonula occludens (ZO)-1 and E-cadherin 

(adhesion molecules)) when compared to the healthy control tissue (Xiao et al., 2011). Epithelial 

tight junctions contain claudins (cldn1) 2, 3, 4, 5, 7 and 8, but their intracellular location depends 

on the region of the airway in which the specific cell is present (Wittekindt, 2017). Loss of E-

cadherin in patients with asthma is associated with an increase in TSLP production and causes 

an increase in the damage to epithelial cell layer (Lambrecht and Hammad, 2012). TSLP, IL-25 

and IL-33 are all known as epithelial “alarmins”, which are released by epithelial cells if there is 

perceived danger. Alarmins can activate numerous other cells, including dendritic cells. In 

addition, over production of these mediators leads to a feedback loop of epithelium damage and 

airway remodelling even if there is no “danger” present (Mitchell and O'Byrne, 2017).  TNF-α 

and NF-κB have negative effects on the TJs (cldn2, 4, and 5) and inhibit ZO-1 formation; they 

can also interfere with the localisation of the TJ proteins within the epithelial cells, increasing 

the cellular permeability and causing the TJs to become leaky. This breakdown of tight junctions 

can go on to cause lung injury and eventually  respiratory failure (Wittekindt, 2017).  

1.3.2.2 Immune system activation 

It has been well documented that following allergen challenges, the inflammatory profile of the 

lung changes and therefore the downstream activation of the immune system can also change 

depending on the challenge. 

There are two main pathological components to asthma, the airway remodelling (including 

mucus production) and the inflammatory response. The disease develops through a 

combination of the action of different types of immune cells (from both the innate and adaptive 

immune system) and epithelial cells which cause an increase in bronchial hyper-reactivity 

(BHR) (Lambrecht and Hammad, 2015). Asthma exhibits a characteristic inflammatory cell 

profile involving a number of different types of immune cell, including eosinophils, neutrophils 

and mast cells (Gaffin et al., 2014). Both T cells and B cells play an important role in the 

development of asthma (Barnes, 2008). Lung biopsies from asthma patients show an increase 

in the levels of eosinophils, mast cells and T cells.  
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1.3.2.2.1 T cells 

It is now becoming clear that there are multiple T cell types (Figure 1-14) that are active in 

asthma. It was previously thought that only Th2 cells were responsible as they produce IL-4, IL-

5 and IL-13 cytokines which play an important role in the aetiology of asthma and type II 

inflammation. IL-4 is required for B cell isotype switching (in order to produce immunoglobulin 

E (IgE)) (Kato et al., 2013); IL-5 is known to be the main cytokine implemented in the activation 

of eosinophils (Farne et al., 2017); and IL-13 is an essential cytokine for the development of 

asthma (including mucus production, airway remodelling and airway hyperresponsiveness) 

(Corren, 2013, Olin and Wechsler, 2014). 

Within atopic asthmatic airways there is a shift in the number of CD4 T cells both in the blood 

(Huang et al., 2017a) and in forced sputum (Kawayama et al., 2013) when compared to healthy 

patients. This is not completely true for all asthmatic patients as some have been found to have 

a neutrophilic phenotype (e.g. severe asthma) that is controlled by the Th17 response rather 

than the Th2 response (Lambrecht and Hammad, 2015). The Th2 responses require a dual 

Figure 1-14. Subsets and differentiation of T cells. This figure shows the differentiation of CD4+ T cells after 

activation and what causes their differentiation. Horizontal arrows indicate cytokines are produced by these subsets and 
their functions. Reproduced from Tumes et al. (2017).  
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activation protocol which is composed of a “sensitisation” and a “reactivation” phase 

(Leomicronn, 2017).  

IL-13 is released by Th2 cells, CD4 natural killer T cells, basophils and eosinophils, amongst 

others. In addition to IgE synthesis, it regulates goblet cell hyperplasia, mucus hypersecretion, 

airway hyperresponsiveness and fibrosis and induces airway epithelium to produce periostin 

(contributes to the thickening of the basal membrane (Izuhara et al., 2014) and inducible nitric 

oxide synthase (iNOS can lead to airway constriction, increased mucus production and 

downregulation of Th1 cytokines and upregulation of Th2 cytokines (Batra et al., 2007)). Exhaled 

NOS can be used as a marker for allergic asthma, due to its significant elevation in patients with 

the condition when compared to the normal control (Roos et al., 2014). IL-13 doesn’t attract 

eosinophils but induces epithelium to release eosinophil chemoattractants (Arron and Izuhara, 

2015). Thus, IL-13 is an important mediator of asthma and remodelling of the airways in asthma. 

Th17 cells are another subset of T cells that play a role in asthma development and treatment. 

Th17 T cells are stimulated by TGF-β with IL-6, IL-21, (Korn et al., 2007) or IL-23 (Aggarwal et 

al., 2003), differentiating T helper cells into Th17 cells which produce IL-17 and IL-22 (Chen and 

O'Shea, 2008). They produce IL-17 which interacts with and activates neutrophils causing a 

neutrophil predominant phenotype (Olin and Wechsler, 2014, Chesne et al., 2014) (Al-Ramli et 

al., 2009, Bullens et al., 2006) (Newcomb and Peebles, 2013), as well as inducing airway 

hyperresponsiveness (Kudo et al., 2012). Induction of AHR by IL-17 is due to regulation of 

secreted phospholipase A2 group X (sPLA2-X), an enzyme that is associated with AHR which 

increases with asthma severity (Hallstrand et al., 2013). 

 

Regulatory T cells (Tregs) are thought to suppress normal Th2 allergen responses with the 

induction of Tregs modulating these responses (Robinson et al., 2004) and are allergen specific 

(Palomares et al., 2017). There are a CD4+ T cell population (Martin-Orozco et al., 2017) that are 

induced by T cell activation by TGF-β and IL-2 (Chen et al., 2003) and can be split into two main 

groups; thymus derived (Tregs) and peripherally derived (pTregs) Tregs (Palomares et al., 2017). 

pTregs are found in the gastrointestinal tract and the lungs during chronic inflammatory 

episodes (Martin-Orozco et al., 2017), (Palomares et al., 2017). In a normal, healthy population, 

the Tregs act to suppress the immune system and therefore inhibit an allergic response to 

allergens that commonly activate the development of asthma (Martin-Orozco et al., 2017). 

 

https://en.wikipedia.org/wiki/Basophil
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Th9 cells promote IL-9 production and contribute to mast cell activation and proliferation as 

well as airway remodelling (Ling and Luster, 2016, Monteyne et al., 1997, Hirahara and 

Nakayama, 2016). IL-9 has been associated with increases in epithelial mucus production 

(Soroosh and Doherty, 2009) including the induction of the mucus related gene muc5ac 

(Longphre et al., 1999), and airway remodelling (Soroosh and Doherty, 2009).  

 

1.3.2.2.2 B cells   

Antigen presentation by DCs is important in the activation of Th2 cells but is actually not 

completed without the antigen presenting activity of the B cell (Leomicronn, 2017). 

B cells produce IgE, which is released in response to an allergen. IL-5 acts upon B cells and 

stimulates proliferation so helping maintain them. When exposed to IL-13 and IL-4, B cells use 

the CD40 ligand to bind to T cells and initiate the secretion of IgE into the environment. IgE 

then binds to mast cells and basophils to activate them to release their mediators (Olin and 

Wechsler, 2014).  

Isotype switching to IgE production is tightly regulated and requires 2 signals, from either IL-4 

or IL-13 and binding to the CD40 ligand found on T cells. The concentration of IgE in the blood 

is typically very low in healthy individuals and is tightly regulated (Stone, 2010).  IgE plays a 

central role in atopic diseases (including asthma) as it plays a role in activating additional B 

cells, mast cells and basophils leading to the immune response and the release of histamine and 

potentially anaphylaxis (Xiong et al., 2012). 

1.3.2.2.3 Type 2 Innate Lymphoid Cells (ILC2) 

ILC2 cells are a recently identified cell type important in type II inflammatory response 

(characterised and named within the last 10 years (Spits et al., 2013)). These cells produce IL-4 

IL-5, IL-13 and IL-9 and are activated by epithelial cytokines – specifically IL-33, IL-25 and TSLP 

(Gurram and Zhu, 2019, Kato, 2019, Akdis et al., 2020). They have been identified as being 

increased at mucosal barriers (the lung, gut and skin), but without antigen receptors that are 

present on T cell populations (Pasha et al., 2019). One major difference between TH2 and ILC2 

cells is the fact that ILC2 activation is not dependant on MHCII (while TH2 activation is), 

meaning ILC2 cells can respond rapidly (compared to TH2 cells) to an infection and are 

determined as a first line of defence, but are also capable of having a memory component – 

ILC2s that have been previously exposed to an allergen respond quicker than naïve ILC2s 

(Martinez-Gonzalez et al., 2016).   
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There is evidence that ILC2 cells are responsible for the initial source of TH2 cytokines within 

allergic asthma and therefore initiate the downstream effects of the type II cytokines as well as 

activation of TH2 cells (Cosmi and Annunziato, 2017) and the other cells associated with airway 

inflammation (eosinophils, B cells, mast cell and macrophages) (Kato, 2019). 

Therefore, the release of these type II cytokines from either TH2 or ILC2 cells can elicit the same 

downstream inflammatory response (Gurram and Zhu, 2019).  

1.3.2.2.4 Eosinophils  

Eosinophils can initiate the adaptive immune response by modulating DC migration, activation, 

and maturation (Travers and Rothenberg, 2015). They are derived from the bone marrow after 

stimulation by IL-3, IL-5 and GM-CSF (Her et al., 1991). They exit fully differentiated and enter 

tissues via the action of CC-chemokine receptor 3 (CCR3) (Rothenberg and Hogan, 2006). 

Attraction to mucosal tissues is due to eotaxin-1 (CCL11) (the most important chemoattractant 

(Shamri et al., 2011)) and Th2 cytokines (IL-5 and IL-13) (Travers and Rothenberg, 2015). IL-13 is 

important for eosinophil recruitment, while IL-5 sustains eosinophil levels through activation 

and prolonging cell survival. Once activated, eosinophils release cytokines such as IL-5, GM-

CSF, and IL-13 (Shamri et al., 2011) that go on to influence the Th2 pathway (Olin and Wechsler, 

2014).  

 

1.3.2.2.5 Neutrophils  

Neutrophils are one of the first immune defence systems that can kill pathogens that are inhaled 

due to their production of ROS, and release of granular proteases (Ray and Kolls, 2017). It has 

been documented that neutrophil influx is associated with an increase in asthma severity (Ray 

and Kolls, 2017, Moore et al., 2014); they are also associated with COPD (Paplinska-Goryca et al., 

2018). Patients with a high sputum neutrophil count do not respond to steroids as a treatment 

(Green et al., 2002). Within a primary care setting it has been determined that around 8% of 

asthmatics have a neutrophilic phenotype (Brooks et al., 2017). Smoking (Polosa and Thomson, 

2013) and obesity (in women only) (Scott et al., 2011) has been found to increase the neutrophil 

burden of the lung and worsens asthmatic symptoms. Pathogens have the potential to 

contribute to neutrophil survival within the airways (Ray and Kolls, 2017). 

 

IL-8 (CXCL8) is a potent neutrophil chemoattractant which is secreted by epithelial cells, T cells 

((Th17) (Olin and Wechsler, 2014)), and macrophages as well as neutrophils themselves. This 

causes a vicious cycle where once the neutrophils have been recruited to the airways it will 

continue (Gibson et al., 2001), particularly in the absence of other controlling factors.  
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 When steroids are used to suppress asthma symptoms, eosinophils are suppressed (and 

apoptosis promoted) and neutrophils appear to be activated (Olin and Wechsler, 2014).  

Increases in neutrophil counts are commonly associated with early lung inflammatory 

responses, COPD and pulmonary injury (Wittekindt, 2017) as well as severe asthma (Ray and 

Kolls, 2017). Neutrophils have also been associated with airway remodelling, mucus hyperplasia 

and a decline in lung function (Ray and Kolls, 2017). 

1.3.2.2.6 Macrophages  

M1 macrophages are classically activated macrophages and are activated by pro-inflammatory 

mediators (LPS, TNF-α and INF-γ), while M2 macrophages are alternatively activated 

macrophages and respond to Th2 cytokines (Fricker and Gibson, 2017, Saradna et al., 2018). It 

has been identified in vitro that macrophages can switch between the 2 states (Tarique et al., 

2015) and, in fact, may exhibit properties of both (Figure 1-15).  

 

There are different types of macrophages (which make up the majority of the pulmonary 

immune cells (Peters, 2014, Lumeng, 2016)) in the lung – bronchial, interstitial and alveolar 

macrophages. Alveolar macrophages (AMs) are found in the alveolar region, but there is not 

always a macrophage in every alveolus. AMs are derived from embryonic precursors and are 

replaced throughout life, they can also be replaced by IMs (Maus et al., 2006, Epelman et al., 

2014). Alveolar macrophages can be located in other lung compartments, as they migrate back 

into the interstium and clear via the lymphatic system, as well as being cleared via the large 

Figure 1-15. Macrophage functions within an allergic asthmatic airway. This figure shows the M1 and 

M2 subtypes of macrophages and their implications for the airways. Reproduced from Fricker and Gibson (2017).   
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airway mucociliary system. These macrophages are a long lived population (Fricker and Gibson, 

2017). Interstitial macrophages (IMs) are found in the parenchymal space and bronchial 

macrophages (BMs) are found in the larger airways (Kopf et al., 2015). It was traditionally 

thought that macrophages in the lung were derived from circulating monocytes, however, 

evidence now suggests that these various types of macrophages originate from a “distinct 

precursor” and cell surface markers allow these differences to be identified (Baharom et al., 

2017).   

 

There is a very limited change in the numbers of macrophages in an asthmatic lung, but it is 

thought that they may differentially contribute to the various phenotypes of asthma (Fricker 

and Gibson, 2017). The main role of macrophages is to recognise and destroy pathogens (via 

phagocytosis), and antigen presentation to further the immune response (via production of 

various mediators that then impact on the inflammatory cascade and the behaviour of epithelial 

cells).  

 

Phagocytosis is an important mechanism that allows the destruction of pathogens that find their 

way into the airways. Without this there would potentially be more pathogens present within 

the airways, however it has been identified that the phagocytic capabilities of macrophages in 

the lungs of asthmatic patients are diminished (Jiang and Zhu, 2016). This is seen in adults as 

well as children, and is associated with an increase in asthmatic severity (Fitzpatrick et al., 

2008). 

 

Efferocytosis (where the macrophage takes up dead, apoptotic or stressed self-cells) is initiated 

by macrophages. This process is anti-inflammatory and involves reducing the release of 

damage-associated molecular patterns (DAMPs) and additional inflammatory mediators 

(Fricker and Gibson, 2017) by macrophages. It has also been found that this process is reduced 

in patients with an asthmatic phenotype (Huynh et al., 2005). Macrophages themselves also 

produce inflammatory mediators and macrophages from asthmatics have been found to 

produce more TNF-α, IL-1β, IL-6 and IL-8 when compared to healthy individuals (Tang et al., 

1999). As previously mentioned, IL-10 is a cytokine that reduces the inflammatory response and 

has been found to be reduced in both the BAL and the macrophages of asthmatic patients 

(Fricker and Gibson, 2017). 



 

34 

 

1.3.2.2.7 Mast cells  

Mast cells can be found throughout the vascular system and in particular near surfaces exposed 

to the external environment (lungs) (Koch et al., 2017). Mast cells are important in producing 

mediators such as histamine which is important in bronchoconstriction, vasodilation and 

allergic mediators. They are activated by the cross-linking of IgE which then goes on to induce 

degranulation and release of histamine, proteases and cytokines (Koch et al., 2017). They are 

controlled by the release of IL-9 (Olin and Wechsler, 2014), leading to enhanced mast cell 

survival and expansion when IL-9 is present. Mast cells also produce IL-9 (Koch et al., 2017), 

leading to a feedback loop. Activation of mast cells is known to play an important role in severe 

asthma (Hinks et al., 2015) due to their activation after binding IgE, as well as being sources of 

type II cytokines (Reber and Fahy, 2016). They can be categorised into MCT and MCTC depending 

on the protease content of the granules. The majority of mast cells found in the lungs are 

thought to be MCT, with MCTC mast cells found in connective tissue (like the skin) (Reber and 

Fahy, 2016). Mast cells within asthmatic sputum have also been used to identify if a patient 

would respond to corticosteroids (Wang et al., 2016). 

 

1.3.2.2.8 Dendritic cells  

Dendritic cells (DCs) are also elevated during asthma; they are constantly sampling the 

environment for antigens, which they can then process and present epitopes to the T cells which 

then become activated and in turn activate the downstream effects, such as T cell activation 

(Lambrecht and Hammad, 2015).  

The lung has its own population of dendritic cells  situated in the basolateral site of the lung  

(van Helden and Lambrecht, 2013) which play an important role in the development of asthma. 

They are antigen presenting cells that can link between the innate and adaptive immune 

responses (Qian and Cao, 2018) as well as lead to the activation of the immune response through 

the presentation to naive T lymphocytes of peptides derived/processed from inhaled antigens 

(Merad et al., 2013). They are the most potent antigen presenting cells within the airways 

(Leomicronn, 2017) and are crucial for the activation of T cells. As the epithelial cells are exposed 

to the external environment, so are DCs. They extend their dendrites between the airway 

epithelial cells and sample the environment at the air liquid interface, without disturbing the 

tight junctions of the epithelial cell layer (Lambrecht and Hammad, 2012). They are professional 

antigen presenting cells, so any material they encounter in the air they process and deliver to 

the draining mediastinal lymph nodes and present to naïve and immature T cells (van Helden 

and Lambrecht, 2013). The frequency with which DCs sample the environment depends on their 
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location in the airways (i.e. which airway generation). Alveolar DCs will sample more often than 

those in the larger airways (Kopf et al., 2015), this is due to the lower number of DCs found in 

the alveolar region when compared to the larger airways (Condon et al., 2011). There are various 

different subsets of DCs, conventional (cDCs), plasmacytoid (pDCs) and monocyte-derived 

dendritic cells (moDCs) (Lambrecht and Hammad, 2014, Kopf et al., 2015), but all DCs start their 

lives as undifferentiated cells in the bone marrow, they differentiate to pre-DCs which then 

enter the lung tissue and differentiate into mature dendritic cells. cDCs development is reliant 

on Flt3L; the mediators involved in the development of pDCs are not known, and moDCs 

development is dependent on monocyte-sensitive factors. These subsets have different T cell 

activation capabilities (Kopf et al., 2015). DCs are also stimulated by the epithelial cytokines that 

are released (IL-25, IL-33 and TSLP), and attracted to the epithelium (CCL20) and the area of 

stimulation (Olin and Wechsler, 2014). They produce IL-6, IL-33, IL-1β, and CCL17 after 

stimulation by various allergens (Lambrecht and Hammad, 2014). 

Studies have identified that DCs need to be stimulated by epithelial cell mediators as well as 

antigens in order for them to activate and initiate the chronic inflammatory cascade (Lambrecht 

and Hammad, 2015). 
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1.3.2.3  Airway remodelling and airway hyperresponsiveness  

Airway remodelling refers to the structural changes within the airway that occur during asthma 

(Figure 1-16). It includes injury of the epithelial cell layer, increased basement membrane 

thickness and smooth muscle tissue, blood vessel development and increased mucus production 

(Olin and Wechsler, 2014, Manuyakorn et al., 2013). Interestingly, repeated bronchoconstriction 

causes airway remodelling in asthmatic patients even in the absence of inflammation (Grainge 

et al., 2011). Originally thought to be due to inflammatory responses, anti-inflammatory drugs 

only have a limited effect in reducing airway remodelling (Holgate, 2013), and this fits with the 

knowledge that inflammation alone cannot explain all pathological features of asthma 

(Manuyakorn et al., 2013). It is not clear why the basement membrane increases in thickness, 

but it is thought to be due to mediators generated by myofibroblasts (Gizycki et al., 1997). This 

thickening has been found to begin early in life and in the development of asthma (Manuyakorn 

et al., 2013). Decreased lung function may, at least in part, be due to thickening of the basement 

membrane (Lambrecht and Hammad, 2012).   

Figure 1-16. Asthmatic airway remodelling. Remodelling is the structural physical change of the airway. It is 

characterised by an increase in mucus production, an increase in smooth muscle and a decrease in the size of the airway. 
On the right of the airway depicted is a normal, healthy airway, with the left being an asthmatic airway after remodelling 
has taken place. Image reproduced from https://www.ec-europe.com/ 
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Smooth muscle can also influence the inflammatory response by releasing its own inflammatory 

mediators that contribute to the inflammatory response. IL-5 release from smooth muscle has 

been demonstrated; when IL-5 is knocked out in animal models, there is no increase in smooth 

muscle mass in the airways. IL-13 receptors have also been identified on the surface of smooth 

muscle and can lead to the production of TGF-β as well as mucin production, fibrosis, airway 

hyperresponsiveness (Rael and Lockey, 2011) and increased smooth muscle contraction (Chiba 

et al., 2009). TGF-β is also secreted (chemoattractant of mast cells) by the smooth muscle 

(Doeing and Solway, 2013) and has the potential to induce smooth muscle cell differentiation 

(Guo and Chen, 2012). When both chemokines are released, they influence an increase in the 

proliferation as well as contraction of the smooth muscle, both key factors in the pathology of 

asthma.  

Deep breaths can reverse the effects of bronchoconstriction, however patients with asthma are 

unable to perform these deep breaths. This mechanism is not fully understood. Increases in 

smooth muscle and basement membrane thickness are linked to airway hyperresponsiveness 

(AHR).  

AHR is defined as “an exaggerated response of the airways to nonspecific stimuli, which results 

in airway obstruction” (Postma and Kerstjens, 1998) that would not induce the same effect in 

healthy lungs (Chapman and Irvin, 2015). In asthmatic patients, this nonspecific stimuli can be 

methacholine, histamine or even cold air (Postma and Kerstjens, 1998). Methacholine and 

histamine are known as direct stimuli and act directly on the smooth muscle, while exercise and 

cold air are indirect and work by mediator release from immune cells (Cockcroft and Davis, 

2006, Brannan and Lougheed, 2012). AHR is used to contribute towards making a clinical 

diagnosis of asthma and bronchial provocation tests are completed within a clinical setting to 

determine the diagnosis of AHR and asthma (Brannan and Lougheed, 2012).  

1.3.3 Aetiology and Pathophysiology  

Traditionally there are two forms of asthma: allergic and non-allergic (intrinsic) asthma. The 

allergic form occurs in the majority of asthmatic children and around half of adult asthmatics. 

While the intrinsic form is found more often in older women as a complication of other diseases; 

this form is much harder to treat (Lambrecht and Hammad, 2015).  

Due to the variation of these phenotypes, additional markers were then identified to classify 

patients. Phenotypes are defined as characteristics that result from numerous factors including 

the environment and genetics, while endotypes define the molecular mechanisms. Due to the 
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fact patients with identical symptoms may have different underlying mechanisms and respond 

to a treatment in various ways, this needs to be considered when identifying treatment regimens 

(Kuruvilla et al., 2019).  

1.3.3.1 Asthma types  

After much discussion over the categorisation of asthmatic patients, two major groups have 

been identified: Th2-high and non Th2-high groups, with the majority of patients falling into 

the Th2-high group (Kuruvilla et al., 2019).  

The Th2-high group has the pathophysiology of a Th2 immune response and would be expected 

to have high concentrations of mediators such as TSLP, IL-25, IL-33, IL-4, IL-5 and IL-13, 

alongside activation of ILC2 cells to produce IL-5 and IL-13, recruitment of eosinophils, release 

of IgE and binding to both basophils and mast cells (Kuruvilla et al., 2019). This type of asthma 

can be classified as early-onset (allergic), late onset eosinophilic (intrinsic), and aspirin-

exacerbated respiratory disease (AERD).  

Non-Th2 or Th2-low asthma patients are identified by a lack of the Th2 markers that are found 

in the high Th2 group. Patients in this group can be classified as obesity associated and very late 

onset asthma (high neutrophil cell count). Measurement of interferon and tumour necrosis 

factor-alpha  as well as inflammasome-associated markers have been used as biomarkers (Kuo 

et al., 2017), however, as it is a lack of biomarkers that is being used to identify the non-Th2 

asthma phenotype, it is difficult to detect with current technologies. One possible marker may 

be sputum or blood neutrophil cell counts, but the clinical relevance of this count is still 

unknown (Kuruvilla et al., 2019).   

Five phenotypes of asthma have been identified as: allergic, intrinsic, exercise induced (mainly 

neutrophilic), obesity related and Th17-related. It is important that the right phenotype is 

diagnosed so that the correct treatment or management plan can be implemented as soon as 

possible. This can sometimes be difficult as the phenotype of asthma can change as the patient 

matures or as the triggers change. The use of endotyping may help determine asthma type and 

thus the most suitable treatments and therapies for that patient (Landgraf-Rauf et al., 2016). 

The five henotypes of asthma can be categorised as follows (Olin and Wechsler, 2014): 

- Allergic (high eosinophil and mast cell counts and IgE levels) 

- Intrinsic (high eosinophil count, and IL-4,5 and 13 is in the blood) 
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- Exercise or aspirin induced (increase in mast cell counts, non-eosinophilic) 

- Obesity related (small increase in Th2 responses) 

- Th17 signature (high neutrophil count with a reduced Th2 response) 

Classification of allergic and non-allergic asthma in school age children is commonly based on 

blood IgE levels (Landgraf-Rauf et al., 2016). While severity can be determined by a decrease in 

FEV(1)/FVC (Bacharier et al., 2004). Exacerbations of asthma are most commonly triggered by 

viral infections in children (Forno and Celedon, 2012), such as upper respiratory tract infection 

with, for example, rhinovirus (RV) (Barnes, 2008) and respiratory syncytial virus (RSV) (Gaffin 

et al., 2014, Jartti and Gern, 2017). It has also been found that under certain circumstances viral 

infections can also protect against the development of asthma (Celedón et al., 2003). House dust 

mite (HDM), pet dander (cats and dogs etc.), cockroach, rodents, mould, and air pollution 

exposure in early childhood have also been found to increase the risk in developing asthma 

(Gaffin et al., 2014). The different triggers of the exacerbations may cause increases in different 

immune cells and therefore a higher concentration of specific inflammatory mediators (Barnes, 

2008, Ishmael, 2011, Holgate, 2011). 

There are a number of highly effective treatments for those patients with “mild” asthma, 

however, those that suffer from severe asthma or asthmatics that smoke have a limited number 

of treatment options available to them as neutrophils are an important component of the 

inflammation and are more difficult to treat (Barnes, 2008). There are however overlaps 

between COPD and asthma and therefore potential therapeutics used for COPD could be 

applicable (Kim and Rhee, 2010).  

1.3.3.2 Genetics of asthma  

The  difference between the sexes (higher prevalence in males than females) switches after 

adolescence and there is a higher prevalence of asthma in adult woman than men (Fuseini and 

Newcomb, 2017). The mechanisms involved are unclear, but it is thought that an increase in 

testosterone is linked to a decrease in asthma and allergies, while oestrogen has the opposite 

effect (Cephus et al., 2017, Fuseini and Newcomb, 2017). The impact of menopause and 

pregnancy (as these both cause changes in the oestrogen concentrations in the body) on allergy 

and asthma is still to be determined (Fuseini and Newcomb, 2017, Matteis et al., 2014). 

In the last two decades there have been multiple studies aiming to identify potential genes that 

might be involved in the development of asthma. A disintegrin and metalloprotease 33 



 

40 

 

(ADAM33) is an example of one such gene. ADAM33 was identified after family-based studies 

were completed in many different populations and ethnicities and was the first asthma gene to 

be identified (Van Eerdewegh et al., 2002). There are now multiple genes that have been 

identified as being associated with asthma effecting different pathways but eliciting the same 

responses (Nieuwenhuis et al., 2016). ADAM33 expression was found in smooth muscle, 

fibroblasts and myofibroblasts but not in epithelial cells, and polymorphisms were linked to 

AHR and decline in lung function (Holgate et al., 2006). The soluble form has been identified 

as a biomarker of asthma, as it was detected in the bronchoalveolar lavage (BAL) fluid of asthma 

patients, but not normal healthy control subjects (Lee et al., 2006). There is a potential for gene 

targeting of ADAM33 for therapeutic treatments of asthma (Davies et al., 2016).  

IL-13 is an important cytokine in the development of asthma leading to numerous investigations 

into possible genetic factors relating to the development of asthma. It was discovered that 

polymorphisms in IL-13 (specifically a single nucleotide polymorphism (SNP) – rs1800925) were 

significantly related to IgE serum concentration and eosinophil infiltration in certain 

populations (Hunninghake et al., 2007).  

1.3.3.3 Environmental considerations for development of asthma 

Asthma cases have increased in the last 40 years, which cannot be put down to the inherent 

genetic predisposition alone; this implicates environmental factors in the development of 

asthma (Hansbro et al., 2014). 

The hallmarks of asthma, airway hyperresponsiveness (AHR) and allergen responses have 

genetic links, but the environment also plays an important part. Specifically the environmental 

exposures in utero and in very early life are important (Holgate et al., 2006). 

A higher number of boys are affected by asthma between the ages of 8-14 years compared to 

girls. The boys with asthma are also shorter when compared to age-matched boys without 

asthma (Protudjer et al., 2015). Again, inner city children with asthma are mostly male, often 

with damp homes and potentially open gas stoves (Yang et al., 2015), possible environmental 

triggers.  

A number of environmental causes have been studied and have been found to be beneficial, 

detrimental or have no effect at all in the development of asthma. The potential to develop or 

aggravate asthma varies greatly, this means the genotype and endotype of the patient is 

important. It is a complex mixture of many factors which exhibit as asthma. 
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Early life environmental exposures are mostly contained to indoor environments as that is 

where children spend the most of their time. Thus, in those with allergic asthma there is a strong 

connection between early environmental allergen exposures and asthma in childhood and into 

adulthood when compared to children that have not been sensitised (Gaffin et al., 2014, Balmes, 

2009). Studies of numerous birth cohorts support the relationship between allergies and 

asthma. In addition, children of parents that showed allergic phenotypes were also at a higher 

risk of developing asthma (Kusel et al., 2007).  

Air pollution, as previously noted, is increasing throughout the world, associated with increased 

respiratory health effects. Air pollution has been associated with a decrease in lung function and 

an increase in new onsets of asthma (Guarnieri and Balmes, 2014, Balmes, 2009). Various cohorts 

have shown maternal exposure to air pollution has impacted offspring health (Baiz et al., 2011, 

Peters et al., 2013). Thus, in addition to classic, well known allergens, evidence suggests that 

early exposure to air pollution in utero, and in young children, may induce allergic asthma. This 

has yet to be proven unequivocally.  

1.3.3.3.1 Pest and pet exposure  

House dust mites (HDM) are found throughout the home mostly in soft furnishings, this makes 

it one of the most important indoor allergens for the development of asthma and allergic rhinitis 

(Calderón et al., 2015). They have approximately 20 different allergens that induce IgE responses 

in humans (Lambrecht and Hammad, 2014). Exposure to HDM can promote the development 

of asthma in a dose dependant manor (Platts-Mills et al., 2001), and it is thought that up to 50% 

of asthmatic patients are sensitive to HDM (Calderón et al., 2015). It is proteases found in the 

gut and saliva of the mite that induce the allergy (Gautier and Charpin, 2017). The timespan in 

children that were at the highest risk for exposure to HDM and potential development of asthma 

was before the first 5 years of life, and specifically the 1st year of life (Gaffin et al., 2014). Sensitivity 

to HDM in early life is an indicator of poor lung function in future life even if asthma has not 

developed (Ulrik and Backer, 1999).  

An additional pest that can cause allergic sensitisation is the cockroach, via essentially the same 

mechanisms as those for HDM. However, the likelihood of exposure is confined to those in areas 

with a high human population density, in poorer areas and older buildings (Gaffin et al., 2014). 

Pets, both cats and dogs, are a source of allergens, in their dander and saliva, which, perhaps 

surprisingly, are found in non-pet households as well as in pet free public places. This may 

explain, in part, why there is a similar sensitivity rate to pet dander/saliva between children who 
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have pets and those who do not (Zahradnik and Raulf, 2014). There are many more studies of 

cat households compared to canine households, but in fact evidence suggests that living with a 

dog at home reduces the potential for asthma development (Fall et al., 2015), and ergo that cats 

are responsible for more allergies and allergic asthma than dogs (Gautier and Charpin, 2017). 

1.3.3.3.2 Environmental tobacco smoke (ETS) exposure 

Passive/bystander exposure to environmental tobacco smoke (ETS), or second-hand smoke, 

affects those who do not smoke, adults and especially children, and there is increasing evidence 

that it has significant health effects. A recent review (Strzelak et al., 2018) discusses how ETS 

stimulates oxidative stress and reactive oxidative species (ROS) and inflammatory cytokines 

(such as IL-8, IL-6 and TNF-α). Such processes might also affect future generations as a child 

has a higher risk of  asthma or allergy development if their grandmother smoked while pregnant 

with their mother (Li et al., 2005).  

The mechanisms of active smoking and the effects it has on the development and exacerbation 

of asthma is currently unknown, but it is thought to increase the concentration of IgE in the 

blood and lead to oxidative stress activating neutrophils and macrophages (Kuruvilla et al., 

2019).   

1.3.3.3.3 Exercise and outdoor  

It is well documented that asthma can be triggered by exercise (exercise-induced 

bronchoconstriction (EIB)); with atopy the main risk factor for the development of EIB 

(Caggiano et al., 2017). Swimming is the sport that is deemed to have the highest risk for asthma 

development compared to other sports. However, this could be due to a number of other 

reasons, including the use of chemicals within the training area and the additional pressure 

placed on the respiratory system (Mountjoy et al., 2015). Possible mechanisms of exercise-

induced asthma include drying of the airways (due to the changes in temperature causing 

vasoconstriction while exercising and then rapid warming post exercise (Anderson and 

Kippelen, 2010)), genetic links (EIB is linked with a water channel – aquaporin 5 (Moreira et al., 

2011)), release of mediators (substance P inhibits inflammation and has been identified after 

exercise (Lind et al., 1996)), and prostaglandins and histamine (Caggiano et al., 2017). Taken 

together, there are elements of epithelial sensitivity, inflammatory mediator release and genetic 

links that can be used to identify the potential susceptibility of an asthmatic (Moreira et al., 

2011).   
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Weather and altitude also play a role in triggering, with both extreme hot and cold temperatures 

triggering exacerbations. Higher altitude reduces the risks of exacerbations, possibly due to a 

reduction in airborne allergens (Gautier and Charpin, 2017). Where the cold is thought to cool 

the airways and cause dehydration, this leads to inflammatory mediator release along with 

airway smooth muscle contraction (Anderson and Daviskas, 2000).  

1.3.3.3.4 Infections 

Viral infections during infancy have long been linked with the development of asthma and are 

the largest asthmatic trigger in children (Gautier and Charpin, 2017). Those children that go on 

to develop asthma have experienced more severe viral infections compared to those that have 

not, as viral load stimulates the immune system in such a way that eventually leads to the 

allergic phenotype and asthma (Gaffin et al., 2014).  

The two viruses that are commonly associated with bronchiolitis (there is an association 

between bronchiolitis in the first year of life and the development of asthma) are respiratory 

syncytial virus (RSV) and human rhinovirus (RV) (Lemanske et al., 2005). RSV bronchiolitis is a 

strong indicator of those children that will go on to develop asthma (Lemanske et al., 2005). 

There is evidence that one RSV infection can cause acute and chronic changes in the airway 

epithelium and the future immune cell attraction (Gaffin et al., 2014). There is not enough 

evidence to certainly say that this is a causal relationship, as some studies suggest that there are 

other factors that play into this relationship (Stensballe et al., 2009) such as the severity of the 

illness, when the virus was caught (the younger the patient catches the virus, the more likely 

they are to develop asthma) and if the patient has a predisposition to that virus (Saglani, 2013). 

1.3.3.3.5 Food and Obesity  

Diet is important in several diseases and being overweight or obese has a significant, but weak, 

correlation with the development of asthma (Wang et al., 2014, Papoutsakis et al., 2013). 

Although a potential link between lung function, wheeze, asthma and adiposity (BMI) (Wang 

et al., 2014) has been described, significantly more studies are needed to confirm any correlation 

between obesity and asthma (Papoutsakis et al., 2013). Additional studies have investigated 

potential differences between allergic and non-allergic asthma and weight suggesting a 

potential link between high body weight and non-allergic asthma, but not allergic asthma 

(Papoutsakis et al., 2013).  
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Food allergies are also associated with the development of asthma, and it is now well known 

that having a food allergy increases the risk for development of asthma and increases the 

severity of the asthma if developed (Foong et al., 2017). Addition of both vitamin D and E to the 

maternal diet have been shown to reduce wheezing in offspring (Gray et al., 2017). Vitamin D 

supplementation has been related to reduction in asthma exacerbations and steroid therapies, 

however the majority of the studies that have identified this are observational (Sutherland et 

al., 2010, Searing et al., 2010, Majak et al., 2011). 

It is becoming more apparent that early life and the mother’s early life is potentially important 

in the development of asthma. As well as environmental exposures in the home, there is also a 

link between breast milk and either the development of asthma (Lowe et al., 2006, Lim and 

Kobzik, 2009), protection from asthma (Scholtens et al., 2009, Oddy, 2017), or no effect on 

asthma (Ek et al., 2018). Analysis of breast milk from breastfeeding mothers who were either 

allergic or non-allergic indicated that 19 proteins (out of 364) were different in the allergic 

mother compared to the non-allergic mothers. These proteins have been suggested, but not yet 

proven, to be linked with the development of allergy and asthma (Hettinga et al., 2015).  

1.3.3.3.6 Microbiome  

The importance of the microbiome and influence of the environment on this is under intensive 

investigation. Microbial exposure in early life is very important, but the effect of these exposures 

can vary depending on the biological background: genetic, environmental, geographical and 

microbiome populations (van Tilburg Bernardes and Arrieta, 2017). The exposure to farm related 

microbes at a young age has been found to reduce the risk of asthma development (Fall et al., 

2015, Gray et al., 2017). Increased exposure to these microbes at a young age allows the 

development of a varied microbiota leading to tolerance of these potential asthmatic triggers 

instead of activation of the immune system when exposed to them or other foreign particles in 

later life and the development of asthma (Smits et al., 2016). The more diverse the microbiota 

exposed to, the less likely the pathways to activate asthmatic symptoms are activated (von 

Mutius, 2016). The gut microbiome has also been identified as influencing the development of 

allergic diseases including asthma, therefore it also needs to be considered when investigating 

asthma development risk factors (Smits et al., 2016). 
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1.4 Air pollution and burden of disease  

1.4.1 Susceptible populations  

There are some populations of the public that may be more susceptible to the effects of air 

pollution than a normal healthy person. Increases in air pollutants are linked to an increase in, 

and exacerbations of, many different disorders in a number of different systems, including the 

brain, lung, heart, immune and reproductive system (Curtis et al., 2006). 

1.4.1.1 Age 

The young are a group that have the potential to be greatly affected by air pollution (both after 

birth and in utero) and its various components. There is still a legacy of people developing 

asthma today which is attributed to the London smog of 1952, as they were in the womb at the 

time of the event (Bharadwaj et al., 2016). Household air pollution exposure in utero has been 

linked to a reduction of pulmonary function in infants  (Lee et al., 2018) as well as outdoor 

pollution exposure in utero (Paulin and Hansel, 2016).  Exposure to episodes of high air pollution 

before 18 years of age can lead to clinically significant decreases in lung function and FEV1  

(Gauderman et al., 2004, Schultz et al., 2015). 

Children in high traffic or pollution areas are also thought to be at risk of developing 

exacerbations and asthma like conditions. Living closer to roads has been found to be associated 

with lower lung function, asthma, and other allergic conditions (hay fever, and eczema for 

example) in children between the ages of 4 and 6 (Morgenstern et al., 2008) and in children 

around the ages of 8 that have been followed since birth (Rice et al., 2016). These negative effects 

are found into adolescence and within a cohort of children aged 16. There appears to be more 

of a decrease in lung function in males in this age group when compared to the females (Schultz 

et al., 2016). 

1.4.1.2 Cardiovascular patients  

There is a relationship between exposure to diesel exhaust and DEP in human studies and 

cardiovascular endpoints (Ghio et al., 2012). Air pollution has been found to increase the 

propensity towards blood coagulation and therefore increase in related cardiovascular deaths, 

particularly in an elderly population (Seaton et al., 1995, Bourdrel et al., 2017, Franklin et al., 

2015, Costa et al., 2017, Landrigan, 2017). Increased blood clotting can lead to a number of 

downstream effects, including heart attacks and strokes (Robertson and Miller, 2018a). 
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An important early study  (Schwartz, 1994) in a population from Philadelphia, USA, showed that 

high pollution events were related to adverse health effects.  There was an increase in both 

cardiovascular deaths and respiratory deaths. There was also an increase in stroke deaths. This 

indicated that there was a strong link between respiratory and the cardiovascular deaths. This 

was the same pattern as was seen in London in 1952 – one difference between the two being the 

ambient environmental temperature, which indicates that the temperature has no impact on 

the potential effects of air pollution on vulnerable populations. The other difference between 

the two was the nature and composition of the pollution, indicating that inhalation of air 

pollution (regardless of source) has the potential to affect the respiratory system and have 

knock-on effects for other organs.  As previously mentioned, ozone and NOx are important, but 

the majority of studies have focused on particulate matter. Further investigation is required to 

determine the potential effects that gaseous components of air pollution might have on the 

cardiovascular system (Robertson and Miller, 2018a). 

1.4.1.3 Cancer development   

Cancer has also been found to be linked to atmospheric particles, and there is a significant 

increase in cancers after exposure to outdoor air pollution (Curtis et al., 2006), which have 

previously been linked to smoking (Wong et al., 2014),with respiratory cancer (nasopharyngeal, 

small cell lung carcinoma and non-small cell lung carcinoma) incidences on the rise in “under 

developed” countries due to the increased air pollution in these areas when compared to the 

West (Ding et al., 2015). Lung cancer is one of the most diagnosed cancers, but has one of the 

lowest survival rates (Hart, 2016) and therefore anything that enhances the potential to cause 

these cancers (as well as others), needs to be fully assessed.  

After exposure to indoor air pollution there has been found to be an association between 

exposure and cervical, oral, nasopharyngeal and laryngeal cancers (Josyula et al., 2015), breast 

cancer incidence has been found to have a positive association with an increase in NOx after 

assessment of 15 different cohorts (Schmidt, 2018), and various breast cancer subtypes (Reding 

et al., 2015).  

1.4.2 Effects of air pollutants on the respiratory system, including asthma 

and allergic airway disease  

When analysing epidemiology studies of asthma and pollution, it is very difficult to tease out 

the effects that indoor air pollution may have and which may have been caused by outdoor 

pollution, as both are equally important (Gaffin et al., 2014). Air pollution causes asthma 
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exacerbation, with particulates, exhausts and ozone the most important of the previously 

mentioned air pollution components (D'Amato et al., 2016). It is also difficult to establish links 

between air pollution and airway effects due to small cohort sizes and lack of consistency 

between studies (Bowatte et al., 2016, Burte et al., 2016). 

There is increasing evidence for an association between increased air pollution exposure and 

exacerbation of asthma (Gowers et al., 2012, Guarnieri and Balmes, 2014, Tian et al., 2017, 

Palczynski and Kuna, 2015, Peden, 2018). However, the relative contribution of each component 

of the air pollution to the development of the condition is less well understood as in 

epidemiology it is difficult to separate the effects of component parts, such as particles and NO2; 

nevertheless, there is the potential for susceptible individuals to become sensitised to any of the 

components (Bice et al., 2000). The U.K.'s Committee on the Medical Effects of Air Pollutants 

(COMEAP statements 2008-2010) has established that evidence supports the possibility that air 

pollution may play a role in the development of asthma in populations living close to heavy 

traffic (Gowers et al., 2012) and more recent studies have also suggested these links (Kelly and 

Fussell, 2015a, Gruzieva et al., 2014). Once lung function has decreased due to exposure to 

episodes of high air pollution, even after that air pollution has been resolved, there is no increase 

in lung function back to levels of people not exposed to high levels (Santos et al., 2016, Yanagita 

et al., 2013), indicating that this reduction is irreversible. However, this reduction in lung 

function has been seen to reverse in children (between 11 and 15), except in the group of children 

that originally had the lowest lung function at the start of the study (Gauderman et al., 2015).  

 The majority of studies have focused on children and have linked the increased incidence of 

respiratory health issues with high air pollution. There have been interactions between GST 

genes (specifically glutathione S-transferase pi 1 (GSTP1)) and a decrease in lung function and 

air pollution (Bowatte et al., 2016) within large birth cohorts established (MacIntyre et al., 2014). 

The elderly are also significantly affected by particulate matter (Curtis et al., 2006). This may 

reflect an immature immune system in the young, and an ageing/compromised immune system 

in the elderly. The exact mechanisms by which air pollution has its effects is still unknown and 

further research is needed into the different components and specific mechanisms as well as 

potential polymorphisms that may influence the mechanisms (Bice et al., 2000, Moller et al., 

2008). Decreases in lung function have been identified after exposures from various air 

pollutants (particles, nitrogen dioxide and acid vapour) suggesting common 

pathways/outcomes that do not appear to improve when the pollutants are removed (D'Amato 

et al., 2016).  
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1.4.2.1 Particulate matter 

There is a known association between exposure to PM2.5 and exacerbation of allergic asthma 

(Yang et al., 2014), airborne dust is known to influence asthmatic conditions in subjects miles 

from its source (Curtis et al., 2006) due to relocation on the wind. An asthmatic may not only 

be reacting to the increased levels of particulate matter in their environment but also to the 

increased volume of pollutant gas that is produced through the combustion of diesel engines, 

such as NO2 (Svartengren et al., 2000). Given that air pollution is far from a uniform exposure 

type it is important to investigate how individual components within such a complex mixture 

of particles and chemicals affect exacerbation and potentially the development of this disease;  

although limits of exposure have been set, PM10 concentrations that are below the American 

EPA standards still have an impact on childhood asthma (Curtis et al., 2006). Polycyclic 

aromatic hydrocarbons (PAHs) are found within particulate matter and are known to activate 

the aryl hydrocarbon receptor (AHR), which has the potential to cause an over production of 

ROS (via the CYP1A enzyme system (among others)) and therefore oxidative stress within the 

airways (Vogel et al., 2020). This effect is particularly seen within the lung due to the high 

abundance of cells that utilise the CYP enzyme pathway. It also regulates MUC5AC and has the 

potential to cause an increase of mucus production (Wong et al., 2010). Another antioxidant 

gene (glutathione S-transferase Mu 1 (GSTM1)) has been thoroughly characterised as it has been 

associated with an increased risk of inflammation within the lung (established from 

epidemiology studies, human studies, in vivo and in vitro studies) (Wu et al., 2012).    

1.4.2.2 Gases 

There are conflicting views that the gaseous components of air pollution can cause adverse 

health effects independently from particulate matter. The Committee on the Medical Effects of 

Air Pollution (COMEAP) suggested that evidence from epidemiological studies indicated that 

NO2 itself had the potential to cause detrimental impacts to health (COMEAP, 2015). A study 

was completed in the streets of Edinburgh that determined there was a significant difference in 

the concentration of NO2 1.2m from the kerb at adult and child height, indicating that children 

were at more risk of inhaling a higher concentration of NO2 compared to the adults with them 

(Kenagy et al., 2016). Others have identified that these splits are not so clear cut and that it may 

not be NOx that is causing adverse health effects. Any studies that try to separate PM and NOx 

may have effects on the outcomes of PM alone when compared to exposures to PM+NOx 

(Maynard, 2015). 

CO, O3, and SO2 have effects on childhood asthma at concentrations that are below the 

American EPA standards (Curtis et al., 2006). Specifically TNF gene expression has been found 
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to be increased in children after exposure to ozone leading to downstream increases in lung 

inflammation and asthmatic prevalence (London, 2007). 

1.4.2.3 Pollen and Moulds 

Higher levels of pollen and mould can increase incidences of asthma exacerbations (Curtis et 

al., 2006, DellaValle et al., 2012, Osborne et al., 2017), and moulds have been associated with an 

increased risk of exacerbating both COPD and asthma (D'Amato et al., 2016, Sinclair et al., 2018). 

As the relationship between air pollution and asthma is difficult to identify, pollen allergy is 

used as a substitute marker (D’Amato et al., 2015). Pollen exposure has been linked to acute 

exacerbation events for those already diagnosed with asthma, however, the prevalence of 

asthma or allergic rhinitis in areas is not increased in areas with a high pollen count (Marchetti 

et al., 2017).   

1.4.3 Diesel exhaust particles (including ultrafines) and effects on asthma 

Diesel exhaust particles (DEP) are now considered to be the major source of pollution of major 

concern in urban environments. It usually makes up 25% of the mass of emissions from the 

diesel engine. Around 95% of the particles are fine particles (PM2.5) (Kittelson, 1998) and the 

remainder are ultrafine particles (Ghio et al., 2012, Fiebig et al., 2014). The concentrations of 

DEP in Europe has increased since the use of diesel fuel began in the early 20th century until 

2015 as the number of diesel engines in use increased.  

Exposure to DEP can not only exacerbate asthmatic symptoms, but has the potential to cause 

the development of asthma and allergy (Guarnieri and Balmes, 2014). Exposure to particulate 

matter and specifically diesel exhaust particles is known to have an association with the 

development of asthma in early years of life, specifically before 3 years of life with an increase 

in allergies before 4 years (Codispoti et al., 2015). DEP exposure before a child’s 1st birthday has 

been linked to sensitisation to DEP at 3-4 years old (Codispoti et al., 2015). There have been a 

number of studies that have analysed this relationship (exposure at a young age and DEP) by 

estimating the exposure to various modes of traffic, health visits and questionnaires (Ryan et 

al., 2007, Li et al., 2017). Early exposure to DEP alone does not induce asthma. There needs to 

be a co-stimulation with an allergen (potentially HDM or pet dander) (Pandya et al., 2002). 

Thus, children with allergic asthma (indicated by a positive skin prick test for aeroallergens 

(pollens, dander and HDM) or a doctor’s diagnosis) that have been exposed to DEP have a 

higher concentration of IL-17A in their blood when compared to the control (lower 

concentration DEP exposed) group, possibly reflecting involvement of DEP in previous allergic 
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exposures (Brandt et al., 2013b). DEP have been found not to induce a specific Th2 response 

themselves but act as an adjuvant to move the immune response towards a Th2/TH17 response 

(Finkelman, 2014). When human asthmatic studies have been completed there was a lack of 

inflammatory responses to DEP alone (Ghio et al., 2012). From these human studies, results 

taken together suggest that DEP does not induce allergic responses itself but requires an 

allergen to act as an adjuvant in order to elicit a response. 

Studies of human exposure tend to focus on one component of air pollution, which is not 

representative of a real-life exposure. It is difficult to get ethical approval to investigate the most 

vulnerable of the population and the studies often tend to employ small subject numbers. Such 

investigations do have the benefit of employing incredibly clear exposure conditions 

(concentrations and duration) measuring a wide range of end points (Ghio et al., 2012). In one 

of the earlier studies, after 1 hour exposure to diesel exhaust, there was an increase in the 

inflammatory fingerprint 6 hours after the subjects were exposed, including increases in  

neutrophils, mast cells and T cells in both the BAL and the lung tissue (Salvi et al., 1999); 

however, there were no changes to lung function in these volunteers (Salvi et al., 2000). After 

two consecutive 2 hour exposures (100µg/m3), there was no change in proliferation or apoptosis 

of the bronchial epithelium in moderate or mild asthmatics or the normal volunteers (Behndig 

et al., 2015). After a single higher exposure (300µg/m3) and a recovery period it was determined 

that DEP stimulated BAL/sputum eosinophils, IL-5 and eosinophil cationic protein (ECP) in the 

allergic groups and contributed to increases in monocyte chemotactic protein (MCP-1) and 

macrophage suppression (Carlsten et al., 2016). This was also reflected after a slightly longer 

recovery period, and with the added effect of exposure during high or low intensity cycling 

(Giles et al., 2018). When there was a longer period (of 4 weeks) between the two exposures, 

there was again no significant change in IL-6, TNF-α or neurological markers in healthy 

volunteers (Cliff et al., 2016). These results taken together suggest that DEP has no immune 

effect on healthy volunteers either straight after exposures or after a recovery period, but it does 

influence the effects asthma already has on the airways. Biological effects seen after exposure to 

either the whole diesel exhaust (gas and particle mixture) or DEPs (the particulate matter alone) 

is thought to be due to their production of oxidative stress and reactive oxygen species (Ghio et 

al., 2012, Lawal, 2018, Ovrevik et al., 2017, Kim et al., 2014a, Chio et al., 2007). 

1.5 Impact of nanomaterials on Asthma and Allergic airway disease 

As well as the impacts air pollutants may have on asthmatics and allergic diseases, the potential 

impact of nanoparticles alone also needs to be established and studied. This can be done via a 
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variety of routes (either different inhalation methods or via different models of asthma or 

allergic airway disease). The majority of these studies have been completed in vivo which comes 

with its own set of problems but is also established as an important tool for determining the 

potential impacts of these materials.   

1.5.1 Impact of nanomaterials on human asthma (human exposure 

studies) 

There have been few studies done on asthmatic patients with nanomaterials, as the majority 

have been completed on healthy volunteers – this is due to the potential life-threatening effects 

these particles might have and ethical approval may be difficult to achieve.    

When healthy volunteers were exposed to gold nanoparticles there were no effects on the lungs, 

but there were however cardiovascular effects (Miller et al., 2017) indicating that these particles 

are able to translocate throughout the body after inhalation. When asthmatic volunteers were 

exposed to spark generated carbon at rest and while exercising there was no significant changes 

between the healthy and the asthmatic subjects (Frampton Mark et al., 2006). This was also 

reflected when the same populations were exposed to collected ultrafine particles from Los 

Angeles (Gong et al., 2008). 

1.5.2 Adjuvant effects of nanomaterials on experimental models of allergic 

airway disease 

Adjuvant models are those models that investigate the potential for a substance or substances 

to contribute to the development of asthma along with an allergen (such as HDM, animal 

dander, various nuts and pollens).  

Dendritic and T cell interaction have been investigated using both in vitro and in vivo models of 

carbon nanoparticle (CNP) exposure and show increased proliferation of both cell types (de 

Haar et al., 2008). The response was size dependant (as observed with other nanomaterials), 

where smaller particles (smaller than 25nm) elicited an effect and larger particles did not (larger 

than 25nm), both in vivo and in vitro (Koike et al., 2008, Chen et al., 2013a, Hirai et al., 2012). An 

increase in reactive oxygen species (ROS) and smaller particle nanosize were identified as being 

related to the increased proliferative response (Nakanishi et al., 2016). The surface chemistry of 

the particles has also been found to play a role in the differentiation of T cells. TiO2NPs have 

been identified as inducing a Th1 profile, while CeO2NPs have been identified as inducing a Th2 

profile (Schanen et al., 2013). This could be due to differences in the particle-specific surface 

chemistry. The NLRP3 inflammasome which has been demonstrated to be increased in asthma, 
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is now thought to play a role in the responses of nanoparticles including silver, titanium, silicon 

and carbon (Mishra et al., 2016, Baron et al., 2015, Sager et al., 2013).  

1.5.3 Exacerbation effects of nanomaterials on experimental models of 

allergic airway disease 

Exacerbation models are those models that investigate the potential for a substance or 

substances to cause an exacerbation of the asthmatic or allergic phenotype once it has already 

been established after exposure to an allergen. Within these models, the majority exhibit a Th2 

type response with IgE production from B cells and FCERIα receptor binding initiating 

inflammatory responses when in contact with the allergen. With established immune responses, 

there are already activated cells and airway remodelling that is not present in the adjuvant 

model or healthy models. TiO2NPs and AgNPs have been found to induce the release of 

histamine (Chen et al., 2012, Aldossari et al., 2014, Feltis et al., 2015), without the need for an 

allergen to stimulate the model. However ZnONPs were found to inhibit the responses of OVA-

induced models, including a reduction in mast cell degranulation and histamine production 

(Feltis et al., 2015).  

1.5.4 Impact of nanomaterials on asthma endpoints in non-allergic 

experimental models 

Investigation of the same end points in “healthy” or non-allergic models is also important. This 

allows us to determine which nanomaterials have the potential to illicit an immune response 

alone. AHR has been observed without an allergic mediator but after exposure to AgNPs, 

TiO2NPs, SWCNTs and MWCNTs (Seiffert et al., 2015, Rydman et al., 2014, Beamer et al., 2012, 

Hsieh et al., 2012, Scuri et al., 2010). This is thought to be due to interaction of the particles with 

smooth muscle cells and interacting with the muscarinic receptors, increasing the 

contractibility of the smooth muscle (Kapilevich et al., 2012b, Kapilevich et al., 2012a). 

Profibrotic effects after exposure to particles has also been observed (Wang et al., 2015, Ma et 

al., 2012, Ma et al., 2017, Jacobsen et al., 2015a). There is also evidence to suggest that mucus 

secretion is also enhanced with the exposure (identified after exposure to both CuONPs and 

MWCNTs (Park et al., 2016, Rydman et al., 2014)). This increase in mucus production has the 

potential to inhibit the clearance of these particles.  

1.5.5 In vitro models for examination of allergic and asthma related 

endpoints 

As research tries to move further from in vivo systems in order to use more in vitro systems, it is 

important for them to still represent the systems they are trying to mimic (Blume and Davies, 
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2013). This can be done using different methods which can either extrapolate from the known 

responses of in vivo models or from patients and healthy volunteers.  

Lung on a chip is one of the newer tools within the toxicologist’s arsenal that aims to mimic the 

lung further than traditional cell culture models. These models tend to utilise cell lines instead 

of primary cells (which come with their own pros and cons), but is able to mimic breathing and 

implement medium flow (Nikolic et al., 2018a).  

Airway diseases are very complex but can potentially be broken down to their cell components 

(which can mimic the three phases of asthma development) which can then be modelled in 

vitro. The best models are those that contain more than one cell type, and the most commonly 

used contain epithelial cells, macrophages and dendritic cells (Verstraelen et al., 2008). There 

are also mechanical components of asthma which rely on smooth muscle cells which need 

completely different models from those that are previously described (Meurs et al., 2008). 

1.5.6 In vivo models for examination of allergic and asthma related 

endpoints 

There are numerous animal models available for studying a variety of different disease 

conditions (Figure 1-17). A brief review of the literature and published protocols was completed, 

and the HDM model of exposure was chosen for this project. This model required the use of 

mice, this is a positive thing as there are many more antibodies and cytokines etc that have 

already been established for mice when compared to other potential animals. As well as deciding 

which allergen we should use to establish an allergic response, it is also important to determine 

the exposure schedule in order to focus on the endpoints of interest (Citeq-Biologics). 

The major issue with the animal models currently being used to study asthma in vivo is that the 

response does not involve exactly the same triggers and subsequent chronic asthmatic features 

as those known to be important in human patients. Cats, dogs and horses are able to develop 

allergic phenotypes, and some strains of rodents are able to produce elements of asthmatic 

phenotypes (such as eosinophil infiltration and Th2 responses). They also require sensitisation 

to an allergen, which is most commonly done via an intraperitoneal (IP) injection, which is 

nowhere near the natural route of respiratory sensitisation (via inhalation or ingestion). Chronic 

inflammation cannot be developed in these models for unknown reasons, meaning that only 

the acute effects can be investigated (Bice et al., 2000). 
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Figure 1-17 Animal models used to investigate asthma. Various models have been implemented in 

investigating various factors of asthma. Depending on the area of interest different animal models should be used.  Adapted 
from  (Zosky and Sly, 2007, Wegmann and Renz, 2005, Shin et al., 2009, Karol, 1994, Chorawala M. R, 2014). 
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1.6 Overarching hypothesis 

We hypothesise that the addition of cerium oxide nanoparticles (CeO2NPs) will have a 

moderating effect on the toxicity and bioreactivity of diesel exhaust particles. 

1.7  Specific aims of the thesis  

- Aim to identify the in vitro effects of CeO2NP alone, DEP alone and CeO2NPs+DEP on a 

model of the human large airways with and without allergen stimulation.  

- Aim to identify the in vivo effects of CeO2NP alone, DEP alone and CeO2NPs+DEP on a 

murine model of asthma (using HDM as a sensitisation agent). 

- Aim to combine these models and identify potential human health hazards that may be 

elicited by these particles either with or without an allergen stimulation.   
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2 Chapter 2:   Experimental protocols 

2.1 Particulates and nanomaterials   

Cerium dioxide nanoparticles (CeO2NPs) were obtained from Sigma Aldrich (cat # 544841) and 

were characterised before delivery using Brunauer, Emmett and Teller (BET) by the supplier. 

Diesel exhaust particles (DEP) were obtained from the National Institute of Standards and 

Technology (NIST) and are a standard reference material from an industrial forklift (Standard 

Reference Material 2975). They were characterised before delivery using BET and transmission 

electron microscopy (TEM).  

2.1.1 Preparation of particulate suspension  

Both particles were supplied in powder form. Particles were suspended using a method 

previously defined by Bihari et al. (2008). Particles were weighed and initially suspended in 

distilled H2O before being sonicated (QSonica Sonicators, CT, USA) with 4.2x105kJ/m3 (the 

sonicator cylinder size was 7.948x10-4m3 so in order to obtain 4.2x105kJ/m3, the sample had to be 

exposed to 333kJ of energy in total). After sonication, samples were both aliquoted and frozen 

for future use. They were then either stabilised using 0.05% Tween 80 (Sigma Aldrich, Cat# 

P4780) in phosphate buffered saline (PBS) (Gibco, Life Technologies, Cat# 14190-094) to 

disperse them more efficiently for in vivo exposures or cell culture medium for in vitro 

exposures. After being stabilised the particles were used immediately.  

Zhang et al. (2013) determined the percentage of CeO2NPs contained within the exhaust 

particles produced after combustion of the diesel and cerium catalyst mixture was 0.08%. 

Therefore, for all future experimental work, the ratio between the particle types was 

1:0.008mg/ml DEP: CeO2NPs.  

2.1.2 Characterisation of cerium dioxide (CeO2) nanoparticles and diesel 

exhaust particles (DEP) alone and in combination.  

It is important to fully characterise any particulates used. This will allow relevant comparisons 

to be made between in vitro and in vivo work. There are numerous ways particles can be 

characterised, and each method can investigate various features of a particle. It is important to 

characterise particles, either in suspension or as a dry powder, as these will influence the 

characteristics of the particles, their interaction with biological systems and ultimately their 

toxic potential.   
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Particles were characterised while suspended in both the relevant medium (for cell culture) and 

PBS with 0.05% Tween 80. They were also characterised alone and as a mixture (in the ratio 

stated above) with and without the addition of HDM (used in vivo only).  

2.1.2.1 Transmission Electron Microscopy (TEM) 

A transmission electron microscope works in the same way as a conventional light microscope, 

except instead of light being used to view a sample, an electron beam is used. A light microscope 

uses photons to view a sample, however if a higher resolution and magnification is required, a 

shorter wavelength is needed. Electrons have a smaller wavelength than visible light and are 

therefore used - the smaller the sample, the smaller the wavelength required.  

Particles were suspended in distilled H2O at a concentration of 10µg/ml and 10ul was drop-cast 

onto a Formvar/Carbon 200 Mesh Copper TEM grid (Agar Scientific, Cat# AGS162), the excess 

liquid removed and the grid dried overnight at room temperature. An electron beam of 75 kV 

was applied to the samples and images captured using the transition electron microscope 

(Hitachi H-7000 TEM (Hitachi, Japan)) at a variety of magnifications (Figure 2-1, A).   

2.1.2.2 Zeta potential  

The zeta potential is an indicator of the surface charge of the particles and therefore a 

measurement of the particle suspension stability. It allows a measurement of the electrostatic 

or charge repulsion/attraction between particles in a solution. Particles with a potential of 

between -10 to +10mV are neutral and any particles with a value of over (-/+) 30mV are either 

cationic or anionic.  Those solutions with a larger zeta potential are thought to be more stable 

due to the fact they have an increased repulsion between the particles (Patravale et al., 2012). 

The zeta potential of the particles was measured three times over three different days as 

independent replicates. Zeta potential was measured for all samples separately in distilled H2O, 

PBS and differentiation cell culture medium (Figure 2-1, B).  

1ml of the solution was injected into a disposable folded capillary cuvette (Malvern, Cat# 

DTS1070), before being analysed using a Zetasizer Nano (Malvern, Malvern United Kingdom). 

Zeta potential was measured 3 times with 3 different samples before being averaged for the final 

measurement. The Zetasizer Nano measures the zeta potential 100 times per sample cycle. 
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2.1.2.3 Size of particles  

Size of the particles was determined using the Nanosight (Nanoparticle analysis system, NS14C, 

Nanosight Ltd, United Kingdom). Using a laser beam, the Nanosight can track and analyse 

individual particles in real time. 1ml of the sample is injected into the laser chamber. Particles 

are tracked by the diffraction of the laser. Individual particles are tracked using Nanosight 

software, and this allows an indication of the size of particles and the size distribution of the 

sample (Figure 2-1, B).  

2.1.2.4 Endotoxin Assay 

It is important to determine the endotoxin content of the particles to confirm that the endotoxin 

levels are not causing any of the responses and interpreted as due to the particulate action 

(Figure 2-1, C). The LAL chromogenic endotoxin quantitation kit (Thermo Scientific, Cat# 

OL186586) was used to detect any gram-negative bacterial endotoxins that may be present in 

the particle mixtures and medium used. Bacterial endotoxin contributes to the activation of a 

proenzyme in a modified Limulus Amebocyte Lysate (LAL). This leads to the activation of Factor 

C which goes on to cleave p-nitroalinine producing a colour change that can be measured. This 

colour production can then be measured and is proportional to the endotoxin level in the 

sample. 

All consumables used need to be endotoxin free to ensure there is no contamination and 

therefore no false positive results. All samples for analysis were pH adjusted to pH6-8 and all 

bacteriological activity ceased by storage at -20°C for 24 hours before analysis. The endotoxin 

standard stock solution was made as directed and mixed vigorously for 15 minutes before use. 

A serial dilution was made with 1.0EU/ml as the top concentration, with each step being 

vortexed vigorously before diluting. LAL was reconstituted immediately before use with 

endotoxin-free H2O, swirled gently and protected from light. The chromogenic substrate was 

reconstituted to 2mM with endotoxin-free H2O before being protected from light. 

All reagents and equipment were brought to room temperature before use. Throughout the 

protocol it was important to ensure reagent addition and pipetting speed remained consistent. 

A sterile 96 well plate (Thermo Fisher, Cat# 456537) was equilibrated to 37°C for 10 minutes in 

a heating block before adding 50µl of each standard (including a blank control of endotoxin free 

H2O) and unknown samples in replicates and incubated at 37°C for 5 minutes. 50µl of LAL was 

added to each well and the plate gently shaken for 10 seconds before being heated again at 37°C 

for 10 minutes. 100µl of chromogenic substrate solution was added to each well, the plate mixed 
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well and heated again at 37°C for 6 minutes. After this incubation, 50µl of 25% acetic acid was 

added as a stop solution, and absorbance read at a wavelength of 405-410nm using a plate reader 

(Bio-Tek Synergy HT). 

Control blank absorbance replicates were subtracted from the standards and the test samples 

and the endotoxin concentration calculated for each sample test from the standard curve using 

Prism 6 software (Graphpad Prism).  
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Figure 2-1 Characterisation of Particles. CeO2NPs, DEPs and the mixture of particles respectively were suspended 

in water and primary size and structure were visualised (scale bar represents 100nm) using TEM (A). These nanoparticles 
were also suspended in PBS with and without HDM (indicated by blue columns) and cell medium with and without HDM 
(indicated by the pink columns) then agglomerate size was determined using nanoparticle tracking analysis (B) with results 
expressed as mean, mode and standard deviation (SD) of size distribution. Particle charge was also determined as zeta 
potential (ZP) by dynamic light scattering and expressed in millivolts (mV) mean values ± SEM. Endotoxin contamination 
was established (C) in each of the particles, and diluents used for exposure. This was determined using a LAL assay kit and 
expressed as mean EU/ml per sample± SEM. 
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2.2 Laser ablation and inductively coupled plasma mass spectrometry 

(ICP-MS) 

The elemental composition of DEP was measured using inductively coupled plasma mass 

spectrometry (ICP-MS). The plasma converts the atoms of the sample into ions, which are then 

separated and detected using mass spectrometry (Thomas, 2004). This is carried out in a 

complete helium environment (Figure 2-2). 

2.2.1 Elemental composition of DEP 

DEP samples were suspended at 1mg/ml in 5% nitric acid (Fisher Scientific, Cat#A5509-P500) 

in triplicate. Samples were then processed using a microwave digester (UltraWAVE Single 

Reaction Chamber Microwave Digestion System, Milestone S.r.l. Fatebenefratelli, Italy). Quality 

control Claritas PPT Standard 55 (SPEX CertiPrep, Cat# CL-QC-55) was used to produce a 

standard curve of 55 different elements allowing the concentration of various elements to be 

extrapolated. The samples were digested twice before being diluted to 500ppm (5x10-4mg/µl) 

and injected into the iCAP Q ICPMS (Thermo Scientific, Loughborough, UK) for analysis. 

Elemental composition was then averaged between the triplicates giving the final elemental 

composition of the samples. This composition was then used to determine the components 

within the DEP which could be used in the future to locate the DEP within the lung tissue using 

laser ablation (Figure 2-3). The highest of these elements could not be used due to the potential 

Figure 2-2. Basic components of an ICP-MS. The sample is pumped from the auto sampler into the 

nebuliser. The sample is then transported into the plasma torch via an injector and positively charged ions are 
generated. Ions are then directed into the mass spectrometer through the MS interface, and finally the ions 
are converted to an electronic signal via the ion detector and software is used to analyse these electrical signals 
and produce an elemental read out (Thomas, 2004, Hartney and Robichaud, 2013, Kaminsky, 2012). 
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for them to be implicated within the biological system (such as Mg, Fe and Na) and therefore 

give false positive results for DEP within the lung tissue.  

 

2.2.2 Determining the concentration of cerium dioxide nanoparticles in the 

airways 

After cerium alone instillation studies were completed, the right lung lobe was snap frozen 

ready for further analysis (section 2.6.3). A section of the lobe was cut and weighed (in order for 

all the samples to be normalised against weight) while ensuring the remainder of the sample 

was still frozen. 1ml of 20% nitric acid was added to each sample before microwave digesting 

(section 2.2.1). After digestion has been completed, the sample was filtered and 9.9ml of H2O 

(to dilute the samples) and 100µl iridium (10ppb (1x10-8mg/µl)) (as an internal standard) was 

added to each of the samples. Samples were fed through the ICP-MS (section 2.2.1) 3 times per 

sample and the concentration of the 55 different elements measured within each lung was 

normalised against its pre-digested weight.  

Figure 2-3. Elemental Composition of DEPs. ICP-MS was used to identify the metal components that were 

present within the DEPs with results expressed as mean concentration (ppb (1x10-9mg/µl)) and SEM. 
Highlighted are those elements which are potential candidates for laser ablation ICP-MS as a means to assess 
pulmonary deposition of DEP after instillation in vivo, with dark green having a higher concentration than the 
light green elements. 
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2.2.3 Determining the location of cerium dioxide nanoparticles in the 

airways 

Unstained lung sections were dewaxed and photographed (Leica DFC450C, Leica Microsystems 

Ltd) (section 2.7.2) before being sealed in the laser ablation chamber. The laser ablates a user 

pre-determined area of the lung. A vacuum removes the ablated particles and carries them to 

the ICP-S, where the elemental composition of the sample is processed. From the ICP-MS, a 

visual representation of the location of various elements can be produced though the use of 

IGOR Pro software (WaveMetrics), allowing a comparison to be made between various exposure 

groups, particle types, particulate concentration and location within the whole lung after 

intranasal instillation. 

2.3 RT-PCR (real time – polymerase chain reaction) 

All steps were carried out at room temperature, unless stated. Before beginning, all equipment 

and lab benches used were sprayed with RNAse ZAP (Sigma-Aldrich, Cat# R2020) to ensure 

none of the mRNA was degraded by residual RNAse (an enzyme that can break down RNA and 

can be found on most surfaces, including biological surfaces as well in inert surfaces). 

2.3.1 mRNA extraction 

The mRNA was extracted using a RNeasy mini kit (Qiagen, Cat# 74106) and all buffers and 

columns used were from this kit unless stated. Cells were lysed by addition of 350µl of RLT 

buffer, before scraping the cells off the filters (2.5cm handle, 1.8cm blade, Corning Incorporated, 

Cat# 3010) and adding the cell lysate into a QiAshredder (Qiagen Cat# 79656). The QiAshredder 

is used to ensure all the cells had lysed and mRNA from all cells can be extracted. The 

QiAshredders were then centrifuged at 17000xg for 2 minutes. One volume of 70% ethanol was 

then added to the lysates and mixed well, before being added to RNeasy spin columns, and 

centrifuged at 8000xg for 15 seconds. The flow through of ethanol is then kept and stored at -

80°C before further analysis. 700µl of Buffer RWI was then added to each column and 

centrifuged at 8000xg for 15 seconds. The flow through was discarded and 500µl of Buffer RPE 

was added and centrifuged at 8000xg for 15 seconds. This was repeated and centrifuged at 

8000xg for 2 minutes. The columns were then placed into new collection tubes and centrifuged 

at 17000xg for 2 minutes to ensure all the buffer had cleared the filter. The mRNA was then 

eluded from the column by adding 30µl of RNAse-free water directly onto the filter and 

centrifuging at 8000xg for 1 minute. Once the mRNA was eluted, it was placed on ice before the 

concentration was established using a Nanodrop 2000 (Thermo Scientific, Loughborough, UK). 

Once isolated, the mRNA was then stored at -20°C until required. 
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2.3.2 cDNA synthesis 

All steps were completed on ice to ensure no degradation of the mRNA. 1.5µg of mRNA was 

made up in a volume of 8µl of RNAse-free water (Qiagen, Cat# 74106) in a PCR reaction tube 

(VWR tubes and lids, Cat# 732-1517, and 732-1518). The Bioline (London, UK) kit was used as 

follows. Initially a primary premix was prepared.  

1X:       

Primary Premix 

Solution Volume 

Total mRNA (extracted previously) nµl (to a max of 8µl) 

Random Hexamer (Cat# BIO-38028) 1µl 

10mM dNTP Mix (Cat# BIO-39025) 1µl 

RNase-free water (Qiagen, Cat# 74106) To make up to 10µl 

 

The samples were vortexed, centrifuged (VWR Mini Star Silverline) and incubated at 70°C for 5 

minutes (Peltier thermal cycler PTC-200, MJ Research) and then chilled on ice for at least 1 

minute. While the samples were being incubated, the reaction premix was prepared. 

1X:      

Reaction Premix 

Solution Volume 

5x RT Buffer (Cat# BIO-65028) 4µl 

Ribsafe RNase Inhibitor (Cat# BIO-65028) 1µl 

BioScript Reverse Transcriptase (Cat# 
BIO-27036) 

1µl 

RNase-free water (Qiagen, Cat# 74106) 4 µl 

 

The reaction premix is then added to the primary premix, vortexed and then centrifuged. 

Samples are then incubated at 25°C for 10 minutes followed by 42°C for 30 minutes. The reaction 
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is then terminated by incubating the samples at 85°C for 5 mins and then chilling on ice. The 

samples were then stored at -20°C. 

2.3.3 Quantitative RT-PCR analysis 

Reverse transcriptase polymerase chain reaction (RT-PCR) is a technique used to investigate 

gene expression based on the original method developed by Kary Mullis in 1983. It requires the 

synthesis of cDNA from RNA (using reverse transcriptase as described previously) to implement 

the “real time” component. PCR can be used to amplify a single copy of DNA into multiple 

copies of that single strand. It does however require a primer to begin the amplification, but 

once the amplification has begun, the product quantity increases exponentially. 

PCR works by using heating and cooling cycles (thermocycling) to denature and replicate the 

DNA. Primers (a forward and a reverse primer) are used to select the region of DNA of interest 

and allow additional nucleotides to bind with DNA polymerase. The more segments of DNA of 

interest, the quicker the amplification can take place (NCBI). Nucleotide primers were 

developed after consulting the literature and using the NCBI Nucleotide search to identify the 

FASTA sequence of the gene of interest. Using Primer 3 (Primer3web version 4.1.10) software, 

both forward and reverse primers are identified.  

Primers are diluted to 2µM; 10µl of the forward and 10µl of the reverse primers are mixed 

together before adding 480µl of RNAse free water.  cDNA samples were defrosted (on ice) and 

diluted with 1:10 with RNAse-free water (Qiagen, Cat# 74106). 8µl of the diluted cDNA samples 

were loaded into the 384 well plates (Bioscience, Cat# 4309849) according to the prepared plan, 

the plates were then sealed and centrifuged for 1 minute at 250xg. A master mix was then 

prepared allowing for 10% error in the sample pipetting. 

1x:    Master Mix 

Solution Volume 

Specific Primer 2.2µl 

Power SYBR Green PCR Master Mix 
(Applied Biosystems, Cat# 4367659) 11µl 

 

12µl of the master mix was then added into each required well (samples were analysed in 

duplicate), the plates sealed and inverted to mix the contents. The plate was centrifuged for 2 
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minutes at 250xg, then loaded into the PCR machine (Quant Studio 6 Flex, Applied Biosystems 

by Life Technologies), and the reporter and quencher set (SYBR and NFQ-MGB respectively) 

Expression was normalised to GAPDH (a housekeeping gene) and the ΔΔ CT Method (using the 

threshold cycle values (CTs) generated from the PCR machine) was used to calculate the fold 

change of genes after various exposures (Rao et al., 2013). All particle exposures were normalised 

to the housekeeping gene CT value (∆CT), before subtracting the CT value of the negative 

control (an average of the medium alone samples) (∆∆CT), and the fold change calculated. See 

Table 2-1 for example data set and calculation. This dataset is related to the gene expression 

analysis of NQO1 as demonstrated in Figure 3-5.  

 

 

 

 

 

 

 

 

 

 

Sample HKG Sample-HKG

Name Sample # Well No. Ct Ct ∆CT ∆CT-∆CT Fold Change Average

Ce0.008 53C A14 25.358 13.940 11.418 4.739 0.037 0.073

Ce0.008 29 I18 25.417 14.341 11.076 4.397 0.047

Ce0.008 53A I4 23.632 14.058 9.574 2.895 0.134

Medium 73A B5 20.624 14.086 6.538 -0.141 1.102 1.002

Medium 54C C14 21.330 14.584 6.746 0.067 0.954

Medium 74A D5 21.495 14.743 6.752 0.073 0.950

6.679Medium Average

Table 2-1. Example of PCR data analysis using one concentration of CeO2NPs and control samples. 
HKG = house-keeping gene and is GAPDH 
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2.4 Enzyme-Linked Immunosorbent Assay (ELISA) 

An enzyme-linked immunosorbent assay (ELISA) is an assay that can be used to measure and 

detect specific proteins, antibodies, peptides and hormones. The specific component of interest 

can be detected and measured using a capture antibody that is bound to the plate and ends in 

a colour or fluorescent change which can be detected and measured. There are two ways this 

can be detected, through a direct ELISA (a labelled primary antibody) or an indirect ELISA (a 

labelled secondary antibody). The most common ELISA used is a “sandwich” ELISA – it 

“sandwiches” the protein of interest between a capture and a detection antibody. Sandwich 

ELISAs were used throughout this project. 

2.4.1 Human ELISAs 

IL-33 levels were analysed using DuoSet enzyme-linked immunosorbent assay (ELISA) kits 

(R&D Systems, United Kingdom), IL-17E (IL-25), CCL20 and TSLP levels were analysed using  

Quantikine ELISA kits (R&D Systems) following the manufactures’ protocol. Medium samples 

(from cell culture of human cells) from both the basal and the apical side were analysed in 

triplicate, diluted 1:2 with assay diluent. The kits were reconstituted at room temperature and 

left for 15 minutes before using. All details of the kits and required concentrations are outlined 

in Table 2-2. 

Plates were coated with 100µl per well of the specific capture antibody (diluted in PBS) and 

incubated overnight at room temperature. Plates were washed 3 times with wash buffer and 

blocked with 300µl reagent diluent per well for 1 hour at room temperature. Plates were then 

washed as previously and 100µl of samples and appropriate standards were added. Plates were 

then sealed and incubated for 2 hours at room temperature. Plates were then washed again 

before adding 100µl per well of the specific detection antibody, sealed and incubated for 2 hours 

before being washed again. 100µl of working concentration Streptavidin-HRP was then added 

Name Cat # Top standard (pg/ml) Capture (µg/ml) Detection (ng/ml)

IL-33 D3300 400 1 500

IL-17E (IL-25) Y1399 4000 2 250

CCL20 DM3A00 500 2 150

TSLP DTSLP0 2000 0.8 50

IL-6 DY206 600 1 100

IL-8 DY208 600 1 50

SLPI DY1274 1000 1 100

Antibody Concentration Human ELISAs

Table 2-2. Details of and antibody and standard concentrations required for Human ELISAs kits. 
Working concentrations required for the R&D Systems ELISA kits as outlined by the manufacturer. All 
components were reconstituted at room temperature and left to stand for 15 minutes before using. 
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to each well, sealed and incubated in the dark for 20 minutes. Plates were washed for a final 

time and 100µl of substrate solution added to each well and incubated in the dark for 20 minutes. 

After observing a colour change 50µl of the stop solution was then added to each well. 

Optical density at 450nm was measured using a plate reader (Bio-Tek Synergy HT). Subtraction 

of the optical density at 570nm was completed in order to correct for optical imperfections in 

the plate. A standard curve was derived using the known concentration standards and Prism 6 

software (Prism) and used to calculate the cytokine concentration in the basal and apical 

medium samples. Values were then multiplied in order to account for the original dilution 

factor. 

2.4.2 Mouse ELISAs 

ELISAs carried out on the mice samples were either completed using plasma, BAL fluid or 

homogenised lungs.  

2.4.2.1 Plasma IgE by ELISA 

IgE levels were analysed using a BD OptEIA enzyme-linked immunosorbent assay (ELISA) kits 

(BD Bioscience, Cat# 555248) following the manufactures’ protocol and BD OptEIA Reagent Set 

B (BD Bioscience, Cat# 550534). Samples were analysed in duplicate, diluted 1:5 with assay 

diluent. The top standard was 100ng/ml. 

Plates were coated with 100µl per well of capture antibody (1:250 dilution with coating buffer), 

sealed and incubated overnight at 4°C. Plates were washed 3 times with wash buffer and blocked 

with 300µl assay diluent per well for 1 hour at room temperature. Plates were then washed and 

100µl of samples and appropriate standards were added. Plates were then sealed and incubated 

for 2 hours at room temperature. Plates were then washed again 5 times before adding 100µl per 

well of the working detection antibody (detection antibody diluted 1:500 in assay diluent + 

enzyme reagent (streptavidin-horseradish peroxidase conjugate) diluted 1:250 in detection 

antibody), sealed and incubated for 1 hour before being washed 7 times with 1 minute soaks 

between washes. 100µl of substrate solution was then added to each well, the plate sealed and 

incubated in the dark for 30 minutes. After observing a colour change 50µl of the stop solution 

was then added to each well. 

Optical density at 450nm was measured using a plate reader (Bio-Tek Synergy HT), within 30 

minutes of stopping the reaction. Subtraction of the optical density at 570nm was completed in 

order to correct for optical imperfections in the plate. A standard curve was derived using 

known concentration standards and Prism 6 software (Prism) and used to calculate the cytokine 
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concentration in the plasma samples. Values were then multiplied to account for the original 

dilution factor. 

2.4.2.2 Bronchial alveolar lavage (BAL) fluid ELISA analysis  

IL-17, TSLP, IL-5, IL-4, IL-13, IL-33, CCL20, IL-1α, CCL8, CCL17 and CCL11 levels were analysed 

using DuoSet enzyme-linked immunosorbent assay (ELISA) kits (R&D Systems, United 

Kingdom) following the manufactures’ protocol. The kits were reconstituted at room 

temperature and left for 15 minutes before using. All details of the kits and required 

concentrations are outlined in Table 2-3.  Samples were analysed in triplicate, diluted 1:2 with 

assay diluent as previously outlined in section 2.4.1. 

 

2.4.2.3 Lung homogenate preparation and ELISA analysis  

100mg snap frozen right lung lobes were homogenised using MagNa lyser beads (Roche, Cat# 

03358941001) in 1ml lysis buffer (comprised of 10ml Hanks’ Balanced Salt Solution (HBSS) 

(Gibco, Cat#24020-091), 20µl concentrated Triton-x100 and 1 cOmplete ULTRA tablet, mini, 

EASYpack (Roche, Cat# 05892970001) (this was used to protect the proteins in the tissue from 

being degraded during the homogenation)).  Great care was taken to ensure the snap frozen 

tissue did not thaw and remained frozen. Once samples were in the MagNa lyser bead 

containing tubes, to ensure complete homogenisation had occurred they were homogenised 

twice in a MagNa Lyser (Roche) at 6000xg for 30 seconds. Due to the addition of Triton-x100, 

there was foam in the MagNa lyser. To compensate for this (and to remove debris), all samples 

Name Cat # Top standard (pg/ml) Capture (µg/ml) Detection (ng/ml)

IL-17 DY421 1000 2 70

TSLP DY555 1000 1 200

IL-5 DY405 2000 1 100

IL-4 DY404 1000 4 150

IL-13 DY413 4000 4 200

IL-33 DY3626 1000 0.8 75

CCL20 DY760 2000 2 300

IL-1α DY400 1000 2 100

CCL8 DY790 1000 1 100

CCL17 DY529 2000 1 100

CCL11 DY420 500 1 100

Mouse ELISAs Antibody Concentration 

Table 2-3. Details of antibody and standard concentrations required for Murine ELISAs kits. Working 

concentrations required for the R&D Systems ELISA kits as outlined by the manufacturer. All components were 
reconstituted at room temperature and left to stand for 15 minutes before using. 
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were centrifuged at 17000xg for 15mins at room temperature (VWR Micro Star 17R).  Once 

completed, the supernatant was removed and frozen at -80°C for future analysis. 

Homogenised samples were diluted 1:5 with lysis buffer for ELISA analysis. IL-17, TSLP, IL-5, IL-

4, IL-13, IL-33, CCL20, IL-1α, CCL8, CCL17 and CCL11 levels were analysed using DuoSet enzyme-

linked immunosorbent assay (ELISA) kits (R&D Systems, United Kingdom) following the 

manufactures’ protocol. The kits were reconstituted at room temperature and left for 15 minutes 

before using. All details of the kits and required concentrations are outlined in Table 2-3. 

Samples were analysed in triplicate as previously outlined in section 2.4.1. 

2.5 Human Primary Bronchial Airway Epithelial Cell (HPBECs) culture 

Bronchial airway epithelial cells were used to investigate the potential effects of these particles 

due to the fact they are one of the first points of contact when these particulates are inhaled. It 

is important to understand the specific role bronchial epithelial cells play in the inflammatory 

responses to these particles. All steps using HPBECs was completed using sterile conditions and 

under a laminar flow hood. 

2.5.1 Air liquid Interface culture media 

Human primary bronchial airway epithelial cells (HPBECs) were supplied by Epithelix, and were 

delivered frozen and stored within liquid nitrogen until required.  Various healthy donors were 

used at various passages (between passage 4 and 10) (Donor identification; AB0372.01, 

AB0201.02, AB0378091, 2AB050301, AB039401F11, AB0372.01, AB0531.01, AB0510.01, AB0239.01, 

AB0201.02 and AB0378.01). Various donors were used in order to try and limit the donor 

variation that is seen between individual donors. In order to develop a model that was similar 

to that of the lung, the epithelial cells had to be differentiated before being exposed to the 

various particles and concentrations. In order to optimise the differentiation, various media 

were compared and assessed for the differentiation capabilities before moving forward with 

particulate exposures.  

2.5.1.1 Thawing and initial seeding of cells 

The donor cells were removed from liquid nitrogen storage and placed into a water bath at 37°C 

for 2 minutes, ensuring the top of the vial did not come into contact with the water. Once 

thawed, cells were transferred into Dulbecco’s Modified Eagle Medium (DMEM) (1x) + 

GLUTAMAX (Gibco, Life Technologies, Cat# 31966-021) containing 10% low IgG Fetal Bovine 

Serum (FBS) (Gibco, Life Technologies, Cat# 16250). Cells were centrifuged at 8500xg (Sorvall 

Legend RT) for 5 minutes at room temperature to obtain the cell pellet. The pellet was then re-
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suspended in 1ml of Epithelix growth media (Epithelix, Cat# EP09), before being transferred to 

a T75cm2 culture flask (Nunc, Thermo Scientific, Cat# 174952) at a seeding density of 1x106 

cells/ml containing pre-warmed hAEC culture medium (Epithelix growth medium) (Epithelix, 

Cat# EP09). The cells were maintained in Epithelix growth medium and medium was changed 

two days after seeding and then every 2-3 days thereafter. Cells were maintained in a humidified 

environment, continuously incubated at 37°C and with 5% CO2. 

2.5.1.2 Subculture of cells 

Once the flasks were around 70-80% confluent they were then split. Medium was removed from 

the flask and cells washed with 10ml of pre-warmed PBS (Sigma Aldrich, Cat# RNBD0810) and 

left for 3 minutes. This was repeated 3 times, or until the cells had started to round. The cells 

were then trypsinised by incubating with 5ml of 0.05% pre-warmed trypsin (Life Technologies, 

Cat# 15090046) at 37°C for around 10 minutes while continuously checking to ensure cells had 

started to detach from the flask. The contents of the flask were then transferred to a 50ml tube 

before washing the flask with 15ml of neutralising media (DMEM (1x) + GLUTAMAX). The cells 

were then collected by centrifuge at 8500xg for 10 minutes at 25°C to acquire the cell pellet. The 

supernatant was removed and the cell pellet re-suspended in 1ml of Epithelix medium. Cells 

were then counted using a haemocytometer and seeded at a density of 3.5 x105 cells/cm2. 

2.5.1.3 Cell cryopreservation 

Cell cryopreservation was carried out at the earliest possible passage. Cells were detached from 

flasks using the previous trypsinisation protocol (section 2.2.1.2), before being harvested and 

counted. The cells were then centrifuged at 8500xg for 10 mins and re-suspended on ice in FBS 

with 10% dimethyl sulfoxide (DMSO) (Sigma Aldrich, Cat# D8418) to give a cell concentration 

of 1 million cells/ml. Aliquots of 1ml were transferred into cryovials (Greiner bio-One, Cat# 

122263) and placed in a CoolCellTM (Sigma-Aldrich, Cat# BCS-172) cryopreservation unit (allows 

accurate cooling of the vials of -1°C/minute for reproducible cryopreservation), and stored 

overnight at -80°C, before being stored in liquid nitrogen for long term storage.   
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2.5.1.4 Air-Liquid Interface (ALI) Cultures 

Human primary bronchial epithelial cells (HPBEC) from a range of donors were cultured using 

an ALI culture system (Figure 2-4). This method has been found to produce cells with the 

highest similarity to cells in vivo (Pezzulo et al., 2011). 

 

Before seeding HPBECs onto Costar Transwell Permeable Supports (0.4µm membrane (24mm 

insert) (Corning, Sigma Aldrich, Cat# 3450)) to initiate the air-liquid interface culture, the filters 

had to be pre-coated with collagen. Type IV human placenta collagen (Sigma Aldrich, Cat# 

C5533) was used to coat the filters. A stock concentration of 0.5mg/ml was made up with 10ml 

sterile distilled water and 25µl of concentrated acetic acid (Fisher Scientific, Cat# A507-P1). 

400µl of the working concentration diluted in sterile water (0.05mg/ml) of collagen was added 

to each filter. The filters were then left to air dry overnight in the laminar flow hood and then 

exposed to UV for 30 minutes to ensure sterility. Cells were then trypsinised as indicated 

previously and seeded on the newly coated Transwell membranes at a seeding density of 1x105 

cells/cm2 in Epithelix medium with 1.5ml medium apically and 2.6ml basally as per the 

manufactures instructions. Wells were seeded on day 0, and left submerged until confluent (day 

4). The apical medium was removed and the cells exposed to air (day 5). On day 7, the basal 

medium was then changed to the differentiation medium in order for the cells to differentiate.  

Figure 2-4. Culture Process to Air-Liquid Interface (ALI). Cells are initially seeded in T752 flasks before 

being split and seeded into Costar Transwell permeable support inserts. Cells were confluent before removing 
the apical medium from the top of the well and exposing the cells to air.  
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2.5.1.5 Differentiation protocol 

In order to determine the optimal medium composition cellular differentiation, numerous 

protocols were investigated and four main medium compositions were determined and named 

after their respective author (Table 2-4). Optimisation was required as there are numerous 

components that can be added to medium that influence differentiation. Not only was it 

important to determine what concentration of the component was required, but also if the 

component was required at all. All differentiation media chosen were selected due to their use 

with primary cells and their capability to differentiate those cultures.  

 

Using the stock concentration for each supplement (hydrocortisone (Sigma Aldrich, Cat# 

HO135), triiodothyronine (Sigma Aldrich, Cat# T6397), epinephrine (Sigma Aldrich, Cat# 

E4250), epidermal growth factor (EGF) (Invitrogen, Cat# PHG0313), retinoic acid (Sigma 

 

Fulcher et al., 
2012 

Gray et al., 
1996 

Matsui et al., 
1998 

Fulcher and 
Randell, 2013 

LHC Basal:DMEM-H (50:50) x x x x 

CaCl2 1.0mM   0.08mM 1.0mM 

Bovine Serium Albumin 0.5mg/ml 1.5µg/ml 0.5mg/ml 0.05mg/ml 

Bovine Pituitary Extract  10µg/ml 180µg/ml 160µg/ml 10µg/ml 

Insulin 0.87µM 0.86µM 0.861µM 0.174µM 

Transferrin 0.125µM 0.125µM 0.125mM 0.125µM 

Hydrocortisone 0.21µM 1.38µM 0.2µM 0.09µM 

Triiodothyronine 0.01µM 9.984nM x10-8M 0.01µM 

Epinephrine 2.7µM 2.73µM 3.3µM 2.7µM 

Epidermal Growth Factor 0.50ng/ml 0.5ng/ml 0.5ng/ml 5ng/ml 

Retinoic Acid 5x10-8M 5x10-8M -  5x10-8M 

Phosphorylethanolamine 0.5µM  - 0.5µM 0.5µM 

Ethanolamine 0.5µM  - 0.5µM 0.5µM 

Zinc Sulfate 3.0µM  - 3.0µM 3.0µM 

Ferrous Sulfate 1.5x10-6M  - 1.5x10-6M 1.5x10-6M 

Magnesium Chloride  0.6mM  - 0.6mM 0.6mM 

Selenium 30nM  - 30nM 30nM 

Manganese 1nM  - 1nM 1nM 

Silicone 500nM  - 500nM 500nM 

Molybdenum 1nM  - 1nM 1nM 

Vanadium 5nM  - 5nM 5nM 

Nickel Sulfate 1nM  - 1nM 1nM 

Tin 0.5nM  - 0.5nM 0.5nM 

Table 2-4. Concentrations of the various components added to produce differentiation medium. 
Various components were diluted to the appropriate concentration (concentrations stated within the figure 
are final concentrations used) as outlined in the literature (Fulcher et al., 2005, Fulcher and Randell, 2013, Gray 
et al., 1996, Matsui et al., 1998). 
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Aldrich, Cat# R2625), phosphorylethanolamine (PET) (Sigma Aldrich, Cat#PO503), 

ethanolamine (Sigma Aldrich, Cat# EO138), penicillin/streptomycin (Sigma Aldrich, Cat# 

P4333), bovine serium albumin (BSA) (Sigma Aldrich, Cat# A7638), bovine pituitary extract 

(BPE) (Sigma Aldrich, Cat# P1476), insulin (Sigma Aldrich, Cat# 16634), and transferrin (Sigma 

Aldrich, Cat# TO665)) the required concentration was added to the base medium. The base 

medium of the differentiation media was LHC Basal (Life Technologies, Cat# 12677-019) and 

DMEM-H (Life Technologies, Cat# 41965-039) medium at a ratio of 1:1. Once the media was 

made up, it was stored at 4°C until required. The basal medium was changed every second day 

after being switched to the differentiation medium. 

2.5.2 Characterisation of ALI cultures 

2.5.2.1 Trans Epithelial Electrical Resistance (TEER) measurement 

In order to ensure that the cells had completely covered the ALI membrane and produced a 

monolayer, Trans Epithelial Electrical Resistance (TEER) measurement was completed 

throughout the growth and differentiation periods. The TEER measurement was carried out 

using an EVOM2 Epithelial Voltohmmeter (World Precision Instruments Ltd, Hertfordshire, 

United Kingdom) on individual wells throughout their growth period. This comprises of moving 

the ALI transwell into the Endohm chamber and then measuring the TEER.  

Before use, the EVOM2 and the Endohm chamber was sterilised using UV light and ethanol. The 

specific medium the cells were in before being measured was warmed to 37°C before use and 

the Endohm chamber filled with 2ml of medium (to replicate the basal side of the ALI well), the 

ALI transwell to be measured was then transferred to the chamber and the apical side filled with 

1.5ml of the medium before replacing the Endohm and measuring the TEER. The resistance was 

measured three times per insert and the mean value established from that. The resistance of an 

empty insert was subtracted from all the samples and the final value was determined after 

multiplying the resistance by the surface area of the inserts (1.12cm2).  

2.5.2.2 TEM of airway epithelial ALI cultures 

TEM was used to characterise the cells and determine the formation of a pseudostratified layer 

and to determine the uptake of NPs into the cells. Cells were grown to 70% confluence and 

differentiated as previously described (section 2.2.1.4), and then fixed and processed for 

transition electron microscopy.  
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The subsequent processing procedure was carried out by Dr Andy Rogers of the Royal Brompton 

Hospital. The cells were washed with HEPES buffer and fixed with 2.5% glutaraldehyde for 1 

hour. The cells were post-fixed in 1% osmium tetroxide for 30 minutes then dehydrated in 

ethanol for 15 minutes at room temperature. They were then progressively infiltrated with 25% 

and 50% araldite resin/ethanol solution and incubated for 15 minutes at room temperature 

before being embedded in resin. The embedded cells were cut using an ultramicrotome with a 

35o diamond knife to a thickness of 50-100nm. 

An electron beam of 75 kV was applied to the acquired sections and images were captured 

with a Hitachi H-7000 TEM (Hitachi, Japan). 

2.5.3 In vitro particle exposures 

All particles were prepared as previously outlined in section 2.1.1 before exposure to the cells. 

Before using any of the colourmetric assays described within this section, particulate 

interference was checked. All assays were completed with particles suspended in medium before 

any of the exposures were completed. There were no interactions from the particles with any of 

the assays used (the particles did not cause an increase in the colour or fluorescence produced 

when compared to the medium alone).   

2.5.3.1  Initial diesel exhaust particle exposure 

The vials for the DEP solution were sterilised under UV light for 2 hours before use, no issues 

with contamination of the particles were observed. The DEP were re-suspended in sterile PBS 

at 1mg/ml by sonication at 70Hz as previously described (section 2.1.1) to ensure all the particles 

have been broken up and suspended within the PBS before being diluted to the required 

concentrations in the relevant medium. Excess 1mg/ml diesel solution was aliquoted and stored 

at -80°C for future use.  At each dilution step the samples were vortexed and sonicated for 2 

minutes before being further diluted to the required treatment concentration. 

The diluted DEP samples were votexed and then sonicated for 30 seconds before being warmed 

to 37°C. Cells were exposed to 200µl of each sample at the apical side of the wells. Samples were 

allowed to incubate at 37°C for 2 hours on the cellular surface before being removed. Complete 

coverage of the samples on the apical surface was confirmed before the incubation period.  6 

hours, 24 hours and 5 day repeat exposure (exposure every day for 5 days) were investigated. At 

each of these time points, medium was removed and stored at -80° for further analysis, and the 

cell cultures had lysis buffer (Qiagen, Cat# 74106) for RNA extraction applied and also placed 

into -80°C storage after lysis. For the 5 day exposure culture, the culture medium was changed 
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every second day with the apical surface being washed with 500µl of the specific medium. 

Samples of the medium before the change were also taken and frozen for future analysis. 

2.5.3.2 24 hour exposure of diesel exhaust particles (DEPs), cerium dioxide nanoparticles 

(CeO2NPs) and both particles together 

ALI cultures were exposed to DEP alone, CeO2 alone and a DEP/CeO2 mixture (containing 

0.08% CeO2 for every 1% diesel as previously mentioned) on the apical compartment. ALI 

cultures were exposed to the particles for 24 hours before being analysed for the chosen allergic 

markers in both the apical and basal secretions, as outlined in section 2.2.4.1.1. 

2.5.3.3 Inflammatory priming and exposure protocols 

A cell culture model of inflammation was developed using pre- and co-exposure to type II 

cytokines (IL-4 (10ng/ml) and IL-13 (10ng/ml) and both IL-4/13 (R&D Systems). In order to 

replicate the in vivo exposures, in vitro exposures were completed using the same ratio of 

particles (DEP, CeO2NPs, both and HDM (Greer Laboratories)) (as outlined in section 2.3.2). 

Cells were exposed to IL-4, IL-13 or IL-4/13 either 24 hours before the particles or during the 24 

hours of the particulate exposer or exposed to HDM alone, before the particulate exposure or 

in combination with the particles on the apical side of the ALI. Post analysis was completed as 

outlined in section 2.2.4.1.1. 

2.5.4 Cytotoxicity measurement 

The potential dysfunction of the cells and the cytotoxicity due to the various exposures was 

determined. This allowed cell death to be determined as well as a change in the cellular 

metabolism (therefore indicating cellular dysfunction).  

2.5.4.1 Lactate assay 

A lactate assay was performed to determine if there were alterations to the cellular metabolism 

indicating dysfunction of the cells (Somborac-Bacura et al., 2013). Lactate is produced as a by-

product of glycolysis (cytosolic (anaerobic) rather than mitochondrial (aerobic) metabolism via 

the Kreb’s cycle). This assay is based on the conversion of lactate to pyruvate by lactate 

dehydrogenase (LDH), reducing NAD to NADH (Babson and Phillips, 1965). The concentration 

of lactate produced by the cells is proportional to an increase in absorbance due to the 

previously mentioned reduction. The amount of lactate released into the apical and basal 

medium was measured using 96 well plates (Corning, Sigma Aldrich, Cat# CLS2595). 
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The reagents were made up as required: 

1. TRAM Buffer: 82mM Triethanolamine HCL (Sigma Aldrich, Cat# T1502), 8.2mM 

Ethylenediaminetetraacetic acid disodium salt dihydrate (EDTA.Na2) (Sigma Aldrich, 

Cat# 34549), 32mM Magnesium chloride hexahydrate (MgCl2.6H2O) (Sigma Aldrich, Cat 

# M2670), pH 7.5 and made up with ddH2O. Stored at +4°C. 

2. Colour Reagent: 0.3mM N-Methylphenazonium methyl sulphate (PMS) (Sigma Aldrich, 

Cat# P9625), 0.75mM p-iodonitrotetrazolium violet (INT) (Sigma Aldrich, Cat# I8377), 

9.5% ethanol, 0.4% Triton X-100 (Sigma Aldrich, Cat# 93426) made up in ddH2O and 

heated at 37°C for 5-10 minutes mixing regularly. Stored at +4°C protected from light. 

3. Lactate standard: The lactate standard was made up using sodium L-lactate (Sigma 

Aldrich, Cat# L7022). 0.560g of sodium L-lactate was diluted in 50ml of dH2O (stock of 

100mM) and then diluting to 25mM in the relevant serum free media to produce a serial 

dilution. 

Reagent mix for 1x 96-Well Plate: 4.5mM β-Nicotinamide adenine dinucleotide hydrate (β-

NAD) (Sigma Aldrich, Cat# N7004) was dissolved in 15ml of the TRAM Buffer. 4ml of the colour 

reagent was added and 6.5μl of LDH (Sigma Aldrich, Cat# L2500) was then added. 

The samples were thawed and allowed to get to room temperature before being used. They were 

mixed and centrifuged before the supernatant was sampled. 20μl of each neat unknown sample, 

the controls (RNase Free Water, and the relevant media) and the serially diluted lactate 

standard was added in duplicate. 200μl of the reagent mix was then added to each well, mixed 

and left to incubate for 5-10 minutes at room temperature protected from light. 50μl of the Stop 

Solution (1N HCL) was added and the plate was read at a wavelength of 490nm within one hour 

(Bio-Tek Synergy HT). 

2.5.4.2 Lactate Dehydrogenase (LDH) assay 

This assay is used to measure levels of cell death (specifically necrosis) and cell lysis by 

measuring levels of lactase dehydrogenase in the cell medium. This assay uses the conversion 

of iodonitrotetrazolium into a coloured substrate (formazan) after the reduction of NAD+ to 

NADH and H+ through pyruvate oxidation of lactate in the presence of LDH in the culture 

medium (Chan et al., 2013). 
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Using a CytoTox 96 Non-Radioactive Cytotoxicity Assay Kit (Promega, Cat# G1780) the 

percentage of cytotoxicity of the neat samples was measured. The assay buffer was thawed, 

allowed to reach room temperature and 12ml was added to a bottle of substrate mix. The 

combination of assay buffer and substrate mix = Cyto Tox96 Reagent. This mixture was inverted 

gently until dissolved.  In order to calculate the cytotoxicity of the samples a number of controls 

were required to be run with the unknown samples. Controls that were used: background 

control (medium that has not had any cells grown in it), low control (medium only exposure), 

high control (maximum LDH release, cells exposed to 2% Triton-X). The cell culture 

supernatant samples were brought to room temperature before being used. They were mixed 

and centrifuged before the supernatant was sampled. 50μl of each sample was put into a 96 well 

plate in duplicate. 50μl of the controls were also added in duplicate to the plate. 50μl of the 

CytoTox 96 Reagent was added to each well, mixed and the plate incubated at room 

temperature protected from light for 30 minutes (ensuring that none of the samples became too 

red before reading). Any large bubbles were popped before reading the absorbance of the plate 

at 492nm within one hour (Bio-Tek Synergy HT). 

The cytotoxicity of each exposure was then calculated using the following equation: 

Cytotoxicity (%)= 
unknown sample-low control 

high control-low control 
 x 100 

2.6 Murine model exposure and tissue collection 

2.6.1 Rodent model of particulate exposure 

Female BALB/c mice (6-8 weeks old), obtained from the specific pathogen free breeding unit 

(Envigo, UK), were used for all experimental work. Food (Special Diets Services Rat and Mouse 

No.3 Breeding pellets; Special Diets Services, cat# RM3 (P)) and water were available ab libitum. 

Enrichment was added to each cage and a maximum of 6 animals were housed within each cage. 

Ambient temperature and humidity was maintained (21±2°C and 41±5% respectively) within a 

12 hour light/dark cycle. All procedures were approved by the United Kingdom Home Office 

and completed in compliance with the Animals (Scientific Procedures) Act 1986 under a Home 

Office granted project licence (30/3021) and personal licences. 

2.6.2 Intranasal installation of HDM and particulates 

All solutions were prepared just before use using sterile methods. Groups of animals (N=6 or 7) 

received 25µl intranasally dropwise of CeO2NPs both with and without DEP (50µg) at various 

concentrations (50ng, 1.5µg and 15µg) during and after sensitisation with house dust mite 
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(HDM) (1mg/ml) for 3 weeks. Other studies were conducted exposing groups of animals (N=6 

or 7) intranasally to CeO2NPs both with and without DEP (50µg) at various concentrations 

(50ng, 1.5µg and 15µg/animal) for 24 hours. 

2.6.2.1 HDM induced allergic airway disease 

House dust mite (HDM) (Greer Laboratories, Cat# XPB82D3A25 (Dermatophagoides 

pteronyssinus)) was suspended as previously described. All solutions were freshly prepared prior 

to use from frozen aliquots of stock solution. Groups of mice (n=6 or 7) received 25µl 

intranasally of 1mg/ml of protein (Brandt et al., 2013b, Canbaz et al., 2015, Farhadi et al., 2014) 3 

times a week for 3 weeks (Gregory et al., 2013), either at the same time as particulate exposures 

or before particulate exposures. Control animals were exposed to PBS at the same time points. 

2.6.3 Blood and tissue collection 

Animals were anaesthetised using 5% isoflurane in oxygen using a precision vaporiser (V-9 Wall 

Mount Laboratory Animal Anesthesia System. Item Number: 901810), then euthanized with an 

overdose of sodium pentobarbital (via intraperitoneal injection) before puncturing the heart 

with a syringe pre-coated with EDTA (5mM) and removing the blood. The blood was then 

placed on ice in an EDTA pre-coated Eppendorf with 5µl of EDTA at the bottom of the 

Eppendorf in order to further prevent coagulation.  

After lavaging the whole lung (section 2.6.4.1), it was dissected out and washed with ice cold 

PBS. The right lung lobe was tied off and snap frozen (in liquid nitrogen), while the left lobe 

was fixed by perfusion of 10% formalin using 25cm of tubing with a slow perfusion rate for 5 

mins. The lung was then stored in formalin for 48 hours before being stored permanently in 

70% ethanol. The left kidney and half the liver were also fixed in formalin and processed as 

above. The right kidney, half the liver, the spleen and thymus were also removed and snap 

frozen for future analysis. 

2.6.3.1 Blood processing for plasma isolation  

Blood was centrifuged at 10,000xg for 5 mins at 4°C before removing the plasma and discarding 

the remaining blood. Plasma was then stored at -80°C before analysis of the IgE levels within 

the plasma. 
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2.6.4 Bronchoalveolar lavage (BAL) and inflammatory cell analysis 

2.6.4.1 BAL collection 

The trachea was viewed upon dissection of the upper throat and a tracheotomy was performed. 

It is then catheterised using an 18G modified blunt ended needle and sutured into place between 

the 2nd and 3rd cartilage rings. Bronchoalveolar lavage (BAL) was collected by lavaging the lungs 

three times with 500µl ice cold sterile PBS via the tracheal cannula, giving a total volume of 

1.5ml of BAL. The BAL fluid was then placed on ice before processing and further analysis. 

2.6.4.2 BAL processing 

BAL fluid was centrifuged at 1500xg for 10mins at 4°C; the supernatant was removed from the 

first lavage and used for analysis of cytokines via ELISAs. The remaining supernatants were 

discarded and the cells from all 3 lavages re-suspended in 1ml of ice cold PBS and counted using 

a haemocytometer. Cells were then re-suspended in ice cold PBS at a concentration of 

1x106cells/ml. 

2.6.4.3 Cytospin and Inflammatory Cell Counts 

200µl of each cell suspension was loaded onto an EZ single cytofunnel (Thermo Scientific, Cat# 

97200125) and centrifuged at 480xg for 4mins (Cytospin 4, Thermo Scientific). The remaining 

cells were then centrifuged at 1500xg for 10mins at 4°C before being suspended in 350µl of lysis 

buffer (Qiagen) and frozen at -80°C for future analysis. The cytospin slides were then left to dry 

overnight at room temperature before being stained with Wright-Griemsa stain (Kwik Diff, 

Thermo Scientific, Cat# 9990700). Slides were then dried overnight again before mounting a 

neutrophil 

macrophage 

epithelial 

eosinophil 

Figure 2-5 Various BAL fluid cells identified. Cells were cytospun and then stained using Kwik Diff stain to 

identify the various immune cells present.  
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coverslip and counting 300 cells at 400x magnification. Lymphocytes were identified with a clear 

blue cytoplasm and red-purple granules; neutrophils were identified with a clear blue cytoplasm 

and light purple granules in the cytoplasm; eosinophils were identified by bright red/orange 

granules in the cytoplasm; epithelial cells were identified by light purple nuclei and a light blue 

cytoplasm and macrophages were identified by a large cytoplasm and dark purple nucleus 

(Figure 2-5). Cells were counted for each animal over three cytospin slides and an average cell 

count was obtained for each animal. 

2.7 Tissue processing and analysis 

It is important to look at both BAL fluid and lung tissue when investigating cytokine release. 

This is due to the nature of some cytokines and the delayed release of some into the airways, as 

there may be a difference in the lung tissue (later release) when compared to the BAL fluid (early 

release). 

2.7.1 Bradford assay 

The Bradford assay (Bradford, 1976) is a method used to determine the concentration of protein 

in a sample. It uses an acid solution to bind to the protein, to cause a shift in wavelength and 

therefore a colour change dependant on protein concentrations. 

Using the Bio-Rad Protein Assay Kit II, (Bio-Rad, Cat# 500-0002), a standard was produced 

using bovine serum albumin and lysis buffer producing a protein concentration standard curve. 

The dye was prepared by diluting 1:4 with distilled water before filtering with a Whatman #1 

filter (GE Healthcare Life Sciences, Cat#10462200). The range of this assay is 0.05 to 0.5mg/ml 

of protein and therefore a standard was made up to fit within these concentrations. The samples 

were diluted 1:4 with lysis buffer before 10 µl of each sample and standard was added to a 96 

well plate in duplicate. 200µl of the diluted dye was then added to each well, left to incubate at 

room temperature for at least 5 minutes and the plate absorbance read at 595nm within one 

hour (Bio-Tek Synergy HT). Any repeats were then carried out if the coefficient variance of the 

sample concentration was larger than 25%. 

2.7.2 Histochemistry and immunohistochemistry 

Lungs were fixed in 10% formalin and stored in 70% ethanol before processing as previously 

described (section 2.6.3). The trachea and heart were removed from the left lung lobe and 

discarded. The left lobe was then cut bilaterally and both halves processed into paraffin blocks. 
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2.7.2.1 Dehydration and embedding 

Lungs were placed in Tissue Tek Processing Embedding cassettes (Tissue Tek, Cat# 4185TT2), 

dehydrated and embedded in paraffin wax using the Tissue-Tek (VIP Sakura). Sections were 

initially placed into formalin for 1 hour, and then moved into fresh formalin for a second hour. 

After they were then moved into 60%, 70%, 80%, 90%, 100% ethanol for 30mins each time. 

Sections were then moved into xylene for 45 mins, and then 30 mins before being moved into 

paraffin wax heated at 60°C for 60 mins and then a further 30 mins. After being embedded, 

samples where then fixed into moulds and cut to fit the microtome (Leica EG1150H). 

2.7.2.2 Cutting and drying 

One half of the lung was then cut into 5µm serial sections (Accu-Cut SRM, Sakura) and placed 

onto frosted microscope slides (Menzeil-Gläser Superfrost Plus, Thermo Scientific, Cat# 

10149870), before drying overnight at 37°C. 

2.7.2.3 Histochemistry staining 

Serial sections were stained for hematoxylin and eosin (H/E) (general histology and 

inflammation), Periodic acid–Schiff (PAS) (mucin production), Masson’s trichrome 

(extracellular matrix), and toluidine blue (mast cell staining). Sections were automatically 

stained using a Sakura Tissue Tek Prisma-E2S (Sakura). Before being stained, the sections were 

dewaxed and hydrated. This involves first removing the paraffin wax by clearing 3 times with 

xylene (5 minutes each), and then rehydrating through an alcohol series from 100% to distilled 

water (30 seconds – 1 minute in each concentration).  After being stained they were then 

mounted (a drop of DXP onto the sample) and a cover slip applied before being imaged using 

Leica DM 2000 and images were captured using the Leica DFC450C (Leica Microsystems Ltd). 

2.7.2.4 Haematoxylin and Eosin (H&E) staining 

Haematoxylin and Eosin (H&E) staining is a method that has been used to identify various 

aspects of tissue sections, including the cytoplasm, extracellular matrix and the nucleus. 

Haematoxylin stains the nucleus blue, while the eosin stains proteins non-specifically pink. This 

allows various cellular components to be identified and compared between the different 

exposures. Haematoxylin can also be used without eosin as a nuclear counterstain (Fischer et 

al., 2008). 

Lung sections were dewaxed and rehydrated as previously described in section 2.4.2.3. Sections 

were then dipped into haematoxylin for 30 seconds, before being rinsed in water for 1 minute, 
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and then stained with 1% eosin for 30 seconds. Sections were then dehydrated and cleared before 

being mounted with a coverslip. 

2.7.2.5 Periodic acid-Schiff (PAS) staining (Richard-Allan Scientific, Thermo Scientific, Cat# 

87007) 

Periodic acid-Schiff (PAS) staining is used to stain glycol groups. These compounds are oxidised 

by the acid and then combined with the Schiff’s reagent to produce the distinctive pink 

colouring. It can be used by pathologists to identify a number of different aliments 

(PathologyOutlines.com), but in this context, the pink stain is used to identify mucus in the 

airways. 

Lung sections were dewaxed and rehydrated as previously described in section 2.7.2.1. Sections 

were then placed into periodic acid solution for 5 minutes before being rinsed in deionized 

water and stained using Schiff reagent for 15 minutes. Slices were then rinsed for 10 minutes in 

water before staining in haematoxylin for 1 minute and then rinsed again for 30 seconds. Slices 

were then placed in Bluing reagent for 1 minute and then washed again for 30 seconds. Slices 

were then dehydrated and cleared before being mounted with a coverslip. 

2.7.2.5.1 PAS semi-quantification 

Airways of between 100-250µm in diameter (Gregory et al., 2013) were scored for the PAS 

content. PAS positive cells were shown as a pink colour. The total number of PAS positive cells 

was divided by the total cell number in order to give a PAS percentage. This percentage was 

then converted to a PAS score: <10% = 0 11-20% = 1 21-50% = 2 51-75% = 3 and >75% = 4. All 

airways of correct sizes were included in the count (Empey et al., 2012). All counts were done 

blinded and per individual animal in order to determine a group average. 

2.7.2.6 Masson’s trichrome staining (Sigma Aldrich, Cat# HT15-1KT) 

Masson’s trichrome staining has been developed to stain collagen and can therefore distinguish 

connective tissue from other tissue. This stain is used to analyse muscular and cardiovascular 

samples (Munro). This stain is used to determine if any airway remodelling has occurred, 

identified as an increase in the collagen staining blue. 

Lung sections were dewaxed and rehydrated as previously described in section 2.7.2.1.  Sections 

were then placed into pre-heated Bouin’s solution at 56°C for 15 minutes and then cooled under 

running tap water. Sections were then stained in Working Weigert’s Iron Hematoxylin Solution 

for 5 minutes and then washed in running tap water for 5 minutes. Sections were then stained 
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in Biebrich Scarlet-Acid Fuchsin for 5 minutes, washed and then placed in Working 

Phosphotungstic/Phosphomolybdic Acid Solution and then Aniline Blue Solution for 5 minutes. 

Sections were then placed in Acetic Acid for 2 minutes before being dehydrated in alcohol, 

cleared and then mounted with a coverslip. 

2.7.2.7 Toluidine blue staining 

Toluidine blue staining is used to identify mast cells, mucins and cartilage. It works by staining 

any tissues that are rich in both RNA and DNA and are acidic. Mast cells specifically stain darker 

than surrounding tissue due to their heparin and histamine content. This stain can be used with 

both wax embedded slides, frozen slides and in situ (Sridharan and Shankar, 2012). 0.5% 

potassium permanganate solution (BDH Chemicals Ltd, Cat# 10217), 1% potassium 

metabisulphite (Sigma Aldrich, Cat# 60508) and 0.002% toluidine blue solution (Sigma Aldrich, 

Cat# 198161), distilled water and glacial acetic acid (Sigma Aldrich, Cat# ARK2183) were made 

up. Lung sections were dewaxed and rehydrated as previously described in section 2.4.2.3.  Slides 

were then placed into the potassium permanganate solution for 2 minutes before being rinsed 

twice in distilled water and placed into potassium metabisulphite solution for 1 minute. Slides 

were then rinsed again in running tap water before being submerged in toluidine blue solution 

for 5 minutes and then rinsed in three changes of distilled water before being dehydrated in 

alcohol, cleared and then mounted with a coverslip. 

2.7.2.8 Immunohistochemistry 

Immunohistochemistry utilises the use of antibodies in order to identify specific antigens in 

tissue sections. Antibody location in the section can be visualised via fluorescence or a 

peroxidase system which can be linked to either the primary antibody, or a specific secondary 

antibody (Duraiyan et al., 2012). 

All immunohistochemistry stains were carried out using the VECTASTAIN Elite ABC Kit (Vector 

Laboratories, Cat# PK-6100). An unlabelled primary antibody was applied to the section, then a 

biotinylated secondary antibody and finally an avidin and biotinylated horseradish peroxidase 

complex. Sections were dewaxed and rehydrated as previously described in section 2.7.2.1. The 

antigen unmasking solution was then made up as directed (Vector Labratories, Cat# H-3300) 

by the manufacturer and sections incubated at 65°C for 30 minutes. All further steps were 

completed in a humidity chamber and washed with buffer (0.9% saline) between each step. In 

order to quench endogenous peroxidase activity, the samples are then incubated for 30minutes 

in 0.3% H2O2. Sections were then incubated for 20 minutes with normal blocking serum (150µl 
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of stock diluted in 10ml of 10mM sodium phosphate, pH 7.5, 0.9% saline (buffer)) and then 

incubated for 30minutes with the specified primary antibody diluted to the appropriate 

concentration as outlined (in section 2.7.2.8.1). Sections were then incubated for 30 minutes 

with the biotinylated secondary antibody (150µl of blocking serum, 50µl of biotinylated antibody 

stock and 10ml of buffer), before incubating with VECTASTAIN Elite ABC Reagent (2 drops of 

Reagent A, 5ml of buffer and 2 drops of Reagent B. The bottle is mixed immediately and left to 

stand for 30 minutes before use. Finally, the sections are incubated with a 3, 3’-

diaminobenzidine (DAB) solution (Vector Laboratories, Cat# SK-4100) (84µl of buffer stock 

solution, 100µl of DAB stock solution and 80µl of hydrogen peroxide solution into 5ml distilled 

water and mixed well) to obtain a brown colour indicating a positive stain (around 2 minutes of 

incubation). DAB reaction was stopped by washing the section with distilled water, before being 

dehydrated in alcohol, cleared and then mounted with a coverslip as previously described 

(section 2.7.2.3). 

2.7.2.8.1 Stains used 

Smooth muscle actin antibody (Cat# ab5694, abcam, Cambridge) stains smooth muscle cells in 

vessel and gut walls. The actin filaments are part of the cytoskeleton and are found in all 

eukaryotic cells (abcam).  The primary antibody was diluted 1:1000 in buffer as indicated by the 

manufacturer. 

Proliferating cell nuclear antigen (PCNA) (Cell Signalling Technology, Cat# 13110) is a marker of 

proliferation. The primary antibody was diluted 1:8000 in buffer as indicated by the 

manufacturer. 

Chloride channel accessory 1 (CLCA1) (Abcam, Cat# ab180851) is a protein coding gene 

associated with cystic fibrosis and is thought to play a role in goblet cell metaplasia, mucus 

hypersecretion and airway hyperresponsiveness (GeneCards). The primary antibody was diluted 

1:250 in buffer as indicated by the manufacturer. 
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2.8 Airway mechanics measurement 

Airway mechanics measurements are an established set of tests when investigating, identifying 

and observing asthma in humans, the clinical assessment and risk of asthma (Walker et al., 

2012). Airway hyperresponsiveness is a term that describes airway narrowing in response to a 

bronchoconstrictor, specifically methacholine and is evaluated by the changes in airway 

functions (Walker et al., 2012). 

The Flexivent (Scireq Scientific Respiratory Equipment Inc) system was run with the Flexiware 

software (Version 7.6.3). Before an experimental session began, the equipment underwent a full 

calibration and between each subject the cannula used for measurements was also calibrated. 

2.8.1 Anaesthesia and tracheotomy 

Animals were anaesthetised with 5% isoflurane in oxygen and maintained intraperitoneally with 

sodium pentobarbital (90mg/kg), ensuring the subject was at surgical levels of anaesthesia 

throughout the procedure. The subject was then placed under a heat lamp and the trachea 

exposed and cannulated (18G ridged cannula).  The cannula was inserted between the second 

and third tracheal ring and mechanical ventilation was initiated immediately (Figure 2-6). 

 

 

2.8.2 Airway mechanics protocols 

After the subject was connected to the ventilator a deep inflation was initiated. This was to 

ensure all areas of the airways were opened and lung volume was at its capacity. In order to 

ensure the subject was fully anesthetised and was not spontaneously respiring, a pressure-

Exposed trachea 

Nebuliser  

Y-tubing   

Canula   

Figure 2-6. Cannulation and airway mechanic measurements. Mice were anesthetised, and the trachea 

exposed surgically via blunt incisions. The canula was inserted three rings into the trachea and secured with a 
suture before mechanical ventilation was started immediately and airway hyperresponsiveness measured at 
various predetermined concentrations.     
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volume curve was measured (PVs-V). Any spontaneous respirations could be seen by any 

downward inflections within the produced measurements. 

The forced oscillation technique (FOT) is a non-spirometric method that is used to measure 

airway resistance (Kaminsky, 2012). The subject has a normal gentle breathing level (normally 

under a light sedation), while a mechanical impulse produces a forced perturbation of airflow 

which can then be measured (Kaminsky, 2012). This technique allows highly detailed 

measurements to be made while also being reproducible. There are a variety of parameters that 

can be measured within this method and using the Flexiware software (Version 7.6.3). Within 

this study we focused on measuring the resistance (RRS and RN) and the elastance (H and ERS) of 

the airways (Table 2-5) (Au - McGovern et al., 2013). 

 

Once it was confirmed there was no spontaneous respiration, the dose response to inhaled 

methacholine (Acetyl-β-Methylcholine Chloride (Sigma Aldrich, Cat# A2251) aerosol solution 

could be measured. This was accomplished using a pre-programmed script within the software 

(mouse inhaled dose response), that allowed an increasing concentration of methacholine to be 

investigated (0-300mg/ml). Before each set of measurements was completed, 100µl of the 

specific methacholine dose was placed into the nebuliser. After all the exposures had been 

completed for the subject, all the y-tubing and cannulas were cleaned and dried before being 

calibrated again ready for the next subject. 

All data was then collected and analysed using the Flexiware software (Version 7.6.3). 

PARAMETERS  NAME  DEFINITION  

RRS 
Respiratory system 

resistance 
Term describing the energy dissipated due to resistive 
losses 

RN 
Newtonian 
resistance 

Term reflecting the opposition of the airways to a flow 
of air. It is inversely related to the calibre of the large 
conducting airways. 

H Tissue elastance 
Describes the storage of energy in the lung tissue 
during a forced oscillation manoeuvre. 

ERS Elastance 
The stiffness of the respiratory system - including the 
lung, the chest wall and the airways. 

Table 2-5. Various measured parameters. Measurement of parameters after the addition of methacholine 

to the murine airways (Kaminsky, 2012). 



 

89 

 

2.9 Statistical analysis 

The works within this thesis are presented as ± standard error of the mean (SEM).  

 

Before completion of the statistical analysis it was determined that the data sets were 

independent of each other, there were no significant outliers (identified using Graphpad Prism 

software), and the samples were normally distributed (also identified using Graphpad Prism 

software using statistic models). 

- For chapter 3, a one-way analysis of variance (ANOVA) analysis (post Fisher's Least 

Significant Difference (LSD) test) were performed using Prism 6/7/8 software 

(Graphpad Prism). The p-value was considered significant if p-value <0.05. 

- For chapters 4 and 5, a one-way ANOVA analysis (post Fisher's Least Significant 

Difference (LSD) test) were performed using Prism 6/7/8 software (Graphpad Prism). 

The p-value was considered significant if p-value <0.05.  

 

Animal numbers for each exposure group were based on previous literature and were randomly 

assigned groups and consideration for variation implemented (using random blocking (Festing, 

2014)), all samples were also scored blinded in order to try and remove any scoring bias.    
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Materials list  

Name Supplier 

10mM dNTP Mix Bioline 

3, 3’-diaminobenzidine (DAB) solution Vector Laboratories 

384 well PCR plates Bioscience 

5x RT Buffer Bioline 

96 well plates Sigma Aldrich 

Acetic acid Fisher Scientific 

Acetic acid Sigma Aldrich 

Acetyl-β-Methylcholine Chloride Sigma Aldrich 

Antigen unmasking solution Vector Laboratories 

BALB/c mice Envigo, Alconbury, United Kingdom 

β-Nicotinamide adenine dinucleotide hydrate (β-NAD) Sigma Aldrich 

Bio-Rad Protein Assay Kit II Bio-Rad 

BioScript Reverse Transcriptase Bioline 

Bovine Pituitary Extract (BPE) Sigma Aldrich 

Bovine Serium Albumin (BSA) Sigma Aldrich 

CCL20 Human ELISA R&D Systems 

CCL20 Mouse ELISA R&D Systems 

Cell scrapper Corning, Sigma Aldrich 

Centifuge Sorvall Legend RT 

Centrifuge VWR Micro Star 17R 

Centrifuge VWR Mini Star Silverline 

Cerium dioxide nanoparticles (CeO2NPs) Sigma Aldrich 

Chloride channel accessory 1(CLCA1) Abcam 

Claritas PPT Standard 55 SPEX CertiPrep 

cOmplete ULTRA tablet, mini, EASYpack Roche 

CoolCellTM Sigma Aldrich 

Cryovials Greiner bio-One 

Cytospin 4 Thermo Scientific 

CytoTox 96 Non-Radioactive Cytotoxicity Assay Kit Promega 

Diesel exhaust particles (DEP) 
National Institute of Standards and 
Technology (NIST) 

Dimethyl sulfoxide Sigma Aldrich 

Disposable folded capillary cuvette Malvern 

DMEM-H Life Technologies 

Dulbecco’s Modified Eagle Medium (DMEM) (1x) + 
GLUTAMAX 

Gibco, Life Technologies 

DuoSet enzyme-linked immunosorbent assay (ELISA) kits R&D Systems 

ELISA Plates R&D Systems  

Epidermal growth factor (EGF) Invitrogen 

Epinephrine Sigma Aldrich 

Epithelix growth media Epithelix 

Ethanolamine Sigma Aldrich 
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Ethylenediaminetetraacetic acid disodium salt dihydrate 
(EDTA) 

Sigma Aldrich 

EVOM2 Epithelial Voltohmmeter World Precision Instruments Ltd 

EZ single cytofunnel Thermo Scientific 

Fetal Bovine Serum Sigma Aldrich 

Flexivent 
Scireq Scientific Respiratory 
Equipment Inc 

Formvar/Carbon 200 Mesh Copper TEM grid Agar Scientific 

Hanks’ Balanced Salt Solution (HBSS) Gibco, Life Technologies 

House Dust Mite (HDM) Greer Laboratories, Lenoir 

Human primary bronchial airway epithelial cells (hPBECs) Epithelix 

Hydrocortisone Sigma Aldrich 

iCAP Q ICPMS Thermo Scientific, Loughborough, UK 

IgE ELISA BD Bioscience 

IL-13 Mouse ELISA R&D Systems 

IL-17 Mouse ELISA R&D Systems 

IL-17E Human ELISA R&D Systems 

IL-1α Mouse ELISA R&D Systems 

IL-33 Human ELISA R&D Systems 

IL-33 Mouse ELISA R&D Systems 

IL-4 Mouse ELISA R&D Systems 

IL-5 Mouse ELISA R&D Systems 

IL-6 Human ELISA R&D Systems 

IL-8 Human ELISA R&D Systems 

Insulin Sigma Aldrich 

Kartell disposable cuvette VWR 

Kwik Diff Stain Thermo Scientific 

Lactate Dehydrogenase Sigma Aldrich 

Leica (EG1150H) Leica Microsystems Ltd 

Leica DFC450C Leica Microsystems Ltd 

Leica DM 2000 Leica Microsystems Ltd 

LHC Basal Life Technologies 

MagNa Lyser Roche 

MagNa lyser beads Roche 

Magnesium chloride hexahydrate (MgCl2.6H2O) Sigma Aldrich 

Masson’s trichrome stain Sigma Aldrich 

Menzeil-Gläser Superfrost Plus Thermo Scientific 

Microplate Reader Bio-Tek Synergy HT 

Microtome Accu-Cut SRM Sakura 

Nanodrop 2000 Thermo Scientific, Loughborough, UK 

Nanosight (Nanoparticle analysis system, NS14C) Nanosight Ltd, United Kingdom 

Nitric acid Fisher Scientific 

N-Methylphenazonium methyl sulphate (PMS) Sigma Aldrich 

PCR reaction lid VWR 

PCR reaction tube VWR 

Penicillin/Streptomycin Sigma Aldrich 
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Periodic acid-Schiff (PAS) stain Thermo Scientific 

Phosphate Buffered Saline (PBS) Gibco, Life Technologies 

Phosphorylethanolamine (PET) Sigma Aldrich 

Pierce LAL chromogenic endotoxin quantitation kit Thermo Scientific 

p-iodonitrotetrazolium violet (INT) Sigma Aldrich 

Potassium metabisulphite Sigma Aldrich 

Potassium permanganate BDH Chemicals Ltd 

Power SYBER Green PCR Master Mix Applied Biosystems 

Proliferating cell nuclear antigen (PCNA) Cell Signalling Technology 

QiAshredder Qiagen 

Quant Studio 6 Flex PCR Applied Biosystems 

Random Hexamer Bioline 

Retinoic acid Sigma Aldrich 

Ribsafe RNase Inhibitor Bioline 

RNase ZAP Sigma Aldrich 

RNeasy mini kit Qiagen 

Sakura Tissue Tek Prisma-E2S Sakura 

SLIP Human ELISA R&D Systems 

Sodium L-lactate Sigma Aldrich 

Sonicator QSonica Sonicators, CT, USA 

Special Diets Services Rat and Mouse No.3 Breeding 
pellets 

Special Diets Services, Essex, United 
Kingdom 

T75cm2 culture flask Nunc, Thermo Scientific 

Tissue Tek Processing Embedding cassettes Tissue Tek 

Tissue-Tek (VIP Sakura) Tissue Tek 

Toluidine blue Sigma Aldrich 

Transferrin Sigma Aldrich 

Transwell Plates Corning, Sigma Aldrich 

Triethanolamine HCL Sigma Aldrich 

Triiodothyronine Sigma Aldrich 

Triton X-100 Sigma Aldrich 

Trypsin Gibco, Life Technologies 

TSLP Human ELISA R&D Systems 

TSLP Mouse ELISA R&D Systems 

Tween80 Sigma Aldrich 

Type IV human placenta collagen Sigma Aldrich 

UltraWAVE Single Reaction Chamber Microwave Digestion 
System 

Milestone S.r.l. Fatebenefratelli, Italy 

VECTASTAIN Elite ABC Kit Vector Laboratories 

Whatman #1 filter GE Healthcare Life Sciences 

Zetasizer Nano Malvern, Malvern United Kingdom 
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3 Chapter 3: The effect of CeO2NP / DEP on human primary 

bronchial cell inflammatory responses in vitro. 

3.1 Introduction  

EnviroxTM is a commercially available fuel catalyst comprising of CeO2NPs that is added to diesel 

fuel, to reduce fuel consumption and to improve emissions, when used at a recommended 

concentration of 0.5ml/L of fuel (Zhang et al., 2016). After initial analysis of ambient levels of 

cerium oxide in the environment following addition of EnviroxTM to fuel, it was put forward that 

chronic exposure to cerium oxide would involve levels less than the no-observed-effect level 

(NOEL) determined in vitro and therefore would be unlikely to cause adverse health effects 

(Park et al., 2008a). There are a limited number of studies which have examined the potential 

for adverse health effects of CeO2NPs from engine emissions particles using fuel catalysts such 

as EnviroxTM. Due to the nature of experimental design, it is difficult to establish whether any 

modifying effects on biological responses can be attributed to CeO2NPs in fuel emissions or due 

to modification of emissions characteristics independent of the fuel particles themselves. In 

addition, the studies that have been performed on emissions from fuel containing EnviroxTM 

focus on characterisation of the chemical and physical attributes of the particles (Dale et al., 

2017, Zhang et al., 2013, Zhang et al., 2016), rather than their potential inflammatory and toxic 

implications. As mentioned above, the EnviroxTM particles found within ambient air have 

varying differences compared to its unburnt form and it is important to establish the health 

effects of the cerium oxide in the latter format within ambient air.  

EnviroxTM has been used as a fuel additive in various bus fleets throughout the UK (initially 

including Newcastle, Birmingham and London before being implemented throughout the UK) 

via Stagecoach and Abellio buses, as well as North America and Canada (including Quebec and 

Ontario). As these fuel additives have proven to be cost effective, their popularity is likely to 

grow, potentially also for domestic use. This is important as release of emissions from these 

engines will lead to increased ambient levels of cerium oxide as part of diesel exhaust, the 

potential health impacts of which are yet to be established. Furthermore, people that already 

have compromised health (including those with respiratory conditions) could be more 

susceptible to any adverse effects these particles pose.  

The most common respiratory disorder worldwide is asthma, but it is not the highest cause of 

mortality (Burney et al., 2015), which is COPD. The population affected by asthma also contains 

a high number of young people when compared to other respiratory disorders (Burney et al., 

2015). Asthma is a disease that is categorised by its phenotype and cause of exacerbations; its 
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development is thought to be due to numerous factors, including environmental and genetic 

(Hekking and Bel, 2014). In terms of environmental exposures previous studies would indicate 

that asthmatics are susceptible to exacerbations after episodes of high air pollution, including 

PM2.5, a high proportion by particle number of which is DEP (De Grove et al., 2018, McCreanor 

et al., 2007, Guarnieri and Balmes, 2014, Bernstein et al., 2004, Pietropaoli et al., 2004, Kurt et 

al., 2016). It is unclear whether cerium oxide emitted in emissions from diesel fuel containing 

EnviroxTM may modify these effects.  

As particles are inhaled, their first interaction within the lung is the bronchial epithelium that 

comprise the surface of the proximal conducting airways. These cells are the first line of defence 

against pathogens and particulate matter within the air. They contain ciliated cells as well as 

producing mucus from secretory and goblet cells to form a physical, mucociliary barrier against 

environmental insults (Erle and Sheppard, 2014).  

In vitro models have been used extensively to investigate the potential effects that particulate 

matter might have in the lung (Kononenko et al., 2019, Shin et al., 2019, Westphal et al., 2019, 

Shoeb et al., 2017, Martin et al., 2018, Frohlich, 2017). In order to address the impact particles 

might have in asthma, epithelial cells from large and small airways would be the best choice, as 

it is within these regions where the effects of asthma are mostly seen. The large airways are 

where most of the characteristic inflammatory cells infiltrate (such as eosinophils, neutrophils 

Club Ciliated 

Basal  Undifferentiated 

columnar  

Type II        Type I  Ciliated Secretor

y  Basal  Undifferentiated 

columnar  

Figure 3-1. Cell types of the epithelial layer within the lung. The large airway spans from 20 to 25 branches 

and consists of ciliated, secretory, basal and undifferentiated columnar cells. The small airway spans from 26 to 223 branches 
and contains ciliated, club (Clara), basal and undifferentiated cells. The alveolar unit is present after 223 branches and 
consists of type I and type II epithelial cells. There are other cells that are not mentioned as they are less common (cartilage 
cells, mucus glands and neuroendocrine cells). Adapted from Crystal et al., (2008). 
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and lymphocytes), and also where the effects of mucus hypersecretion, airway remodelling and 

hyperresponsiveness are identified within an asthmatic airway (Saetta and Turato, 2001). This 

infiltration and increase in mucus production has also been identified in the smaller airways 

(Kuyper et al., 2003). Ideally  differentiated cells would also be incorporated into models (as 

previously mentioned) at the specific area of the airway that is under investigation (Figure 3-1) 

(Crystal et al., 2008). Human primary bronchial epithelial cells (HPBECs) are an invaluable tool 

when it comes to looking at nanoparticles as they are more representative of what is present in 

humans in situ (rather than, for example, cell lines, although they can be a useful tool).  Before 

application for toxicological assessments, it is important to characterise model composition and 

to identify appropriate endpoints relevant to tissue pulmonary response in disease (e.g. allergic 

asthma). In order to achieve organotypic representation of the airway epithelium cultures need 

to be differentiated before exposure (for example, as described in Section 2.5). It is also 

important to characterise these cells throughout their differentiation to determine culture 

stability timeframes for treatment. This can be done by measurement of airway cell markers 

(e.g. Foxj1, SCG1A1, MUC5AC), monolayer integrity (using TEER) and, more specifically, 

asthmatic markers (such as, TSLP, ADAM33, SLPI, MUC5AC) to establish baselines for 

treatment. Finally, for many particulate exposure studies, exposure is carried out by suspension 

in tissue culture medium that overlays the in vitro epithelial model (Stoehr et al., 2015, Panas et 

al., 2014, Herzog et al., 2014, Lenz et al., 2013). A more sophisticated, relevant model would utilise 

an optimised air-liquid interface (ALI) culture of epithelial cells which are then exposed to 

environmental particles.  

ALI cultures can closely mimic the in vivo environment, containing differentiated epithelial cells 

which form tight junctions, a feature that has been shown to relate to release of additional 

cytokines when compared to cultures that do not form tight junctions (such as that which are 

known to be generated in vivo (Blume et al., 2013)). This is important as epithelial mediators 

lead to the activation of both the innate and the adaptive immune system, amongst other 

processes, depending on the inhaled stimulus. For example, activation of the immune system 

via DCs (an important mechanism in allergic asthma) can be assisted by epithelial release of 

cytokines that also attract T cells into the area. As asthma may be classified in part as an immune 

disorder, changes in the release of mediators from airway epithelial cells upon exposure to 

airborne material, has the potential to influence the initiation and progression of immune 

responses underpinning asthmatic disease (Papazian et al., 2015). This may be particularly 

important in the context of allergen driven asthmatic responses, in which particulate matter 

may also influence inflammatory responses to common allergens such as HDM and fungal 
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spores (Papazian et al., 2015). In human studies, asthmatic airways exposed to allergens activate 

the release of IL-33, IL-25 and TSLP, which in turn leads to the activation of Th2 immunity and 

other Th2 cytokine release (Wang et al., 2018, Lv et al., 2018). An in vitro model of the human 

conducting airway at ALI offers significant opportunities to investigate such processes. 
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3.1.1 Hypothesis 

We hypothesise that the addition of cerium oxide nanoparticles (CeO2NPs) will have a 

moderating effect on the toxicity and bioreactivity of diesel exhaust particles within the human 

large airway epithelium. We also hypothesise that this effect will manifest in conditions 

reflective of type II inflammation.  

3.1.2 Specific aims  

As we have previously stated, there are numerous cell types that make up the airway epithelial 

layer and it is important that any model used to replicate this layer takes this into consideration. 

It has also been noted that particulate exposure leads to activation of the epithelial cell layer 

and the release of various cytokines. These cytokines are an important factor in the activation 

of the immune response to both particulate matter and inhaled allergens.  

The aim of the work in this chapter was to: 

- Establish and characterise an in vitro conducting airway epithelial cell ALI model for 

exposure to ambient air pollution nanoparticles.   

- Characterise the responses of these cultures to CeO2NPs alone, DEP alone and CeO2NPs 

in combination with DEP. 

- Characterise responses to CeO2NPs alone, DEP alone and CeO2NPs/DEP in conditions 

of epithelial type II inflammatory cytokine (IL-4 + IL-13) co-exposure.  

- Characterise responses to CeO2NPs alone, DEP alone and CeO2NPs/DEP in combination 

with the common airway allergen HDM.  
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3.2 Results  

3.2.1 Characterisation of HPBECs ALI cultures  

Characterisation of the HPBECs cultures was performed to establish that relevant epithelial 

differentiation had occurred and represented human large airway epithelium as closely as 

possible – all figures for section 3.2.1 can be found within the appendix. This is an important 

step, as it also allows baseline levels of relevant endpoints to be established throughout the 

growth and differentiation periods of culture. Four differentiation media formulations were 

chosen from the literature. To determine which media and timeframe was most appropriate for 

exposure studies, HPBECs were differentiated in these media as described (Table 2-4. At the 

predetermined time points (outlined in Figure 8-1, appendix), light microscopy images were 

captured (Figure 8-2, appendix), medium was collected (viability and metabolism 

measurements), transepithelial membrane electrical resistance was measured (Figure 8-3, 

appendix), and mRNA was processed to determine specific cellular differentiation gene 

expression markers through PCR analysis (section 2.3.3).  

Light microscopy images were captured throughout the growth period (from day 0 to day 43) 

in both the submerged culture and ALI cultures (Figure 8-12, appendix). This was completed for 

every donor (n=4) and visualisation of the cells was performed to determine their health and 

growth patterns before any of the additional analysis was completed. From Figure 8-1 

(appendix), cultures that were differentiated in the Matsui media (Figure 8-22, C, appendix) 

were morphologically different from those in the other media, manifesting as excess mucus 

production after differentiation.  

The TEM image of HPBECs differentiated in Gray medium (Figure 8-2, E, appendix), confirmed 

that the cells have become pseudostratified (as would be formed within the lungs) with 

characteristics such as cilia or microvilli present. Although there was formation of microvilli 

after differentiation of these cells, no ciliated cells were observed. However, there was an 

upregulation of expression of the cilia-related genes (FOXJ1) (data not shown).  

3.2.1.1 Measurement of cellular injury, metabolism and monolayer integrity  

Cellular viability (LDH leakage), metabolic status (lactate release) and monolayer integrity 

(TEER) were measured to assess stability of the model test system. They were also used to 

inform on which protocol would be taken forward. 

Figure 8-3, A (appendix) indicates that at 40 days in culture, there was a significant reduction 

in the amount of LDH released with the Matsui media after 30 days in culture, which was not 
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observed with other media. There was an increase in lactate at day 8 (Figure 8-3, B, appendix) 

in the Gray and Matsui media when compared to the Fulcher and Fulcher+Randell media. Thus, 

throughout the culture period, differentiation in the Matsui medium resulted in the highest 

cellular release of lactate from the start through to the end of the times measured.  The overall 

trend in lactate release was an initial increase until the switch to ALI on day 5, a continued 

increase in the Gray and Fulcher media, which, with the exception of the Matsui medium, 

decreased. Throughout the culture period, the TEER value was highest in the cells grown in the 

Gray differentiation medium when compared to the other differentiation media. There was an 

increase in the TEER values in all the cell cultures from day 0 to day 14 and particularly after the 

switch to ALI (day 5) (Figure 8-3, C, appendix). Subsequently, TEER fell slowly over the culture 

period, but was always highest when cells were grown in Gray’s medium (Figure 8-3, appendix). 

3.2.1.2 Alterations in epithelial mediator gene expression relevant to airway dysfunction. 

Gene expression was measured using RT-PCR (data not shown). It is important to note, that 

mRNA levels may not reflect protein expression of differentiation markers.   

 

Specific marker genes for differentiation of the HPBECs from the literature were investigated to 

cover the full range of differentiation. This includes markers for mucus (MUC1 and MUC5AC 

are markers for Membrane-Associated Mucin Genes (Ross et al., 2007)), and are important in 

the production of mucus and the first line of defence against particulate matter (Ridley and 

Thornton, 2018); basal cells (KRT14 is a marker for basal cells (Walters et al., 2013)), which are 

important as they then differentiate into the other cells in the airways; goblet cells, which are 

present in both the intestines and the airways as a producer of mucus (Birchenough et al., 2015) 

and club cells (SCGB1A is a club cell marker (Reynolds and Malkinson, 2010)).  

 

KRT14 (cytokeratin 14, CK14) and TP63 (Tumour Protein 63) are both basal cell markers (Dvorak 

et al., 2011, Wong et al., 2012). The expression of these markers would be expected to initially 

increase as the cells proliferate. After the differentiation protocol begins, the expression of both 

KRT14 and TP63 would be expected to decrease as basal cells transition to functional cell types 

of the airways. It can be observed that KRT14 and TP63 mRNA levels increased with 

differentiation in the Matsui medium, being significantly higher than all the other media at 

TP12, TP20, and TP42. This would indicate that the basal cells in this medium were not 

differentiating. Both KRT14 and TP63 showed an initial increase in expression in all the 

differentiation media which can be related to cell growth and the formation of a monolayer (up 

until TP4), followed by a decrease in expression. TP4 was when cells were switched into 
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differentiation medium and suggests the decrease in expression in these markers was due to 

changes in cell morphology relating to differentiation. 

 

MUC5AC, TFF3 (Trefoil Factor 3) and MUC1 are representative of either goblet cell/secretory 

cell differentiation or mucus production, while SCGB1A1 (CC10) is a club cell-specific marker 

(LeSimple et al., 2007, Dvorak et al., 2011, Ross et al., 2007). Mucus production is an important 

feature of organotypic conducting airway epithelial models (as mucus is required to remove any 

foreign bodies that may encounter these cells). mRNA levels of MUC5AC, TFF3 and MUC1 were 

consistently higher with differentiation in Gray medium compared to other protocols. 

Fulcher+Randell medium treatment resulted in moderately increased marker expression. This 

data would suggest that the Gray medium protocol would be the optimum for mucus cell 

differentiation. SCGB1A1 mRNA expression was increased to a high degree with Fulcher+Randell 

medium early on during differentiation compared to other media. However, this was not 

sustained beyond day 28, Gray media resulted in a time dependent and sustained expression of 

SCGB1A1. 

While mucus synthesis is a required feature of a successful conducting airway epithelial cell 

culture, ciliated cells exist to move the mucus containing foreign bodies via the muco-ciliary 

apparatus (Mall, 2008). The ideal model would also contain beating cilia, but it is important to 

be aware that the expression of ciliated cell markers does not indicate beating cilia. TUBB4A (β-

Tubulin IV) and FOXJ1 were measured as they are both related to ciliogenesis and differentiation 

to ciliated cells (Walters et al., 2013, Wong, 2012, LeSimple et al., 2007). FOXJ1 and SCGB1A1 

mRNA expression displayed similar expression profiles. At day 20 and day 28, the expression of 

FOXJ1 in Gray medium was significantly increased when compared to other differentiation 

protocols. Expression of TUBB4A (beta tubulin) decreased in all the media and expression only 

started to increase after 40 days of culture. This parallels with observations of a lack of beating 

cilia within the cultures. However, microvilli were observed by TEM (Figure 8-2, appendix).  

Taking the data above into consideration, it was determined that the Gray medium resulted in 

the optimum differentiation expression when compared to the other medium and would be 

used in all further in vitro studies. This data also suggested that these cultures would remain 

stable for experimental work until day 35, and that the optimal time to complete particle 

exposures should be on day 21. 
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3.2.2 Acute effects of exposure to CeO2NPs alone, DEP alone and 

CeO2NPs+DEP together on HPBECs (24hrs) 

To investigate the toxicological and immunological impact of CeO2NPs and DEP exposure on a 

model of the conducting airway epithelium, cultures were established using the “Gray medium” 

differentiation protocol (section 3.2.1). After apical exposure, cells were analysed for adverse 

effects using biochemical assays and changes in gene and protein expression.   

DEP exposure concentrations were determined after an initial dose finding experiment (data 

not shown within this thesis) and the combined CeO2NPs+DEP concentrations were calculated 

based on Park et al. (2008a). Data is summarised in Table 3-1 A and B as well as presented 

throughout the chapter.  

 

  

CeO2 DEP CeO2/DEP

IL-5 ↔ ↔ ↓*

IL-13 ↔ ↔ ↔

TSLP ↔ ↑ ↔

STAT6 ↔ ↑* ↑

IL-8 ↔ ↓* ↑*

IL-6 ↓* ↓* ↑

NQ01 ↓* ↑ ↑

AREG ↔ ↔ ↓

MUC5AC ↑ ↔ ↓

CYP1A1 ↑ ↑ ↑*

IL-33 ↔ ↔ ↓*

ADAM33 ↓* ↓* ↓*

CCL26 ↔ ↓* ↓*

CCL20 ↔ ↔ ↓

CCL24 ↔ ↓* ↓

CCL11 ↓* ↓* ↓*

CCL17 ↓ ↔ ↓*

IL-25 ↑* ↔ ↑*

CeO2 DEP CeO2/DEP

TSLP ↑* ↑* ↑*

IL-33 ↑* ↑* ↑*

CCL20 ↑ ↑ ↔

IL-17A ↔ ↔ ↓

TNF-α ↓* ↓* ↓*

IL-6 ↓ ↓* ↓

IL-8 ↓ ↓ ↑

SLPI ↔ ↔ ↔

Table 3-1. Summary of PCR and ELISA data from Section 3.2.2. PCR (A) and ELISA (B) data was analysed 

and summarised in the table below. ↑ indicates an increase in expression; ↑* indicates a significant increase 
in expression; ↓ indicates a decrease in expression; ↓* indicates a significant decrease in expression; and ↔ 
indicates no change in the expression of genes of interest. 

A. B. 
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3.2.2.1 Measurement of cellular viability, metabolism and monolayer integrity  

Figure 3-2 indicates that none of the particle combinations had a significant effect on either the 

viability (LDH release) or metabolic status (lactate production) and monolayer integrity of the 

cultures 24 hours after particle exposures was also measured using TEER. There was no effect 

on the TEER value after exposure to CeO2NPs at any of the concentrations when compared to 

control media alone. There was, however, a significant increase in the TEER value above 

unexposed control after exposure to DEP at the lowest three concentrations (1, 10 and 25µg/ml), 

which was diminished by co-exposure with CeO2NPs. 

 



 

103 

 

    

Figure 3-2 Cell viability, cellular metabolism and monolayer integrity after 24 hours exposure to 
CeO2NPs alone, DEP alone and CeO2NPs/DEP combined. Cellular behaviour was measured as LDH release and 

lactate production in the basolateral compartment, indicating cellular injury and cellular metabolism, and TEER 
measurements of monolayer integrity were also completed 24 hours after particle exposure, after the particles had been 
removed from the apical side of the membrane. N=4-8 subjects with all assays performed in triplicate. The data are 
presented as the mean ±SEM. Significance is denoted as the following: compared to medium control p<0.05(*), p<0.01(**) 
and p<0.001(***) and compared to DEP alone p<0.05(ϴ), p<0.01(ϴ ϴ) and p<0.001(ϴ ϴ ϴ). 
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3.2.2.2 Alterations in epithelial expression of genes that mediate immune responses  

Inflammatory gene expression changes were next examined for any modulating effect of particle 

exposure using the same differentiated cultures. Figure 3-3 indicates that there was little change 

in the expression of type II response-related cytokines after exposure to the various particles 

when compared to the medium control.  CeO2NPs exposure has no effect on TSLP or STAT6 

but leads to an inhibition of IL-13 expression at the same degree, regardless of CeO2NPs 

concentration and a stimulation of IL-5 expression after exposure to the lower concentrations 

(but not significantly due to the variation between samples).  

There was a trend for the lower concentrations of DEP to stimulate IL-5, and IL-13, while 1µg/ml 

DEP stimulated STAT6 expression compared to the medium control. TSLP expression was not 

affected by exposure to DEP when compared to the medium control. Co-exposure to 

CeO2NPs/DEP had no effect on the expression of TSLP, IL-13 or STAT6 when compared to the 
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Figure 3-3 Changes in epithelial immune type II response gene expression after 24 hours exposure 
to CeO2NPs alone, DEP alone and CeO2NPs/DEP combined. RT-PCR expression changes in HPBECs after 24 

hours of exposure to particles.  N =4-8 subjects with all assays performed in triplicate. The data are presented as the mean 
fold over GAPDH control (FOC) ±SEM. After treatment, mRNA was isolated and examined for transcript levels of the 
indicated inflammatory markers by RT-PCR analysis identified as type II inflammatory markers. Significance is denoted as 
the following: compared to medium control p<0.05(*). 
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particles alone and the medium control. There was a suppression in the expression of IL-5 after 

co-exposure at the highest concentrations when compared to the medium control, but this was 

not significant when compared to each of the particles individually.   

Additional inflammatory endpoints were also assessed (Figure 3-4).  CeO2NPs alone exposure 

did not influence the mRNA expression of IL-8 but inhibited the expression of IL-6 (except 0.08 

and 0.4µg/ml, which had a higher between subject variation in expression compared to the 

other concentrations) when compared to medium controls. The highest concentration of DEP 

was observed to increase expression of IL-8 and IL-6 when compared to medium alone. The 

lower concentrations of DEP also had an inhibitory effect on IL-6; however, this was not 

significant when compared to the medium alone.  Co-exposure to CeO2NP/DEP stimulated IL-

8 expression at the lowest concentrations (when compared to the medium control). There was 

no significant difference in expression of IL-6 with co-exposure, but an increasing trend, which 

revealed that the reduction in IL-6 expression with the lowest CeO2NP and DEP exposure was 

also reflected in the co-exposure with CeO2NPs. Overall, there was a differential response in 

gene expression when exposed to CeO2NPs, DEP and CeO2NPs/DEP with the trend indicating 

that the addition of CeO2NPs to DEP increased the effect of DEP alone.  

Expression of genes that are activated by oxidative stress and the aryl hydrocabon receptor 

(ArR), as well as those that are involved in mucus production, airway remodelling and asthma 

(Figure 3-5) were also measured. CeO2NPs exposure inhibited expression of NQO1 (after 

Figure 3-4 Changes in epithelial pro-inflammatory gene expression after 24 hours exposure to 
CeO2NPs alone, DEP alone and CeO2NPs/DEP combined. RT-PCR expression changes in HPBECs after 24 hours 

of exposure to particles. N =4-8 subjects with all assays performed in triplicate. The data are presented as the mean fold 
over GAPDH control (FOC) ±SEM. After treatment, mRNA was isolated and examined for transcript levels of the indicated 
inflammatory markers by RT-PCR analysis identified as transcript levels of indicated pro-inflammatory chemokines. 
Significance is denoted as the following: compared to medium control p<0.05(*) and compared to DEP alone p<0.05(ϴ). 
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exposure to the 3 lowest concentrations), and ADAM8 (after exposure to the highest 

concentration). There was no effect on the expression of AREG or IL-33. DEP exposure inhibited 

ADAM8 at 10µg/ml. The lower two concentrations stimulated the expression of IL-33 and the 

higher three concentrations stimulated CYP1A1 expression dose dependently (however not 

significant). DEP had no effects on the expression of MUS5AC or AREG after exposure to any of 

the concentrations investigated.  

The combined particles had no effect on expression of NQO1 at any of the concentrations, but 

inhibited expression (not significantly) of AREG and MUC5AC at the highest concentrations 

when compared to medium alone. The lowest concentration inhibited the expression of ADAM8 

when compared to both the medium control and 0.2/25µg/ml combined particles. In addition, 

the highest concentration of combined particles decreased expression of IL-33 when compared 

to the medium control and the two lower concentrations. CYP1A1 expression is stimulated at 

the highest concentration when compared to the medium control and the CeO2NPs alone. The 

other concentrations may increase expression, but the variability is too high to determine the 

significance of this.  
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Figure 3-5 Changes in gene expression of molecules that modulate asthma after 24 hours exposure 
to CeO2NPs alone, DEP alone and CeO2NPs/DEP combined exposures. RT-PCR expression changes in 

HPBECs after 24 hours of exposure to DEP. N=4-8 subjects with all assays performed in triplicate. The data are presented as 
the mean fold over GAPDH control (FOC) ±SEM. After treatment, mRNA was isolated and examined for transcript levels of 
the identified markers by RT-PCR analysis. Significance is denoted as the following: compared to medium control p<0.05(*), 
and <0.01(**), compared to CeOzNPs alone p<0.05(▪). 
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Expression levels of genes involved in chemotactic and immune cell activation were next 

examined for alterations after particle exposure in differentiated airway cultures (Figure 3-6). 

Although CeO2NPs exposure tended to inhibit expression of CCL26, CCL20 and CCL17 to the 

same degree regardless of concentration, compared to medium control, this was not significant. 

In contrast, CeO2NPs inhibited expression of CCL11 after exposure to 0.008 and 0.2 µg/ml when 

compared to the medium control. Exposure may have stimulated the expression of CCL24, 

however the variability was too high to establish significance. The highest concentration of 

CeO2NPs markedly and very significantly stimulated the expression of IL-25. DEP exposure had 

no effect on the expression of CCL20, CCL17 or IL-25, but caused an inhibition of expression of 

CCL26 at the highest two concentrations when compared to the lowest concentration of DEP. 

DEP exposure also inhibited the expression of CCL11 at the lowest concentration when 

compared to the medium control. The expression of CCL24 was significantly stimulated at the 

two lowest DEP concentrations when compared to the medium control and the two highest 

DEP concentrations, but the two highest concentrations had no effects on the expression.  

The combined particles had no effect on the expression of CCL20 at any of the concentrations. 

The lowest combined concentration stimulated an increase in the expression of CCL26 (when 

compared to the medium control, CeO2NPs alone and the second lowest and highest combined 

concentrations), CCL24 (when compared to the medium control), and CCL17 (when compared 

to CeO2NPs alone and the second lowest and highest combined concentrations), while the 

higher concentrations had no effect. CCL11 expression was inhibited by the lowest 

concentrations of CeO2NPs/DEP, when compared to the medium control. IL-25 expression was 

significantly increased at the highest combined particle concentrations when compared to all 

other combined exposures, the medium control, CeO2NPs alone and DEP alone.  



 

109 

 

    

Figure 3-6 Gene expression changes related to induction of immune cell chemotaxis after 24 hours 
exposure to CeO2NPs alone, DEP alone and CeO2NPs/DEP combined. RT-PCR expression changes in HPBECs 

after 24 hours of exposure to particles. N=4-8 subjects with all assays performed in triplicate. The data are presented as the 
mean fold over GAPDH control (FOC) ±SEM. After treatment, mRNA was isolated and examined for transcript levels of the 
indicated inflammatory markers by RT-PCR analysis. Significance is denoted as the following: compared to medium control 
p<0.05(*), and <0.01(**); CeOzNPs alone p<0.05(▪); and compared to DEP alone p<0.05(ϴ), p<0.01(ϴ ϴ). 
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3.2.2.3 Alteration in levels of epithelial protein mediators of allergic immune responses 

and inflammation.   

Medium derived protein levels of selected cytokines which mediate inflammation and allergic 

immune responses were measured in the apical and basal compartments of airway epithelial 

cultures after 24 hours exposure to particles using the same exposure protocol as described in 

section 2.4.  These levels were derived from the same models used for RNA expression analysis. 

Levels of these mediators were generally lower in the basal compartment compared to the 

apical, with either no significant differences observed with particle exposure or the differences 

were physiologically insignificant compared to the apical levels (Figure 8-4, Figure 8-5 and 

Figure 8-6 (appendix)).  

Considering mediators involved with type II immune responses (Figure 3-7) (TSLP, IL-33 and 

CCL-20), CeO2NPs significantly stimulated apical release of TSLP (at all concentrations), and 

IL-33 (at 0.08µg/ml), but not CCL20. DEP significantly stimulated apical release of TSLP (1 and 

Figure 3-7 Changes in immune type II apical mediator release after exposure for 24 hours to 
CeO2NPs alone, DEP alone and CeO2NPs/DEP combined. Analysis of mediator release in apical medium from 

HPBECs after 24 hours of exposure to particles.  Medium was centrifuged and particles were removed before mediator 
concentration was analysed via ELISA. The data are presented as the mean ±SEM. N=4-8 subjects with all assays performed 
in triplicate. Significance is denoted as the following: compared to medium control p<0.05(*). 
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25µg/ml), IL-33 (at the two lowest concentrations) but had no effect on the release of CCL20. 

The combined particles also significantly stimulated the release of TSLP (at the highest and 

lowest concentrations), IL-33 (at the lowest concentration), but had no effect on the release of 

CCL20. 

Regarding the pro-inflammatory mediators, IL-17A, TNF, IL-6 and IL-8 (Figure 3-8). There was 

a significant 3-fold increase in the apical release of IL-17A after exposure to 0.08µg/ml CeO2NPs 

when compared to the medium control and the highest CeO2NPs exposure. There was a striking 

significant inhibitory effect of CeO2NPs on baseline apical TNF release (>50% reduction at all 

concentrations, when compared to medium control levels).  Neither IL-6 nor IL-8 were 

significantly affected by CeO2NPs exposure.  

 

Figure 3-8 Changes in pro-inflammatory apical mediator release after exposure for 24 hours to 
CeO2NPs alone, DEP alone and CeO2NPs/DEP combined. Analysis of mediator release in apical medium from 

HPBECs after 24 hours of exposure to particles.  Medium was centrifuged and particles were removed before mediator 
concentration was analysed via ELISA. The data are presented as the mean ±SEM. N=4-8 subjects with all assays performed 
in triplicate. Significance is denoted as the following: compared to medium control p<0.05(*), p<0.01(**), p<0.001(***), 
p<0.0001(****); and CeOzNPs alone p<0.05(▪). 
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DEP exposure caused a significant increase in IL-17A apical release after exposure to 10µg/ml 

when compared to the medium control and 25µg/ml exposure. Exposure to DEP at all 

concentrations significantly decreased apical TNFα when compared to the medium control. It 

also significantly decreased the apical release of IL-6 after exposure to the three lowest 

concentrations of DEP when compared to the medium control (~50% of control). There was no 

change in the release of IL-8 after any of the DEP exposures.  

Exposure to the combined particles significantly decreased IL-17A apical release after exposure 

to 0.08/10µg/ml when compared to the same concentration of CeO2NPs and DEP alone. The 

combination of CeO2NPs/DEP caused lower concentrations of IL-17A when compared to the 

individual particles alone. TNFα apical release was significantly decreased after exposure to all 

concentrations of combined particles when compared to the medium control; the highest 

concentration of CeO2NPs/DEP caused a significantly greater decrease in TNF when compared 

to the lowest concentration and the CeO2NPs alone exposure. Apical IL-6 levels were 

significantly lower than the medium control after exposure to the lowest three DEP 

concentrations. The other exposures also caused a decrease; however, these were not significant. 

After exposure to CeO2NPs/DEP the concentration of apical IL-8 was not different from control, 

as also observed with the particles alone.  

Apical SLPI release (Figure 3-9), an antiprotease that is important in lung defence, showed no 

changes in concentration following CeO2NPs and/or DEP exposure.  

 

Figure 3-9 Changes in lung defence (SLPI) apical mediator release after exposure for 24 hours to 
CeO2NPs alone, DEP alone and CeO2NPs/DEP combined. Analysis of SLPI release in apical medium from 

HPBECs after 24 hours of exposure to particles.  Medium was centrifuged and particles were removed before SLPI 
concentration was analysed via ELISA. The data are presented as the mean ±SEM. N=4-8 subjects with all assays performed 
in triplicate. Significance is denoted as the following:  compared to medium control p<0.05(*). 
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3.2.3 Acute effects of exposure to particles in the presence of type II 

inflammatory signals (IL-4+IL-13) on the phenotype of HPBECs in 

vitro  

The impact of co-exposure to type II inflammatory signals on the airway epithelial response to 

particle exposure was next examined. Data is summarised in Table 3-2 A and B as well as 

presented throughout the chapter.  

 

 

  

IL-4 IL-13 IL-4+IL-13 IL-4 IL-13 IL-4+IL-13 IL-4 IL-13 IL-4+IL-13

IL-5 ↑ ↔ ↑* ↑ ↔ ↑* ↔ ↔ ↑*

IL-13 ↑* ↑* ↓ ↑* ↑* ↓ ↑* ↑* ↓

TSLP ↓* ↑* ↔ ↓* ↔ ↔ ↓* ↑* ↑

STAT6 ↔ ↔ ↓ ↑ ↔ ↔ ↔ ↑* ↔

IL-8 ↑ ↔ ↓ ↑* ↔ ↔ ↑ ↑ ↓

IL-6 ↑ ↑ ↑ ↑* ↔ ↓ ↔ ↑ ↓

NQ01 ↓ ↓ ↔ ↑* ↓ ↑ ↑ ↑* ↑

AREG ↑ ↑* ↑ ↑ ↑* ↑ ↑ ↑* ↑

MUC5AC ↑ ↑ ↑* ↑ ↑ ↑* ↑ ↑ ↑*

CYP1A1 ↔ ↑ ↔ ↑* ↑ ↔ ↑* ↓ ↔

IL-33 ↔ ↔ ↑* ↔ ↑ ↑* ↔ ↑ ↑*

ADAM33 ↓* ↑ ↓* ↓* ↑ ↓* ↓* ↑ ↑

CCL26 ↑* ↑ ↓ ↑* ↑ ↓ ↑* ↑ ↑

CCL20 ↔ ↔ ↔ ↔ ↔ ↔ ↔ ↑* ↔

CCL24 ↑* ↑* ↔ ↑* ↑ ↑ ↑* ↑ ↔

CCL11 ↑ ↔ ↔ ↑ ↔ ↔ ↑ ↔ ↔

CCL17 ↔ ↑ ↓ ↔ ↑ ↔ ↔ ↑* ↔

IL-25 ↔ ↓ ↔ ↔ ↓ ↔ ↔ ↑ ↔

DEP CeO2/DEPCeO2

IL-4 IL-13 IL-4+IL-13 IL-4 IL-13 IL-4+IL-13 IL-4 IL-13 IL-4+IL-13

TSLP ↔ ↔ ↔ ↔ ↔ ↔ ↔ ↔ ↔

IL-33 ↑ ↑ ↔ ↑ ↔ ↔ ↔ ↔ ↑*

CCL20 ↔ ↔ ↓ ↓ ↔ ↓ ↓ ↔ ↓

IL-17A ↔ ↑* ↑ ↑* ↓ ↔ ↔ ↔ ↔

CeO2 DEP CeO2/DEP

A 

B 

Table 3-2 Summary of PCR and ELISA data from Section 3.2.3. PCR (A) and ELISA (B) data was analysed 

and summarised in the below table. ↑ indicates an increase in expression; ↑* indicates a significant increase 
in expression; ↓ indicates a decrease in expression; ↓* indicates a significant decrease in expression; and ↔ 
indicates no change in the expression of genes of interest. 
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3.2.3.1 Measurement of cellular viability, metabolism and monolayer integrity 

Cellular viability, metabolic status and monolayer integrity were assessed as previously outlined 

in section 3.2.2.1. The differentiated in vitro epithelial models were established as outlined in 

section 2.5.1. IL-4 (10ng/ml), IL-13 (10ng/ml) and IL4+IL-13 (10ng/ml) were applied to the 

cultures, immediately followed by exposure to CeO2NPs, DEP and CeO2NPs/DEP for 24 hours, 

as described previously (section 2.5.4.4). Cellular viability, as measured by LDH release was, for 

the most part, relatively unchanged compared to untreated control (Figure 3-10).  

Exposures involving IL-4 did not cause greater than 10% decrease in viability with the exception 

of a decrease (~18%) in the cellular viability after the HPBECs were co-exposed to IL-4 and 

0.4µg/ml CeO2NPs when compared to the medium control (Figure 8-7, appendix).  Although 

most exposures involving IL-13 did not cause more than 10% reduction in viability, treatment 

with IL-13 alone and co-exposure to IL-13 with 50µg/ml DEP, viability was reduced by ~12%. 

There was a significant further reduction in the viability, reaching a total of ~ 20% after co-

exposure to IL-4/13 and 1µg/ml DEP, which, on exposure to the higher DEP concentrations was 

only ~8% and remained consistent regardless of the DEP concentration. There were no 

significant differences from control in viability when cells were exposed to CeO2NPs/DEP ± 

cytokines.  

In contrast to apparently little effect of the cytokines with and without particles on viability, 

lactate release was markedly altered by treatment. There was a significant decrease in the lactate 

released in all the exposures involving IL-4 and IL-13 alone (~30%) and a further significant 

decrease in the lactate levels in the IL-4/13 exposure (~75%) groups (Figure 3-10). Co-exposure 

with CeO2NPs, DEP or CeO2NPs/DEP had no obvious significant additional effect (Figure 3.22), 

although there was an apparent particle-dependent non-significant reduction from no particle 

exposure to CeO2NPs/DEP co-exposure at 0.4/50 g/ml. After particle alone exposure the 

lactate production remained consistent and the same as the non-treated control, regardless of 

particle type or mixture concentration (Figure 3-10). Similar effects with cytokine + particle 

exposures were observed at lower doses of particles, albeit non-significant differences between 

single IL-4 or IL-13 and combined IL-4/13 exposure lactate levels were less pronounced at lower 

particle co-exposure treatments (Figure 8-7, appendix). This could potentially indicate a change 

in the metabolic activity of the cells.  

Monolayer integrity as assessed by TEER revealed small, non-significant differences on 

treatment, except for co-exposure to IL-4 and 0.4/50µg/ml CeO2NPs/DEP, where an increase 

compared to medium control and other particle exposures was observed. (Figure 3-10, Figure 
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8-7, appendix). Further examination of the complete TEER data set (Figure 8-7, appendix) shows 

that co-exposure to IL-4 and the two lower exposures of DEP caused a decrease in TEER.  
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Figure 3-10. Cell viability, cellular metabolism, and monolayer integrity after 24 hours exposure to 
CeO2NPs alone, DEP alone and CeO2NPs/DEP in the presence of type II immune response-related 
cytokines. Data generated from exposure to the highest particle concentrations are shown. Cellular viability was measured 

as LDH release, lactate production measured in the basolateral compartment indicating cellular metabolism, and TEER 
measurements of monolayer integrity completed 24 hours after particle exposure, after the particles had been removed 
from the apical side of the membrane. N=4-8 subjects with all assays performed in triplicate. The data are presented as the 
mean ±SEM. Significance is denoted as the following: compared to medium control p<0.05(*), p<0.01(**); compared to 
particles alone p<0.05(#), p<0.01(##) and p<0.001(###); compared to CeOzNPs alone p<0.05(▪); and compared to DEP alone 
p<0.05(Φ).  



 

117 

 

3.2.3.2 Alterations in epithelial gene expression of genes that mediate immune responses  

Further examination of airway epithelial responses to particle exposure in a type II inflammatory 

environment was carried out by assessment of inflammatory gene expression and protein levels. 

Treatment of differentiated airway cultures were carried out as described (section 2.3).  

Initial work focused on examination of type II gene expression (Figure 3-11). When compared to 

medium control, IL-4 treatment (green bar) resulted in a significant increase in IL-13, which was 

also significantly increased compared to the particles alone after all the particle co-exposures. 

No changes in STAT6 expression were observed on co-exposure to particles beyond that 

induced by IL-4 alone. Interestingly, IL-4-induced TSLP was attenuated with particle co-

exposure. IL-5 expression was unaffected by either IL-4 alone, or co-exposure with particles.  

IL-13 exposure (orange bar) increased IL-13 mRNA expression in the same pattern as IL-4 

exposure. IL-5 expression was unaffected by either IL-13 alone, or co-exposure with particles. 

TSLP expression was significantly increased after co-exposure to DEP and CeO2NPs/DEP when 

compared to the particles alone and the medium control (for CeO2NPs/DEP only). There were 

no changes in the expression of STAT6 after any of the co-exposures, except CeO2NPs/DEP+IL-

13, which significantly increased the expression when compared to the medium control, the 

particles alone, and CeO2NPs+IL-13 and DEP+IL-13.  

Treatment of cells with a combination of IL-4+IL-13 (blue bar) elicited a significant stimulation 

in IL-5 expression, not observed with the cytokine treatment alone. The exposure to 

CeO2NPs/DEP together with IL-4+IL-13 caused a significant increase in the expression of IL-5 

when compared to the medium control.  Particle treatment either alone or in combination with 

both IL-4+IL-13 cytokines did not significantly alter mRNA expression of IL-13, TSLP or STAT6 

beyond IL-4+IL-13 induced control levels. 
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Figure 3-12 shows gene expression changes in epithelium pro-inflammatory gene expression and 

identified that co-exposure with IL-4 seemed to elicit the majority of responses.  

When compared to the medium control, there was no change in the gene expression of either 

IL-8 or IL-6 when co-exposed to IL-4. There was a significant increase in the expression of IL-8 

after co-exposure to all the particles when compared to the particles alone. IL-6 expression was 

significantly increased after co-exposure to DEP (compared to the medium control and the 

particles alone) and CeO2NPs/DEP when compared to the particles alone.  

When compared to the medium control, there was no change in the gene expression of either 

IL-8 or IL-6 when co-exposed to IL-13. There were no changes in the expression of IL-8 or IL-6 

after any of the co-exposures with the particles, except after co-exposure with DEP which caused 

an increase in IL-6 expression, and a significant increase in IL-8 expression when compared to 

the particles alone.  

Figure 3-11 Changes in epithelial type II response gene expression after exposure for 24 hours to 
CeO2NPs alone, DEP alone and CeO2NPs/DEP combined in the presence of type II immune 
response-related cytokines. RT-PCR expression changes in HPBECs after 24 hours of exposure to particles. N=4-8 

subjects with all assays performed in triplicate. The data are presented as the mean fold over GAPDH control (FOC) ±SEM. 
After treatment, mRNA was isolated and examined for transcript levels of the indicated inflammatory markers by RT-PCR 
analysis identified as type II inflammatory markers. Significance is denoted as the following: compared to medium control 
p<0.05(*), p<0.01(**) and p<0.001(***); compared to CeO2NP and DEP particles alone p<0.05(#), p<0.01(##) and 
p<0.001(###); compared to CeO2NPs alone p<0.05(▪), p<0.01(▪▪) and p<0.001(▪▪▪); and compared to DEP alone p<0.05 (Φ), 
p<0.01(Φ Φ) and p<0.001(Φ Φ Φ).  
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Co-exposure with IL-4+IL-13 causes no significant changes in the expression of IL-8 when 

compared to the medium control. There is a significant increase in the expression of IL-8 after 

co-exposure to CeO2NPs/DEP when compared to the particles alone. IL-6 expression is initially 

significantly increased in the medium control when compared to medium alone, however the 

expression of IL-6 decreases when co-exposed to IL-4+IL-13 and the various particles. There is 

too much variation to determine the significance.  

Figure 3-13 analysed the expression of molecules that are implicated in the modulation of 

asthma. IL-4 co-exposure had no influence on the expression of AREG, MUC5AC or IL-33 after 

any of the exposures. After co-exposure with DEP, there was a significant stimulation of NQO1 

and CYP1A1 when compared to the medium control, and the particles alone. In both genes, the 

combinations of the particles inhibited the expression of NQO1 and CYP1A1 when compared to 

DEP alone, but significantly increase expression when compared to CeO2NPs alone and DEP 

alone respectively. The expression of ADAM8 was significantly stimulated by the exposure to 

IL-4 alone when compared to the medium control. This increase in expression was significantly 

inhibited after exposure to all the particle regimes when compared to IL-4 alone, with 

expression level decreasing back to medium control levels. 

 

 

Figure 3-12 Changes in epithelial pro-inflammatory gene expression after exposure for 24 hours to 
CeO2NPs alone, DEP alone and CeO2NPs/DEP combined in the presence of type II immune 
response-related cytokines. RT-PCR expression changes in HPBECs after 24 hours of exposure to particles. N=4-8 

subjects with all assays performed in triplicate. The data are presented as the mean fold over GAPDH control (FOC) ±SEM. 
After treatment, mRNA was isolated and examined for transcript levels of the indicated inflammatory markers by RT-PCR 
analysis identified as transcript levels of indicated pro-inflammatory chemokines.  Significance is denoted as the following: 
compared to medium control p<0.05(*), p<0.01(**) and p<0.001(***); and compared to particles alone p<0.05(#), 
p<0.01(##) and p<0.001(###). 
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Figure 3-13 Changes in gene expression of molecules that modulate asthma after exposure for 24 
hours to CeO2NPs alone, DEP alone and CeO2NPs/DEP combined in the presence of type II immune 
response-related cytokines. RT-PCR expression changes in HPBECs after 24 hours of exposure to DEP. N=4-8 subjects 

with all assays performed in triplicate. The data are presented as the mean fold over GAPDH control (FOC) ±SEM. After 
treatment, mRNA was isolated and examined for transcript levels of the identified markers by RT-PCR analysis. Significance 
is denoted as the following: compared to medium control p<0.05(*), p<0.01(**) and p<0.001(***); compared to particles 
alone p<0.05(#), p<0.01(##) and p<0.001(###); compared to CeO2NPs alone p<0.05(▪), p<0.01(▪▪) and p<0.001(▪▪▪); and 
compared to DEP alone p<0.05 (Φ), p<0.01(Φ Φ) and p<0.001(Φ Φ Φ). 
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IL-13 co-expression had no influence on the expression of MUC5AC, CYP1A1 or IL-33 after any 

of the exposures. There was a significant stimulation of NQO1 expression after exposure to IL-

13 when compared to the medium control. CeO2NPs/DEP co-exposure caused a significant 

stimulation in expression when compared to the particles alone. IL-13 co-exposure caused a 

significant stimulation of AREG when compared to the medium control and the other cytokine 

exposures. Addition of particles co-exposed with IL-13 caused no change in the expression, but 

there was a significant increase of expression after CeO2NPs+IL-13 and CeO2NPs+DEP+IL-13 

exposure when compared to the particle control, while exposure to DEP+IL-13 significantly 

decreased the expression of AREG when compared to the medium control but was not 

significantly different from the other exposure protocols. ADAM8 expression was significantly 

increased after exposure to DEP+IL-13 when compared to the particles alone. 

  IL-4+IL-13 co-exposure caused no change in the expression of NQO1, AREG, and CYP1A1. There 

was a significant increase in the expression of MUC5AC after co-exposure with IL-4+IL-13 alone 

when compared to the medium control and the particles alone. Expression of IL-33 and ADAM8 

was significantly increased after exposure to IL-4+IL-13 alone when compared to the medium 

control. IL-33 was then significantly inhibited by the co-exposure of any of the particles when 

compared to the IL-4+IL-13 control. ADAM8 expression was significantly inhibited by the co-

exposure to both CeO2NPs and DEP individually when compared to the medium control.  

Gene expression changes related to immune cell chemotaxis was finally analysed (Figure 3-14) 

in order to determine the influence co-exposure with type II chemokines may have on the 

attraction of immune cells.  

 

IL-4 caused a significant stimulation in the expression of CCL26, CCL20, CCL24 and CCL11 after 

all the particulate co-exposures when compared to the particle only exposures. CCL26 was also 

significantly increased when compared to the medium control and the other co-exposures as 

was CCL24. IL-25 expression was significantly increased after co-exposure with 

CeO2NPs+DEP+IL-4 when compared to the particles alone. There was no change in the 

expression of CCL17 expression after co-exposure to IL-4. 

IL-13 co-exposure caused no changes in the expression of CCL26, and CCL11. Co-exposure with 

IL-13 caused a significant stimulation in CCL20 expression after exposure with CeO2NPs+DEP 

when compared to the medium control, the particle control, CeO2NPs+IL-4 alone and the other 

CeO2NPs+DEP co-exposures. CCL24 expression was increased after exposure to all particles+IL-

13, with CeO2NPs+IL-13 causing a significant increase when compared to the particles alone. 
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CCL17 expression was also significantly stimulated post co-exposure with all the particle types 

when compared to the particles alone. IL-25 expression was significantly inhibited after addition 

to of the particles+IL-13 when compared to the medium control.  

There were no changes in expression of CCL26, CCL24, CCL11, CCL17 and IL-25 after co-exposure 

with the various particles and IL-4+IL-13 compared to the medium controls. The expression of 

all the majority of these genes analysed after co-exposure with IL-4+IL-13 elicited a decrease in 

expression when compared to the other cytokine co-exposures.  
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Figure 3-14 Gene expression changes related to induction of immune cell chemotaxis after exposure 
for 24 hours to CeO2NPs alone, DEP alone and CeO2NPs/DEP combined in the presence of type II 
immune response-related cytokines. RT-PCR expression changes in HPBECs after 24 hours of exposure to particles. 

N=4-8 subjects with all assays performed in triplicate. The data are presented as the mean fold over GAPDH control (FOC) 
±SEM. After treatment, mRNA was isolated and examined for transcript levels of the indicated inflammatory markers by RT-
PCR analysis. Significance is denoted as the following: compared to medium control p<0.05(*), p<0.01(**) and p<0.001(***); 
compared to particles alone p<0.05(#), p<0.01(##) and p<0.001(###); compared to CeO2NPs alone p<0.05(▪), p<0.01(▪▪) and 
p<0.001(▪▪▪); and compared to DEP alone p<0.05 (Φ). 
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3.2.3.3 Alterations in epithelial expression of mediators of immune responses  

Having observed changes in cytokines at the mRNA level, alterations in protein levels were next 

examined after epithelial exposure to particles in combination with IL-4 and IL-13. Analysis was 

carried out by ELISA as previously outlined in section 3.2.2.3. Mediator release was measured in 

both the apical and the basal compartments of the ALI; Figure 3-15 and Figure 8-8 and Figure 

8-9 (appendix) depict apical and basal levels respectively. As noted above for the particles only 

study, there was significantly (ANOVA – not shown) less protein released into the basal 

compartment when compared to the apical compartment for each cytokine (the data are shown 

using the same scale bars for the apical and the basal side of the membrane). The release of 

TSLP is only displayed for the apical compartment, as levels in the basal compartment were 

below the limit of detection.  

Within the basal compartment (Figure 8-9, appendix), there was a significant decrease in the 

release of CCL20 after exposure to CeO2NPs+IL-4+IL-13 and CeO2NPs/DEP+IL-4+IL-13 when 

compared to the medium alone. There were no alterations in basal protein levels for IL-33, IL-

17A or CCL20 after particle + cytokine treatment when compared to corresponding cytokine 

alone. Within the apical compartment, there were no significant changes of either TSLP or 

CCL20 (Figure 3-15) when treated with cytokines compared to when co-exposed to particles + 

cytokines. IL-33 apical release was inhibited after exposure to CeO2NPs+IL-4+IL-13 when 

compared to the particles alone. Levels of IL-33 increased markedly after co-exposure with 

CeO2NPs+DEP+IL-4+IL-13 when compared IL-4+IL-13 alone (Figure 3-15). Addition of particles 

to the cytokines elicited an increase in the release of IL-17A when compared to the medium 

alone. IL-17A release was significantly increased after exposure to DEP+IL-13 when compared to 

the medium control.  
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Figure 3-15 Changes in immune type II and pro-inflammatory apical mediator release after 
exposure for 24 hours to CeO2NPs alone, DEP alone and CeO2NPs/DEP combined in the presence 
of type II immune response-related cytokines. Analysis of mediator release in apical medium from HPBECs after 

24 hours of exposure to particles and with and without type II cytokines. Medium was centrifuged and particles were 
removed before mediator concentration was analysed via ELISA. The data are presented as the mean ±SEM. N=4-8 subjects 
with all assays performed in triplicate. Significance is denoted as the following: compared to medium control p<0.05(*); 
compared to CeO2NPs alone p<0.05(▪), p<0.01(▪▪) and p<0.001(▪▪▪); and compared to DEP alone p<0.05 (Φ). 
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3.2.4 Acute effects of CeO2NPs and DEP and HDM allergen on HPBECs 

As an alternative to the cytokines IL-4 and IL-13, which are mediators of the type II inflammation 

typically observed in allergic airway disease, we used co-exposure of particles with house dust 

mite (HDM) extracts as a representative environmental co-exposure to which allergic responses 

are commonly mounted. Cells were exposed to particles and HDM for 24 hours as described in 

section 2.5.4.5. HDM concentrations mimicked the in vivo exposures (1mg/ml of protein (Brandt 

et al., 2013b, Canbaz et al., 2015, Farhadi et al., 2014)) as outlined in section 2.6.2.1. Only the 

highest DEP concentration (see section 3.2.2) was investigated along with three CeO2NPs 

concentrations, alone and in combination, with and without HDM.   

The ratio of CeO2NPs found in the exhaust particles when analysed after addition of EnviroxTM 

to the fuel (Zhang et al., 2013) was a basis for the concentrations used in these exposures to 

mimic potential environmental exposures. 0.5, 1.5 and 15µg/ml of CeO2NPs, 50µg/ml of DEP and 

0.5/50, 1.5/50 and 15/50µg/ml CeO2NP/DEP were chosen as appropriate and relevant 

concentrations. 

3.2.4.1 Measurement of cellular viability, metabolism and monolayer integrity 

Cellular viability, metabolic status and monolayer integrity were measured as previously 

outlined in section 3.2.2.1. Data are presented in Figure 3-16. There was no change in lactate 

production by cells exposed to particles alone. There was however a significant reduction in 

lactate levels in the media following HDM treatment irrespective of particle co-exposure. 

Monolayer integrity, assessed as TEER values, fell slightly (~15%), but not significantly compared 

to medium control after exposure to a combination of CeO2NPs and DEP.  HDM caused an 

increase (not significant) in TEER values following all the treatment regimens, which was 

increased, above the particle-alone effect. 
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Figure 3-16 Cell viability, cellular metabolism and monolayer integrity after 24 hours exposure to 
CeO2NPs alone, DEP alone and CeO2NPs/DEP in the presence of HDM. Cellular viability was measured as 

LDH release, lactate production measured in the basolateral compartment indicating cellular metabolism, and TEER 
measurements of monolayer integrity completed 24 hours after particle exposure, after the particles had been removed 
from the apical side of the membrane. N=4-8 subjects with all assays performed in triplicate. The data are presented as the 
mean ±SEM. Significance is denoted as the following: compared to particles alone p<0.05(#), p<0.01(##) and p<0.001(###). 
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3.2.4.2 Alterations in epithelial expression of mediators of immune responses  

Mediator levels were measured after 24 hours of exposure to CeO2NPs/DEP±HDM using the 

previously mentioned concentrations. Figure 3-17 shows both the apical concentrations of these 

cytokines. Only apical, not basal, compartment TSLP levels could be detected. HDM exposure 

increased apical levels of TSLP, albeit not significantly. This was the same regardless of particle 

co-exposure.  

The apical concentrations of IL-33 after exposure to CeO2NPs, DEP and CeO2NPs/DEP co-

exposed with HDM was decreased when compared to exposure to the particles alone.  Although 

there were decreases in IL-33 levels in all HDM conditions, the variability meant that the 

differences were not significant (Figure 3-17). IL-33 concentrations showed no changes in the 

basal compartment after exposure to particles alone. Basal expression of IL-33 after exposure to 

CeO2NPs (15µg/ml) and CeO2NPs+DEP (1.5/50µg/ml) was increased compared to HDM alone 

and DEP alone controls respectively, but due to variation these were not significant.   

Apical CCL20 release following exposure to particles without HDM was significantly reduced 

after exposure (by ~45%) regardless of the particle combinations when compared to the medium 

control (Figure 3-17). When particles were co-exposed with HDM the CCL20 levels fell further, 

specifically 15µg/ml CeO2NPs and 50µg/ml DEP (by ~70%) when compared to HDM exposure 

alone. This added effect of HDM on CeO2NPs and DEP inhibition of CCL20 was prevented when 

the CeO2NPs and DEP were combined at the lowest CeO2NPs concentration, but higher 

CeO2NPs+DEP concentrations + HDM again induced a further reduction of CCL20 release when 

compared to the lowest concentration. The basal compartment concentration of CCL20 did not 

change regardless of exposure regimen when compared to either medium only control or the 

HDM alone control (Figure 8-5, appendix).  

IL-17A levels in the apical compartment had a similar response profile when exposed to the 

particles with or without HDM. This suggests no effect of HDM on particle-induced responses.  
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IL-17A concentration in the basal compartment did not change regardless of particle regimen 

or co-exposure with HDM when compared to the medium, particle or HDM control. 

 

 

 

 

 

  

Figure 3-17 Changes in immune type II and pro-inflammatory apical mediator release after 
exposure for 24 hours to CeO2NPs alone, DEP alone and CeO2NPs/DEP combined in the presence 
of HDM. Analysis of mediator release in apical medium from HPBECs after 24 hours of exposure to particles with and 

without HDM.  Medium was centrifuged and particles were removed before mediator concentration was analysed via ELISA. 
The data are presented as the mean ±SEM. N=4-8 subjects with all assays performed in triplicate. Significance is denoted as 
the following: compared to medium control p<0.05(*); and compared to particles alone p<0.05(#).  
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3.3 Summary  

HPBEC culture at the air-liquid interface and optimisation of culture media conditions (Section 

3.2.1): 

- Light microscopy images indicated that with all culture media formulations, cells 

formed monolayers and displayed characteristic epithelial morphology. Cells cultured 

in the Gray differentiation medium appeared to produce more mucus than in the other 

media.  

- TEM images indicated that a pseudostratified layer is formed. 

- There were no changes in the lactate and viability when differentiating in any of the 

medium. There was a slight increase in the TEER value after differentiation in the Gray 

medium.  

- The basal cell markers were significantly increased (KRT14) after differentiating cells in 

the Matsui medium. 

- Mucus markers were significantly increased (MUC5AC, TFF3 and MUC1) after 

differentiation in Gray medium. 

- There was a significant increase in cilia and club cell markers (FOXJ1, and SCGB1A) when 

the cells were differentiated in Gray medium.  

- Taken together, this indicated that the Gray medium allowed the most physiologically 

relevant differentiation of the HPBECs at ALI. 

Responses of ALI HPBEC cultures to particle treatment (Section 3.2.2): 

- There was no change in the viability or lactate production after exposure to any of the 

particles at any of the concentrations. TEER was significantly increased after exposure 

to DEP at all concentrations when compared to medium control. These values decreased 

with co-exposure to CeO2NPs/DEP.  

- For mRNA expression, exposure to DEP caused an increase in the expression of immune 

type II responses (IL-13 and STAT6) when compared to the CeO2NPs alone and the co-

exposure to CeO2NPs/DEP. IL-25 expression was significantly increased after exposure 

to CeO2NPs alone when compared to the medium control, and after exposure to the 

highest CeO2NPs/DEP exposure when compared to the medium control, CeO2NPs alone 

and DEP alone.  

- IL-6 protein level expression was decreased after exposure to CeO2NPs alone and DEP 

alone, but this was ameliorated by the co-exposure, while the IL-8 expression was 
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significantly increased after the co-exposure to CeO2NPs/DEP when compared to the 

medium control and DEP alone.  

Co-Exposure with IL-4 and IL-13 (Section 3.2.3): 

- There were no changes in the cell viability after any of the co-exposures compared to 

the particles alone. There was a significant decrease in the lactate production after 

cytokine exposure (with IL-4+IL-13 causing a lower production than IL-4 and IL-13 

alone). 

- mRNA expression of IL-5, IL-33 and MUC5AC was significantly increased after 

CeO2NPs/DEP co-exposure with IL-4+IL-13 when compared to CeO2NPs or DEP alone 

or with cytokines alone. IL-13, TSLP, and STAT6 expression was increased in all cytokine 

CeO2NPs/DEP co-exposures when compared to the particles alone. AREG and CCL17 

expression was significantly increased after co-exposure with IL-13 compared to the 

other exposures. CCL26 and CCL11 expression was significantly increased after co-

exposure with IL-4 when compared to the other exposures.  

- There were no changes in the concentration of TSLP or CCL20 protein levels after any 

of the co-exposures. There was a significant increase in the concentration of IL-33 after 

co-exposure to CeO2NPs/DEP with cytokines when compared to without cytokines.  

Co-Exposure with HDM (Section 3.2.4) 

- There was no change in the cellular viability after co-exposure with HDM compared to 

the particles alone. The lactate production was significantly decreased after co-exposure 

with HDM compared to particles alone after every exposure concentration. The TEER 

value was also increased, but not significantly.  

- There was a slight increase in the concentration of TSLP after co-exposure with HDM 

and decreases in IL-33 and CCL20. There were no changes in the concentration of IL-17A 

after any co-exposures.  
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3.4 Discussion 

This study aimed to identify the immunological and gene expression changes caused by a 24-

hour exposure to environmentally relevant concentrations of CeO2NPs reflective of exhaust 

material after combustion of EnviroxTM within a diesel engine. This study specifically focuses on 

the inflammatory responses and gene expression changes related to the development and 

exacerbation of asthma and in particular to determine potential adverse effects that CeO2NPs 

may have on the development and exacerbation of allergic airway disease. 

3.4.1 Cellular differentiation  

For toxicological assessment of particles within the lung using in vitro assays, there are many 

studies within the literature that use submerged cultures. These involve suspending the 

particles in the medium, either vortexing or sonicating for a couple of minutes and then 

applying the particles in suspension onto the cells. This has a number of physiological problems 

as this is not how airway epithelium would be exposed to such particles on inhalation. A cell 

line derived from normal human airway bronchial epithelial cells (HBECs) is used within the 

literature (Boda et al., 2018, Balogh Sivars et al., 2018, Kilin et al., 2017, Gordon et al., 2015), and 

is more relevant than other cell lines used. There are distinct differences between the primary 

human large airway bronchial epithelial cells and these cell lines, which potentially affect the 

responses to these particles. Ideally, any in vitro models that are being used to determine the 

effects of exposure to airborne particles should be differentiated to replicate as closely as 

possible the region of the human lung of interest. Of the various differentiation media examined 

Gray medium was chosen as it produced the most representative expression in airway epithelial 

differentiation markers and stable monolayer integrity compared to other media. The medium 

was the only thing that differed between the cultures, all the protocols remained the same.  

 

Gray medium has the highest hydrocortisone concentration compared to the other media. 

Hydrocortisone has been found not to change the cell differentiation but does increase the RNA 

expression of mucin-related genes (Zaidman et al., 2016). Retinoic acid concentration was the 

same in multiple differentiation media and is required to trigger mucociliary differentiation 

(Cozens et al., 2018). Bovine serum albumin in the Gray medium is the highest concentration 

compared to the other media. This is used to protect against oxidative damage and stabilise the 

fatty acids in the cell culture medium (Francis, 2010) and also provides a significant proportion 

of the required nutrients. There were no ciliated cells in this in vitro model as determined by 

TEM, despite increased Foxj1 and Tubba4 expression, but the cells differentiated into a 

columnar cell type and produced mucus. Epithelix (the commercial supplier of these cells) have 
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confirmed that the HPBECs can develop cilia and have been proven to do so under other culture 

conditions (Huang et al., 2017b). The reason we could not establish ciliated cells in our cultures 

is unknown but it would be the aim of future work in this area to optimise the protocols further. 

Increased mucus production in our cultures could lead to protection against particle-induced 

adverse epithelial effects (Loxham et al., 2015) and as such may be considered more 

representative of the human airway and suitable to address the hypothesis and aims of this 

study. 

3.4.2 CeO2NPs exposure  

3.4.2.1 Acute effects of CeO2NPs on HPBECs 

There is conflicting information in the literature as to whether CeO2NPs cause cytotoxicity in 

airway epithelial cells (Lin et al., 2006, Mittal and Pandey, 2014). This may be explained by 

differences in i) the protocols for exposure and endpoint assessment, ii) model epithelial 

systems or iii) how particles were prepared and/or sourced. Another explanation is possible 

differences in valence state of the cerium which could account for contradictory responses to 

CeO2NPs (Kroll et al., 2011, Pulido-Reyes et al., 2015a), and the potential for cerium dioxide to 

have both prooxidative and antioxidative properties (Filippi et al., 2019). 

In this study we found that CeO2NPs (at a maximum concentration of 50µg/ml) did not affect 

monolayer integrity (measured via TEER) or cellular viability.  CeO2NPs have been found to be 

non-toxic in cell line models (A549 cells) up to concentrations of 100µg/ml (Demokritou et al., 

2013) and as high as 200µg/ml (Zhou et al., 2013) and 1000µg/ml (up to 72hours of exposure) 

using particle size distributions of between 60-190nm. This is also true for more advanced in 

vitro lung models such as MucilAir (Kooter, 2016). However, other studies have found opposite 

effects but using a range of cell lines rather than primary cells and have indicated that ROS 

production and oxidative stress may be a mechanism through which CeO2NPs cause toxicity in 

some cells (Eom and Choi, 2009). For example, there was an induction in membrane damage 

after cerium oxide exposure in A549 cells, but not HeLa-related L-132 cells (originally thought 

to be derived from embryonic lung tissues but have now been determined to be HeLA cells (i.e. 

cervix carcinoma)) that were also analysed in parallel. This would suggest that CeO2NPs can 

cause membrane damage, but only in certain cell types (Kim et al., 2010).  CeO2NPs have also 

been found to cause apoptotic cell death via ROS-mediated cell damage (both DNA and cell 

cycle damage) (Mittal and Pandey, 2014, Lin et al., 2006). The fact that A549 cells are a cancerous 

cell line may play a part in this (Joris et al., 2016) (due to their lack of normal cellular repair 

mechanisms), while HPBECs are “normal” cells. BEAS-2B is also a cell line that is utilised for the 
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investigation of nanoparticle toxicology. They have been used to identify mechanistic pathways 

that CeO2NPs potentially activate to cause cytotoxicity via induction of heme oxygenase-1 (HO-

1) and Nrf-2 pathway signalling (Eom and Choi, 2009). Following exposure to CeO2NPs in an 

advanced lung large airway epithelial cell model (MucilAir, Epithelix) there was an increase in 

HO-1, not Nrf-2, but not to the same levels as observed with A549 or BEAS-2Bs at an ALI (Kooter, 

2016). This may reflect the production of protective elements such as mucus in the complex 

large airway cell models, as exist in situ, which do not exist in the simpler models using cell 

lines. For example, differences between uptake of particles may influence their ability to cause 

adverse effects on cellular exposure. In a model of the primary bronchial epithelium complete 

with mucociliary apparatus, CeO2NPs were not taken up by, and did not translocate into the cells 

(they also did not cause any adverse effects) (Frieke Kuper et al., 2015).  Absence of CeO2NPs 

uptake by differentiated airway epithelium could be suggested as one reason for the minimal 

effect of these particles on our airway epithelial models and may better reflect reality. This 

however would need to be confirmed through direct assessment.  

To establish changes in gene expression after exposure to CeO2NPs, RT-PCR was used. We 

identified a range of genes related to type II inflammation in the airway which are likely to be 

altered within the challenged epithelial environment. 

NQO1 expression was significantly decreased at the lowest CeO2NPs concentrations when 

compared to the medium control. NQO1 is a gene that is related to oxidative stress and its 

decrease in expression would suggest a protective effect of the particles within this culture. This 

protective effect has also been seen in A549 cells after exposure (Guo et al., 2015), however there 

was no downregulation of NQO1 seen in this study. In BEAS-2B cells, after exposure to 40µg/ml 

of CeO2NPs, there was a significant increase in the gene expression of ROS associated genes 

(Glutathione S transferase, HO-1 and Thioredoxin reductase) after 4 hours of exposure (Park et 

al., 2008b). In contrast, there was very minimal gene expression change observed in A549, BEAS-

2Bs or MucilAir cultures after exposure to 3µg/cm2 for an hour (Kooter, 2016). An important 

consideration is the difference in the concentration of particles used, with the differences in 

units depending on the size of plate used for exposures and therefore influencing the 

concentration of particles per cm2 the cells were exposed to. This makes it difficult to compare 

these studies, as it is unclear exactly what the deposition rate and value was for each study, or 

indeed the surface area exposed to these particles.   

CYP1A1 expression was also significantly decreased at the lowest CeO2NPs concentrations when 

compared to the medium control, however the expression does increase in a dose dependant 
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manner from lowest to highest concentration. CYP1A1 is related to NQO1 expression as it is 

linked to the metabolism of polycyclic aromatic hydrocarbons (PAHs) (Cosma et al., 1993). 

ADAM8 is an asthma specific gene (Oreo et al., 2014) and was identified as being significantly 

decreased after exposure to the highest concentrations of CeO2NPs when compared to the 

medium control. This would suggest that at this concentration there is a suppression of the 

expression of ADAM8 and potentially other asthmatic related genes at this concentration (such 

as TSLP (Ober and Yao, 2011) and CCL11). CCL11 is related to the chemoattraction of eosinophils 

and therefore asthma (eosinophil increase in both the sputum and the blood is related to the 

severity of asthma). The expression of CCL11 was significantly decreased after exposure to any 

of the concentrations of CeO2NPs when compared to the medium control. There were also no 

significant changes between the concentrations.  

Overall, this could suggest that the addition of these particles could lead to a reduction in the 

expression of asthmatic genes identified, as well as an increase in the potential antioxidant and 

protective effects these particles may have.  

TNF-α levels in our model were significantly decreased following exposure to all concentrations 

of CeO2NPs. In other studies, at higher concentrations of CeO2NPs there was no decrease in the 

concentration of TNF-α after 24 hours of exposure (Kim et al., 2014b). 

In our study there was no change in the concentration of IL-8 after any of the CeO2NPs 

exposures, but there was a significant decrease in IL-6 concentrations when compared to the 

medium control.  In submerged A549 and BEAS-2B cells (Park et al., 2008a) there were no 

changes in the production of IL-8, but an increase in the concentration of IL-6 production at a 

concentration of 100µg/ml after 24 hours (Veranth et al., 2007). At an ALI, there was an increase 

in IL-8 release by BEAS-2Bs (Kooter, 2016), but this was not observed in a MucilAir model or 

A549 cells at ALI. This indicates that this increase seen in BEAS-2Bs could be due to the cell 

type, and not necessarily exposure to particulate matter (Ghio et al., 2013). These changes in IL-

6 and IL-8 that are observed following CeO2NPs exposure has been shown previously in a 

submerged BEAS-2B cell model but at higher particle exposure concentrations (Veranth et al., 

2007). As more than one cell donor was used within our studies this could lend itself to the 

differences seen between the models. The release of TNF-α and IL-6 are important mediators in 

pulmonary inflammation and their significant decrease and increase respectively are indicator 

that CeO2NPs within our model are initiating an inflammatory response. This suggests that 
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inhalation of CeO2NPs would stimulate cytokines known to be important in respiratory diseases 

such as COPD and asthma.   

IL-17α levels were also significantly increased after exposure to 0.08µg/ml. This would indicate 

there is the potential for IL-17α levels to cause a decrease in IL-6 expression 

(Hekmatimoghaddam et al., 2019). A link between an increase serum IL-17α and asthma severity 

has been determined, along with an increase in the expression 0f IL-4, IL-10 (which were not 

measured in our study) and IL-25 (Hasegawa et al., 2017, Dimitrova et al., 2019), indicating that 

an increase in measured IL-17α has the potential as a marker of increased asthma severity.  IL-

25 expression was significantly increased after exposure to the highest concentration of CeO2NP 

alone when compared to the medium control and of CeO2NPs+DEP when compared to 

CeO2NPs alone and the various other concentrations of CeO2NPs+DEP. IL-25 is implicated in 

the Th2 response and is released in response to various alarmins by the airway epithelial cells 

(Patel et al., 2019). As both IL-17α and IL-25 expression is significantly increased after exposure 

to both CeO2NPs alone and CeO2NPs+DEP, this could potentially indicate the detrimental 

effects these particles have on the severity of our model and asthmatic patients exposed to these 

particles in real-life exposures.  

The changes between the higher exposures and lower exposures need to be compared - this 

could potentially be down to the agglomeration of the particles and therefore a size difference 

between the high and low exposures (Sukhanova et al., 2018). 

The inhalation of CeO2NPs alone has the ability to cause inflammation within the lung, with a 

higher concentration potentially limiting the concentration able to be cleared from within the 

lung (Schwotzer et al., 2017). Their impact on the lung is also determined by the sizes of the 

particles, with the smaller particles able to penetrate the alveolar region and therefore have 

longer persistency (Schwotzer et al., 2017). However, there are differences identified in the 

immunological responses post-exposure which are thought to be down to species variation (rats 

are more sensitive than mice), deposition within the lung and the size and physical 

characteristics of the particles inhaled (Dekkers et al., 2018). These effects also have the potential 

to impair lung function of offspring after maternal exposure (Paul et al., 2017). From these 

studies and our own, it can be determined than the inhalation of CeO2NPs alone has the 

potential to cause inflammation and changes of gene expression that mimic those of a chronic 

inflammatory response.   
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3.4.3 DEP exposure  

It has previously been shown that the biological relevant concentrations of DEP exposure range 

between 0.2-20µg/cm2 of epithelial surface (calculated from both in vitro and in vivo studies and 

various exposure doses (Li et al., 2003)). The concentrations of DEP used in this study were 

comparable (0.2-10.7µg/cm2 epithelial monolayer). Due to the diverse nature of DEPs produced 

by different vehicles under different conditions, it was decided to use a standard reference 

material for our experiments (NIST 2975) to address our hypothesis.  

3.4.3.1 Acute effects of DEP alone on HPBECs 

From our study, DEP caused a significant increase in the TEER values measured when compared 

to the medium control at the lower doses. Previous work has demonstrated that after exposure 

to aerosolised DEP for 3 hours there was no change in the TEER value of primary differentiated 

bronchial cells, but there was a significant decrease in the TEER, one hour after the DEP 

exposure was completed, which then recovered by 24 hours (Seagrave et al., 2007). In contract, 

when examining a more advanced, but not the best, co-culture system (containing 16HBE14o-s, 

macrophages and dendritic cells), there was a decrease in the TEER value of the epithelial 

cultures alone (which had a higher starting TEER than the co-culture), but not in the co-culture, 

after exposure to 125µg/ml of NIST DEP for 24 hours (this is a high exposure dose).  This was 

coupled with no change in mRNA expression of a tight junction molecule, (Lehmann et al., 

2009). In contrast, another study found that the TEER value decreased over 24 hours post-

exposure to an aerosol of DEP. In this study, the highest DEP exposure (1.87µg/cm2) caused a 

significant decrease in TEER that did not recover even after another 24 hours post-exposure 

recovery period. This was accompanied by a decrease in cell viability (though not statistically 

significant), which was also seen with our DEP exposure studies at the same concentration 

(10µg/ml) (Zarcone et al., 2016). This response pattern was also found when examining 

monolayer integrity using dextran blue, with a decrease in integrity after 1 hour, but which 

returned to control levels 21 hours after exposure (Seagrave et al., 2007). In direct contrast, when 

A549 cells were exposed to NIST particles there was no decrease in cell viability up to the highest 

concentration of 3000µg/ml, both in ALI cultures (Turner et al., 2015) and submerged cultures 

(Don Porto Carero et al., 2001). 

In our study there was an increase in expression of MUC5AC and IL-5, and there was no change 

in IL-33, NQO1, STAT6, IL-13, TSLP and SLC264C gene expression with DEP treatment (Figure 

3-3 and Figure 3-5). Previous studies within the group identified that in differentiated epithelial 

cells 24 hour exposure to DEP (0.1-20µg/ml) caused a significant increase in mRNA levels of 

CYP1A1 (Meldrum et al., 2017, Longhin et al., 2016), also shown in HBEC3-KTs (Longhin et al., 
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2016), and also in HBEC3 cells (immortalised normal bronchial epithelial cells) (Rynning et al., 

2018) and after 2 weeks of exposure to DEP (Longhin et al., 2016). 

In our study we found a decrease in IL-6 and IL-8 production and significant decrease in TNF-

α at the apical side of the membrane. In HBEC3-KT (immortalised human bronchial epithelial 

cells) cells there was a significant increase in IL-6 and IL-8 mRNA expression after 2 weeks of 

DEP exposure, but no change after 24 hours of exposure (Longhin et al., 2016) or after 24 hours 

in HBEC3s (Rynning et al., 2018). 21 hours after an aerosol exposure to DEPs there was no change 

in the IL-6 concentration from A549 cells or BEAS-2B cells grown in serum free medium 

(Veranth et al., 2008). There was an increase in both IL-6 and IL-8 in HBEC3-KT cells after 2 

weeks of DEP exposure, but not at the earlier time points (Longhin et al., 2016) when compared 

to the medium control and an increase in IL-6 production from BEAS-2B cells after 24 hours 

exposure to DEP (Bengalli et al., 2017). After aerosol exposure to DEP, there was only a 

significant change in IL-4 and IL-6, decreasing the concentration of cytokines produced, but no 

change in IL-1α, IL-12, GM-CSF, IFNγ and TNF-α (Seagrave et al., 2007). The results for these 

cytokines indicate that cell type is very important when determining potential responses to 

DEP. There was no change in the levels of TNF-α in an advanced co-culture model (containing 

16HBE14o-s, macrophages and dendritic cells) or MucilAIr models after 6 hours of DEP exposure 

(Bisig et al., 2018). There is a significant volume of research completed with lung epithelial 

models and IL-6 and IL-8. These responses are not as important in an allergic response as the 

Type II responses and to our knowledge this is one of the first studies that investigates the effects 

of DEP on these mediators. We found a significant increase in the concentration of TSLP and 

IL-33 in the medium after the lower concentration exposures to DEP. These have further 

downstream effects and are more relevant to an allergic response than the commonly used IL-

6/8.  

In the present study, we did not investigate oxidative stress or DNA damage directly, but there 

is evidence in the literature both can occur after exposure to DEP. In our study we identified a 

significant dose dependent decrease in oxidative stress-related gene expression (NQO1), while 

primary differentiated epithelial cells were found to have a significant dose dependant increase 

in oxidative stress-related gene expression (HMOX1 and NQO1) after exposure to aerosolised 

DEP after both 6 hours and 24 hours after the exposure to DEP (so 6 hours and 24 hours in total) 

(Zarcone et al., 2016). This could be due to the differences in exposure methods (quasi-ALI 

exposure (our method) vs aerosol (Zarcone et al., 2016)). In A549 cells there is a significant 

increase in intracellular ROS production following exposure to greater than 600µg/ml of DEP 
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(Turner et al., 2015), this is almost to be expected as the concentration of DEP being used is a 

very high concentration which is not environmentally relevant and is potentially suffocating the 

cells. In an advance co-culture model (containing 16HBE14o-s, macrophages and dendritic cells) 

and MucilAir models, there was no change in the HMOX1 or NQO1 mRNA expression after 6 

hours of exposure with DEP (an undisclosed concentration from various engines and fuel types), 

this was also found when ELISA analysis was used to confirm for HMOX1 (Bisig et al., 2018).  

These results taken together suggest that the more physiologically relevant models – such as, 

the co-cultures and the MucilAir do not elicit an oxidative stress response post DEP exposure, 

when compared to our model, however, this could be down to the exposure method, or the 

concentration of the DEP used.  

3.4.4 Effects of CeO2NPs/DEP exposure  

It is important to use a ratio of CeO2NPs/DEPs that would be environmentally relevant, and the 

concentration related to the consumer use of EnviroxTM. The ratio is 0.008µg/ml of CeO2NPs in 

every 1µg/ml of DEP (Park et al., 2008a). When CeO2NPs are added as EnviroxTM into a fuel tank 

and burnt, the particle size emitted decreased along with the zeta potential. The chemical 

composition also changed, with the carbon content decreasing, and the cerium content 

increasing. The higher the concentration of EnviroxTM added into the tank the lower the 

oxidative potential of the emitted particles (Zhang et al., 2016).  

3.4.4.1 Acute effects of CeO2NPs/DEPs alone on HPBECs 

After investigating the effects of CeO2NPs alone and DEP alone, this study aimed to analyse 

both the secreted cytokines and chemokines and the mRNA expression of genes involved in 

type II inflammation. There are very few studies within the literature that investigate CeO2NPs 

in combination with DEPs on biological responses, either as a mixture, as individual particles 

added in series or after the particles are combusted together and then added to in vitro models.  

We identified a significant decrease in the mRNA expression of IL-5 after exposure to the highest 

concentrations (Figure 3-3) of CeO2NPs/DEPs when compared to the medium control. There 

were also significant increases in the expression of CYP1A1 and IL-25 when compared to the 

medium control and CeO2NPs alone (Figure 3-5 and Figure 3-6). There was a significant 

decrease in the expression of IL-5 after exposure to the highest concentrations (Figure 3-3) of 

CeO2NPs/DEPs when compared to the medium control. As well as the concentration of TNF-α 

in the apical medium (Figure 3-8). These results taken together indicate that the combined 

effect of these particles is having a significant effect (either a positive or a negative) on the 
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responses of the cells when compared to both the medium control and the particle exposures 

(CeO2NPs and DEP) alone.  

In one of the only other studies within the literature also investigating these particles, an 

advanced lung model (containing 16HBE-o-, macrophages and monocytes) at an ALI, there is an 

increase in mRNA TNF-α and IL-8 expression levels after exposure to CeO2NPs and then DEP. 

This study exposes the cells to DEP and then the CeO2NPs, so they are not mixed as in our study 

and they are not burnt in the engine together. The addition of CeO2NPs do not increase the 

toxicity of the DEPs used, but actually lower some of the responses caused by DEP (Steiner et 

al., 2012). When investigating the immune responses, primary blood monocytes or THP-1 cells 

were used. They were exposed to particles of CeO2NPs/DEP that were burnt together in an 

engine, collected and then added to the cell suspensions. There were significant changes in 

mRNA of IL-1β, TNF-α, IL-6. INF-γ when compared to the control. It was identified in this study 

that the physical characterisation changes in the particles post-combustion appear to cause the 

biological reactivity (Sarkar et al., 2014). 

3.4.5 Examination of effects of co-exposure to cytokines on HPBECs 

To determine the effects type II cytokines had on the particle responses, we co-exposed with IL-

4, IL-13 alone as well as with a combination of both of IL-4/13. We identified significant increases 

in the mRNA expression of IL-5 after co-exposure with IL-4/13 with every particle exposure 

(CeO2NPs alone, DEP alone and CeO2NPs/DEP), when compared to the medium control, and 

after CeO2NPs/DEP exposure when compared to the particles alone (Figure 3-11). This is also 

reflected in the MUC5AC expression (Figure 3-13). The opposite effect is seen in the expression 

of IL-33 expression (Figure 3-13). These results taken together suggest that a model that is 

already in an “inflamed” state and then exposed to these particles significantly increases the 

expression of mediators related to a type II response and mucus production, but not an 

“asthmatic” phenotype.  

There are very few, if any, studies currently present in the literature that investigate the co-

exposure of CeO2NPs alone, DEP alone and CeO2NPs/DEP with cytokines and their potential 

effects of bronchial epithelial cells. It has been identified that as the basal epithelium 

differentiates, gene expression of IL-4 and IL-13 receptors varies in concentration and location 

depending on differentiated cell type (White et al., 2010). Previous work within the group has 

demonstrated that the addition of a TLR cocktail caused a slight decrease in mRNA levels of 

CYP1A1 when co-exposed to DEP in differentiated epithelial cells. This did not cause a change 
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in the mRNA levels of CXCL10, but caused a significant decrease in the CXCL10 protein 

production (Meldrum et al., 2017). 

3.4.6 CeO2NPs, DEPs and HDM exposures 

In order to identify the potential effects that HDM exposure might have on the bioreactivity of 

these particles, we co-exposed the primary human large airway epithelial cells to HDM and 

particles at concentrations relevant to those used in the in vivo studies in Chapters 4 and 5. This 

study aimed to analyse the viability, TEER and lactate production, and the secreted cytokines 

and chemokines after exposure to the previously mentioned exposure concentrations. Three 

CeO2NPs concentrations were used, with one DEP concentration and a combination of both 

particles at the same ratio and increasing concentrations. This aimed to replicate concentrations 

of EnviroxTM that were previously investigated (Park et al., 2007).  

We identified a significant decrease in the CCL20 concentration after exposure to the highest 

concentration of CeO2 and DEP +HDM when compared to -HDM, and a slight decrease in IL-

33 concentration with HDM co-exposure (Figure 3-17). There was a slight increase in TSLP 

concentration after the addition of HDM to the model (Figure 3-17). These results indicate the 

addition of HDM to the cells has the potential to inhibit the attraction of macrophages but 

increase the potential of a type II response.  

There is again no current literature on the co-exposure of CeO2NPs/DEP and HDM in vitro.  

One study investigates the potential for co-exposure with pollen (Parietaria officinalis) as an 

allergen to cause cellular changes in A549 cells. It was found that with co-exposure there are 

changes in the mitochondria and rough endoplasmic reticulum when compared to the control. 

This suggests that co-exposure with a potential allergen can cause metabolic changes 

(Mazzarella et al., 2014). 

3.4.7 Limitations and future direction  

Cerium oxide nanoparticles have been found to adsorb proteins from the tissue culture medium 

in which they are suspended; the smaller the particles, the higher their adsorption potential due 

to their greater surface area. This can theoretically alter the outcome of the toxicological 

assessments being carried out and thus the bioreactivity attributed to these particles may be 

irrelevant in situ (Horie et al., 2009). There may also be the potential for these particles to 

interfere with colourimetric analysis, such as ELISA analysis. It has been found that there can 

be some interference in the outcome associated with an increase in the BSA concentration in 

the medium (Veranth et al., 2007). As we did not use any serum in our medium this interference 
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would not be a consideration in our study. In future, it would be good practise to confirm this 

is the case for whichever culture medium is used. We did try to mediate any potential interfering 

effects by centrifuging the medium to remove particulate matter before colourimetric analysis. 

As the particles would potentially be inhaled, they would not naturally come into contact with 

some of the proteins found in cell culture medium and therefore may behave differently in life. 

But the presence of large airway epithelial cell secretions, as observed in our model, would 

enhance the association of the nanoparticles with natural lung secretions rather than tissue 

culture medium components. In addition, these models do not cope well with repeat exposures 

to these particles (they start to break down after 3 days of exposure), additional models need to 

be built and characterised before applying the particles. Additional exposure systems also need 

to be set up and use aerosol sprays as the main exposure routes. 

As mentioned previously, DEP is a very variable particle that can change depending on 

numerous factors. We used NIST (2975) particles in this study, and while these are very useful 

to carry out comparisons between different studies their relevance can be questioned. They were 

collected from a heavy industrial forklift truck, and engine styles, combustion rates and diesel 

fuel has changed greatly since the particles were collected bringing into question how 

comparable they are to modern day exhaust particulates experienced within urban 

environments. There is also the potential for these particles to have changed during their 

storage over time. In future experimental work it would be useful to compare these particles to 

more of a “real-life” particle, either collected from ambient air, or directly from a known engine 

combusting fuel at set driving cycles. As fuels develop, bio-fuels and various combinations of 

fuels will also appear on the market. It is also important to compare our standard particles 

against these new particles.  

With new fuels coming onto the market, there is also the impact of driving conditions and if 

there is a particulate filter operational within the exhaust system, and geographical location, 

that is being replicated. For future studies using collected particles, it would be important to 

take these various characteristics into consideration. When the CeO2NPs are combusted, the 

particles are changed from pristine particles and their coatings are lost and a new coating is 

formed on 30% of the particles. These changes suggest that pristine particles commonly used in 

laboratories (and in this study) may not be the optimal model particle representative of 

EnviroxTM combustion (Dale et al., 2017). More realistic materials need to be used in the future 

that represents combusted material. Future studies should also consider the ratio of CeO2NPs 
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to DEP, something that has been considered in this study even though the particles were not 

burnt together.  

3.4.8 Conclusions  

From our research we have identified that the addition of these particles to this specific 

epithelial lung model has the potential to influence the inflammatory mediator expression, as 

well as production. This has been identified after CeO2NPs as genes that are related to the 

modulation of asthma being significantly decreased (NQO1, CYP1A1 and ADAM8) and those 

related to a type II response and immune cell chemotaxis (TSLP and IL-25) being significantly 

increased. This suggests that exposure to CeO2NPs has the potential to reduce the asthma 

phenotype and exhibit a type II response. Post-exposure to DEP there were dose dependant 

increases in genes related to the modulation of asthma (CYP1A1 - CYP1A1 expression is increased 

by the activation of the AhR which is known to be activated after exposure to DEP due to the 

polycyclic aromatic hydrocarbons (PAH) content (O'Driscoll et al., 2018)) as well as significant 

decreases in others (ADAM8), and significant increases in type II apical mediator release (TSLP 

and IL-33). These results suggest there are mixed messages with DEP exposure that can 

influence the type II response as well as potentially influencing the severity of the asthmatic 

phenotype. Exposure of our model to CeO2NPs/DEP appears to ameliorate the effects seen in 

the particles alone. Especially the IL-25, CYP1A1 (significant increase) and TNF-α (significant 

decrease). These results suggest that while the individual particles alone have the potential to 

enhance the type II response, the combination has the biggest potential and therefore the 

highest risk to the public if exposed.  

Our studies currently only focus on 24hour time points. There is the potential for effects to be 

seen at earlier time points such as 4, 6, or 12 hours of exposure. IL-33 is an alarmin and released 

within minutes or hours of appropriate stimuli. Therefore, it may be degraded/processed 

(Miller, 2011) at time points such as 24hrs. There is the potential to extend the exposures (longer 

time points) or change to repeated exposures as would more likely occur naturally or 

occupationally (for example travelling to and from work etc).  

The cells used in the in vitro model are also important. We only use one cell type in these studies, 

but others have used more advanced co-culture models but it is fair to say that these “3D” co-

culture models also have limitations, often using epithelial cell lines and immune cells derived 

from blood cells. It is important to further develop these models to better mimic an in vivo 

system. In addition to the primary human lung large airway epithelial cells, additional cells such 

as immune cells, including dendritic cells, macrophages and immune cells relevant to allergic 
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responses, as well as other structural cells, including smooth muscle cells, endothelial cells, and 

fibroblasts, possibly in organoids to achieve a more physiologically relevant system. However, 

such models are still being developed and the use of primary human cells currently limits the 

volume of work that could be achieved. Cell lines are freely available and easy to grow, whereas 

primary cells are harder to obtain, either from a cell supplier or from explants of tissue obtained 

following clinical procedures.  

The model described here, and more complex models could also be used to investigate other 

asthmatic allergens, such as pollen, animal dander, and cockroach antigens, and comparisons 

could be made to determine if these various allergens have an effect on the potential effects of 

airborne pollutant particles.  

How the particles are suspended, and the cells exposed to them is also important. Homogeneous 

suspension of the particles is important, and in this study we sonicated the particles before 

applying them to the cells. This protocol was used to inhibit aggregation of the particles, but 

there is every possibility that this still happens and can alter the dosimetry, uptake of the 

particles and the toxicity (Moore et al., 2015). This potential change in the particle 

characteristics prior to cell exposure, or after they’ve been sonicated is important as it may affect 

the cellular responses. We therefore ensured that the particles used were characterised in water, 

and in cell culture medium before applying to the cells. Cellular uptake of the particles is also 

an important consideration. If the particles have been coated with something that makes them 

no longer biologically relevant, they may not behave in a way that is relevant to the situation in 

situ. Lung lining fluid may also play a role in the coating of particles and the potential protection 

of the cells from these particles.  

As well as ensuring the exposure is as close to a physiological exposure as possible, it would 

complete the story to investigate the potential impact that lung lining fluid may have in 

protecting the cells. It is well known that airway secretions contain molecules that contribute 

to the immune response and can alter particle-cell interactions including uptake of particles 

into epithelial cells or traditional immune cells. Different particles adsorb different components 

of the lung lining fluid and alters the corona of the particle that originally enters the lung  

(Konduru et al., 2017). Additional defence mechanisms that are also in place to protect the lungs 

from such insults (such as mucus production and beating cilia) would also be required to 

develop a more advance lung model for in vitro exposures to various nanoparticles. Our model 

is an important starting point for the in vitro understanding of how these particles can 
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potentially affect the lung epithelium, and without this starting point further models cannot be 

built or developed.   
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4 Chapter 4: Investigation of the effects of cerium dioxide 

nanoparticles in a murine model of allergen exposure. 

4.1 Introduction  

Animal models are a good way of studying how nanoparticles would behave within a whole lung 

model. They have also helped greatly in the understanding of the mechanisms and development 

of asthma (Zosky and Sly, 2007, Shin et al., 2009). Some animals do display allergic tendencies 

and have elements of asthma (such as either the airway remodelling or the inflammatory 

response), but not the complete disease. Mice are the most commonly used as an asthmatic 

model, this is mainly due to the number of species specific probes available, easily sensitised to 

give a Th2 response, and specific genetic strains (Zosky and Sly, 2007, Karol, 1994, Wegmann 

and Renz, 2005, Shin et al., 2009) and their general size and small cost.  

4.1.1 Cerium dioxide  

There have been numerous studies investigating the potential effects inhalation of 

nanomaterials has on rodents, but fewer focusing specifically on cerium dioxide. Previous 

inhalation studies have determined that exposure to cerium dioxide has no long term 

pulmonary or cardiovascular effects after a recovery period of 4 weeks (exposure of 4mg/m3 for 

3hrs/day, 5days/week) (Dekkers et al., 2017), and no genotoxicity after a higher exposure 

(50mg/m3 for 6hrs/day, 5days/week) and a longer recovery period of 6 months (Cordelli et al., 

2017). As well as considering pulmonary exposure routes, other routes have been investigated 

(including injection and oral gavage) and indicate that there are various responses associated 

with the various exposure routes. This may have implications for therapeutic uses of cerium 

dioxide as mechanism of action varies depending on exposure route (Minarchick et al., 2015). 

Potential therapeutic uses of cerium dioxide that have been identified in vivo include clinical 

therapy for obesity (nanoceria was found to reduce weight gain and reduce obesity markers in 

the blood) (Rocca et al., 2015), potential cardioprotective effects (Nassar et al., 2018, El Shaer et 

al., 2017), and has the potential to be developed as neurodegenerative therapies (Estevez and 

Erlichman, 2014, Estevez et al., 2011, Naz et al., 2017). 

The effects cerium dioxide has on a normal in vivo system has been investigated, as well as 

models that are designed to mimic certain human conditions. For example, mice prone to 

cardiovascular diseases (ApoE-/-), and various neurological diseases (5 x FAD (Dekkers et al., 

2017) and Nrf2
-/- (Xu et al., 2016)). 
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4.1.2 House Dust Mite (HDM) model of allergic airway disease  

An in vivo model to represent allergic phenotypes has also been developed. In order for any of 

these animal models to be used, they have to be sensitised to an allergen to give an allergic 

response. Currently (and historically) ovalbumin (OVA), a protein from egg white, is the 

sensitisation agent of choice (Rosenberg and Druey, 2018). There are issues with using this 

protein though. It has been found that a prolonged exposure to OVA can lead to tolerance 

(Zosky and Sly, 2007). It is also not associated with the natural development of asthma within 

humans and must be injected into the animal before it is exposed to an allergen. A more 

clinically relevant allergen is house dust mite (HDM), which is associated with the development 

of asthma (Reithofer and Jahn-Schmid, 2017, Calderon et al., 2015). This can be administered by 

inhalation through the nose, again a more clinically relevant exposure. The major drawback of 

this model is the level of the IgE is much lower than the levels found within an asthmatic patient 

(Birrell et al., 2010).  

This model has various physiological signatures. There is a significant increase in the IgE 

concentration in the serum after exposure to HDM, as well as an increase in IL-4, IL-13, IL-10, 

IFN-γ and TGF-β when compared to the control alone. Airway hyperresponsiveness was found 

to be higher after exposure with methacholine after exposure to HDM, as well as hyperplasia of 

goblet cells and airway remodelling (seen after staining with M.T.). Th2 cytokines (IL-4, IL-13 

and TGF-b)  are released and effect the epithelial cells within the airways (Ahn et al., 2007). 

Expression of TLR4, CD40 and CD86 are also significantly increased after HDM exposure 

(Hongjia et al., 2010). All the signatures above are relevant for the development of the HDM 

model and the potential effects CeO2NPs has alone and with HDM. 

MCPT1 is known to promote permeabilization of mucosal membranes and allergic 

hypersensitivity reactions (Sayed et al., 2008), as well as being a mast cell chemoattractant 

(Theoharides et al., 2012). 
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4.2 Hypothesis and aims 

Hypothesis: 

CeO2 will potentiate the allergic response of HDM in an animal model of allergic lung disease 

in relation to dose and acute or chronic exposures.  

Aims: 

It is important to determine the potential systemic effects the addition of CeO2NPs have on an 

allergic model, both the exacerbation and the adjuvant effects of these particles. As the previous 

chapter has focused on the effects of these particles on the airway epithelial layer, there is no in 

vitro analysis of the whole systems – including the immune cells and consideration of clearance 

mechanisms. The in vivo system is not human, it will not be an exact representative of the 

human exposure, but it will however allow an indication of the effects these particles have on 

an allergic phenotype.  

The aim of this chapter is to: 

• Set up and characterise the animal model of allergic lung disease.  

• Determine the effects a single 24-hour (acute) exposure of CeO2NP±HDM have 

in a murine model. This will allow us to determine the acute responses to these 

particles and compare the acute responses to the repeated exposures.  

• Determine the effects a single acute exposure of CeO2NP have on an HDM 

murine model of allergy (SGL) and repeated chronic exposures of CeO2NP±HDM 

(RPT), have on a murine model. This will allow us to establish the potential 

effects the repeat exposures of CeO2NP alone have when compared to the HDM 

exposure protocols.  
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4.3 Methods 

All methods used within this chapter have been previously described in Chapter 2. Individual 

method sections for reference will be identified throughout this chapter. 

The experimental protocol for all the in vivo work completed within this thesis varies per 

chapter. The protocol for this chapter is outlined in Figure 4-1 (A and B) and indicates the 

various exposure regimes as well as the euthanasia and exposure time points. Figure 4-1, C 

outlines the end points that are analysed throughout this chapter in order to determine the 

effects CeO2NPs have on an animal model of allergic disease and on a healthy animal.  

 

 
 

  

Figure 4-1. Experimental protocol to determine the effect of CeO2NPs in an animal model of allergic 
lung disease. A. Chronic exposure protocol. Balb/c mice were repeatedly (RPT) exposed intranasally to CeO2NPs, low 

dose (LD) (1.5µg or 75µg/kg) or high dose (HD) (15µg or 750µg/kg), alone or combined with HDM (25µg or 1.25mg 
protein/kg). This protocol consisted of 9 exposures divided over 3 weeks on the indicated days (lower panel). Single (SGL) 
exposure protocol involved the pre-exposure to HDM on 8 occasions, with the final 9th exposure consisting of CeO2NPs (LD 
and HD) ±HDM (upper panel). B. Acute exposure protocol. Mice were exposed to a single bolus intranasal instillation of 
CeO2NPs (LD and HD) ±HDM and euthanised after 24 hours.  For all exposures a PBS control was also administered. C. 
Diagram indicating the various end points that where analysed throughout this chapter in order to determine the potential 
acute and chronic effects CeO2NPs±HDM at different concentrations of CeO2NPs. 

Euthanasia 

C. 
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4.4 Results  

4.4.1 Effect of single acute exposure to CeO2 NPs ± HDM on airway 

inflammatory responses after 24 hours 

24 hours after acute CeO2NPs±HDM exposure (Figure 4-1 B), following euthanasia, the lungs 

were excised and analysed for levels of CeO2NPs within the lung tissue (as described in section 

2.2.2 and section 2.2.3); cell numbers and profile and cytokine levels were analysed in the BAL 

fluid (section 2.6.4) to determine the effects of this acute exposure.  

4.4.1.1 Concentration and location of cerium oxide after acute exposures to CeO2NPs±HDM 

and the effects on lung pathology. 

Figure 4-2 assesses the concentration (Figure 4-2, A) and location (Figure 4-2, B) of the cerium 

oxide 24 hours after instillation ±HDM, while Figure 4-3 assess any physiological changes after 

instillation using H/E, PAS and M.T. staining.  

The concentration and location of cerium was identified 24 hours after an acute exposure of 

CeO2NPs±HDM. CeO2µg/g of lung tissue was calculated for each exposure (Figure 4-2, A). This 

ICP-MS analysis indicates that there was an increase of cerium within the lung after the HD of 

CeO2NP alone when compared to the LD as expected. It also indicated that there was a 

significant increase in the cerium concentration after CeO2HD+HDM when compared to 

CeO2HD alone. This could potentially indicate that the co-exposure with HDM prohibits the 

clearance of the cerium that is seen in the acute exposures without HDM.  

Figure 4-2, B shows the location of the cerium within the lung 24 hours after the acute exposure 

to CeO2NPs±HDM. The white spots indicate a higher concentration of particles within that area, 

and these reflect the cerium concentrations obtained from acid digestion of the lung tissue 

(Figure 4-2, A). There appears to be a higher concentration of cerium located within the larger 

airways.  
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B. 

Figure 4-2. Concentration and location of CeO2NPs after an acute exposure to CeO2NPs±HDM. A. 

Concentration (µg/g lung tissue) of CeO2NPs after an acute, 24 hour exposure to CeO2NPs±HDM. Lungs were digested as 
previously described (section 2.2.2) and ICP-MS based quantification of 140Ce content was determined. B. Pulmonary 
deposition of CeO2NPs was detected after laser ablation by ICP-MS. Lungs were fixed and sectioned as previously described 
(section 2.2.3) before being ablated and 63Cu and 140Ce was analysed and compared against serial H/E stained sections (x5 
magnification) in order to establish deposition relative to lung structure. 3 lungs were digested per group to determine the 
concentration of CeO2µg/g with all assays performed in triplicate. Significance is denoted as the following, as indicated: 
compared to CeO2NP alone p<0.05. 
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There does not appear to be any change in the airways after staining for overall structure, mucus 

and connective tissues (Figure 4-3). This would not be expected 24 hours post exposure, as there 

is no time for physiological changes to become apparent. It is important to note here that these 

are serial lung sections, meaning that they are sectioned in serial and then stained in that order. 

This allows a complete picture to be built up of various airway components using the various 

stains chosen.  
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Figure 4-3 Lung sections stained 24 hours after exposure to high dose CeO2NPs±HDM. Lung tissue was 

fixed and stained with haematoxylin and eosin stain (H/E) (top panel), Periodic acid-Shiff (PAS) (middle panel) and Masson’s 
Trichrome stain (M.T.) (bottom panel). Representative images of each group are displayed with a scale bar of 100µm (top 
left of image). 
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4.4.1.2 Effect of CeO2 NPs ± HDM on altered BAL Immune cells  

Macrophages, neutrophils, lymphocytes and eosinophils were counted within the BAL fluid 

(Figure 4.4) and plotted as cells/ml of BAL fluid. % of total cells counted of each immune cell 

was also analysed (Figure 8-10, appendix). There was no change in the number of macrophages 

after exposure to CeO2NPs alone when compared to the equivalent PBS control. There was a 

significant decrease in the number of macrophages after co-exposure with CeO2NPs+HDM for 

both concentrations of CeO2NPs when compared to CeO2NPs alone, and when compared to 

HDM alone at the higher concentration of CeO2NPs. Furthermore, there was a decrease in the 

percentage of macrophages following exposures to CeO2NPs+HDM, which fell with increasing 

concentrations of CeO2 (Figure 4.4).  

The number of neutrophils was significantly increased after exposure to HDM when compared 

to the PBS control, and increased again on co-exposure to CeO2NPs+HDM exposure when 

compared to the HDM control (this was only significant after exposure to the higher 

concentration). There was a significant increase in the neutrophil count after the exposure to 

the higher CeO2NPs+HDM when compared to the lower concentration. There were no changes 

in the number of neutrophils without the addition of HDM to the exposure protocol.  

There was no change in the lymphocyte or eosinophil cell counts after any of the exposure 

protocols.  

 

 

Figure 4-4 Inflammatory cell profile 24-hours after acute exposure to CeO2NPs±HDM. BAL fluid was 

analysed for immune cell profile. BAL cells were counted after being fixed and stained as previously outlined (section 2.6.4) 
and 300-500 cells were counted per animal. The data are presented as the mean ±SEM total cells counted. N=5-9 mice per 
treatment group, with all assays performed in triplicate. Significance is denoted as the following, as indicated: compared to 
PBS or HDM control p<0.05(*), <0.01(**), <0.001(***); compared to CeO2NP alone p<0.05(•), <0.01(••), <0.001(•••). 
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4.4.1.3 Effect of CeO2 NPs ± HDM on inflammatory markers in BAL fluid 

Inflammatory markers were analysed in the BAL fluid 24-hours post-instillation (Figure 4-5). 

CCL20 was significantly increased (~2-fold) only following exposure to the higher concentration 

of CeO2NPs+HDM when compared to the lower. There was a similar response for TSLP release, 

Figure 4-5. Cytokine release 24-hours after acute exposure to CeO2NPs±HDM. BAL fluid was analysed for 

immune cell profile and released cytokines. A. BAL cells were counted after being fixed and stained as previously outlined 
(section 2.6.4) and 300-500 cells were counted per animal. The data are presented as the mean ±SEM total cells counted. 
B. Cytokines were measured in the BAL fluid and are presented as fold over control levels (FOC±SEM). N=5-9 mice per 
treatment group, with all assays performed in triplicate. Significance is denoted as the following, as indicated: compared to 
PBS or HDM control p<0.05(*), <0.01(**); compared to CeO2NP alone p<0.05(•), <0.01(••). 
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when compared to the particles alone, the HDM control and the lower concentration of 

CeO2NPs+HDM.  There was a decrease in the IL-1α concentration after exposure to CeO2NPs 

alone in a dose dependant manner when compared to PBS control, there was also a decrease in 

IL-1α release after exposure to CeO2NPs+HDM in a dose dependant manner. There was no 

change in the IL-5, IL-4, and IL-33 concentrations regardless of the exposure protocol. 

4.4.2 Effect of single and repeat exposure (9 independent exposures over 3 

weeks) to CeO2NPs (±HDM) on pulmonary responses 

Three weeks after 3 HDM exposures per week, a number of pulmonary responses were analysed 

to determine the effect of chronic exposures (repeat dose effects), both investigating adjuvant 

and exacerbation responses. The exposure protocols are outlined in Figure 4-1, A. These allowed 

us to identify potential exacerbatory effects of CeO2NPs (single exposure to CeO2NPs±HDM 

after 8 HDM exposures), and adjuvant effects (co-exposure to CeO2NPs and HDM for 9 

consecutive exposures) as well as examining the effects CeO2NPs alone might have on the 

airways and the allergic responses.  

4.4.2.1 Concentration and location of cerium oxide after acute exposures to CeO2NPs±HDM 

and the effects on lung pathology. 

Figure 4-6 assesses the concentration (Figure 4-6, A) and location (Figure 4-6, B) of the cerium 

oxide 3 weeks after instillation ±HDM.  

The concentration and location of cerium was identified 24 hours after 3 weeks exposure, either 

after 8 HDM exposures followed by a single CeO2 exposure (CeO2HD+HDM SGL) or 9 co-

exposures with CeO2NPs+HDM (CeO2NPs+HDM RPT. CeO2µg/g of lung tissue was calculated 

for each exposure (Figure 4-6, A). This ICP-MS analysis indicates that there was a significant 

increase in the concentration of cerium after all of the higher exposure concentrations. There 

was also a significant increase in the concentration of cerium in the repeated high dose exposure 

(CeO2HD+HDM RPT) when compared to the single exposure (CeO2HD+HDM SGL).  

Figure 4-6, B shows the location of the cerium within the lung 3 weeks after the chronic 

exposures to CeO2NPs±HDM. The white spots indicate a higher concentration of particles 

within that area, and these reflect the cerium concentrations obtained from acid digestion of 

the lung tissue (Figure 4-6, A). There appears to be a higher concentration of cerium located 

within the larger airways of the lung, as well as in the repeated exposure regime when compared 

to the single exposure.  
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Figure 4-6. Concentration and location of CeO2NPs after chronic exposures to CeO2NPs±HDM. A. 

Concentration (µg/g lung tissue) of CeO2NPs after chronic, 3 week exposures to CeO2NPs±HDM, either 8 HDM exposures 
and a final CeO2NPs+HDM exposure (SGL) or 9 co-exposures with CeO2NPs+HDM. Lungs were digested as previously 
described (section 2.2.2) and ICP-MS based quantification of 140Ce content was determined. B. Pulmonary deposition of 
CeO2NPs was detected after laser ablation by ICP-MS. Lungs were fixed and sectioned as previously described (section 2.2.3) 
before being ablated and 63Cu and 140Ce was analysed and compared against serial H/E stained sections (x5 magnification) 
in order to establish deposition relative to lung structure. 3 lungs were digested per group to determine the concentration 
of CeO2µg/g with all assays performed in triplicate. Significance is denoted as the following, as indicated: compared to PBS 
or HDM control p<0.05(*), <0.01(**), <0.001(***). 

*** 

*** 

*** 
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4.4.2.2 Effect of single and repeat CeO2NPs±HDM on altered BAL immune cell profile 

It was identified that there were differences between the percentages of the immune cells within 

the BAL fluid (Figure 8-10, appendix) and the cells/ml counts (Figure 4.7, A). This section will 

focus on the cells/ml count in order identify potential variation that is too small to be identified 

by percentages alone.  

There was a significant decrease in the number of macrophages after exposure to CeO2NPs (high 

or low dose) when compared to the PBS control. HDM caused no changes, when compared to 

PBS control. However, when mice were treated with HDM for 3 weeks with CeO2NPs (high or 

low dose), all exposures caused a significant increase when compared to the CeO2NPs alone 

with the high doses significantly increased when compared to HDM alone (Figure 4-7, A).  

There was a significant increase in the number of neutrophils (approximately ~3-fold) and 

lymphocytes (approximately ~5-fold) after exposure to HDM (when compared to the PBS 

control), which for both was not further affected by the CeO2 exposures (only the high dose 

exposures significantly increased the neutrophil count when compared to the particles alone, 

and both high and low doses significantly increased the lymphocyte count when compared to 

the particles alone) (Figure 4-7, A).  

There was a significant increase in the eosinophil cell count after exposure to a high dose CeO2 

co-administered with HDM (CeO2HD+HDM RPT; approximately ~20-fold (Figure 4-7, A)) when 

compared to exposure with the particles alone, CeO2LD+HDM RPT, and CeO2HD+HDM SGL. 

Although HDM also stimulated the proportion of eosinophils, the increase was not significant 

when compared to the PBS control. 
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4.4.2.3 Effect of single and repeat CeO2NPs±HDM on altered mast cell related markers  

Mast cells are important in the activation of a Th2 immune response that occurs during the 

development of asthma (Kubo, 2017, Mukai et al., 2016). Mast Cell Protease-1 (MCPT1) is known 

to promote permeabilization of mucosal membranes and allergic hypersensitivity reactions 

(Sayed et al., 2008), as well as being a mast cell chemoattractant (Theoharides et al., 2012). ELISA 

analysis of MCPT1 was performed on the homogenised lung tissue (Figure 4-7, B) as a marker of 

mast cell numbers and activation. CeO2NPs alone stimulated MCPT1 approximately ~3-fold, 

although there was no difference between the exposure concentrations. There was a marked 

significant increase in the MCPT1 after exposure to the high dose of CeO2+HDM repeated co-

exposure (CeO2HD+HDM RPT) when compared to HDM alone, CeO2HD+HDM SGL and 

CeO2LD+HDM RPT exposures (Figure 4-7, B).  Tissue mast cells were stained using toluidine 

blue (TB) in airway sections from exposed animals. A representative section for each group is 

shown Figure 4-7, D). Mast cells appear as darker blue stained cells around the airways (see 

increased magnification of HDM exposure group). There does not appear to be any differences 

between any of the exposure group sections, however no quantification was completed on these 

sections. 

The concentration of IgE in the plasma (Figure 4-7 C), replicated the same pattern of MCPT1 

levels in the lung tissue with CeO2HD+HDM RPT being significantly increased (approximately 

~2-fold) when compared with particles alone, HDM control, CeO2HD+HDM SGL and 

CeO2LD+HDM RPT exposures.  
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Figure 4-7. Inflammatory cell response and plasma immunoglobulin E after acute and chronic 
exposure to CeO2NPs±HDM for 3 weeks. BAL fluid, lung homogenates and blood plasma were analysed for 

immune cells, tissue mast cell MCPT1 and plasma IgE. A. Cells were counted after being fixed and stained as previously 
outlined (section 2.6.4) and 300-500 cells were counted per animal. The data are presented as the mean ±SEM % total cells 
counted. B. Lung homogenate MCPT1 (mast cell marker) levels are presented as fold over control levels (FOC±SEM). C. 
Blood plasma of IgE levels using analysed by ELISA. D. Lung tissue was fixed and stained with toluidine blue (TB), to highlight 
tissue mast cells (section 2.7.2.7). Representative images of each group are displayed with a scale bar of 100µm (top left of 
image). N=5-9 mice per treatment group, with all assays performed in triplicate. Significance is denoted as the following, as 
indicated: compared to PBS or HDM control p<0.05(*), <0.01(**), <0.001(***); compared to CeO2NP alone 
p<0.05(•),<0.01(••), <0.001(•••). 
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4.4.2.4  Effect of exposure to single and repeat CeO2NPs±HDM for 3 weeks on mediator 

gene expression in lung tissue 

Figure 4-8, Figure 4-9, Figure 4-10, and Figure 4-11 show the changes in gene expression in lung 

tissue after exposures to CeO2NPs±HDM as in Figure 4-1, A.  

Figure 4-8 investigates gene expression related to the potential type II inflammatory response. 

There were no significant changes in the expression of IL-13, TSLP, IL-4 or IL-17 after exposure 

to either concentration of CeO2NPs, or exposure to HDM alone. IL-13 expression was 

significantly increased after both high dose exposures when compared to CeO2NPs alone. The 

single exposures caused an increase in the TSLP expression when compared to the repeat 

exposures (significantly in the high dose), and significantly increased when compared to the 

HDM control. Both IL-4 and IL-17 follow the same pattern of expression. The repeat high dose 

exposure caused a significant increase in expression when compared to the HDM control and 

CeO2NPs alone. IL-4 expression was significantly increased when compared to the single high 

dose exposure and the repeat low dose exposure. IL-17 expression (activates cells to produce 

pro-inflammatory cytokines and chemokines) was significantly increased when compared to 

the repeat low dose exposure.  

Figure 4-9 investigates the gene expression related to pro-inflammatory responses after the 

various exposures. There was no change in the expression of IL-8 after any of the exposures. IL-

6 (pleiotropic action during inflammation) expression was significantly increased following 

exposure to CeO2LD+HDM SGL, CeO2HD+HDM SGL and CeO2HD+HDM RPT when compared 

to CeO2NPs alone. CeO2LD+HDM SGL was also significantly increased when compared to 

CeO2LD+HDM RPT (~2-fold). IL-1α expression was significantly increased after exposure to 

CeO2LD alone when compared to the PBS control and the CeO2HD alone exposure. 

CeO2LD+HDM RPT exposure caused a significant decrease in expression when compared to 

CeO2LD alone. IL-36A expression was significantly increased after a high CeO2 co-exposure 

(CeO2HD+HDM SGL and CeO2HD+HDM RPT) when compared to HDM alone, the particles 

alone and CeO2LD+HDM SGL and CeO2LD+HDM RPT respectively.  
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Figure 4-10 investigates the expression of genes related to asthma after the various exposures. 

There were no changes in the expression of AREG, CYP1A1, IL-33, CD177 and MMP12 after 

exposure to CeO2NPs alone. There was a significant increase in expression in NQ01 and MUC1 

after exposure to CeO2LD alone when compared to CeO2HD and PBS control respectively. after 

exposure to CeO2LD alone when compared to CeO2HD and PBS control respectively. AREG 

expression is significantly increased after exposure to CeO2LD+HDM SGL and CeO2HD+HDM 

SGL when compared to the HDM control. CeO2HD+HDM SGL was also significantly increased 

when compared to the CeO2NPs alone and CeO2HD+HDM RPT.  

Figure 4-8 Changes in epithelial immune type II response gene expression in lung tissue following 
acute and chronic exposure to CeO2NPs±HDM for 3 weeks. Total lung mRNA was isolated for indicated 

inflammatory markers via RT-PCR. Results are presented as fold over control levels (FOC±SEM). N=5-9 mice per treatment 
group, with all assays performed in triplicate. Significance is denoted as the following, as indicated: compared to PBS or 
HDM control p<0.05(*), <0.01(**), <0.001(***); compared to CeO2NP alone p<0.05(•),<0.01(••), <0.001(•••). 
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NQO1 expression is significantly decreased after repeated low dose CeO2 (CeO2LD+HDM RPT) 

when compared to the particles alone. MUC1 expression was significantly increased after 

exposure to CeO2HD+HDM SGL when compared to HDM control, CeO2NPs alone, 

CeO2LD+HDM SGL and CeO2HD+HDM RPT. CYP1A1 (a cytochrome P450 involved in 

xenobiotic metabolism) expression was significantly increased after CeO2HD+HDM SGL and 

CeO2HD+HDM RPT when compared to the CeO2NPs alone. The repeat exposure also caused a 

significant increase in expression when compared to the CeO2LD+HDM RPT. IL-33 expression 

was significantly increased after exposure to CeO2HD+HDM RPT when compared to CeO2NPs 

Figure 4-9 Changes in epithelial pro-inflammatory gene expression in lung tissue following acute 
and chronic exposure to CeO2NPs±HDM for 3 weeks. Total lung mRNA was isolated for indicated inflammatory 

markers via RT-PCR. Results are presented as fold over control levels (FOC±SEM). N=5-9 mice per treatment group, with all 
assays performed in triplicate. Significance is denoted as the following, as indicated: compared to PBS or HDM control 
p<0.05(*), <0.01(**), <0.001(***); compared to CeO2NP alone p<0.05(•),<0.01(••), <0.001(•••). 
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alone. The expression of CD177 (important in leukocyte migration and neutrophil activation) 

was significantly increased after the high dose CeO2NPs+HDM regimes regardless of repetition 

when compared to the HDM control, the CeOzNPs alone and the comparative single exposure 

(CeO2LD+HDM SGL and CeO2HD+HDM SGL). There was a significant increase in MMP12 

(matrix metalloproteinase 12) expression after exposure to repeated high dose CeO2 

Figure 4-10 Changes in gene expression of molecules that modulate asthma in lung tissue following 
acute and chronic exposure to CeO2NPs±HDM for 3 weeks. Total lung mRNA was isolated for indicated 

inflammatory markers via RT-PCR. Results are presented as fold over control levels (FOC±SEM). N=5-9 mice per treatment 
group, with all assays performed in triplicate. Significance is denoted as the following, as indicated: compared to PBS or 
HDM control p<0.05(*), <0.01(**), <0.001(***); compared to CeO2NP alone p<0.05(•),<0.01(••), <0.001(•••). 
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(CeO2HD+HDM RPT) when compared to the particles alone, the HDM control, the repeated 

low dose (CeO2LD+HDM RPT) and the single high dose exposure (CeO2HD+HDM SGL). 

Figure 4-11 identifies gene expression changes related to chemotaxis after the various exposure 

regimes. CCL26, CCl24, CCL17 and IL-25 expression was not changed after exposure to the 

CeO2NPs alone at either concentration. CCL26 expression is significantly increased after high 

dose exposures (both single and repeat - CeO2HD+HDM SGL and CeO2HD+HDM RPT) when 

compared to the low dose equivalent. CeO2HD+HDM SGL also caused a significant increase in 

CCL26 expression when compared to HDM control and CeO2NPS alone. CCL24 expression is 

also significantly increased after the high dose exposures (CeO2HD+HDM SGL and 

CeO2HD+HDM RPT) when compared to the CeO2NPs alone. CCL17 expression was significantly 

increased after exposure to repeated high dose CeO2 (CeO2HD+HDM RPT) when compared to 

the particles alone, the HDM control and the repeated low dose (CeO2LD+HDM RPT) and the 

single high dose (CeO2HD+HDM SGL). IL-25 expression is significantly increased when 

compared to CeO2NPs alone after exposure to CeO2LD+HDM SGL, CeO2HD+HDM SGL and 

CeO2HD+HDM RPT. Expression was also significantly increased after a single low dose 

(CeO2LD+HDM SGL) exposure when compared to HDM alone and the repeat exposure 

(CeO2HD+HDM RPT). CCL8 (MCP-2 monocyte chemoattractant) expression was significantly 

increased after exposure to HDM when compared to the PBS control and significantly increased 

after exposure to any of the CeO2NPs+HDM regimes when compared to the relevant CeO2NPs 

alone. The single dose CeO2HD+HDM regime significantly subdued the response to HDM alone 

by approximately 50%, while the CeO2HD+HDM RPT exposure induced a further significant 

increase in CCL8 expression over that of HDM alone and when compared to the lower repeated 

CeO2+HDM exposure (CeO2LD+HDM RPT). MCPT1 gene expression increased when exposed 

to HDM, and was significantly increased (approximately ~4-fold HDM levels) following 

repeated exposure to high CeO2+HDM (CeO2HD+HDM RPT) when compared to particles 

alone, HDM control, CeO2HD+HDM SGL and CeO2LD+HDM RPT. Thus a similar response 

profile to that seen for CCL8. 
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Figure 4-11 Gene expression changes related to induction of immune cell chemotaxis in lung tissue 
following acute and chronic exposure to CeO2NPs±HDM for 3 weeks. Total lung mRNA was isolated for 

indicated inflammatory markers via RT-PCR. Results are presented as fold over control levels (FOC±SEM). N=5-9 mice per 
treatment group, with all assays performed in triplicate. Significance is denoted as the following, as indicated: compared to 
PBS or HDM control p<0.05(*), <0.01(**), <0.001(***); compared to CeO2NP alone p<0.05(•),<0.01(••), <0.001(•••). 
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4.4.2.5 Effect of single and repeat exposure to CeO2NPs±HDM for 3 weeks on inflammatory 

markers levels in BAL fluid  

Figure 4-12 and Figure 4-13 shows the changes in various inflammatory markers in the BAL fluid 

after exposures to various CeO2NPs±HDM regimes for 3 weeks (outlined in Figure 4-1). 

Figure 4-12 analyses the concentration of type II markers, pro-inflammatory markers and 

asthma modulators within the BAL fluid. There was no change in the concentration of TSLP, 

IL-4, IL-1α and IL-33 after any of the CeO2NPs exposures. There is however an increase in 

concentration after co-exposure with HDM when compared to the particles alone. IL-5 

concentration was significantly increased after exposure to the high dose particles alone when 

compared to the low dose. There was also a significant increase in concentration after exposure 

to CeO2LD+HDM RPT when compared to the HDM control, particles alone and CeO2HD+HDM 

SGL. IL-13 concentration was significantly increased after exposure to HDM alone when 

compared to the PBS control. Exposure to CeO2LD+HDM RPT caused a significant decrease to 

the concentration of IL-13 when compared to the HDM control and the single exposure 

(CeO2LD+HDM SGL). The low dose single exposure (CeO2LD+HDM SGL) concentration was 

also significantly increased when compared to the particles alone.  

Figure 4-13 analyses the concentration of immune cell chemotaxis marker levels in the BAL fluid. 

There is no change in the concentration of CCL20, CCL11, CCL17 or CCL8 after exposure with 

the particles alone at either of the concentrations. The low dose exposures +HDM 

(CeO2LD+HDM SGL and CeO2LD+HDM RPT) caused a significant decrease in the 

concentration of CCL20 when compared to the particles alone, with the CeO2LD+HDM SGL 

exposure also significantly decreased compared to the HDM control. CCL11 concentration was 

significantly decreased after repeat exposure to the high dose (CeO2HD+HDM RPT) when 

compared to the repeat low dose (CeO2LD+HDM RPT). There was a significant increase in 

CCL17 concentration after repeated exposure to high dose CeO2+HDM (CeO2HD+HDM RPT) 

when compared to HDM and the particles alone. There are also significant decreases in the 

concentration of CCL11 after exposure to either of the low doses CeO2+HDM (CeO2LD+HDM 

SGL and CeO2LD+HDM RPT) when compared to particles alone and HDM alone respectively.   

HDM alone caused a marked significant increase in BAL CCL8 concentration, which was 

increased in all the co-exposures +HDM when compared to the particles alone. Interestingly 

CeO2LD+HDM SGL, CeO2HD+HDM SGL and CeO2LD+HDM RPT significantly subdued CCL8 

levels when compared to the HDM control, although CCL8 remained higher than the CeO2NPs 
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alone. In contrast repeated exposure to high dose CeO2+HDM (CeO2HD+HDM RPT) also 

stimulated CCL8 and did not subdue the effect of HDM alone.  
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Figure 4-12 Immune type II markers, pro-inflammatory markers and molecules that modulate 
asthma protein levels in BAL fluid following acute and chronic exposure to CeO2NPs±HDM for 3 
weeks. Lung BAL fluid was analysed for cytokine levels after acute and chronic exposure to CeO2±HDM for 3 weeks. Results 

are presented as fold over control levels (FOC±SEM). N=5-9 mice per treatment group, with all assays performed in 
triplicate. Significance is denoted as the following, as indicated: compared to PBS or HDM control p<0.05(*), <0.01(**); 
compared to CeO2NP alone p<0.05(•),<0.01(••), <0.001(•••). 
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Figure 4-13 Immune cell chemotaxis marker levels in BAL fluid following acute and chronic 
exposure to CeO2NPs±HDM for 3 weeks. Lung BAL fluid was analysed for cytokine levels after acute and chronic 

exposure to CeO2 ±HDM for 3 weeks. Results are presented as fold over control levels (FOC±SEM). N=5-9 mice per treatment 
group, with all assays performed in triplicate. Significance is denoted as the following, as indicated: compared to PBS or 
HDM control p<0.05(*), <0.01(**), <0.001(***); compared to CeO2NP alone p<0.05(•),<0.01(••), <0.001(•••). 
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4.4.2.6 Effect of single and repeat CeO2NPs±HDM for 3 weeks on airway mucin production  

Serial sections of lungs were taken and stained with Periodic acid–Schiff (PAS) and CLCA1 (a 

mucin associated gene) (immunohistochemistry) (Figure 4-14).  Sections from animals exposed 

to the highest CeO2 doses are represented. Increased PAS stain is indicated by bright pink and 

CLCA1 is indicated by dark brown staining.  It is evident from these sections that there is a 

heavier staining of both PAS and CLCA1 after exposure to HDM alone, CeO2HD+HDM SGL and 

CeO2HD+HDM RPT when compared to the PBS control. CeO2NPs alone had little effect. All 

slides were stained on the same day, using the same kit and protocol, so any difference is not 

due to differences in the protocol or materials used to stain the sections.  

Airway mucin production can be quantified by counting the PAS+ cells within the airways, 

scored and then graphed (Figure 4-15, A). This indicates CeO2NPs alone had no effect on the 

production of mucus. There was a significant increase in the PAS stained cells after to exposure 

to all the CeO2NP+HDM regimes (CeO2LD+HDM SGL (microscopy not shown), CeO2HD+HDM 

SGL and CeO2HD+HDM RPT) when compared to the particles alone and CeO2HD+HDM RPT 

when compared to the HDM control.  

CLCA1, SLC26A4 and MUC5AC expression was measured as these are genes that are related to 

mucus production within the airways and their expression in lung tissue after exposures was 

measured (Figure 4-15, B, C, and D respectively). CeO2NPs had no effect alone on any of these 

genes analysed. HDM alone caused a significantly increased expression of all genes over non-

HDM treated groups, which was further significantly increased following exposure to 

CeO2HD+HDM RPT, although the other CeO2 exposures had no significant additional effects 

on that of the HDM alone.  
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Figure 4-14 Analysis of airway secretion-related molecules following acute and chronic exposure 
to CeO2NPs±HDM for 3 weeks. Lung tissue was fixed, and sections processed for PAS staining (top panel) and 

immunohistochemical staining of CLCA1 (bottom panel). Representative images of each group are displayed with a scale 
bar of 100µm (top left of image). Quantification of PAS positive cells within the airways was scored and graphed (Figure 4-
15 A). Arrows indicate positive stained cells.   
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C.                  D. 

 

Figure 4-15. Analysis of airway secretion-related molecules following acute and chronic exposure 
to CeO2NPs±HDM for 3 weeks. A. Quantification of PAS positive cells within the airways was scored and graphed. B-

D. Lung mRNA was isolated and analysed by RT-PCR for expression of mucus related genes.  Results are presented as fold 
over control levels (FOC±SEM). N=5-9 mice per treatment group, with all assays performed in triplicate. Significance is 
denoted as the following, as indicated: compared to PBS or HDM control p<0.05(*), <0.01(**), <0.001(***); compared to 
CeO2NP alone p<0.05(•),<0.01(••), <0.001(•••). 
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4.4.2.7 Effect of acute and chronic exposure to CeO2NPs±HDM on structure, remodelling 

and function of the lung 

Serial lung sections were stained with Masson’s trichrome (M.T.), for smooth muscle cell actin 

(-sma) and PCNA (Figure 4-16) after exposures in order to determine if there was any airway 

remodelling related to the exposure regime. M.T stains collagen blue, -sma immunostains shows 

brown for smooth muscle cell actin and can indicate increased smooth muscle in the airways, 

and PCNA stains replicating. If all three stains combined increase, this can indicate potential 

physiological responses commonly seen in asthma patients. Thus, the images indicate that all 

three underwent a similar pattern of change after exposure and were seen to increase in the 

groups that received HDM alone and CeO2NPs+HDM exposures. 

As airway hyperresponsiveness is a feature of allergic airway disease and asthma, airway 

hyperresponsiveness was also examined. The mice underwent a challenge with methacholine to 

determine the responsiveness of the airways following HDM and CeO2 exposures as previously 

described in section 2.8. The PBS, CeO2HD alone, HDM and CeO2HD+HDM RPT groups were 

analysed. There was a significant increase on challenge with 100mg/ml methacholine in the 

respiratory system resistance (Rrs) (Figure 4-17, A), and elastance (Ers) (Figure 4-17, D) after 

exposure to HDM alone (over PBS and CeO2NP alone groups), which increased further for Rrs 

and Ers in the CeO2HD+HDM RPT group. The increase seen in the HDM alone groups is 

ameliorated by the addition of CeO2NPs (CeO2HD+HDM RPT group), but not significantly. 

There was no change in the tissue elastance (H) (Figure 4-17, C) after any of the exposure 

regimes.  
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Figure 4-16 Airway structure and remodelling after acute and chronic exposure to CeO2NPs±HDM 
for 3 weeks. Lung tissue was fixed, and sections processed for M.T staining (top panel) and immunohistochemical staining 

of α-smooth muscle cell actin (α-sma) (middle panel) and proliferating cell nuclear antigen (PCNA) (bottom panel). 
Representative images of each group are displayed with a scale bar of 100µm (top left of image). Arrows indicate positive 
cell staining.  
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Figure 4-17. Lung function analysis after acute and chronic exposure to CeO2NPs±HDM for 3 weeks. 
Airway hyperresponsiveness to increasing concentrations of inhaled aerosolised methacholine, was assessed using a forced 
oscillation technique (section 2.8). A. Respiratory system resistance (Rrs), B. Newtonian resistance (Rn), C. tissue elastance 
(H) and D. elastance (Ers) were calculated using flexivent system sotware. Results are presented as mean ±SEM. N=5-9 mice 
per treatment group, with all assays performed in triplicate. Significance is denoted as the following, as indicated: compared 
to PBS or HDM control p<0.05(*), <0.01(**), <0.001(***); compared to CeO2NP alone p<0.05(•),<0.01(••), <0.001(•••). 

••• 
*** 
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4.5 Discussion  

There is currently no published work on the effects of co-exposures to CeO2NPs±HDM either 

acutely or chronically. Thus, to our knowledge, this is the first study of the putative additive and 

synergistic effects of HDM and CeO2 in the lung.  

The aim of these studies was to establish the potential effects the instillation of CeO2±HDM had 

on a murine lung. From the results shown in Section 4.4, it is clear that the addition of 

CeO2NPs+HDM causes a decrease in the clearance of cerium oxide from the lung when 

compared to the animals only exposed to CeO2NPs. 24 hours after exposure there was an 

increase in the percentage of neutrophils counted in the BAA fluid and an increase in TSLP 

mRNA after exposure with both CeO2NPs+HDM when compared to the particles alone. After 3 

weeks there was a significant increase in the percentage of eosinophils, lymphocytes and 

neutrophils in the co-exposed groups compared to the particles alone. In the high dose co-

exposure group (CeO2HD+HDM) there was a significant increase in MCPT1, CCL8, and MMP12 

mRNA, plasma IgE, BAL CCL8 and IL-1α. There was also a significant increase in the mucin 

markers measured after the repeated co-exposure when compared to the other exposure groups. 

This suggests that the addition of CeO2NPs to the HDM allergic model enhances the effects that 

are observed in the HDM model. This includes the enhancement of the Th2 phenotype, as well 

as asthmatic markers (such as the increase in mucus production and an increase in airway 

hyperresponsiveness).  

4.5.1 Effect of acute, 24 hour exposure to CeO2NPs in normal and allergic 

lungs 

There is  limited literature on the acute (24 hour) effects of CeO2NPs alone on the lung in either 

human or rodents. The majority of the literature focuses on the intratracheal instillation of 

CeO2NPs, with a few aerosolisation studies, but none use intranasal aspiration. We used 

intranasal aspiration as it will target the whole airway via aspiration of the material from the 

back of the throat. The use of 25µl is also important as this volume has been identified in 

localising material to the conducting airways and not the alveolar region (as identified by the 

laser ablation and ICP-MS (Figure 4-2 and Figure 4-6), which play a bigger role in the 

development and exacerbation of asthma).  

Our study shows that co-exposure to a single dose of HDM alone and HDM co-exposed with 

CeO2NPs for 24 hours caused a significant decrease in the proportion of macrophages and a 

significant increase in the percentage of neutrophils, which was most marked in the co-exposure 
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group (Figure 4.4). As this increase was not seen after exposure to high or low dose CeO2NPs 

without HDM, this effect appears to be dependent on the presence of HDM.  

In a previous study in rats, 24 hour exposure to intratracheal cerium alone (150cm2/rat) caused 

a significant increase in the total cell number and an increase in the neutrophil count within 

the BAL, which was mostly due to an increase in PMN numbers (Cho et al., 2010). It is not clear 

why there is a difference in the inflammatory cell responses after 24 hour CeO2NPs exposure in 

the present study compared to that of Cho et al. It may reflect different exposure methods 

(aspiration rather than intratracheal instillation). Supporting the hypothesis of exposure 

methods being implemented in the differences is a previous study by Nemmar et al. In the 

Nemmar study, Balb/c mice were intratracheally instilled with either 0.1 or 0.5mg/kg 

(concentrations within the same region of out exposures of 75µg/kg and 750µg/kg CeO2NPs) of 

CeO2NPs alone. 24 hours post-exposure there was a significant increase in the macrophage and 

neutrophil cell when compared to the PBS control (Nemmar et al., 2017a). Other studies of rats 

exposed to aerosolised CeO2NPs alone have, like Cho et al., found increases in BAL cell count 24 

hours after exposure, including higher BAL lymphocyte and neutrophil cell counts when 

compared to the control group (Srinivas et al., 2011), even at lower intratracheal CeO2NPs 

concentrations of 40µg/kg of ceria (Xue et al., 2013). As this exposure is lower than that used in 

our study (the lowest concentration investigated in the present study was 75µg/kg) and is still 

causing increases in cell counts that are not seen 24 hours after our exposure, this would suggest 

that it is not a difference in species that may cause these changes in cell counts in the BAL fluid, 

but it may be the exposure method implemented in these various studies. Neither the work of 

Cho et al, nor the present study, led to an increase in the eosinophil cell count in the BAL fluid, 

even after 4 weeks (Cho et al., 2010).  

In the present study, mice were culled 24 hours after exposure to evaluate the effect of an acute 

exposure to CeO2NPs; consequently, we do not know any potential longer-term responses of 

these exposures if the mice had been allowed to recover longer before analysis.  In other studies, 

recovery time does have impact on the responses seen. For example, after exposure to 35mg/kg 

(a higher concentration than in our study) there was found to be a significant increase in 

neutrophil cell counts 24 hours after exposure, but also as late as 100 days post-exposure  (Toya 

et al., 2010). With a decrease in concentration to 0.5mg/ml (still higher than our study), there is 

an initial decrease in macrophage numbers, but there is recovery back to baseline levels after 10 

days. This is not true for neutrophils, which are significantly increased 24 hours post exposure 

and after 10 days of recovery (Ma et al., 2011). 3 days after instillation with rats there was again a 
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significant increase in lymphocytes and neutrophils (Srinivas et al., 2011). This suggests that any 

increases in neutrophil cell counts apparent in the exposures of CeO2NP will have a lasting effect 

and cause potential responses as late as 100 days post exposure. Regardless of exposure or 

recovery time or dose concentration, there were no changes in the eosinophil cell counts.  

There is currently no published literature that examines the potential effect recovery may have 

on CeO2NP+HDM exposures, however, if the effects of CeO2NP alone is long lived it could be 

assumed that CeO2NP+HDM would also have this legacy due to the increased retention of 

CeO2NP found in the lung when co-exposed with HDM and therefore continuous activation of 

these immune cells. Recovery effects of exposure of HDM are also important and would also 

have to be established.  

A number of cytokines were analysed in the BAL fluid after exposure to CeO2NPs±HDM for 24 

hours (Figure 4-5). There were only significant increases in the concentrations of CCL20 and 

TSLP after exposure to CeO2HD+HDM when compared to CeO2LD+HDM and CeO2LD+HDM, 

CeO2LD alone and the HDM control respectively (Figure 4-5). CCL20 and TSLP are both 

released by epithelial cells and are connections between the innate and adaptive immune 

response (CCL20 is a dendritic cell chemoattractant, while TSLP regulates dendritic cell 

tolerance and T cell activation (Liu et al., 2007)).  There were no changes in the concentrations 

of IL-1α, IL-5, IL-4, and IL-33 24 hours after any of the exposures. These cytokines are 

implemented in the type II immune response and therefore would not be expected to be 

elevated after 24 hours. This could begin to explain the limited increase in the percentage of 

eosinophils counted in the BAL fluid. The increase in CCL20 could indicate the activation of the 

innate immune response within the 24 hour period with the initiation of dendritic cell 

chemoattractants.  

There are a wide variety of cytokines that could have been investigated within our study but 

were not included for a variety of reasons, these include a focus on the cytokines related to 

asthma and allergic airways. Other more generic cytokines that were not measured in the 

current work were found to be significantly increased after an intratracheal instillation of 

500µg/kg (an intermediate exposure dose when compared to our study) including TNF-α, IL-6 

and IL-1β in the mouse lung tissue (Nemmar et al., 2017b). Similarly, after exposure to a higher 

intratracheal concentration of CeO2NPs (1mg/ml), there was no change in BAL fluid 

concentration of TNF-α, IL-6, and IL-1β 24 hours post exposure (Dunnick et al., 2016).  However, 

in the study by Cho et al., using the same delivery system, but a higher dose concentration, there 

were no significant changes in TNF-α, IL-13 or IFN-γ in the rat BAL fluid, but a significant 
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increase in IL-1β and MIP-2 concentrations (Cho et al., 2010). This indicates that it is the dose 

that can cause the potential differences in the results. As all 3 studies use the same method of 

installation it can be assumed that the same proportion of particles are being exhaled and 

deposited in each study. Whereas, in rat aerosol studies of CeO2NPs (641mg/m3) after 4 hours 

there was a significant increase in IL-1β, TNF-α, and IL-6 measured in the BAL fluid (Srinivas et 

al., 2011) in one study, but no change in CL20, IL-1α, and IL-1β (Schwotzer et al., 2018) in another 

at a lower concentration (3mg/m3). These differences could be down to the differences in dose 

concentration – as the lower exposure dose does not cause the same significant changes the 

higher exposure does.  

In the present study there were no structural changes (analysed via histology staining with H/E, 

PAS and M.T. (Figure 4-3)) noted in the airways 24 hours after any of the exposures. This was 

thought to be due to the fact that 24 hours is not enough time for pathological changes to be 

seen, and has been shown previously (Xue et al., 2013). From laser ablation images (Figure 4-2) 

it is apparent where in the airways the CeO2NPs are deposited (in the larger airways, as would 

be expected with particles of this size) and how much of it remains within the lungs after 

exposure with and without HDM (the CeO2HD+HDM has a significantly increased retention of 

the particles compared to CeO2NPs alone (~4-fold increase)). It is important to remember lung 

clearance mechanisms which will also be playing a role in the retention of these particles within 

the lung. These include macrophage phagocytosis, and mucuciliary clearance. Translocation of 

the particles from the lungs can also occur and it has been identified that there is the potential 

for particles to cross the gas-blood barrier and reach other organs via the vascular system 

(Kreyling and Scheuch, 2000, Kreyling et al., 2014). This and potential translocation of the 

particles has not been further analysed within this study, but it is important to keep it in mind 

going forward.  

Mast cell infiltration of the airways was not measured in the current study after 24 hours 

exposure as it was assumed that there would be none and, in fact MCPT1 concentration was not 

changed in the lung tissue (data not shown). In previous mast cell work using knock-out mice 

(B6.Cg-KitW-sh mice) there was no increase in BAL macrophage, lymphocyte or neutrophil cell 

counts in the WT mice after instillation of CeO2NP (10µg/ml). These data suggest that mast cells 

may play an important role in the bioreactivity of CeO2NP (Wingard et al., 2011). As there was a 

significant increase in the number of neutrophils counted in the BAL fluid in our study, there is 

the potential that there is an increase in the mast cells that cannot be established with just the 
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concentration of MCPT1 being analysed alone and therefore perhaps infiltration should be 

established in future studies.  

4.5.2 Effect of acute and chronic exposure to CeO2NPs with or without 3 

week HDM treatment   

After 3 weeks of exposure to CeO2NP±HDM at both a low and a high dose there was a significant 

decrease in the macrophage cell counts after the CeO2NP+HDM, single and repeat exposures 

(Figure 4-7). Previously, after 2 weeks and 4 weeks of inhalation there was found to be a 

significant decrease in macrophage proportion, although actual numbers of macrophages 

increase after exposure to CeO2NPs alone when compared to the control (Srinivas et al., 

2011(Gosens et al., 2014). This is reflected in the significant increase in neutrophil influx (Figure 

4-7). For a long term 4 week inhalation exposure (Cho et al., 2010), there was a significant change 

in the cell count in the BAL fluid after exposure to CeO2NPs when compared to the control, as 

well as an increase in the neutrophil count (not significant), but there was no change in the 

lymphocyte or eosinophil cell counts when compared to the control.  

Here, there were no significant changes in the lymphocyte cell counts in the BAL fluid in the 

absence of HDM treatment, but there was an increase after HDM and co-exposure of CeO2NPs, 

although there were no significant differences in the number of elevated lymphocytes between 

any of the HDM±CeO2 exposures. Our study looked at effects 24 hours after the last exposure 

and therefore did not give the animals any time to recover. In the Cho et al., study, four weeks 

after instillation of a similar concentration of CeO2NPs alone there was a significant increase in 

the BAL neutrophil and lymphocyte counts when compared to the control (Cho et al., 2010). 

However, after inhalation of CeO2 for two and four weeks (Srinivas et al., 2011), there was no 

change in lymphocytes when compared to control (as also seen in our study) and a significant 

increase in neutrophil counts (Srinivas et al., 2011), but only in the males.  

 

In the present study, as mentioned above, there was a significant increase in the number of 

neutrophils in all the HDM exposed groups, these were significantly increased in the higher 

CeO2 exposure groups and HDM alone (Figure 4-7). Neutrophils are involved in the 

degranulation of goblet cells in asthma patients, and therefore, contribute to airway remodelling 

(Ahn et al., 2007). The increased BAL neutrophil proportions were accompanied by a significant 

increase in the lung tissue CD177 mRNA expression (Figure 4-10) (CD177 is expressed by a 

proportion of neutrophils that plays a role in migration and activation (Bai et al., 2017)) after 

exposure to CeO2HD+HDM SGL and CeO2HD+HDM RPT when compared to HDM and CeO2 
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alone, but not at the low cerium oxide dose exposures. CD177 has been implicated in many 

inflammatory disorders and there is thought to be cross talk between endothelial cells and 

neutrophils via CD177 (Sachs et al., 2007). It regulates chemotaxis of neutrophils in 

inflammatory disorders, including asthma, which can develop into a neutrophil phenotype (See 

introduction, (Wang and Nigrovic, 2013)). CD177 positive neutrophils have also been implicated 

in the production of IL-17 (Ramirez-Velazquez et al., 2013), which here was found to be 

significantly increased in CeO2HD+HDM RPT when compared to the HDM alone (Figure 4-8). 

HDM exposures significantly increased the IL-17 concentrations. This would suggest that the 

increase in neutrophil surface markers increased the neutrophil cell count, and also potentially 

influenced the mRNA expression of IL-17.  

Eosinophils are important in the allergic response within the lungs but lung dysfunction can 

happen without eosinophils, but evidence suggests that they enhance the phenotype, with a 

worse response than if they were not there (Sivapalan et al., 2014). There are numerous ways of 

identifying the role of eosinophils during HDM sensitisation, including the use of eosinophil 

knockout mice (iPHIL mice cannot form mature eosinophils due to the precursors dying before 

they reach maturity). When these mice were sensitised with HDM, there was a neutrophil led 

response instead of the eosinophil response seen in our model (Jacobsen et al., 2014).In our 

study, there was a significant increase in the eosinophil cell count after exposure to 

CeO2HD+HDM RPT when compared to particles alone (indicating that the co-exposure to 

HDM was important to increase the eosinophil count), HDM alone, CeO2LD+HDM RPT and 

CeO2HD+HDM SGL. This suggests that it is the high dose of CeO2 repeated with HDM that 

causes the effects seen. However, in a longer term inhalation exposure study (5 days/week for 4 

weeks) to 25mg/m3 CeO2NPs, there was no change in the eosinophil cell counts in the BAL fluid 

(Keller et al., 2014), possibly reflecting differences in the amount of CeO2 deposited within the 

lungs, or simply due to differences in time scale.  

Mast cells and eosinophils form an allergic effector unit and influence chronic (long-term) 

inflammation stages (Minai-Fleminger and Levi-Schaffer, 2009). It can then be assumed that if 

an exposure to CeO2HD+HDM causes increases in both mast cells and eosinophils, there will 

be an increase in the immune response and the severity of the inflammatory response when 

compared to either the particles alone or HDM exposures alone. This is due to the releases of 

histamine from the mast cells and the inflammatory response from the eosinophils is thought 

to contribute to airway remodelling. This would indicate a severer response to the particle and 

the allergen when compare to either alone. 
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CCL8 (or monocyte chemoattractant protein-3 (MCP-3)) is a strong eosinophil chemoattractant 

and its expression has been found to be increased in asthmatic patients. It is suggested that 

there is a link between increases in CCL8 mRNA expression and BAL fluid protein concentration 

and asthma (Humbert et al., 1997). In our study there was a significant increase in the mRNA 

expression and BAL fluid protein concentration of CCL8 after exposure to HDM, which is 

significantly further increased after exposure to CeO2HD+HDM RPT (Figure 4-11 and Figure 

4-13). However, after exposure to the low dose CeO2 and the single high dose CeO2 regimes, 

there was significantly reduced tissue mRNA expression and BAL fluid protein concentration 

(when compared to the particles alone, and HDM and CeO2HD+HDM RPT exposures 

respectively), though it was never as low as without HDM sensitisation. This would suggest that 

a single or low dose exposure to CeO2NPs reduces the potency of the HDM on the expression 

of CCL8 and that different mechanisms exist in the effects of CeO2 on CCL8 induction by HDM. 

The addition of the low concentration particles dampens the initial response seen with HDM 

exposure alone, and it is only at the highest repeated exposure that causes a significant increase 

in CCL8 tissue mRNA expression and BAL fluid concentration, but also a significant increase in 

the proportion of eosinophils in the BAL fluid. The concentrations of CCL8 could be 

significantly lower after exposure to the lower particle concentrations due to the increase in the 

proportion of macrophages and therefore increased clearance of the particles. This would 

reduce the concentration of particles within the lungs and therefore contribute to the reduced 

CCL8 expression and concentration.  

After exposure to HDM alone to develop this asthmatic model there was no change in the IgE 

concentration in the blood plasma in our study (Figure 4-7), but in other studies (Ahn et al., 

2007), there was a signifiant increase when compared to control. Ahn et al., used the same 

concentration of HDM in their protocol, however the protocol was 1 week longer than the one 

used in this study. This could potentially indicate that this additional week influences the 

concentration of IgE produced by HDM alone. Nevertheless, in this study there was a signifiant 

increase in IgE after exposure to CeO2HD+HDM RPT when compared to CeO2LD+HDM RPT, 

CeO2HD+HDM SGL and the HDM control. Thus, repeated co-exposure to high concentrations 

of CeO2 was likely important to induce an increase in IgE levels, mast cell activation (a 

significant increase in the expression of MCPT1 mRNA was found in the lung tissue (Figure 4-7)) 

and translocation to the airways (identified in tissue sections after TB staining (Figure 4-7), but 

as this has not been quantified, it is difficult to determine any differences between the 

exposures) when compared to the HDM alone exposures. Increases in IgE also leads to binding 

by mast cells, eosinophils and basophils enhancing the Th2 response, this is because all three 
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cell types express FcεRI receptors (but eosinophils only express this after activation) (Medzhitov 

and Janeway, 1997). Once IgE has started being produced, the immune system is then primed 

to drive a Th2 immune response, which then causes IgE class switching in BA cells and a further 

production of IgE (Medzhitov and Janeway, 1997). 

In our study there is a significant increase in in IL-4, IL-13, IL-10, IFN-γ and TGF-β when 

compared to the control alone (Figure 4-8). In our study, we did not see any of these increases 

in the HDM exposures when compared to the PBS control, or in any of the groups exposed to 

CeO2NPs+HDM. There was a slight increase in IL-4 concentration in some of the +HDM groups, 

but none of them were significantly increased. IL-13 was increased after HDM exposure and the 

CeO2LD+HDM SGL exposure and the HDM control but was decreased in the RPT exposures 

when compared to the control. This would suggest, that even though there is an enhanced IgE 

and allergic response, this is not quite a Th2 response, as there are also no changes in the 

concentration of IL-5 in the BAL fluid (Figure 4-12). In a study by Dunnick et al., the mice were 

left to recover for 4 weeks after an instillation to CeO2. This led to no changes in the 

concentration of IL-1β, IL-13, or IFN-γ or of TNF-α, IL-6, and IL-1β after analysis of BAL fluid, 

but there was a significant increases in the concentration of MIP-2 (Dunnick et al., 2016). After 

24 hours of recovery, we saw a significant increase in the expression of MMP12 after exposure to 

CeO2HD+HDM when compared to the particle alone exposure.  

 

Aerosol exposure to CeO2 for 4 hours over 4 weeks enhances the IL-1β, TNF-α, and IL-6 (Srinivas 

et al., 2011), this exposure did not lead to an increase in CCL17 or CCL22 expression (Schwotzer 

et al., 2018). In our study we found an increase in CCL17 expression after exposure to 

CeO2HD+HDM RPT (not a significant increase) when compared to the other exposure groups. 

Indicating that it is a potential Th2 response that it is produced when co-exposing with 

HDM+CeO2NPs when compared to CeO2NPs alone. 

There was no change in the levels of TSLP in the BAL fluid after any of the exposures (Figure 

4-12). This is interesting as TSLP is known to contribute to the remodelling of the airways 

(Cheng et al., 2018) and reduced lung function in asthmatic patients. It activates dendritic cells 

(via TSLP-TSLPR and OX40L-OX40) and promotes Th2 signalling processes.  Neutralisation of 

TSLP (via anti-TSLP antibody) has been found to reverse airway inflammation, halted 

alterations of the airway structure and decreased AHR (Chen et al., 2013b). Allergies to HDM 

have been found to develop independently to TSLP, so a different inflammatory and allergic 

pathway could be being implemented after these exposures (Chu et al., 2013). Due to the fact 



 

185 

 

there is no change in the TSLP concentration would add evidence to the lack of a complete Th2 

response after exposure to any of our groups.  

IL-33 leads to the induction of T cells, eosinophils, mast cells and basophils and is required to 

induce antibody production, specifically IgE production, (Canbaz et al., 2015) but there are no 

changes in the concentration of IL-33 measured in the BAL fluid or the gene expression after 

any of the exposures in our study (Figure 4-12 and Figure 4-10). This could potentially be down 

to the fact that it was measured 24 hours after the final exposure and may have already been 

removed from the BAL fluid. Vaccination against IL-33 inhibited HDM-induced AHR and the 

increase in eosinophils and total cell count. There was also a reduced IL-17A, IL-25, IL-33 and 

TSLP concentration in the lung homogenates, this suggests an important role for IL-33 in these 

models  (Lei et al., 2015). 

There was no change in the IL-25 mRNA expression after any of the exposures (Figure 4-11). 

Blocking IL-25 has been found to reduce IL-5 and IL-13 concentration and inhibit the production 

of IL-33 and TSLP in the lungs (Gregory et al., 2013). IL-13 has the potential to increase SLC26A4 

and MUC5AC and therefore the production of IL-13 has the potential to influence mucin 

production (Lee et al., 2015). 

 

When investigating the potential for the Th2 response to not be fully activated it is important 

to analyse the activation of cells and if this is working correctly. TLR4 is required for Th2 

responses. TLR4 is negatively regulated by Toll-interleukin-1 receptor (TIR)-8 that is expressed 

by epithelial cells. Without this receptor the Th2 cytokine profile (IL-4, 5, 13 and IL-33), mucus 

production, eosinophils and AHR was found to be significantly reduced when compared to the 

control when exposed to allergens (Barry et al., 2013). TLR4 induces the release of IL-1a which 

then goes on to trigger the release of GM-CSF and IL-33 which in turn attract dendritic cells into 

the area. There was a significant increase in IL-1α mRNA expression levels after exposure to high 

dose CeO2 (both single and repeat exposures) when compared to the particles alone (Figure 

4-9). TSLP becomes important at high concentrations of HDM and this suggests that IL-1α is 

upstream in the cytokine cascade and potentially leads to the activation of both epithelial cells 

and dendritic cells (Willart et al., 2012). 

Airway hyperresponsiveness (AHR) is an important measurement in human asthma diagnosis 

and prognosis and can be induced by methlycholine in both mice and humans. In our study, 

investigating AHR there were significant changes in the Rrs, Ers and Rn when comparing the 

CeO2HD+HDM to the particles alone (Figure 4-17). This was not reflected in the tissue elastance 
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(H) measurements. AHR has been found to remain the same regardless of the eosinophils, 

which suggests that the eosinophils are not responsible for the development of AHR (Jacobsen 

et al., 2014). NF-κB activation may contribute towards airway remodelling, AHR and eventually 

fibrosis (Tully et al., 2013). This pathway is activated by TNF-α (not measured in this study), IL-

1 cytokines (there is an increase in the BAL fluid concentration after exposure to all the groups 

with HDM), and CD40 ligand (Lawrence, 2009) (as demonstrated by the IgE levels increasing 

and therefore B cell maturation initiated by binding of the CD40 ligand on the surface of the B 

cell).  

HDM in our study also significantly increased these AHR markers. In another study (Li et al., 

2014), HDM significantly increased Rn, but H and G didn’t change, this indicates that HDM 

influences different elements of AHR and some will be enhanced while others will remain 

unchanged (as seen in our study). The CeO2HD+HDM augmented the HDM effects and resulted 

in an increase in the measured parameters of AHR.     

Lung sections were also stained and fixed for M.T, -sma and PCNA, no quantification was 

completed on these stained sections (Figure 4-14). Previous studies quantifying these stains after 

exposure to HDM indicated that there was a significant increase in a-smastaining (Li et al., 

2014), and M.T staining  (Ahn et al., 2007). Our study did not quantify the staining, but from 

visual analysis there is a clear increase in HDM exposed groups and more so in the 

CeO2NP+HDM groups when compared to HDM in all the stains when compared to the control. 
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5 Chapter 5: Investigation of the effects of cerium dioxide 

nanoparticles and diesel exhaust particulates in a murine 

model of allergen exposure.  

5.1 Introduction  

As well as enabling researchers to identify potential hazards various nanoparticles have, animal 

models are also incredibly important in allowing us to establish the effects environmental 

particles may have at environmental relevant concentrations. Diesel exhaust particles are of 

interest in a model of allergic airway disease, this is due to the high potential of human 

exposures. With the introduction of Envirox, it is important to also take this into consideration 

– and the relevant concentration of CeO2NPs that may now also be burnt with the fuel if this 

catalyst is added into the tank.  

5.1.1 Effects of diesel particulates in experimental models of asthma 

Diesel exhaust particles (DEP) have the potential to act as an adjuvant through the release of 

non-specific airway stimulants (Pandya et al., 2002). There has been a possible link established 

between the increase in air pollution (specifically diesel) and the prevalence of asthma, but this 

is a controversial topical and the links are casual. An increase of exposure to diesel in children 

does lead to an increase in the prevalence of asthma in that population (Munoz et al., 2019, 

Ghio, 2008). DEP is known to activate oxidative stress pathways and the activation of both Th2 

and Th17 responses within the airways (Munoz et al., 2019). 

These particles have also been linked to the exacerbation of asthmatics and those with 

compromised airways. People with more severe asthma have been found to have lower lung 

function and higher neutrophil infiltration than those with mild asthma when exposed to the 

same environmental particles (McCreanor et al., 2007) including diesel particles. This is thought 

to be concentration dependant, as other studies also using asthmatic volunteers did not see 

these significant effects (Riedl et al., 2012, Rider et al., 2016). These effects have also been 

identified in HDM murine models of allergic airways (Kim et al., 2011a). 

The majority of the studies identifying the mechanisms of diesel particles has been completed 

on mice and the various allergic models that have been previously described. IL-17A has been 

identified as a key mediator of this effect, and neutralisation of this cytokine has been found to 

prevent exacerbation of DEP induced symptoms, including AHR (Brandt et al., 2013b). DEP has 

also been found to induce the production of mucus, oxidative stress, inflammatory cell 
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infiltration and increase the concentrations of various CXC chemokines within the BAL fluid 

(Kim et al., 2011b). DEP can also stimulate the nerves responsible for asthma exacerbations 

(using a guinea pig model). This activation is related to the polycyclic hydrocarbons that are 

contained within DEP that activate the aryl hydrocarbon receptor and go on to produce reactive 

oxygen species (Robinson et al., 2018). 

5.1.2 Cerium modification of Diesel particulate effects in experimental 

models 

As far as we are aware, this is the first study completed investigating the potential effects the 

combination of CeO2NPs and DEP has on a model of allergic airway disease. This is something 

that is important to establish as the use of Envirox is increasing, so is the potential for members 

of the public with allergic airway diseases to come into environmental concentrations of these 

particles.  

There are very few studies that have compared the effects of DEP alone and the combination of 

both CeO2NP/DEP, and those that have been done use healthy Sprague-Dawley rats, and these 

studies identified an increase in pulmonary effects after being exposed to CeO2NP/DEP when 

compared to the DEP (including increase in airway thickness, injury biomarkers (Snow et al., 

2014a) and inflammation and fibrosis (Ma et al., 2014b)), as well as an increase in the clearance 

time and systemic translocation (Snow et al., 2014a, Ma et al., 2014b).  

For this chapter the concentrations of the particles used was also carefully decided. This was 

done to try and mimic an environmentally relevant exposure, as well as the correct 

CeO2NPs:DEP ratio that was previously determined from engine burning studies. This was 

previously outlined in section 2.1.1, but is summarised below:  

CeO2NPs contained within the exhaust particles produced post-combustion diesel and Envirox 

catalyst mixture was 0.08%. Therefore, for all future experimental work, the ratio between the 

particle types was 1:0.008mg/ml DEP:CeO2NPs (Zhang et al., 2013).  
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5.2 Hypothesis and aims 

Hypothesis: 

CeO2NPs will enhance the allergic response of DEP+HDM in an animal model of allergic lung 

disease in relation to dose and acute or chronic exposures.  

Aims: 

It is important to determine the potential systemic effects the addition of DEP alone and 

CeO2NPs/DEP have on an allergic model, both the exacerbation and the adjuvant effects of 

these particles. The previous chapter has focused on the effects of CeO2NPs on these models, 

and this chapter aims to further inform with the addition of both DEP and the combination of 

CeO2NPs/DEP on an allergic airway disease.  

The aim of this chapter is to: 

• Determine the effects a single 24-hour (acute) exposure of DEP±HDM has in a 

murine model. This will allow us to determine the acute responses to these 

particles and compare the acute responses to the repeated exposures.  

• Determine the effects a single acute exposure of DEP have on an HDM murine 

model of allergy (SGL) and repeated chronic exposures of DEP±HDM (RPT), 

have on a murine model. This will allow us to establish the potential effects the 

repeat exposures of DEP alone have when compared to the HDM exposure 

protocols.  

• Determine the effects a single acute exposure of CeO2NPs/DEP have on an HDM 

murine model of allergy (SGL) and repeated chronic exposures of 

CeO2NPs/DEP±HDM (RPT), have on a murine model. This will allow us to 

establish the potential effects the repeat exposures of CeO2NPs/DEP alone have 

when compared to the HDM exposure protocols.  
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5.3 Methods 

All methods used within this chapter have been previously described in Chapter 2. Individual 

method sections for reference will be identified throughout this chapter. 

The protocol for this chapter is outlined in Figure 5-1 (A, B, C and D) and indicates the various 

exposure regimes as well as the euthanasia and exposure time points. Figure 5-1, E, outlines the 

end points that are analysed throughout this chapter in order to determine the effects DEP and 

CeO2NP/DEP have on an animal model of allergic disease and on a healthy animal.  

The exposures for CeO2LD+DEP±HDM and CeO2HD+DEP±HDM will be represented as          

BothLD±HDM and BothHD±HDM. 
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A. B. 

Sacrifice 

0 1 Day 

DEP (50µg) + / -   
HDM (25µg)  

DEP (50µg) x 9 
or   

HDM (25µg) + DEP (50µg) x 9 

0 2 5 7 9 12 14 16 19 Day 

HDM (25µg) x 8   
SGL 

HDM (25µg) + DEP (50µg) x 1 + 

RPT 

20 

Sacrifice 

C. D. 

Sacrifice 

0 1 

CeNP (LD; 1.5µg 
or HD; 15µg) + 
DEP (50µ) + / -   

HDM (25µg)  

CeNP (LD; 1.5µg or HD; 15µg) + DEP (50µ) x 9 
or   

HDM (25µg) + CeNP (LD; 1.5µg or HD; 15µg) + 
DEP (50µ) x 9 

0 2 5 7 9 12 14 16 19 Day 

RPT 

20 

Sacrifice 

Figure 5-1. Experimental protocol to determine the effect of DEP alone and CeO2NP/DEP in an 
animal model of allergic lung disease. A and C. Chronic exposure protocol. Balb/c mice were repeatedly (RPT) 

exposed intranasally to DEP and CeO2NP/DEP respectively, (50µg or 3mg protein/kg) low dose (LD) (1.5µg or 75µg/kg) or 
high dose (HD) (15µg or 750µg/kg), alone or combined with HDM (25µg or 1.25mg protein/kg). This protocol consisted of 
9 exposures divided over 3 weeks on the indicated days (lower panel). Single (SGL) exposure protocol involved the pre-
exposure to HDM on 8 occasions, with the final 9th exposure ±HDM (upper panel). B and D. Acute exposure protocol. Mice 
were exposed to a single bolus intranasal instillation of DEP alone and CeO2NP/DEP respectively (LD and HD) ±HDM and 
euthanised after 24 hours.  For all exposures a PBS control was also administered. E. Diagram indicating the various end 
points that where analysed throughout this chapter in order to determine the potential acute and chronic effects DEP and 
CeO2NP/DEP±HDM at different concentrations of exposures. 

E. 
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5.4 Results  

5.4.1 Effect of single acute exposure to DEP ± HDM on airway inflammatory 

responses after 24 hours 

24 hours after acute DEP±HDM exposure (Figure 5-1 B), following euthanasia, the lungs were 

excised and analysed for cell numbers and profile and cytokine levels in the BAL fluid (section 

2.6.4) to determine the effects of this acute exposure.  

5.4.1.1 Effects on lung pathology after acute exposure to DEP±HDM 

Figure 5-2 assess any potential pathophysiological changes that may have been caused by 24 

hours of exposure to DEP and HDM either alone or in combination. Histochemical assessment 

of lung tissue sections was carried out using H/E, PAS and M.T. staining protocols.  

There were no apparent changes in airway structure, tissue inflammation or mucus production 

after any exposure.  
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5.4.1.2 Effect of DEP ± HDM on altered BAL Immune cells 

Figure 5-2 Lung sections stained after 24 hours after exposure to DEP±HDM. Lung tissue was fixed and 

stained with haematoxylin and eosin stain (H/E) (top panel), Periodic acid-Shiff (PAS) (middle panel) and Masson’s 
Trichrome stain (M.T) (bottom panel). Representative images of each group are displayed with a scale bar of 100µm (top 
left of image). 
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Differential inflammatory cell counts in BAL fluid were analysed after exposure to DEP and 

HDM either alone or in combination for 24 hours (Figure 5-3, A) and plotted as cells/ml of BAL 

fluid % of total cells counted of each immune cell was also analysed (Figure 8-11, appendix). 

There was a significant increase in the number of macrophages after exposure to DEP alone and 

HDM when compared to the control and no changes after exposure to DEP+HDM when 

compared to both HDM and particles alone.  

There was a significant increase in neutrophil counts after exposure to HDM when compared 

to the control and a significant increase after exposure to HDM+DEP when compared to the 

HDM control and particles alone. 

5.4.1.3  Effect of DEP ± HDM on inflammatory markers by ELISA of BAL fluid 

Inflammatory markers were analysed in the BAL fluid after 24-hours post-instillation (Figure 

5-3, B). There were no changes in the BAL fluid concentrations of CCL20, CCL8, CCL17, and IL-

33 regardless of exposure protocol. There was a decrease in CCL11, IL-1α, IL-5 and IL-4 after 

exposure to DEP when compared to the control, none of these were significant. There was an 

increase in the concentration of TSLP after exposure to DEP and DEP+HDM when compared to 

the control and DEP alone. This was also seen in the concentration of IL-5, and significantly 

increased after DEP+HDM when compared to the HDM control.   
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Figure 5-3 Inflammatory cell response and cytokine release after 24-hour exposure to DEP±HDM. 
BAL fluid was analysed for different immune cells and released cytokines. A. Cells were counted after being fixed and 
stained as previously outlined (section 2.6.4) and 300-500 cells were counted per animal. The data is presented as the 
mean ±SEM % total cells counted/ml. B. Cytokines were measured in the BAL fluid and are presented as ±SEM fold over 
control levels (FOC).  N=5-9 mice per treatment group, with all assays performed in triplicate. Significance is denoted as 
the following: compared to PBS or HDM control p<0.05(*), <0.01(**), <0.001(***); compared to DEP alone p<0.05(•), 
<0.01(••), <0.001(•••). 
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5.4.2 Repeat co-exposure effects of DEP alone and DEP+HDM on 

pulmonary responses  

DEP and HDM either alone or in combination was intranasally instilled 9 times over 3 weeks as 

described in Figure 5-1. This was in order to determine potential adjuvant (RPT) and 

exacerbation (SGL) effects of DEP on HDM allergen induced inflammatory events.  

5.4.2.1 Effect of single and repeat DEP±HDM on altered BAL Immune cell counts 

The cells in the BAL fluid were counted and represented as a percentage (Figure 5-4, A) and 

plotted as cells/ml of BAL fluid % of total cells counted of each immune cell was also analysed 

(Figure 8-11, appendix). There was a significant increase in the macrophage number after 

exposure to HDM compared to the control and DEP+HDM SGL when compared to the HDM 

control and the particles alone.  

There was a significant increase in the neutrophil count after exposure to DEP alone and HDM 

alone when compared to the control exposure. There was also a significant increase in 

neutrophils after exposure to DEP+HDM SGL when compared to HDM control and the DEP 

alone.  

There were no changes in the lymphocyte counts. There was a significant increase in the 

eosinophil cell count following DEP+HDM RPT exposure when compared to the HDM control 

and DEPs alone.  

5.4.2.2 Effect of single and repeat DEP±HDM on altered mast cell related markers  

Mast cells are important in the Th2 immune response and form part of the immediate antibody 

mediated response to allergens. ELISA analysis of Mast Cell Protease-1 (MCPT1), a marker of 

these cells, was completed on the BAL fluid (Figure 5-4, B). MCPT1 is known to promote 

permeabilization of mucosal membranes and allergic hypersensitivity reactions, as well as being 

a mast cell chemoattractant.   

There was a significant increase in MCPT1 expression after exposure to DEP+HDM RPT when 

compared to HDM alone and DEP alone. 

Immunoglobulin E (IgE) is an antibody isotype underpinning antigen dependent immune 

responses in allergy. The concentration of IgE in blood plasma (Figure 5-4, C) replicated the 

same pattern as MCPT1 with DEP+HDM RPT being significantly increased when compared to 

HDM, DEP alone and PBS control exposures. Mast cells were stained using toluidine blue (TB) 

in airway sections from exposed animals and represented as an example section (Figure 5-4, D), 
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mast cells are identifiable as darker blue stains around the airways. A difference between the 

exposure groups cannot be observed using these stains, but they allow visual representation of 

the mast cells in the airways.  
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Figure 5-4 Inflammatory cell response and plasma immunoglobulin E after acute and chronic 
exposure to DEP±HDM for 3 weeks. BAL fluid, lung homogenates and blood plasma were analysed for immune cells, 

tissue mast cell MCPT1 and plasma IgE. A. Cells were counted after being fixed and stained as previously outlined (section 
2.6.4) and 300-500 cells were counted per animal. The data are presented as the mean ±SEM % total cells counted. B. Lung 
homogenate MCPT1 (mast cell marker) levels are presented as fold over control levels (FOC±SEM). C. Blood plasma of IgE 
levels using analysed by ELISA. D. Lung tissue was fixed and stained with toluidine blue (TB), to highlight tissue mast cells 
(section 2.7.2.7). Representative images of each group are displayed with a scale bar of 100µm (top left of image). N=5-9 
mice per treatment group, with all assays performed in triplicate. Significance is denoted as the following, as indicated: 
compared to PBS or HDM control p<0.05(*), <0.01(**), <0.001(***); compared to DEP alone p<0.05(•),<0.01(••), 
<0.001(•••). 
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5.4.2.3 Effect of single and repeat DEP±HDM on gene expression changes in lung tissue 

Figure 5-5 and Figure 5-6 show the changes in gene expression after exposure to DEP±HDM in 

lung tissue, assessed using real time PCR of mRNA levels. 

There were no changes in the expression of IL-4, IL-25, IL-13, CCL17, CCL24, CCL26, AREG, 

NQO1 and TSLP regardless of the exposure regimen.  

IL-8 showed an increase after DEP+HDM RPT when compared to the other exposures, while 

this increase was significant for CYP1A1 when compared to the DEP alone. IL-6, and IL-36A 

expression appeared to be increased after exposure to HDM alone when compared to the other 

groups, but this was not significant.  

There was a significant increase in CCL8 expression after exposure to HDM when compared to 

the control; DEP+HDM SGL and DEP+HDM RPT induced levels were also increased when 

compared to control and DEP alone. CD177 expression was significantly increased after exposure 

to DEP alone compared to the control and after DEP+HDM SGL and DEP+HDM RPT when 

compared to the HDM control. This pattern was also replicated in the expression of MMP12, as 

there was a significant increase in expression after exposure to DEP when compared to the 

control. This is also reflective of the pattern of expression observed with protein levels of MCPT1 

(Figure 5-5). 
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Figure 5-5 Inflammatory marker expression in lung tissue after various DEP±HDM exposures over 
3 weeks. Total lung mRNA was isolated for indicated inflammatory markers via RT-PCR. Results are presented as fold over 

control levels (FOC±SEM). N=5-9 mice per treatment group, with all assays performed in triplicate. Significance is denoted 
as the following, as indicated: compared to PBS or HDM control p<0.05(*), <0.01(**), <0.001(***); compared to DEP alone 
p<0.05(•),<0.01(••), <0.001(•••). 
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Figure 5-6 Inflammatory marker expression in lung tissue after various DEP±HDM exposures over 
3 weeks. Total lung mRNA was isolated for indicated inflammatory markers via RT-PCR. Results are presented as fold over 

control levels (FOC±SEM). N=5-9 mice per treatment group, with all assays performed in triplicate. Significance is denoted 
as the following, as indicated: compared to PBS or HDM control p<0.05(*), <0.01(**), <0.001(***); compared to DEP alone 
p<0.05(•),<0.01(••), <0.001(•••). 
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5.4.2.4 Effect of single and repeat DEP±HDM on inflammatory markers assessed by ELISA 

of BAL fluid 

ELISA analysis of BAL fluid (Figure 5-7) was completed after the exposure regimens (Figure 5-1).  

There were no changes in the concentration of CCL11, CCL20, IL-33 or IL-4 measured after 

exposure to the various particle combinations.  

There was a significant increase in the concentration of CCL8 after exposure to DEP+HDM SGL 

and RPT when compared to the HDM control. IL-5, IL-13 and IL-1α concentrations decreased 

after exposure to DEP+HDM RPT when compared to the other exposures but not significantly. 

TSLP concentration was following exposure to HDM, DEP+HDM SGL and DEP+HDM RPT in 

that order, when compared to the control and the particles alone.  

  

Figure 5-7 Inflammatory protein levels in BAL fluid following acute and chronic exposure to 
DEP±HDM for 3 weeks. Lung BAL fluid was analysed for cytokine levels after acute and chronic exposure to DEP±HDM 

for 3 weeks. Results are presented as fold over control levels (FOC±SEM). N=5-9 mice per treatment group, with all assays 
performed in triplicate. Significance is denoted as the following, as indicated: compared to PBS or HDM control p<0.05(*), 
<0.01(**); compared to DEP alone p<0.05(•),<0.01(••), <0.001(•••). 
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5.4.2.5 Effect of single and repeat DEP±HDM on airway mucin production  

Serial sections of lungs were taken and stained with Periodic acid–Schiff (PAS) and the mucin 

regulator CLCA1 (immunohistochemistry) (8). Sections from all exposure groups are 

represented.  It is evident from these sections that there is a heavier staining of both PAS positive 

cells and CLCA1 after exposure to HDM alone and DEP+HDM RPT when compared to control. 

Increased PAS stain is indicated by bright pink stains and CLCA1 is indicated by dark brown 

staining.  

Airway mucin production can be quantified by counting the PAS+ cells within the airways, 

scored and then graphed (Figure 5-9, A) This indicates that there is a significant increase in the 

PAS stained cells after exposure to DEP+HDM SGL, and DEP+HDM RPT when compared to the 

particles alone. There was also an increase in the PAS score after exposure to HDM, however 

this was not significant.   

MUC5AC, CLCA1 and SLC26A4 are genes relating to mucus production and their expression 

after exposure was measured (Figure 5-9, B, C, and D respectively). DEP+HDM RPT tissue was 

found to significantly increase expression of all three genes when compared to the particles 

alone, the HDM control and DEP+HDM SGL.   
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Figure 5-8 Analysis of airway secretion-related molecules following acute and chronic exposure to 
DEP±HDM for 3 weeks. Lung tissue was fixed, and sections processed for PAS staining (top panel) and 

immunohistochemical staining of CLCA1 (bottom panel). Representative images of each group are displayed with a scale 
bar of 100µm (top left of image). Arrows indicate positive stained cells. Quantification of PAS positive cells within the 
airways was scored and graphed (Figure 5-9, B).  
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Figure 5-9 Analysis of airway secretion-related molecules following acute and chronic exposure to 
DEP±HDM for 3 weeks. A. Quantification of PAS positive cells within the airways was scored and graphed. B-D. Lung 

mRNA was isolated and analysed by RT-PCR for expression of mucus related genes.  Results are presented as fold over 
control levels (FOC±SEM). N=5-9 mice per treatment group, with all assays performed in triplicate. Significance is denoted 
as the following, as indicated: compared to PBS or HDM control p<0.05(*), <0.01(**), <0.001(***); compared to DEP alone 
p<0.05(•),<0.01(••), <0.001(•••). 

 



 

206 

 

5.4.2.6 Effect of single and repeat DEP±HDM on structure, remodelling and function of the 

lung 

Masson’s trichrome (M.T.), -smooth muscle actin (-sma) and PCNA were stained on serial 

lung sections (Figure 5-10) after the exposures in order to determine if there was any airway 

remodelling. M.T. stains blue for collagen, -sma stains brown for -smooth muscle actin and 

can indicate increased muscle in the area, and PCNA stains for cells that are replicating. 

Increased staining for these parameters is reflective of pathophysiological responses and airway 

remodelling processes that are commonly seen in asthma patients. All three show a similar 

pattern after instillation and can be seen to increase in groups that have had both HDM and 

particle exposures.  

Airway hyperresponsiveness (AHR) is a characteristic feature in patients with asthma. 

Responses to the inhaled muscarinic receptor agonist can be used to assess AHR and were 

applied in our study.  PBS, DEP alone, HDM alone and DEP+HDM RPT were measured. There 

were no changes in the respiratory system resistance (Rrs) (Figure 5-11, A), the Newtonian 

resistance (Rn) (Figure 5-11, B), elastance (Ers) (Figure 5-11, D) or tissue elastance (H) (Figure 5-

11, C) after exposure to any of the particle combinations.  
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Figure 5-10 Airway structure and remodelling after DEP±HDM exposures over 3 weeks. A. Lung tissue 

was fixed, and sections processed for M.T staining (top panel) and immunohistochemical staining of α-smooth muscle actin 
(α-sma) (middle panel) and proliferating cell nuclear antigen (PCNA) (bottom panel). Representative images of each group 
are displayed with a scale bar of 100µm (top left of image). Arrows indicate positive cell staining.  
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Figure 5-11 Lung function analysis after DEP±HDM exposures over 3 weeks. Airway hyperresponsiveness 

to increasing concentrations of inhaled aerosolised methacholine, was assessed using a forced oscillation technique. A. 
Respiratory system resistance (Rrs), B. Newtonian resistance (Rn), C. tissue elastance (H) and D. elastance (Ers) were 
calculated using flexivent system sotware. Results are presented as ±SEM. N=5-9 mice per treatment group, with all assays 
performed in triplicate. Significance is denoted as the following, as indicated: compared to PBS or HDM control p<0.05(*), 
<0.01(**), <0.001(***); compared to DEP alone p<0.05(•),<0.01(••), <0.001(•••). 
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5.4.3 Acute respiratory effects of both (DEP+CeO2NPs) and HDM on airway 

inflammatory responses (24hrs) 

24 hours after CeO2NPs instillation, initial end points were analysed and assessed for acute 

inflammatory responses. This protocol is outlined in Figure 5-1, D.  

5.4.3.1 Effect of DEP, CeO2NP and HDM on BAL Immune cell counts 

Figure 5-12, A shows the cell profiles in the BAL fluid from Balb/c mice after exposure to the 

various particle combinations and plotted as cells/ml of BAL fluid. % of total cells counted of 

each immune cell was also analysed (Figure 8-12, appendix). There was a significant decrease in 

the macrophage counts after exposure to BothLD+HDM and BothHD+HDM when compared 

to the HDM control.  

There was a significant increase in neutrophil cell counts after exposure to BothLD+HDM and 

BothHD+HDM when compared to the HDM control.  

There were no changes in the lymphocyte or the eosinophil cell counts after any of the 

exposures.  

5.4.3.2 Effect of DEP, CeO2NP and HDM on inflammatory markers within BAL fluid 

Figure 5-12, B shows the changes in gene expression after 24 hours of exposure to the various 

particle combinations. There were no changes in the concentration of IL-33, IL-5, IL-4 in the 

BAL fluid after any of the Both+HDM exposures.  

The levels of CCL20 were significantly increased after exposure to BothHD+HDM when 

compared to CeO2HD+HDM, as was the concentration of IL-1α. IL-1α concentration was also 

significantly increased after BothLD+HDM exposure when compared to CeO2LD+HDM and 

DEP+HDM. The concertation of TSLP was significantly increased after BothHD+HDM exposure 

when compared to CeO2HD+HDM.  
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Figure 5-12 Inflammatory marker gene expression in lung tissue after various Both±HDM exposure 
combinations over 24 hours. Total lung mRNA was isolated for indicated inflammatory markers via RT-PCR. Results 

are presented as ±SEM fold over control levels (FOC). N=5-9 mice per treatment group, with all assays performed in 
triplicate. Significance is denoted as the following: compared to PBS or HDM control p<0.05(*), <0.01(**), <0.001(***); 
compared to particles alone p<0.05(•), <0.01(••), <0.001(•••); compared to CeO2NPs+HDM p<0.05(▪), <0.01(▪▪), 
<0.001(▪▪▪); and compared to DEP+HDM p<0.05(Ѳ), <0.01(Ѳ Ѳ), <0.001(Ѳ Ѳ Ѳ). 
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5.4.3.3 Effect of DEP, CeO2NP and HDM on lung cell structure assessed by histochemistry 

When observing the serial sections stained with hematoxylin and eosin (H/E), PAS and M.T 

(Figure 5-13), there does not appear to be any variation between the different exposure groups. 

These sections were prepared only 24 hours after exposure and therefore this may not have been 

long enough to have an impact on the gross cellular and structural appearance of the airways.  

 

Figure 5-13 Lung sections stained after 24 hours post-exposure to Both±HDM. Lung tissue was fixed and 

stained with hematoxylin and eosin stain (H/E) (left panels), Periodic acid–Schiff (PAS) (middle panels) and Masson’s 
Trichrome (M.T) stain (right panel). Representative images of each group are displayed with a scale bar of 100µm (top left 
of image). 
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5.4.4 Effects of CeO2NPs+DEP±HDM on pulmonary responses  

CeO2NPs+DEP±HDM was intranasally instilled 9 times over 3 weeks as described in Figure 5-1. 

This was to determine potential effects of the combination of CeO2NPs and DEP on the HDM 

model of asthma during a 3-week exposure protocol. 

As the repeated exposure to both DEP+HDM (RPT) has significantly increased effects in the 

majority of inflammatory parameters when compared to the single exposure of DEP after 3 

weeks of HDM (SGL) that was the exposure protocol that was carried on and used in further 

analysis and co-exposure with CeO2NPs. 

5.4.4.1 Effect of CeO2NPs+DEP±HDM exposure on altered BAL Immune cell counts 

Cell profiles in the BAL fluid from Balb/c mice after exposure to the various particle 

combinations was plotted as cells/ml of BAL fluid (Figure 5-14, A). % of total cells counted of 

each immune cell was also analysed (Figure 8-12, appendix). There was a significant decrease in 

the macrophage count after exposure to BothLD alone and BothHD alone when compared to 

the control and BothLD+HDM and BothHD+HDM when compared to the appropriate Both 

alone exposure control groups and HDM alone.  

There were no changes in the number of neutrophils counted after exposure to BothLD and 

BothHD alone, however, there was a significant increase in the number after exposure to 

BothHD+HDM when compared to BothHD alone.  

There was a significant decrease in the lymphocyte count after exposure to BothLD+HDM and 

BothHD+HDM when compared to HDM alone.  

The eosinophil cell count was significantly increased after exposure to BothLD+HDM and 

BothHD+HDM when compared to BothLD and BothHD alone, indicating the addition of HDM 

contributed to the significant increase.  

5.4.4.2 Effect of single and repeat CeO2NPs±HDM exposures on altered mast cell related 

markers  

Figure 5-14, B represents mast cell markers that have been analysed via ELISA. There was a 

significant increase in the concentration of MCPT1 in the lung tissue after exposure to 

BothLD+HDM and BothHD+HDM when compared to HDM alone, BothLD and BothHD 

respectively, CeO2LD and CeO2HD respectively and DEP+HDM.  

IgE concentration in the plasma (Figure 5-14, C) was measured using an ELISA. There was a 

significant increase after exposure to BothLD+HDM when compared to HDM alone, BothLD 
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alone and CeO2LD+HDM and a significant increase after exposure to BothHD+HDM when 

compared to HDM alone, BothHD alone and CeO2HD+HDM.  

Mast cells were stained using toluidine blue (TB) in airway sections from exposed animals and 

represented as an example section (Figure 5-14, D). There appears to be more staining in the 

BothHD+HDM exposed animals when compared to the other exposures; however, as they have 

not been quantified, this difference cannot be confirmed and is subject to interpretation.  
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Figure 5-14 Inflammatory cell response and plasma immunoglobulin E after acute and chronic 
exposure to Both±HDM for 3 weeks. BAL fluid, lung homogenates and blood plasma were analysed for immune 

cells, tissue mast cell MCPT1 and plasma IgE. A. Cells were counted after being fixed and stained as previously outlined 
(section 2.6.4) and 300-500 cells were counted per animal. The data are presented as the mean ±SEM % total cells counted. 
B. Lung homogenate MCPT1 (mast cell marker) levels are presented as fold over control levels (FOC±SEM). C. Blood plasma 
of IgE levels using analysed by ELISA. D. Lung tissue was fixed and stained with toluidine blue (TB), to highlight tissue mast 
cells (section 2.7.2.7). Representative images of each group are displayed with a scale bar of 100µm (top left of image). 
N=5-9 mice per treatment group, with all assays performed in triplicate. Significance is denoted as the following, as 
indicated: compared to PBS or HDM control p<0.05(*), <0.01(**), <0.001(***); compared to DEP alone p<0.05(•),<0.01(••), 
<0.001(•••). 
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5.4.4.3 Effect of single and repeat CeO2NPs±HDM exposure on gene expression changes in 

lung tissue 

Gene expression changes were analysed using real time-PCR for a variety of different genes 

(Figure 5-15). There were no changes in the expression of IL-25, IL-13, CCL24, TSLP and CCL26. 

There was a non-significant increase in the expression of CCL17 after exposure to BothLD+HDM 

and BothHD+HDM when compared to BothLD and BothHD alone and HDM. There were no 

significant changes in the expression of IL-8, but there was a dose dependant increase when 

comparing CeO2LD/HD+HDM to DEP+HDM and BothLD/HD+HDM.  

There was only a significant increase of MMP12 in BothHD+HDM when compared to HDM 

control and CeO2HD+HDM. This was also seen in the expression of CD177. There was a dose 

dependent increase in IL-33 expression with a significant increase after exposure to 

BothLD+HDM when compared to BothLD alone and CeO2LD+HDM, and after exposure to 

BothHD+HDM when compared to BothHD alone, CeO2HD+HDM, and DEP+HDM.  

There was a significant decrease in CCL8 expression after exposure with BothHD+HDM when 

compared to CeO2HD+HDM, and a significant increase in BothLD+HDM when compared to 

CeO2LD+HDM. IL-4 expression was significantly increased after exposure to BothHD+HDM 

when compared to BothHD alone.  

The expression of AREG was significantly increased after exposure to BothLD+HDM and 

BothHD+HDM when compared to HDM control, BothLD and BothHD alone and 

CeO2LD+HDM and CeO2HD+HDM. 
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Figure 5-15 Inflammatory marker gene expression in lung tissue after various Both±HDM exposure 
combinations over 3 weeks. Total lung mRNA was isolated for indicated inflammatory markers via RT-PCR. Results 

are presented as ±SEM fold over control levels (FOC). N=5-9 mice per treatment group, with all assays performed in 
triplicate. Significance is denoted as the following: compared to PBS or HDM control p<0.05(*), <0.01(**), <0.001(***); 
compared to particles alone p<0.05(•), <0.01(••), <0.001(•••); compared to CeO2NPs+HDM p<0.05(▪), <0.01(▪▪), 
<0.001(▪▪▪); and compared to DEP+HDM p<0.05(Ѳ), <0.01(Ѳ Ѳ), <0.001(Ѳ Ѳ Ѳ). 



 

217 

 

5.4.4.4 Effect of CeO2NPs+DEP±HDM exposure on inflammatory markers assessed by ELISA 

of BAL fluid 

BAL fluid was analysed for a number of cytokines via ELISA (Figure 5-16).  There was no change 

in the BAL fluid concentration of CCL20 or IL-4. 

There were no significant differences in the concentration of IL-33 following any of the exposure 

regimens. There was however a decrease after DEP+HDM exposure when compared to HDM 

alone which was ameliorated by the addition of cerium and even more so with the higher cerium 

concentration.  

There were significant increases in the CCL17 concentration after exposure to BothLD+HDM 

and BothHD+HDM when compared to the HDM control, BothLD alone and BothHD alone and 

DEP+HDM.  There was a significant increase in CCL11 concentration in the BAL fluid after 

exposure to BothLD+HDM when compared to CeO2LD+HDM, and an increase in IL-5 

concentration after exposure to BothHD+HDM when compared to CeO2HD+HDM. 

IL-13 concentration was significantly increased after exposure to BothHD+HDM and 

BothLD+HDM when compared to BothHD and BothLD, however, it was significantly decreased 

after these exposures when compared to the HDM control. This was also reflected in the 

concentration of TSLP when compared to the HDM control.  
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Figure 5-16 Inflammatory cell response and cytokine release after various Both±HDM exposure 
combinations over 3 weeks. BAL fluid was analysed for different released cytokines. Cytokines were measured in the 

BAL fluid and are presented as ±SEM fold over control levels (FOC).  N=5-9 mice per treatment group, with all assays 
performed in triplicate. Significance is denoted as the following: compared to PBS or HDM control p<0.05(*), <0.01(**), 
<0.001(***); compared to DEP alone p<0.05(•), <0.01(••), <0.001(•••). 
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5.4.4.5 Effect of CeO2NPs+DEP±HDM exposure on airway mucin production  

Mucin production within the airways can be analysed in numerous ways, including PAS, and 

CLCA1 staining (Figure 5-17), PAS scoring and analysis of gene expression levels of MUC5AC, 

CLCA1 and SLC26A4 (Figure 5-18).  

PAS and CLCA1 stains of serial sections can indicate the levels of the marker within the airways 

(Figure 5-18, A), and shows that introduction of HDM to the airways does make a difference in 

the intensity of the PAS and CLCA1 staining when compared to the particle exposures alone.  

When the PAS scores were quantified (Figure 5-18, A), a significant increase in the score was 

observed after exposure to BothLD+HDM and BothHD+HDM when compared to HDM alone, 

and BothLD and BothHD alone, CeO2LD+HDM, CeO2HD+HDM, and DEP+HDM.  

There were significant decreases in the MUC5AC, and CLCA1 expression (Figure 5-18, B+C) after 

exposure to BothLD and BothHD when compared to CeO2NP+HDM and DEP+HDM. There was 

a significant increase in the expression of SLC26A4 (Figure 5-18, D) after exposure to 

BothLD+HDM and BothHD+HDM when compared to the HDM control, and BothHD alone 

(for BothHD+HDM only).  
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Figure 5-17 Airway mucin analysis after various Both±HDM exposure combinations over 3 weeks. 
Lung tissue was fixed, and sections processed for PAS staining (top panel) and immunohistochemical staining of CLCA1 
(bottom panel). Representative images of each group are displayed with a scale bar of 100µm (top left of image).  
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Figure 5-18 Airway mucin analysis after various Both±HDM exposure combinations over 3 weeks. 
A. Quantification of PAS positive cells within the airways was scored and graphed. B-D. Lung mRNA was isolated and 
analysed implementing RT-PCR for expression of mucin related genes.  Results are presented as ±SEM fold over control 
levels (FOC). N=5-9 mice per treatment group, with all assays performed in triplicate. Significance is denoted as the 
following: compared to PBS or HDM control p<0.05(*), <0.01(**), <0.001(***); compared to particles alone p<0.05(•), 
<0.01(••), <0.001(•••); compared to CeO2NPs+HDM p<0.05(▪), <0.01(▪▪), <0.001(▪▪▪); and compared to DEP+HDM 
p<0.05(Ѳ), <0.01(Ѳ Ѳ), <0.001(Ѳ Ѳ Ѳ). 
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5.4.4.6 Effect of CeO2NPs+DEP±HDM exposure on structure, remodelling and function of 

the lung 

Masson’s trichrome (M.T.), -smooth muscle actin (-sma) and PCNA were stained for on serial 

lung sections (Figure 5-19) after the various exposures in order to determine changes in airway 

remodelling. All three show a similar pattern of change after instillation and can be seen to 

increase in groups that have both HDM and particle exposures. It is difficult to determine the 

differences in the intensity of the colour of the stain further than that and to distinguish if any 

of the co-HDM exposures have differences between them.  



 

223 

 

 

Figure 5-19 Airway structure after Both±HDM exposures over 3 weeks. Lung tissue was fixed, and sections 

processed for M.T staining (top panel) and immunohistochemical staining of α-smooth muscle actin (α-sma) (middle panel) 
and proliferating cell nuclear antigen (PCNA) (bottom panel). Representative images of each group are displayed with a 
scale bar of 100µm (top left of image). Positively stained cells are indicated with arrows.  
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Using methacholine the responsiveness of the airways can be measured after inhalation. PBS, 

CeO2HD alone, DEP alone, HDM alone, CeO2HD+HDM, DEP+HDM, BothLD and BothHD 

exposed animals were assessed. There were no changes in the respiratory system resistance (Rrs) 

(Figure 5-20, A), and tissue elastance (H) (Figure 5-20, C) in any of the groups following 

inhalation of methacholine. There was a significant increase in the Newtonian resistance (Rn) 

(Figure 5-20, B), and elastance (Ers) (Figure 5-20, D) after exposure to CeO2HD+HDM when 

compared to the other groups. 

Figure 5-20. Airway lung function analysis after various Both±HDM exposure combinations over 3 
weeks. Airway hyperresponsiveness to increasing concentrations of inhaled aerosolised methacholine, was assessed using 

a forced oscillation technique. A. Respiratory system resistance (Rrs), B. Newtonian resistance (Rn), C. tissue elastance (H) 
and D. elastance (Ers) were calculated using flexivent system sotware. Results are presented as ±SEM. N=5-9 mice per 
treatment group, with all assays performed in triplicate. Significance is denoted as the following: compared to PBS or HDM 
control p<0.05(*), <0.01(**). 

A.                            B.  

 

 

 

 

 

C.                  D. 
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5.5 Discussion  

In this chapter, we examined how CeO2NPs as a component of diesel exhaust particulate 

material may modify the immunological and pathological effects of DEPs and their ability to 

influence a murine HDM exposure model of allergic airway disease. We first examined the 

impact of DEP and HDM pulmonary exposure either alone or in combination on markers of 

airway inflammation including structural and mucin regulation. This was used to determine 

baseline responses to material exposure and to establish exacerbation and adjuvant interactions 

of particles and allergens.  Pulmonary co-exposure with CeO2NPs at doses reflective of the ratio 

present in DEPs from CeO2NPs fuel catalyst doped diesel fuel exhaust material was designed to 

reveal any interaction indicative of modifying effects on airway disease. 

5.5.1 24 hour exposures   

24 hours after exposure to DEP+HDM there was a significant increase in the number of 

neutrophils when compared to DEP alone and HDM control. Macrophage numbers were 

significantly decreased after exposure to DEP alone when compared to the control (Figure 5-3, 

A). An increase in macrophage and neutrophil numbers was also observed 24 hours after a DEP 

alone inhalation exposure (Dybdahl et al., 2004), indicating that exposure method does not 

influence changes in cell counts and these changes were independent of exposure methods. 

These results also resemble the CeO2NPs cell count results and indicate that the early immune 

response to both particle types is mainly a macrophage and neutrophil response with no 

changes in the eosinophils and lymphocyte cell counts and the co-exposure with HDM enhances 

this response to both particle types. In our study, we saw no changes in eosinophil cell counts 

after 24 hours of exposure. It has been identified in a different study, if the animals are left to 

recover for 7 days after a single intratracheal instillation, there was an increase in eosinophil cell 

counts after DEP+HDM when compared to DEP or HDM alone (Singh et al., 2005), again 

reinforcing the fact that this response is seen after a longer time scale. 

 

There were no changes in the cytokines measured in the BAL fluid, except for the concentration 

of IL-5 after exposure to DEP+HDM when compared to DEP alone in our study (Figure 5-3, B). 

Acute inflammatory response of the airways to DEP consisted of increased expression of IL-8 

and IL-13 in the epithelial cells and an increase in NF-kB in humans after inhalation  (Pourazar 

et al., 2005) of DEP in human volunteers. Activation of NF-kB occurs which triggers TNF-α, 

MIP-2, IL-6, IL-8, COX-II and iNOS (Schins and Donaldson, 2000). Increases in IL-6 

concentrations (Nemmar et al., 2011) as well as gene expression (Dybdahl et al., 2004) were 

identified after exposure to DEP alone when compared to the control. Co-exposure to 

file:///C:/Users/kmeld/Desktop/(Nemmar%20et%20al.,%202011)
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DEP+HDM caused an increase in IL-4, 13, and TNF-a after 7 days recovery post instillation in 

Brown Norway rats (Singh et al., 2005). 

There were no changes in any of the histology sections (stained with H/E, PAS or M.T.) at 24 

hours after exposure to any of the exposure regimens (Figure 5-2). Any airway remodelling or 

changes to the histology of the lung might be expected to take longer than 24 hours; 

pathological changes have been found to develop after months of chronic allergen exposure 

(McMillan and Lloyd, 2004) and therefore no changes would be expected until a later time 

point.  

The next section will focus on the acute exposure of Both+HDM.  

The investigation following exposure to Both+HDM was analysed 24 hours after intranasal 

instillation. There was a significant decrease in the number of macrophages counted in the BAL 

fluid after exposure to both BothLD+HDM and BothHD+HDM when compared to HDM alone, 

however, these exposures lead to a significant increase in the number of neutrophils in the BAL 

fluid again when compared to the HDM control (Figure 5-12, A). 

There was no change in the concentration of IL-33, IL-5 or IL-4 in the BAL fluid after either 

BothLD+HDM or BothHD+HDM exposures. Concentration of CCL20, IL-1α and TSLP was 

significantly decreased after exposure to BothHD+HDM when compared to CeO2HD+HDM 

(Figure 5-12, B), 

There were no identifiable changes in the and in the physiological stained sections (Figure 5-

13).  

5.5.2 3 week exposures  

DEP is a foreign body within the lung and interacts with the lung tissue after inhalation for 4 

weeks (Hiramatsu et al., 2003), and therefore causes additional inflammatory responses that are 

enhanced by the addition of the allergen. When combined, it has been identified that the co-

exposure effects of DEP+HDM could be due to Der pII that is found within HDM (Suzuki et al., 

1996) and is implicated in the allergic response as well. Der pII protease activity is known to 

activate the release of IL-6 and IL-8 (Kauffman et al., 2006) and is one of the most clinically 

relevant allergens in the world (Cao et al., 2016). 
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After exposure to BothLD and BothHD alone exposures there was a significant decrease in the 

macrophage count in the BAL fluid when compared to the control (Figure 5-14, A). This was the 

same after BothLD+HDM and BothHD+HDM exposures when compared to the HDM control.  

We saw no changes in the neutrophil cell count after BothLD or BothHD alone when compared 

to the PBS control, but there was a significant increase after BothHD+HDM exposure when 

compared to BothHD alone. The expression of CD177 (neutrophil chemoattractant) and CCL8 

(monocyte chemoattractant) as well as MMP12 (matrix metalloprotease) all have reduced 

expression in the mice exposed to BothHD+HDM when compared to the CeO2HD+HDM, again 

implying that DEP subdues the pro-inflammatory and possible injurious effects of CeO2 seen in 

the presence of HDM (Figure 5-15). In a previous study, an increase in BAL neutrophils was also 

seen after an IP injection (which is not as relevant as some of the other exposure models) in the 

eosinophil and neutrophil cell counts when exposed to DEP+HDM when compared to either 

DEP or HDM alone (Takahashi et al., 2010). 

There was also a significant increase in the eosinophil cell count in the BAL after BothLD+HDM 

and BothHD+HDM when compared to BothLD and BothHD alone. Previous work has shown 

that DEP alone did not induce traditional asthma-like symptoms of increased eosinophils 

(Brandt et al., 2013a), as was also seen in our study. Rather, there was an increase in neutrophils 

after DEP alone (Gavett et al., 2015) when compared with the control, which was equal to the 

HDM alone count. There were no changes in the expression of CCL24 or CCL26 (eosinophil 

chemoattractants) following combined particle exposure when compared to any of the other 

exposure groups. Overall, these data suggest that DEP suppresses the stimulatory effects of 

CeO2NPs exposure on immune cell attraction and the immune response, specifically Th2-

response mRNA expression.  

With regard to the BAL fluid concentrations of cytokines (Figure 5-16) after exposure to both 

particles with HDM, IL-4, IL-13, TSLP and IL-1α, CeO2NPs had no effect on the stimulation 

induced by HDM alone. In contrast, DEP markedly inhibited the effects of HDM. When DEP 

was instilled with CeO2+HDM, it also markedly reduced the effects HDM and CeO2, but not 

quite to the same extent as for DEP+HDM; this suggests that CeO2 interfered with the inhibitory 

effect of DEP alone on the effect of HDM, although it was not significant. The expression of the 

majority of genes analysed did not change in response to the addition of CeO2 to the DEP during 

exposure but there were patterns forming that may have become significant after longer 

exposure.  
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There was also a significant increase in mRNA expression of AREG (i.e., pro-fibrotic growth 

factor) after exposure to BothLD+HDM and BothHD+HDM (Figure 5-15). The upregulation of 

AREG mRNA indicates the potential for increased lung fibrosis and therefore further damage to 

the lung after this exposure combination, as suggested previously (Wang et al., 2005). This is 

supported by an increase in the distinctive blue staining of collagen following M.T staining, 

observed in the BothHD+HDM group when visually compared to M.T staining following the 

other exposure regimens (Figure 5-14, D).  

The expression of MMP12 (matrix metalloprotease) was only significantly increased after 

exposure to DEP+HDM RPT when compared to the HDM control (Figure 5-5). With respect to 

changes in mast cells, there was a significant increase in MCPT1 mRNA expression (mast cell 

marker) after exposure to BothLD+HDM and BothHD+HDM when compared to the HDM 

control and BothLD and BothHD alone (Figure 5-14). There were no changes in the in the TB 

staining, which would highlight mast cells, after any of the exposures, however this was not 

quantified (Figure 5-14, D).   

There were no changes in the eosinophil chemoattractant protein mRNAs (CCL24 and CCL26) 

after any of the exposures (Figure 5-15) which again agrees with the BAL fluid cell counts (Figure 

5-15, A). In other studies, this has been found to not be the case and animals exposed to both 

DEP+HDM have been found to exhibit a significant increase in neutrophil and eosinophil 

chemoattractants after intratracheal instillation (Fahy et al., 2000) in the BAL fluid. This could 

be due to the HDM exposure regime and the method of exposure. 

There were also significant increases in the IgE concentration after exposure to BothLD+HDM 

and BothHD+HDM when compared to the HDM control and BothLD and BothHD alone 

(Figure 5-14, C).  

There were decreases in the Th2 cytokine expression (IL-4 (significant), IL-25, and IL-13) after 

exposure to BothHD+HDM when compared to CeO2HD+HDM (Figure 5-15), suggesting that 

the addition of DEP causes a dampening of the Th2 immune response when compared to the 

CeO2NPs alone. This was not found to be the case in the absence of HDM. Ma et al., previously 

showed that exposure to CeO2 and DEP combined stimulated further macrophage activation as 

well as inducing IL-12 and IFN-y secretion and causing an increased fibrotic response when 

compared to either particle delivered alone (4 weeks post exposure; (Ma et al., 2014a)).  
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Other studies have found that the repeat instillation of DEP+HDM led to increased 

inflammation, goblet cell metaplasia, Th2 cytokines/Th17 cytokines, dendritic cells, and T cell 

activation (IL-17A, IL-17, IL-13, IL-4,5, CCL11, CCL20) (Acciani et al., 2013). Increased IL-13 (Gavett 

et al., 2015) was linked to an increase in IL-17A, and the neutralising of this IL-17A (using a rat 

anti-murine antibody) was shown to prevent the increase in asthmatic symptoms in this specific 

study (Brandt et al., 2013a). This is the opposite to our results where the addition of HDM has 

actually decreased the TH2 response (both in the BAL fluid concentration (Figure 5-16) and the 

mRNA expression (Figure 5-15)). This could potentially be due to the differences in DEP used 

(differences between diesels has been well documented and a simple difference of location of 

collection and burning engine has the potential to change the immune response to the particles) 

and the HDM used in the sensitisation process (as previously discussed, the concentration of 

the HDM does not matter, but the type and supplier does).  

It was previously found that, although iNOS and oxidative stress increased after 24 hours, this 

then decreased after 4 weeks of exposure to DEP (Hiramatsu et al., 2003 and Fahy et al., 2000), 

suggesting that ROS production is only relevant for a short amount of time, as has been found 

for other studies (Dickinson and Chang, 2011) and causes its effects during early exposure.  

The addition of HDM to the DEP decreased the responses relating to mucin production 

(increased MUC5C, SLC26A4 and CLCA1 mRNA expression; (Figure 5-9, B, C and D) when 

compared to the HDM alone, this response was then increased again after addition of CeO2NPs 

to the DEP. This would suggest that BothLD or BothHD exposure with HDM is required to 

change the mucin production response when compared to DEP alone and HDM alone. In 

contrast, the PAS score (Figure 5-18, A) was enhanced in both BothLD+HDM and 

BothHD+HDM groups when compared to the DEP alone, HDM alone and BothLD and BothHD 

alone. Interestingly, HDM alone also caused an increase in PAS positive cells above DEP alone, 

BothLD and BothHD alone, suggesting that a significant part of the increased PAS response in 

the combined exposures was due to HDM, which also caused a PAS response. This response was 

therefore quite independent of the mucin-related change in gene expression which depended 

on repeat exposures. 

Although there was no difference in BAL IL-33 levels (Figure 5-16), there were increases in tissue 

mRNA expression of IL-33 after exposures to BothLD+HDM and BothHD+HDM when 

compared to the single particle+HDM exposures (Figure 5-15). As IL-33 is implicated in the 

development of asthma (Oboki et al., 2011), but also has a short half-life in lung secretions, 
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upregulation of the tissue mRNA likely better reflects the importance of IL-33 allergic response 

to combined exposure to Both+HDM.   

The combined particle+HDM exposure significantly increases the PAS score (Figure 5-18, A), 

while all other markers of mucin production are reduced. The exposure of Both+HD matches 

that of the DEP+HDM exposures and diminishes the stimulatory effects that CeO2NPs have on 

the HDM-induced mRNA expression of MUC5AC (Figure 5-18, B), CLCA1 (Figure 5-18, C) and 

SLC26A4 (Figure 5-18, D). Thus, the BothHD+HDM exposure-response is significantly 

decreased when compared to the CeO2HD+HDM exposure. The particles alone (without HDM) 

caused no changes in any of these parameters measured. This indicates a reduction of mucus 

production (also seen in the DEP+HDM group) that is then enhanced by the addition of 

CeO2NPs to the DEP. 

 

There were no changes in the AHR after any of the exposures (Figure 5-20), nor were there any 

changes in the collagen deposition, smooth muscle actin and PCNA in the lung sections (Figure 

5-19) after any of the exposures. Another study found the opposite of this and the addition of 

DEP exacerbated increases already seen following HDM exposures, increasing AHR and fibrosis 

with co-exposure compared to HDM alone (Takahashi et al., 2010). It is worth mentioning that 

this latter study used a different source of freshly produced DEP, and the HDM was Der f, whilst 

the study lasted 30 days, all of which could have contributed to this different outcome. The 

adjuvant effect of both DEP+HDM has been shown previously to cause a significant increase in 

airway resistance, airway elastance and a decrease in airway compliance after DEP alone 

(Acciani et al., 2013), which again differs from this study.  

 

Further analysis of location and translocation of these particles within the lungs and other 

organs are required to be carried out, but it has been identified that there is a time-dependant 

and concentration dependant accumulation within the lungs and a delayed clearance when 

mice are exposed to DEP+CeO2 (Snow et al., 2014b). The increase of AHR and remodelling after 

exposure to both particles and an allergen when compared to the particles alone have been 

found to be increased throughout the literature (Inoue et al., 2007). 

 

Taken together, these results indicate that the addition of CeO2NPs to diesel fuel has the 

potential to increase the health hazard DEP already poses to both the healthy individual and 

one with an allergic airway disease. The addition of CeO2NPs to diesel enhances both the 

inflammatory and mucin responses within this model in the presence of an allergen (HDM) and 
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this may lead to the promotion of airway remodelling and a fibrotic phenotype within an allergic 

airway created with HDM exposures, instead of increasing Th2 responses and AHR.    
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6 Chapter 6: General Discussion 

6.1 Summary  

The aim of this thesis was to determine if pulmonary exposure to cerium dioxide nanoparticles 

could induce adverse effects with and without diesel particulate exposure in an allergic airway 

disease murine model. This would then be related back to human health and potential 

implications for the general population. Health effects of DEP in allergic humans and mice has 

already been thoroughly established before this study, whereas the addition of CeO2NPs to the 

fuel and the potential health effects these particles may have on asthmatics had not previously 

been investigated and is therefore where the novelty of this thesis lays. 

Asthma is a disease that effects many people in the world (Dharmage et al., 2019) and can be 

caused by numerous different allergens including HDM. The implications of EnviroxTM (the 

CeO2NP fuel catalyst) on this vulnerable group is important to determine due to the increasing 

use of this commercially available product and the effects it has on the combustion products of 

DEP (including reduction of particle size, increase of particulate numbers (Park et al., 2008a)).  

From this study it is apparent that DEP and CeO2 cause different responses within the airways. 

The concentrations of CeO2NPs were fifty times less than the DEP concentration used, but this 

was to replicate a realistic exposure to the concentration of particles found in the environment 

where these catalysts are being used by commercial vehicles (Park et al., 2008a). CeO2NPs alone 

led to the enhancement of an immune response when co-exposed with HDM, but it was unable 

to induce this response when exposed alone (without HDM). This suggests that CeO2NPs have 

the potential to exacerbate asthma symptoms that have already been established but do not 

have the potential to induce an allergic or asthmatic response by themselves. This could be an 

important discovery for environmental health and asthmatic patients living in the cities where 

these catalysts are being used.  

DEP enhanced responses were investigated more than the CeO2NPs, but this could be down to 

the concentration difference between the two particle types and the receptors that are activated 

by DEP but not CeO2NPs such as aryl hydrocarbon receptor due to the polycyclic aromatic 

hydrocarbons (PAHs) found in the DEPs (Grilli et al., 2018). There was more enhancement of 

responses to DEP when it was co-exposed with HDM, but there were still responses that are 

associated with a neutrophilic asthmatic response elicited by DEP exposure alone. This would 

suggest that DEP can exacerbated asthmatic responses (such as eosinophil attraction, IgE 

production, and mucus production, but not AHR), but may also potentially led to the 
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development of a neutrophilic phenotype of asthma after exposure to DEP alone. DEP has 

previously been implemented in the development of asthma (Pandya et al., 2002) and our results 

would agree with this potential.  

When the particles are mixed (but not burnt) in the same ratio that is found in the environment 

(and recommended by the manufacturer) there are variations in the responses when compared 

to the individual particle exposure alone. In some respects, there are protective implications of 

adding CeO2NPs to DEP, while in others the addition enhances the DEP response. There is a 

significant increase in the eosinophils after addition of cerium when compared to the DEP, 

along with IgE concentrations and mast cell attraction. Th2 cytokines (IL-4, IL-13 and TSLP) are 

increased as well as CCL17, CCL11 and AREG and the mucus production (PAS score). Responses 

that are decreased when compared to the cerium exposures include macrophage cell counts 

MCPT1 expression (but not concentration in the BAL), CCL8, CD177, MUC5AC, CLCA1 and 

SLC26A4 expression and AHR. This would suggest that there is an increased Th2 response and 

eosinophil attraction when compared to DEP alone, but a decrease in the neutrophil attraction 

and gene expression for mucus in the airways as well as AHR when compared to the cerium 

alone. The combination of both particle types either elicits the same response as DEP, or 

amplifies the allergic responses seen with co-exposures with HDM. These responses are 

replicated without HDM, but to a lesser degree. This has implications for public health and 

there is potential for asthmatic patients in the geographical areas these catalysts are employed 

to have exacerbation in their symptoms when exposed to these particles, as well as potential 

effects of these particles on a healthy population.  

It is important to compare the in vivo to the in vitro data to ensure the results are replicable and 

are consistent between the two models. We initially attempted to expose particles as a dose over 

area. This was not possible in this study due to incomplete data on cell numbers in murine lungs 

and concentrations exposed in vivo being miniscule when converted to in vitro per cm2. Due to 

this, the same concentrations were used in vitro as in vivo for the HDM co-exposure (even 

thought this will be a much higher exposure per cm2 when compared to instillation) and smaller 

concentrations used for the initial particulate exposures without the allergen.  

This study has tried to implement as close an environmental exposure as possible with using 

the correct ratios of particles. As these particles were mixed, they do not represent the physical 

changes that may have been induced by combustion. The burnt particles would likely be more 

agglomerated carbon compounds with a cerium core, as it has been identified that after the 

diesel is burnt with CeO2NPs there is a decrease in the carbon content (from 91.8% to 79.4%) 
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and an increase in the cerium content (from 0.3% to 6.5%) after combustion (Zhang et al., 2016). 

Further work would be to compare the mixture of these particles and the particles that have 

completed combustion and determine any potential characterisation and cellular response 

differences between the particles. Consideration also must be made for the fact that these 

particles are not all that is emitted upon combustion and a variety of different gases would also 

have to be incorporated into future experimental set ups to establish the full effects of these 

particles.   

As well as the potential changes in characteristics induced by the combustion of the particles, 

consideration needs to be made for interaction within the airways and after the various exposure 

methods. This is important if any information wants to be translated between human studies, 

in vivo and in vitro studies. This highlights the importance of characterisation of the particles in 

the exposure medium, to ensure there is consistency between the different exposure methods. 

These particles will be changed after exposure and will interact with lung lining fluid within the 

airways which will again change the particulate characterisation. 25µl was used for instillation 

in this study as it has previously been determined that this volume is sufficient for around 50% 

deposition of the material within the mouse lung (Southam et al., 2002). To replicate inhalation 

exposures, higher bolus instillation volumes are required and the nature of exposing a large 

volume of liquid into the lung potentially causes cytotoxicity itself without considering the 

particles (Jacobsen et al., 2015b). 

6.2 Limitations 

Due to the differences in the exposure methods between human studies, in vivo and in vitro, 

there is the potential for the protein that coats the particles (the protein corona) to be different 

between the different exposures. In any biological fluid there are a variety of proteins present 

which can bind to the surface of the nanoparticles. This creates a protein corona which can then 

potentially influence how these particles interact in the biological system and the fate of the 

particle (in vivo). This corona can influence the uptake and inflammatory response to these 

particles. The differences in the protein coronas may induce different cellular responses and 

therefore cause potential differences between the different exposure methods. This needs to be 

taken into consideration when thinking about the 3Rs (reduction, refinement and replacement) 

of scientific animal experimentation. All particles can create a protein corona after being 

exposed to proteins (from blood, BAL fluid and cell culture medium). The coronas that are 

formed can be significantly different between particles and exposure fluids (Konduru et al., 

2017), and this determines if the particles are taken up by macrophages or not. When DEPs were 
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incubated with plasma (fibrogen) or BAL fluid (albumin and surfactant protein A and D) 

DEP+plasma caused no responses from the macrophages, while the DEP+BAL fluid promoted 

inflammation and significantly increased IL-8 production highlighting the importance of the 

protein corona on the inflammatory response (Shaw et al., 2016). It is thought that this is a 

protective mechanism within the respiratory system to stop particulates inhaled having an 

influence on the epithelial cells (Kendall et al., 2002). 

The valence state of CeO2 is also important in determining the potential toxicity of the particles, 

and if possible, this state should be measured and recorded. In our study we did not record the 

valence state of the CeO2 alone or after it had been mixed with DEP. There are very few studies 

that focus on the different valence states of CeO2NPs, and fewer still that measure them. One 

study analysed the potential differences of CeO2NPs valences by intratracheally instilling rats 

and allowing them to recover for 24 hours, 7 days and 84 days before analysis of various end 

points. This study found that there were no differences in the effects elicited from cerium in 

either valence state (Dunnick et al., 2016) at any of the recovery time points or any of the 

inflammatory markers analysed. This suggests that CeO2 valence state does not matter on 

inflammatory responses (but this is only one isolated study), but it is still unclear what the 

addition and sonication may do to the valence state and the influence of inflammatory 

responses. Due to the fact the particles are being exposed to the cells in culture that have been 

suspended in medium, the deposition of the particles in this quasi-ALI system (Endes et al., 

2014) needs to be considered. The deposition of these particles is important, as the length of 

time the particles takes to dissipate to the bottom of the liquid (either cell culture medium, or 

lung lining fluid) is important for how long the cells can interact with the particles and therefore 

the length of exposure time required with that taken into consideration. Particles diffuse, settle 

and agglomerate in cell culture medium (Teeguarden et al., 2007) according to their 

characterisation properties – this means that the characterisation of these particles needs to be 

completed in the solution they are suspended in and if being aerosolised, the solution they will 

be entering before the cells.  Medium components can be separated into different groups – affect 

diffusion, agglomeration and gravitational settlings (Teeguarden et al., 2007). The rate and 

transport of nanoparticles can vary depending on the settling and diffusion rates. An example 

of nanoparticle settling time is around 1.5 hours in medium 1-2mm deep (100nm gold 

nanoparticles) (Figure 6-1). For CeO2NPs specifically, electrostatic interactions may be a major 

factor in protein absorption and uptake by the cells. A positive zeta potential (Figure 2-1, B) 
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enhances the absorption of albumin, where a negative zetapotetial enhances A549 cellular 

uptake (Patil et al., 2007). 

Information from the characterisation is also important for determining which in vitro model 

to use (which cell types and culture types). A smaller particle can impact the lung further and 

be deposited further down the airway into the alveolar areas. Larger particles are more likely to 

be deposited in the large airways (Heyder, 2004). Deposition can be influenced by both shape, 

and exposure route (inhalation, instillation (nasal or pharyngeal aspiration), and injections). 

Obviously, some are more environmentally relevant, but there are numerous reasons why one 

would be picked over another, including cost and equipment implementations. The deposition 

from these exposure routes can be modelled in silico to determine the potential location. This 

evidence can also be backed up with laser ablation and ICP-MS on lung sections from our study 

to determine the deposition within the airways for our specific particles.  After analysis of these 

slices, it allowed us to choose bronchial epithelial cells as our in vitro model to represent human 

cells where these particles are deposited in the in vivo models. Another way of determining the 

particle distribution after various exposures is to radio label them. Radio-labelled CeO2NPs were 

intratracheally instilled, inhaled (particles suspended in liquid before being aerosolised and 

inhaled) and insufflated (this is a dry powder aerosol exposure route). Deposition varies 

between different exposure methods, instillation and inhalation has similar distribution. 

Figure 6-1. Particle transport rate in vitro. The influence of the transport rate and time with the biological 

response. The rate and transport of a particle can vary significantly depending on particulate type due to the differences in 
settling and diffusion rates (Teeguarden et al., 2007). 
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Insufflation has a significant deposition in the trachea and a heterogeneous lung disposition. 

These techniques change the deposition of the particles and therefore the potential toxicology 

of the particles (Molina et al., 2016).  

To assess various changes between strains of mice, different strains need to be exposed to the 

same particles in the same way (Ichinose et al., 2004). This study highlighted the variances 

between mice strains and the potential for the wrong strain to allude to extreme responses that 

are not present in other strains. It is not feasible to expose various strains of mice/rats to 

different particles, so care needs to be taken before undergoing such specific inflammatory 

response studies in vivo.  

As well as considering the variations in strains, the allergens used to develop this allergic asthma 

model should also be considered. HDM extracts were used in this study instead of OVA or other 

allergens due to its implementation in human asthma development. HDM extracts from 

different sources can also vary massively, this is due to the fact that 17 components have been 

identified from Dermatophagoides pteronyssinus (Der p) (Kim et al., 2015) and Der p 1 and Der 

p 2 are the major allergens (Van Der Veen et al., 2001). One study (Post et al., 2012) analysed 

three different HDM extracts and their effects on the epithelial cell layer in vitro and in vivo. 

The HDM was acquired from Greer, Citeq Biologics and ALK-Abello (three different companies 

that are based in three different countries), and it was found that the HDM from Greer had 

caused the most effects on the epithelial layer compared to the others (Citeq Biologics and ALK-

Abello), including reduction of TEER, increases in CCL20 and GM-CSF (in vitro) goblet cell 

hyperplasia, CCL20 and CCL17 IgE and an increase in AHR (in vivo). For this reason, HDM from 

Greer was used throughout our study both in vitro and in vivo.  

In our study we investigated the effects of particles given at specific time points and were only 

able to analyse these due to time constraints. Further investigation into the behaviour and 

interaction of the particles and the allergen is required to determine their relationship. One 

such study would be to switch the exposures and expose the mice to the particles for 3 weeks 

and then have a single exposure of HDM before analysis or the exposure with DEP throughout 

and then a change at the end to the burnt DEP+CeO2NPs to represent a changing environment 

using these particles. It must also be noted that within our study the in vivo work was completed 

over 3 different sets of experiments. This was due to the number of animals required for these 

experiments and the time and physical constraints that are expected with this type of work. It 

was important to ensure the welfare of the animals was at a consistently high standard, 

something that would not have been possible if all in vivo work was completed together.  
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Our study, as well the majority of the literature, focuses on animals of a certain age (between 6-

8 weeks), whereas responses in other age groups (such as the young and the elderly) that are 

also vulnerable to the development of an asthmatic response and reaction to various particles, 

including those from vehicles and diesel engines. Mucus hyperplasia, eosinophil and 

lymphocyte counts and IgG1 were increased in older mice exposed to HDM. AHR was reduced 

in older mice and a neutrophil profile was increased, enhancing the Th17 response compared to 

the young mice (Brandenberger et al., 2014). This indicates that there is an age difference and 

the impact of HDM alone does have an age variation. On the opposite end of the spectrum, the 

young can also be affected differently to particulate exposure. The youngest and potentially 

most vulnerable are those still in utero (Paul et al., 2017). 

There is also a difference in the responses to both HDM and the particles between the sexes. 

We have used female mice as they are easier to handle and slightly smaller, whereas more males 

are affected by asthma at a younger age and male mice may be more relevant to study the effects 

these various particles have in this age group (Postma, 2007). On the opposite side of this, it has 

been found that female mice were more sensitive to exposures in a COPD model (Tam et al., 

2016).  

Other groups of people that are more susceptible to the impacts of particulate exposure are 

these that already have pre-existing conditions or those with an already changed inflammatory 

profile. For example, there is a strong epidemiological link between obesity and development of 

asthma. Obese mice had lower eosinophils and higher macrophage counts in BAL when 

compared to normal mice, increases of M1 and M2 macrophage markers and cytokines (IL-4/5). 

Obese asthmatics struggle more with treatments options and steroid resistance when compared 

to normal weight patients (Diaz et al., 2015). There is the potential for the type of inflammatory 

response to be changed if the baseline response is different from normal.  

6.3 Future work 

A section that has been omitted from this thesis is the completion of transcriptomics using the 

samples previously analysed. Samples were sent externally to be analysed, which was not 

completed during the time frame of this thesis, which is currently being carried out and 

prepared for publication. It is important to mention that this analysis was completed as it would 

be a logical next step after both the protein and the RNA analysis of the samples.  

With the constant development of diesel fuel trying to improve emissions and economy, the 

particles used in this study are no longer as relevant as they once were. NIST 2975 particles are 
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from burning of diesel fuel in a heavy industrial forklift engine and are not representative of 

what is now being emitted on the roads of the UK. The only way to get representative particles 

are to physically collect particles from the street and test these on current systems. This 

approach comes with its own problems, such as the time it takes to collect sufficient material 

to complete analysis on and exposures with; uncertainty over exactly where the particles have 

come from (these will be mixed fuel particles as well as general vehicle wear particles (brake 

and tyre wear for example) and the particles collected will vary massively with seasons, weather, 

time of day and collection location. Another method is to burn diesel fuel in a specific engine 

and collect the particles emitted from that engine. This means you know exactly where the 

particles have come from and the specifications of the engine. The drawback of this method is 

that each individual engine contributes different metals at different concentrations to the diesel 

while it is being burnt, therefore every engine is unique in the particle profile produced by 

burning diesel fuel. This effect may be slight, but also needs to be considered.  

Bio-fuels are being developed to replace traditional diesel fuels (Pfister et al., 2017), however 

these combinations may also have an impact on an allergic asthma model. To assess this, normal 

DEP, soy-based DEP or an 80/20 mix of the two of them was exposed via inhalation for 4 weeks 

into healthy and HDM treated mice. DEP caused an inflammatory response that was not seen 

in the other groups (Gavett et al., 2015) indicating that the potential developments in diesel fuel 

technology can decrease the inflammatory responses after exposure. The development and 

addition to traditional diesel fuel has the potential to limit environmental diesel impacts on 

those that already have compromised pulmonary systems.  

The final thing that should be investigated after exposure to these particles is the potential 

translocation of the particles. After instillation in rats, it was found that around 64% of the 

cerium remained in the lungs 28 days after exposure and the elimination half-life was 103 days. 

Cerium penetrated through the alveolar wall and went into the circulation and was then found 

in various organs (He et al., 2010). In our study, various organs were collected for further 

analysis. To complete the story, analysis of these organs with ICP-MS to determine the amount 

of translocation of cerium after a repeated exposure schedule should be completed. It is 

important to understand where these particles go and the potential systemic effects of these 

particles.  

This thesis has brought together exposure to both an in vivo and an in vitro exposure model of 

allergic airway diseases. It has allowed us to identify that the addition of CeO2NPs to diesel fuels 

causes enhancement of certain inflammatory endpoints that are implemented in an allergic 
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response when compared to the diesel burnt alone. There is still the potential for further 

research that has not been completed and should be in order to determine the whole story and 

potential implications the addition of this commercially available catalyst may have on a large 

asthmatic population, both in the UK and across the globe.  
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8 Appendix 

8.1 Additional figures 

 

  

  

Figure 8-1. Time points for analysis of various characterisations. At these time points various samples were 

taken and analysed for predetermined end points. The wells were seeded on day 0 at a concentration of 1x105cells/cm2. 
ALI day 0 is when medium is removed from the apical side of the membrane exposing the cells to air. Red crosses indicate 
medium changes, with the specifically indicated change on day 7 to the various differentiation media which was then 
continued throughout the culture life. 
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Figure 8-2. Confocal microscopy images showing HPBECs growing in the various differentiation 
media and TEM microscopy image of HPBECs grown in Gray medium. A. represents HPBECs grown in 

Fulcher medium; B. represents HPBECs grown in Gray medium; C. represents HPBECs grown in Matsui medium; and D.. 
represents HPBECs grown in Fulcher and Randell medium. All HPBECs are from the same donor, initially seeded at 
1x105cells/cm2 on day 0 and pictured 12 days after seeding (7 days at ALI). Magnification x20 and the scale bar represents 
100µm. E. TEM image on day 21 after the cells have been differentiated in Gray medium. Scale bar represents 2µm. 
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Figure 8-3. Cellular injury and dysfunction measurements for the four differentiation medium 
types. A. Cellular viability measured with LDH production; B. Lactate levels in the basal compartment and C. TEER 

measurements at the pre-defined TPs. N=4 subjects with all assays performed in triplicate. The data is presented as the 
mean ±SEM. Significance is denoted as the following: compared to Fulcher medium P<0.05(*); compared to Gray medium 
P<0.05(#); and compared to Fulcher+Randell medium P<0.05($). 
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Figure 8-4. Basal protein expression changes after 24 hours of CeO2NPs alone, DEP alone and 
CeO2/DEP combined exposures. ELISA expression changes in SAECs after 24 hours of exposure to CeO2/DEP.  

Analysed 24 hours after particulate exposure, after the particles had been removed from the apical side of the membrane. 
Cytokine and chemokine release was measured in both the apical and basal compartments. The data is presented as the 
mean ±SEM. N=4-8 subjects with all assays performed in triplicate. Significance is denoted as the following: compared to 
medium control p<0.05(*). 
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Figure 8-5. Basal protein expression changes after 24 hours of CeO2NPs alone, DEP alone and 
CeO2/DEP combined exposures. ELISA expression changes in SAECs after 24 hours of exposure to CeO2/DEP.  

Analysed 24 hours after particulate exposure, after the particles had been removed from the apical side of the membrane. 
Cytokine and chemokine release was measured in both the apical and basal compartments. The data is presented as the 
mean ±SEM. N=4-8 subjects with all assays performed in triplicate. Significance is denoted as the following: compared to 
medium control p<0.05(*). 
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Figure 8-6. Basal protein expression changes after 24 hours of CeO2NPs alone, DEP alone and 
CeO2/DEP combined exposures. ELISA expression changes in SAECs after 24 hours of exposure to CeO2/DEP.  

Analysed 24 hours after particulate exposure, after the particles had been removed from the apical side of the membrane. 
Cytokine and chemokine release was measured in both the apical and basal compartments. The data is presented as the 
mean ±SEM. N=4-8 subjects with all assays performed in triplicate. Significance is denoted as the following: compared to 
medium control p<0.05(*). 
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Figure 8-7. Cell viability, cellular injury and membrane integrity after 24 hours of both CeO2/DEP 
and cytokine co-exposure. Cellular viability measured with LDH production, lactate production measured in the 

basolateral compartment indicating cellular injury and cellular metabolism, and TEER measurements completed 24 hours 
after particulate exposure, after the particles had been removed from the apical side of the membrane. N=4-8 subjects with 
all assays performed in triplicate. The data is presented as the mean ±SEM. Significance is denoted as the following: 
compared to medium control p<0.05(*), <0.01(**), <0.001(***), compared to particle control p<0.05(#), <0.01(##), 
<0.001(###), compared to IL-4 co-exposure p<0.05($), <0.01($$), <0.001($$$), and compared to IL-13 co-exposure 
p<0.05(ø), <0.01(øø), <0.001(øøø). 
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Figure 8-8. Protein expression changes after 24 hour co-exposure of both CeO2/DEP and cytokines. 
ELISA expression changes in SAECs after 24 hours of exposure to CeO2/DEP. Analysed 24 hours after particulate exposure, 
after the particles had been removed from the apical side of the membrane. Cytokine and chemokine release was measured 
in both the apical and basal compartments. The data is presented as the mean ±SEM. N=4-8 subjects with all assays 
performed in triplicate. Significance is denoted as the following: compared to medium control p<0.05(*), <0.01(**), 
<0.001(***), <0.0001(****). 
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Figure 8-9 Protein expression changes after 24 hour co-exposure of both CeO2/DEP and cytokines. 
ELISA expression changes in SAECs after 24 hours of exposure to CeO2/DEP. Analysed 24 hours after particulate exposure, 
after the particles had been removed from the apical side of the membrane. Cytokine and chemokine release was measured 
in both the apical and basal compartments. The data is presented as the mean ±SEM. N=4-8 subjects with all assays 
performed in triplicate. Significance is denoted as the following: compared to medium control p<0.05(*), <0.01(**), 
<0.001(***), <0.0001(****). 
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Figure 8-10 Inflammatory cell profile after exposure to CeO2NPs±HDM. BAL fluid was analysed for immune 

cell profile. A. Cell profile 24 hours after exposure. B. Cell profile 3 weeks after exposure (acute and chronic exposures). BAL 
cells were counted after being fixed and stained as previously outlined (section 2.6.4) and 300-500 cells were counted per 
animal. The data are presented as the mean ±SEM % total cells counted. N=5-9 mice per treatment group, with all assays 
performed in triplicate. Significance is denoted as the following, as indicated: compared to PBS or HDM control p<0.05(*), 
<0.01(**), <0.001(***); compared to CeO2NP alone p<0.05(•), <0.01(••), <0.001(•••). 
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Figure 8-11 Inflammatory cell profile after exposure to DEP±HDM. BAL fluid was analysed for immune cell 

profile. A. Cell profile 24 hours after exposure. B. Cell profile 3 weeks after exposure (acute and chronic exposures). BAL 
cells were counted after being fixed and stained as previously outlined (section 2.6.4) and 300-500 cells were counted per 
animal. The data are presented as the mean ±SEM % total cells counted. N=5-9 mice per treatment group, with all assays 
performed in triplicate. Significance is denoted as the following, as indicated: compared to PBS or HDM control p<0.05(*), 
<0.01(**), <0.001(***); compared to DEP alone p<0.05(•), <0.01(••), <0.001(•••). 
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Figure 8-12. Inflammatory cell profile after exposure to Both±HDM. BAL fluid was analysed for immune 

cell profile. A. Cell profile 24 hours after exposure. B. Cell profile 3 weeks after exposure (acute and chronic exposures). BAL 
cells were counted after being fixed and stained as previously outlined (section 2.6.4) and 300-500 cells were counted per 
animal. The data are presented as the mean ±SEM % total cells counted. N=5-9 mice per treatment group, with all assays 
performed in triplicate. Significance is denoted as the following: compared to PBS or HDM control p<0.05(*), <0.01(**), 
<0.001(***); compared to particles alone p<0.05(•), <0.01(••), <0.001(•••); compared to CeO2NPs+HDM p<0.05(▪), 
<0.01(▪▪), <0.001(▪▪▪); and compared to DEP+HDM p<0.05(Ѳ), <0.01(Ѳ Ѳ), <0.001(Ѳ Ѳ Ѳ). 
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