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ABSTRACT 

INTRODUCTION: 

Chronic obstructive pulmonary disease (COPD) is a progressive, long-

term group of respiratory diseases that encompasses chronic bronchitis and 

emphysema, and is typically caused by chronic cigarette smoke (CS) exposure. 

Although it is currently listed as the third leading cause of mortality worldwide 

by the WHO, current understanding of COPD pathophysiology is limited and as 

such the disease is frequently underdiagnosed or misdiagnosed. One of the 

hallmark characteristics of COPD is chronic and persistent inflammation, and 

much of our current understanding of the immunopathogenic mechanisms of 

COPD comes from the use of whole-body or nose-or-head only CS-exposure 

mouse models. Despite the existence of such models, these are not permitted 

for use under UK laws protecting the use of animals in science, as the model 

systems are considered to place mice under significant unnecessary stress and 

harm, and phenotypic outcomes do not accurately mimic human disease. 

Therefore, this project aims to develop a novel CS-exposure murine model of 

COPD that encompasses the three Rs of animal research (replacement, 

refinement and reduction) to improve model design in regards to both animal 

welfare and applicability to human disease.  

 

METHODS: 

Prior to model development, a 24-colour spectral flow cytometry was 

developed and optimised for the characterisation of major innate and adaptive 

immune cells. In addition to this, a reverse phase protein microarray (RPPA) 

panel to assess proteomics of the lungs was tested for cross-reactivity to mouse 

samples, though after no cross-reactivity was detected an RT-qPCR panel was 

developed to assess changes in gene expression in tissues. Mice were exposed 

intranasally to an aqueous cigarette smoke extract (CSE) to minimise stress of 

restraint and handling, and provide an exposure methodology more reflective of 

human exposure methods. Once per week, microsampling of tail vein blood was 

obtained to assess impact of CSE exposure on peripheral immune cells via flow 

cytometry. Following 12 weeks of CSE exposure, mice were culled and tissues 

were isolated for RT-qPCR and histological analysis. 
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RESULTS: 

Due to low cell numbers in peripheral blood as a result of microsampling 

restrictions, no differences were detected in peripheral immune cell profiles 

between control groups and two disease groups (light-smoker and heavy-

smoker). Despite this, both conventional gating strategies and unbiased 

clustering analysis displayed comparable cell profiles, demonstrating the 

effectiveness of the comprehensive flow panel. Although no differences in 

systemic immunopathophysiology were observed, significant differences in 

gene expression, neutrophilia and airway remodelling were observed in the 

lungs, dependent on either CSE dose or sex. In particular, whilst most 

inflammatory and immune signalling pathway genes were upregulated in males, 

these were downregulated in females. Additionally, pulmonary neutrophilia and 

alveolar diameter were significantly increased in both male and female heavy-

smoker mice in comparison to control groups, and these findings were more 

pronounced in females in comparison to males. 

 

CONCLUSIONS: 

Overall, we have developed the foundations of a novel murine model of 

COPD that better encompasses the 3Rs and mimics the pulmonary 

manifestations of COPD. Whilst no differences in systemic immune cell profiles 

were observed, marked alterations to lung structure were observed akin to 

results reported in both humans and mice with COPD, and these appeared to 

be exacerbated in females. In order to fully assess systemic inflammation, blood 

samples could be taken less frequently in order to increase blood volume 

permitted to be withdrawn, thus increasing the number of cells available for 

analysis and allowing differences to be better visualised. This model system 

provides a toolkit for researchers in the UK to further our current understanding 

of COPD immunopathophysiology, and may potentially be used in the future to 

assess pathophysiological differences dependent on other causative factors, 

such as environmental and household air pollutants and e-cigarette smoke. 
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CHAPTER 1 – GENERAL INTRODUCTION 

1.1. CHRONIC OBSTRUCTIVE PULMONARY DISEASE 

Throughout the course of our lifetime, we are exposed to and inhale 

a number of potentially harmful materials that can elicit an immune 

response and cause inflammation within the lungs and pulmonary 

spaces.  Pulmonary inflammation is often caused either by infection with 

pathogens, such as bacteria, viruses and fungi, or by lung diseases such 

as asthma and lung cancer. Noxious particulate matter in the form of air 

pollutants and tobacco smoke may also cause immune responses, 

particularly if inhaled on a regular basis either passively (second-hand) 

or actively (first-hand). Over time, chronic exposure of such hazardous 

materials can cause persistent inflammation and lead to the development 

of a number of pulmonary diseases. 

Chronic obstructive pulmonary disease (COPD) is an umbrella term 

to describe persistent and progressive respiratory disease with a 

multitude of causative factors and phenotypic characteristics, and is most 

often associated with chronic cigarette smoke (CS) exposure. Phenotypic 

presentations of COPD manifest in the form of airflow limitation and 

inflammation in conjunction with chronic cough (chronic bronchitis), or as 

significant airway remodelling and enlargement resulting in poor gaseous 

exchange mechanisms (emphysema) [1]. COPD also has a multitude of 

extra-pulmonary effects, including fatigue and weight loss, and is 

associated with abnormal inflammatory responses both within the lungs 

and systemically in response to noxious particulate matter (figure 1.1.1). 

These systemic effects are often accompanied by comorbidities which 

may either arise as a result of COPD or exacerbate pre-existing 

symptoms or underlying conditions. As of 2019, COPD is listed as the 

third leading cause of mortality worldwide by the World Health 

Organisation (WHO), though frequent underdiagnosis may infer that the 

global impact of COPD is considerably higher than estimated or reported 

in current literature [2, 3]. 



CHAPTER 1 – GENERAL INTRODUCTION 

 

2 
 

Despite being a disease of high morbidity worldwide, current 

understanding of COPD pathophysiology is limited. The lack of 

knowledge on the mechanisms that drive COPD pathology and 

persistence has meant that current therapies and treatment plans for 

COPD patients revolve largely around symptom management and 

intervention during exacerbations. Overall, this leads to a significant 

medical and economic burden, with patients frequently hospitalised as a 

result of exacerbations. Although a disease of significant burden, COPD 

is studied to a lesser extent than other respiratory diseases, and is there 

much less public awareness of the disease. Other conditions such as 

tuberculosis, HIV/AIDS, malaria and cancers are often given more of a 

focus, and research focus is often shifted heavily during outbreaks of 

infectious diseases of significant potential global burden [3]. 

Nonetheless, estimates of the epidemiology and global burden of COPD 

highlight the necessity of gaining better understanding of its 

pathophysiology so as to identify therapeutic targets or strategies and 

reduce strain on global resources. 

 

Figure 1.1.1:- Common phenotypic presentations and symptoms of chronic 

obstructive pulmonary disease (COPD). (Created with BioRender) 
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1.1.1. EPIDEMIOLOGY AND GLOBAL BURDEN 

1.1.1.1. Prevalence 

It is estimated that approximately 300 – 400 million people are 

diagnosed with COPD worldwide [4]. Despite this, the prevalence of 

COPD was not widely studied until the 1980s, and even still estimates of 

global incidences vary significantly between publications [5]. This is often 

attributed to the lack of a well-established case definition across studies 

due to the use of different lung function tests for COPD diagnosis [6]. 

Quantitative analysis of airflow obstruction used to diagnose COPD is 

typically performed via spirometry. Spirometric analysis uses the ratio of 

the forced expiratory volume in the first second (FEV1) to the forced vital 

capacity (FVC) of the lungs to determine the degree of airway 

obstruction. The resulting ratio can then be defined as being less than 

the lower limit of normal (LLN) based on the lower fifth percentile of the 

individual's age, sex, height and race/ethnicity, or as less than 70%, both 

of which are indicative of obstructive airway disease. Spirometric 

measurements may also be taken either prior to or after the use of a 

bronchodilator, which may have an effect on diagnostic outcomes. 

According to GOLD standards, the preferred method for diagnosis is 

post-bronchodilator spirometry using the fixed ratio FEV1/FVC of less 

than 70% (0.7) due to its simplicity and wider usage in comparison to the 

LLN method [7]. A National Health and Nutrition Examination Survey 

(NHANES) study conducted between 2007 - 2010 demonstrated that the 

prevalence of COPD in the United States changes significantly 

depending on the diagnostic criteria used to define a case. In this study, 

COPD prevalence increased from 10.2% when using post-bronchodilator 

spirometry with FEV1/FVC < 0.7 fixed ratio criterion to 20.9% when using 

pre-bronchodilator spirometry with FEV1/FVC < LLN [8]. The argument of 

when bronchodilators are to be used for spirometric analysis is influenced 

by evidence that pre-bronchodilator spirometry can overestimate COPD 

diagnosis by up to 30%, and therefore post-bronchodilator spirometry 

should be the preferred option [9]. Further compounding the ability to 

accurately estimate the prevalence of COPD, many cases are often 
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diagnosed based on airway obstruction or reported symptoms alone in 

the absence of spirometry [10]. Diagnosis in this manner is credited as a 

result of lack of standardised spirometry testing methods as well as a 

poor definition of what constitutes COPD. This lack of diagnostic 

standards and criteria in turn results in the potential risk of either 

misdiagnosis of COPD or failure to diagnose patients with active COPD. 

In addition to the requirement of a post-bronchodilator FEV1/FVC < 0.7, 

GOLD definitions also state that COPD diagnosis requires the 

presentation of persistent respiratory symptoms (e.g., dyspnoea, chronic 

cough or sputum production), in addition to a history of exposure to 

known risk factors (e.g., tobacco smoke, household air pollution, 

occupational dust and fumes etc.) [11]. As demonstrated by 

epidemiological studies however, these guidelines are not often followed 

for accurate COPD diagnosis, suggesting a lack of awareness of 

diagnostic methods for obstructive respiratory diseases [10, 12-14]. 

A large majority of COPD cases are found in low- and middle-

income countries (LMICs), though COPD in high income countries is also 

frequently reported. This case incidence could be attributed to the fact 

that approximately 84% of the global smoking population reside in 

developing and transitional economy countries [15]. Although cigarette 

smoking is considered to be the primary aetiological factor of COPD, 

approximately 30% of all COPD patients are never-smokers [16]. COPD 

can also be the result of occupational, environmental and household air 

pollution exposure. One third of the world's population relies on the 

burning of biomass fuels to power and heat homes, which are often 

subject to poor ventilation [3]. Incomplete combustion of fuels and poor 

ventilation results in the inhalation of noxious particles which may lead to 

the development of COPD. It is potentially this factor which results in 

COPD being more prevalent in younger age groups in LMICs, as 

exposure to environmental or household air pollution during childhood 

has been demonstrated to prevent lungs from developing to their full 

potential, and may predispose individuals to developing COPD earlier in 

life in comparison to individuals who live in countries that do not rely on 
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biomass fuels for household heating [3, 17, 18]. Biomass-associated 

COPD also has a slightly different phenotype in comparison to tobacco 

smoke-induced COPD and has been implicated in asthma-COPD 

overlap syndrome, and may therefore go undiagnosed or misdiagnosed 

particularly in younger generations given that COPD is considered a 

"disease of old age" [19, 20]. Additionally, COPD as a result of 

occupational dust and fumes (often from industrial or agricultural 

workplaces) is frequently underreported and may comprise a large 

number of cases that would contribute to the overall global burden of 

COPD [21]. Despite the large number of epidemiological studies that 

have been conducted since the 1980s, most studies are conducted in 

Western countries (particularly the United States and European 

countries) [22-25]. Data is particularly lacking from South-east Asian and 

African countries, which is typically attributed to a lack of spirometers in 

general practice meaning that cases cannot be diagnosed [26]. 

Additionally, data from Africa is only partial and often primarily concerns 

pockets of populations exposed to occupational air pollution hazards or 

hospital environments [27]. Therefore, much of the data available on 

global prevalence of COPD is based on predictive statistical methods 

using data from available epidemiological studies from these countries or 

neighbouring countries (figure 1.1.2) [28, 29]. The lack of epidemiological 

data from Eastern and African countries, as well as LMICs, means that 

estimates into the overall prevalence and health and economic burdens 

of COPD may not reflect the true overall impact of COPD on a global 

scale, and may only be indicative of the situation in higher income and 

Western countries. 
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1.1.1.2. Morbidity and Mortality 

Morbidity is typically defined as the condition of suffering from a 

medical disease or the rate of disease within a population, whereas 

mortality describes the number of deaths as a result of a specific 

condition. COPD is currently listed as the third leading cause of mortality 

worldwide, resulting in approximately 3.5 to 4 million deaths per year as 

a result of household air pollution and approximately 6 million deaths per 

year as a result of smoking [2, 30, 31]. Mortality within COPD is typically 

associated with low FVC, which is also closely related to poverty [32]. 

This could provide an explanation behind the higher probability of death 

from COPD in African countries and India, despite such countries 

typically having a lower prevalence of COPD overall [33]. Respiratory 

failure is attributed as the most common cause of death amongst COPD 

patients, though cardiovascular diseases and lung cancer are typically 

more common causes of death in early COPD [34-37]. However, 

Figure 1.1.2:- Inverse distance weighted (IDW) interpolation map of global 

prevalence of COPD. Red and orange shadows indicate areas of high prevalence, with 

lighter shades of yellow and green indicating intermediate or low prevalence. Pockets 

of high prevalence of COPD can be observed in Northern England and Scotland, across 

the majority of Europe, Northern USA/Southern Canada within the area of the Great 

Lakes, Eastern and Southern Africa, Northern and Southern Asia and the Eastern coast 

of Southern America. Areas shaded in white represent areas where prevalence cannot 

be estimated due to sparse populations or lack of data (figure taken from Blanco et al. 

(2019)) [24] 
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determining the burden of COPD through mortality rates alone fails to 

reflect the true total burden, as many cases are often not included due to 

misattribution of cause of death and also do not account for the impact of 

a disease throughout an individual’s lifetime. Instead, COPD burden may 

be more accurately estimated through the measure of disability-adjusted 

life years (DALYs). A DALY is a time-based measurement of overall 

disease burden, which combines years of life lost as a result of premature 

death and poor health, or years of life lost as a result of disability. A single 

DALY therefore equates to the loss of a single year of full health [6]. As 

such, not only do DALYs take death as a result of COPD into 

consideration, but also include data from other factors that contribute to 

a disease's overall burden, such as inability to work and hospitalisations 

as a result of ill health. This provides a better estimation of a disease's 

burden by allowing it to be compared to other diseases that cause death 

but not disability, in order to ascertain the overall impact of the disease's 

disability burden in conjunction with its mortality burden. DALYs can 

further be separated into more specific statistical analyses, including 

years of life lost due to premature mortality (YLL) and years of life lost 

due to disability (YLD). Using these statistics, it was estimated that COPD 

accounted for 4.7% of all global DALYs between 1990 - 2010, with 

chronic respiratory diseases accounting for 6.3% of global YLDs, of which 

COPD was the largest contributor [38, 39]. Currently, the WHO lists 

COPD as the 7th largest cause of DALYs in 2019, though DALYs for 

many diseases including COPD have been dropping for a number of 

years due to advancements in medical treatments and disease 

knowledge [2]. 

Even with the use of DALYs, estimating the morbidity and mortality 

of COPD still poses significant challenges, and it is thought that global 

COPD morbidity and mortality may be considerably higher than currently 

estimated. This is due to the prevalence of comorbidities alongside 

COPD. Attribution of death is not universal, and therefore differences in 

diagnosis and cause of death between countries has a compounding 

effect on estimated global mortality rate of COPD [14, 40]. Often the 
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cause of death in COPD patients is attributed to one or more 

comorbidities, with COPD typically only being listed as an underlying 

compounding factor and not as a contributing or direct cause of death 

[41]. Previous studies have found that approximately only 40% of deaths 

amongst COPD patients were judged to be related to COPD, meaning 

the remaining 60% were attributed to comorbidities associated with 

COPD or to factors unrelated to health or disease [42]. Although 

comorbidities are widely reported, determining the prevalence of COPD 

alongside comorbid conditions is confounded by shared risk factors, 

underdiagnosis of COPD and related comorbidities, as well as 

overlapping phenotypic characteristics of COPD and common 

comorbidities [11, 43-46]. This can often make it difficult to ascertain the 

true morbidity of COPD, as a reduction in the quality of life of an individual 

may be due to an undiagnosed comorbid condition or misattributed to a 

comorbid condition in an individual with undiagnosed COPD. 

Nonetheless it is generally considered that 97% of all COPD patients 

possess one or more comorbidities, with approximately 53% of patients 

having four or more comorbidities [47]. For each diagnosed comorbidity, 

the incidence of self-rated poor health status by COPD patients is 

increased by 43%, with common comorbidities such as heart failure, 

diabetes and arthritis resulting in significant decreases in quality of life 

scores when compared to other comorbidities [48]. An increased number 

of diagnosed comorbidities is also often associated with exacerbations of 

COPD or diagnosed conditions, which can overall lead to a decrease in 

quality of life [49, 50]. Comorbidities common amongst COPD patients 

are not limited to physical conditions, anxiety disorders and clinical 

depression are widely reported diagnoses, with depression being far 

more prevalent concurrently with COPD in comparison to any other 

chronic disease [51-54]. The presence of anxiety and/or depression 

amongst COPD patients has a long-lasting impact on reported quality of 

life, which is made all the more difficult due to effectiveness of treatment 

and therapy programs for mental health conditions varying depending on 

an individual’s needs and presentations of the condition. In particular, 

COPD patients with an anxiety and/or depression diagnosis are at an 
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elevated risk of exacerbations, hospitalisation, and increased mortality in 

comparison to COPD patients without anxiety or depression [55, 56]. For 

patients with spouses the presence of anxiety and/or depression is 

shown to lead to a significant decrease in the reported quality of life in 

both the COPD patient and spouse, and overall prevalence of anxiety 

and depression is greater amongst both COPD patients and their 

spouses [53]. This demonstrates that COPD and its comorbidities may 

not only have an impact on the quality of life of the patient themselves, 

but their immediate family as well. Although global morbidity and mortality 

of COPD has widely been studied, it is evident that the amount of duress 

placed upon the patient as a result of the disease itself and its 

comorbidities has indirect consequences on the quality of life of those 

around the patient, and should also be cause for consideration when 

investigating COPD burden. 

 

1.1.1.3. Economic and Healthcare Burden 

Perhaps the greatest burden of COPD is its impact on global 

healthcare resources, which result in significant healthcare costs and 

have a negative effect on global economic resources. The healthcare 

burden of COPD is best highlighted by its impact during the recent 

pandemic caused by severe acute respiratory distress syndrome 

coronavirus 2 (SARS-CoV-2), during which strains on global healthcare 

resources were widely reported as a result of the virus itself. As a 

respiratory disease, COPD patients were classified as “high-risk” of 

severe infection and likely to require intensive care and hospitalisation in 

the event of infection [57, 58]. While data is limited due to research 

priorities at the time of the pandemic, generally the impact of COPD and 

outcomes as a result of coronavirus disease 2019 (COVID-19) are 

disputed and the topic is somewhat controversial in the field of respiratory 

medicine [59]. Nonetheless, evidence suggests that while patients with 

COPD are not at increased mortality as a result of COVID-19, admissions 

to intensive care units (ICU), advanced respiratory support and 

mechanical ventilation interventions were significantly higher in 
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comparison to those without COPD [60, 61]. COPD diagnosis was 

typically associated with severe outcomes as a result of infection, likely 

due to higher expression of the angiotensin-converting enzyme 2 (ACE2) 

receptor by which the virus enters cells typically seen in smokers and 

those with COPD, though increased susceptibility to disease through this 

mechanism alone remains an ongoing debate [62, 63]. Still, the greatest 

impact on healthcare resources as a result of COPD comes in the form 

of hospitalisation due to acute exacerbations, typically as a result of 

respiratory infections from bacteria, viruses and fungi [64].It is therefore 

no surprise that COPD was typically associated with hospitalisation and 

admission to ICU throughout the course of the COVID-19 pandemic. 

The economic impact of COPD primarily affects low- and middle-

income countries (LMICs), particularly due to the scarcity of healthcare 

resources, and those that are available are ill equipped to treat chronic 

conditions [3, 65]. Even in high-income countries, the cost of COPD is 

still significantly high. It is estimated that COPD has an approximate 

global cost of US$2.1 trillion, with at least half of the burden carried by 

LMICs [66]. Of this value, the vast majority is attributed to direct costs 

such as medication and hospitalisation, whilst US$0.2 trillion can be 

attributed to indirect costs such as missed work and early retirement [67]. 

Some studies have found that medication is the largest contributor to a 

country’s economic burden as a result of COPD, though hospitalisation 

and exacerbations pose the most significant challenge and greatest 

impact as they greatly affect both economic and healthcare resources 

[68]. In the US alone, hospitalisations as a result of COPD exacerbations 

can cost as much as US$18 billion per year [69]. There is both a 

significant lack of understanding of COPD pathogenesis and awareness 

of COPD as a disease by both healthcare professionals and the general 

public, all of which contribute towards ineffective treatment interventions, 

underdiagnosis and failure to seek medical advice particularly for those 

exposed to risk factors [70-74]. While the current total global economic 

impact of COPD currently stands at US$2.1 trillion, it is estimated that by 

2030 the economic impact of COPD in LMICs alone will rise to US$1.7 
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trillion as a result of an increasingly aged population and inadequate 

treatment interventions [75]. Though the prevalence of COPD itself is 

falling, its continuing impact on morbidity, mortality, healthcare and 

economic resources remains heavy due to lack of disease 

understanding, and therefore further research needs to be conducted in 

order to decrease global burden. 

 

1.1.1.4. Projections and Research Priorities 

Currently COPD is listed as the third leading cause of mortality 

worldwide, however the WHO had not anticipated that this would occur 

until 2030 [76]. This sudden increase in COPD mortality and prevalence 

despite the effectiveness of smoking awareness and cessation programs 

is likely linked to an increasing aged population [6]. Advances in medical 

care and disease knowledge means that on average expected lifespan is 

increased, resulting in a larger demographic of elderly individuals and 

thus increasing burden of diseases typically considered those of old age 

(typically 60 + years) [33]. Whilst the prevalence of COPD in high-income 

countries has plateaued, it is expected that the number of COPD patients 

will double in low- and middle-income countries (LMICs) within the next 

decade [77]. However, given the increasing prevalence of COPD 

amongst younger individuals (> 60 years), it is no longer justifiable to 

classify COPD as only a disease of old age [20]. As previously described, 

many individuals in LMICs rely on the use of biofuels for heating and 

powering their homes, and chronic exposure to incompletely combusted 

particulate matter from a young age has detrimental effects on lung 

function and development [3]. It is estimated that the average amount of 

household air pollution generated as a result of burning biofuels 

individuals in these conditions are exposed to is equivalent to smoking 

two packs of cigarettes per day, and women and children are of particular 

risk of developing COPD as well as a multitude of other chronic 

respiratory conditions [78]. This often results in a growing demographic 

of younger individuals diagnosed with COPD in LMICs, whilst the reverse 

is observed in high-income countries where older individuals are more 



CHAPTER 1 – GENERAL INTRODUCTION 

 

12 
 

likely to suffer from COPD [17, 18]. By considering COPD only a disease 

of old age or only a result of chronic cigarette smoking, little is done to 

manage and prevent COPD in younger individuals or in individuals with 

COPD as a consequence of chronic exposure to household air pollution 

or occupational hazards. Current strategies to minimise the global burden 

of COPD rely largely around these elderly patients with a history of 

smoking, and prevention methods are typically related to smoking 

awareness and cessation whilst interventions for those with COPD 

involve minimising exacerbations and the management or prevention of 

comorbid conditions [6]. Failure to develop strategies to deal with the 

growing incidence of COPD amongst those to which the above criteria 

does not apply means that only a fraction of the global burden is 

addressed, and further must be done to correct this. 

Determining the research priorities of diseases with significant 

global burden is often an arduous task, as there are a number of 

questions that must be answered. It is difficult to ascertain where 

priorities should lie, and whether developing prevention or treatment 

strategies is more important than understanding a disease’s 

pathogenesis is the subject of much debate. A study conducted by 

Adeloye et al. (2021) [79] aimed to investigate the opinions of 62 

researchers in the field of COPD research to determine where 

researchers felt priorities should lie for future studies. Of 230 research 

ideas proposed, the top ranked priorities included strategies for 

improving access and effectiveness of treatment and prevention methods 

for COPD, as well as better defining diagnostic methodologies for 

accurate COPD diagnosis. Interestingly, the lowest ranked priorities 

included further research to understand the biological pathways involved 

in COPD pathophysiology and whether disease classification should be 

altered depending on phenotype. However, without sound understanding 

of a disease’s mechanisms, finding more effective treatment strategies 

and improving diagnostics could prove challenging. Overall, the findings 

from this study highlight that while COPD research is often focused on 
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treatment and diagnostic strategies, investigations on pathogenic 

mechanisms and risk factors are often overlooked. 

 

1.1.2. CAUSATIVE FACTORS 

1.1.2.1. Air Pollutants 

Air pollutants account for 55% of all global COPD-associated 

DALYs, though these risk factors are far more common in countries with 

a lower SDI in comparison to high or high-middle SDI countries (figure 

1.1.3) [80]. Air pollutants in regard to COPD can be distinguished into 

three separate categories: ambient particulate matter (including ambient 

ozone), occupational exposures and household air pollution. In lower SDI 

countries, household air pollution comprises the largest risk factor for 

COPD, and is particularly problematic for younger individuals and women 

[3, 81]. Given that as much as one third of the world’s population relies 

on the burning of biomass or solid fuel (such as coal, wood and charcoal) 

to heat their homes and cook, standards have been set to ensure 

exposure to the products of incomplete combustion, including carbon 

monoxide, and particulate matter do not exceed a recommended level in 

order to minimise risk of damage to respiratory health. PM10 is used as 

the standard indicator of health hazard of air pollutants within a given 

space, and the mean annual value for PM10 in outdoor air is set at 

between 40 to 50 μg/m3 depending on the country and regulating 

Environmental Protection Agency (EPA) [78]. It is estimated that in 

homes relying on biomass and solid fuels, PM10 levels can reach up to 

10,000 μg/m3, approximately 200 times higher than the standards set by 

the EU and US EPA [3]. These levels of particulate matter present a 

significant risk factor to children especially, as chronic exposure to 

household air pollutants during critical stages of lung development, 

including in utero and in early childhood, have been shown to prevent the 

lungs from developing to their full potential [82-84].  

Occupational hazards resulting in compounded respiratory health 

have been reported as early as the 19th century, though it was only as 
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recently as the 1970s and 80s where the link between COPD and 

occupational exposures was established [85-87]. Unlike other risk factors 

of COPD, occupational exposures carry relatively the same risk between 

countries regardless of their SDI, and contribute towards 15% of all 

COPD-associated DALYs globally (figure 1.1.3) [80]. Global incidence of 

occupational COPD may be underestimated, especially for workers who 

smoke and present COPD-like disease, as this may frequently be 

diagnosed as smoking-induced COPD to avoid companies having to pay 

worker’s compensation [88, 89]. Regardless, the association between 

occupational hazards including inorganic dust such as coal dust, 

asbestos and cement is well established and reported in a number of 

cohort studies, and there is increasing evidence of COPD amongst 

healthcare workers as a result of exposure to irritant gases and cleaning 

agents [90-93]. 

Unlike household air pollutants and occupational air hazards, the 

link between ambient air pollutants and COPD is poorly established. 

Nonetheless it is estimated that this accounts for 20% of all global COPD-

associated DALYs. Most research associated with ambient particulate 

matter on respiratory health largely focuses on short-term effects, with 

long-term research and research investigating the role of air pollutants 

on COPD pathogenesis severely lacking [16, 94]. Regardless, evidence 

suggests that ambient air pollutants including nitrogen dioxide, ozone 

and byproducts of traffic may contribute towards COPD pathogenesis, 

and chronic exposure to such matter can cause hallmark 

pathophysiological characteristics reminiscent of COPD [95, 96]. 

Although the link between ambient air pollution and COPD remains up 

for debate, many researchers argue that it is a plausible risk factor in the 

development of COPD given the effects exposure to such particulate 

matter can generate even after short-term exposure. 
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1.1.2.2.  Tobacco and Cigarette Smoke 

COPD is often considered a disease caused by chronic cigarette 

smoking, however only 45% of all COPD DALYs are a direct result of 

tobacco smoking (figure 1.1.3) [80]. This preconceived notion is likely a 

result of the fact that chronic cigarette smoking is most commonly 

associated with COPD onset in countries with a higher sociodemographic 

index (SDI) and typically in countries where the most amount of research 

into COPD and other respiratory diseases is conducted [22-25, 97]. 

Nonetheless, it has been reported that in high-income countries 

approximately 73% of COPD mortality is directly related to chronic 

smoking, and that of those who smoke regularly approximately 50% will 

develop COPD later in life [98-101]. Additionally, smoking during 

pregnancy has been shown to result in foetal lung injury and childhood 

lung injury, which may predispose children to the development of asthma 

and COPD-like disease [102]. Studies such as these and long-held 

opinions regarding COPD have meant that approaches to reducing 

disease burden comprise of a triad of strategies: smoking cessation and 

control of tobacco products or smoke exposure, protective measures to 

reduce acute exacerbations and effective management and prevention 

of the development of comorbidities [6]. Recent efforts to minimise or 

prevent the use of tobacco products, particularly cigarettes, have led to 

a decrease in overall global smoking populations, however the burden of 

COPD is still significantly present. Historically there is far more research 

providing evidence for the direct causal link between tobacco smoke and 

COPD, and it has only been in more recent years that research has 

focused on COPD as a result of other factors outside of tobacco smoke 

exposure that contribute towards this global burden. 

 

1.1.2.3. Electronic Cigarette and Vape Smoke 

Electronic cigarettes (e-cigarettes) have been introduced in the last 

two decades as a safer alternative to cigarette smoking, intended for 

those aiming to quit or reduce their tobacco consumption [103]. Due to 
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their recent introduction and use, the link between COPD and e-cigarette 

smoking or vaping has yet to be fully established. Despite this, there is 

increasing evidence to support a direct causal link between chronic 

vaping and lung injury, particularly amongst adolescents within the last 

ten years [103-105]. The majority of research investigating the influence 

of e-cigarettes and vaping on lung function in humans has largely been 

conducted using data and case studies within adolescent populations, 

likely due to the severity and frequency of e-cigarette or vaping 

associated lung injury (EVALI) amongst this demographic, to the point 

where the use of e-cigarettes amongst adolescents and young adults has 

previously been described as an “epidemic” [104]. As a result of this 

focus, research relating to the influence between e-cigarettes and COPD 

or e-cigarette use amongst older adults is severely lacking, as is research 

on the long-term effects of e-cigarette use due to their novelty. Despite 

this, it has been demonstrated that the incidence of self-reported COPD 

is considerably higher amongst individuals who both smoke conventional 

cigarettes and e-cigarettes, individuals who smoke e-cigarettes and 

previously smoked conventional cigarettes and individuals who smoke e-

cigarettes but have never smoked conventional cigarettes in comparison 

to individuals who had never smoked nor vaped. Incidentally however, 

individuals who used e-cigarettes reported self-diagnosis of COPD 

compared to individuals who currently smoked conventional cigarettes 

regardless of whether they had previously smoked cigarettes prior to their 

vaping status [106]. This suggests that although there are negative 

effects associated with the use of e-cigarettes, these effects are less 

severe than those associated with conventional cigarettes, though as 

demonstrated through research and case studies are still capable of 

causing significant lung damage [105]. E-cigarettes were purposely 

designed as a means to assist smokers in quitting from conventional 

cigarettes and improve their pulmonary health, but emerging evidence 

over the last decade has proven that not only do e-cigarettes possess the 

capability to cause lung injury akin to tobacco products, but an increasing 

number of individuals, particularly those of a young age, are using e-

cigarettes in lieu of conventional cigarettes altogether. Whilst there is 
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some evidence to suggest the use of e-cigarettes may lessen the degree 

of exacerbations in COPD patients in comparison to those using 

conventional cigarettes, the long-term effects of e-cigarettes and their 

potential role in the onset of COPD itself is currently unknown [107]. 

Given the number of case studies related to EVALI reported over the last 

decade, it would be safe to assume that chronic use of e-cigarettes may 

lead to the development of COPD-like disease, though these devices 

have not existed for long enough for this association to be definitively 

proven or observed. 

Figure 1.1.3:- Global risk factors of COPD according to sociodemographic 

index (SDI) (as highlighted for each country) and approximate prevalence of 

COPD by continent (as identified by percentage). Risk factors of COPD are 

demonstrated as a percentage of COPD-associated DALYs per 100,000 individuals 

globally and according to SDI. While tobacco smoking is considered the primary 

aetiological factor of COPD and is shown to be such in countries with a high or high-

middle SDI, other risk factors such as occupational exposures, ambient particulate 

matter and household air pollution all contribute to a higher percentage of risk factors 

globally. This highlights that although attitudes towards COPD and treatment plans for 

COPD patients are largely focused on tobacco smoking, the global burden of COPD as 

a result of non-tobacco related risk factors is far greater particularly in countries with 

lower SDI (figure taken from Yang et al. (2022)) [80] 
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1.1.2.4. Genetic association with COPD 

Determining the genetic component of COPD has proven difficult 

throughout research history, much like many other complex chronic 

diseases. Nonetheless, studies have identified a number of genes which 

are both accepted and suggested to have influence over risk of COPD 

development [108]. Of these genes, a deficiency in the enzyme alpha-1-

antitrypsin (A1AT) encoded by the SERPINA1 gene is the only widely 

accepted genetic predisposition towards COPD pathogenesis [109]. 

A1AT deficiency is believed to not be sufficient enough by itself to cause 

the development of COPD, and merely predisposes individuals to 

developing COPD earlier and to a much more severe degree than those 

without A1AT deficiency [110-112]. Whilst differences in gene expression 

can prove difficult to link to COPD pathogenesis, the link between genetic 

polymorphisms and relative risk of COPD is one that can be established 

somewhat more definitively. Generally, genetic polymorphisms are 

inherited, and while spontaneous mutations can occur most are silent and 

do not affect the resulting encoded protein structure. Genome wide 

association studies (GWAS) are useful in identifying both loci and 

variants of genes associated with a particular disease, and have 

previously been conducted on COPD [113]. As a result of GWAS studies, 

a number of genes and variants have been identified as risk factors of 

COPD, many of which are either linked to lung function or overlap as risk 

factors for asthma and pulmonary fibrosis [114]. Certain polymorphisms 

in the gene encoding for a disintegrin and metalloproteinase 33 

(ADAM33) have been associated as risk factors for COPD amongst East 

Asian populations, and the resulting proteins may impact COPD 

pathogenesis [115]. ADAM33 is typically involved in tissue remodelling 

and proteolytic activity, including cleaving cytokines and receptors off of 

the surface of cells, and some polymorphisms have been associated with 

a dysregulation of ADAM33 activity [116, 117]. Additionally, certain 

variants of the genes encoding for proinflammatory cytokines including 

TNF-α, TGF-β1, IL1B and IL6, as well as variants of the TNFRSF1A and 

TNFRSF1B genes have been strongly associated with the development 
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of COPD [118, 119]. Although these associations have been made, the 

exact mechanistic effects of many genetic polymorphisms on COPD 

pathophysiology remain unclear. 

 

1.1.2.5. Sex as a risk factor 

The influence of sex as a risk factor for COPD development and 

pathophysiology remains a topic of much debate [120]. While some argue 

that men and women are affected by COPD differently, the evidence to 

support this notion is significantly lacking in both quantity and robustness. 

Despite this, men and women have a number of sex-specific differences 

ranging from biological mechanisms including genetics, hormones and 

drug metabolism to behavioural and environmental differences, such as 

tobacco usage, work environments and willingness to seek and comply 

with medical advice and treatment plans. The consumption of tobacco 

products by women has steadily increased over the last few decades, 

though evidence to suggest increased susceptibility to the negative 

effects of tobacco products in women is disputed. Recent evidence 

however has suggested that women are more likely to develop COPD 

earlier and after having smoked fewer tobacco products than men, and 

display a greater annual decline in FEV1 values compared to men [121, 

122]. The exact mechanisms behind these observed differences are 

poorly understood, though it is believed that a number of biological and 

phenotypic difference contribute towards these findings. Oestrogen and 

progesterone have been demonstrated to have an influence on airway 

function particularly in asthmatic patients, though similar influence has 

yet to be observed for COPD, and bronchial hyperresponsiveness is 

reported more frequently in women than in men [123, 124]. A potential 

increased susceptibility to CS in females is often considered to be the 

result of women having smaller lungs than men, which results in a higher 

dose per cigarette in comparison, though it has also been suggested that 

differences in susceptibility may simply be the result of brand choice 

[125]. While these differences may possibly be dismissed by the fact that 

women appear to be more frequently diagnosed with COPD than men, 
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trends to suggest a susceptibility to COPD onset in women are frequently 

reported in the literature [126]. Of note, disparity between immune 

function and inflammatory responses between men and women have 

been previously observed, with women typically displaying a heightened 

immune response as a result of chronic smoking and COPD [127, 128]. 

Although such trends have been observed, the mechanisms behind 

COPD pathogenesis still remain poorly understood, which thus 

contributes towards a lack of understanding of the specific sex 

differences in COPD onset and pathophysiology. By fully characterising 

specific mechanisms of COPD pathogenesis, researchers can better 

understand the unique differences in disease phenotype that may be 

observed as a result of biological sex, race or background, and allow for 

better and more targeted treatment plans for the individual. Failure to 

account for potential sex differences in a given study may therefore result 

in potential mechanisms that may affect one sex greater than the other 

being overlooked or missed. 

 

1.1.3. MECHANISMS AND PATHOGENESIS 

1.1.3.1. Extracellular matrix and airway remodelling 

The pulmonary extracellular matrix (ECM) comprises a complex 

network of macromolecules that provides support to surrounding cells, 

and its dysregulation has been linked to airway remodelling. The majority 

of the components of the ECM are produced by fibroblasts, smooth 

muscle cells and epithelial cells, of which the main components are 

proteins and glycoproteins such as collagen, elastin and fibronectin [129, 

130]. Collagens are the most abundant ECM components in the lungs 

and have a number of subtypes, the presence and ratios of which 

determine the mechanical properties of the lungs [131]. In the lung 

parenchyma, fibrillar collagen such as types I, III and V which possess 

high tensile strength and low elasticity are the most abundant, though 

type IV involved in cell migration and differentiation is also common [132]. 

Elastin, a protein responsible for the elasticity of tissues, allowing them 

to retain their shape following stretching or contracting, is also highly 
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abundant and typically associates with type I and III collagens in the 

alveoli [133]. Disproportionate ratios of ECM components and 

degradation of collagens and elastin are known to lead to alterations in 

lung rigidity and elasticity, resulting in lung injury due to poor resistance 

to mechanical tension and stretching [134]. The components of the ECM 

are controlled by proteases and antiproteases which may prevent or 

promote degradation of ECM components, and thus balance of these 

enzymes is pivotal for maintaining peak tissue function. 

 

1.1.3.2. Protease-antiprotease imbalance 

Homeostasis of the ECM is dependent on careful balance of 

proteases and antiproteases, which are involved in regulating proteolysis 

and remodelling of the ECM and overarching tissue systems. Imbalance 

of proteases and antiproteases therefore results in alterations to the ECM 

which ultimately contributes to major tissue remodelling and reduction or 

loss of normal tissue function. In the context of COPD, an imbalance of 

elastase and its inhibitor, α1-antitrypsin, typically as a result of A1AT 

deficiency, is the most widely characterised and understood example of 

this [135]. However, other protease-antiproteases may contribute 

towards airway remodelling and additionally play a pivotal role in the 

hallmark persistent inflammation observed in COPD phenotypes. Matrix 

metalloproteinases (MMPs) and tissue inhibitors of metalloproteinases 

(TIMPs) are types of proteases and antiproteases involved in the 

breakdown of collagen and elastin, and an inflammation-driven 

imbalance of MMPs and TIMPs is known to contribute towards ECM 

degradation [136, 137]. In particular, certain MMPs such as MMP-9 and 

MMP-12 are shown to be increased in the bronchoalveolar lavage fluid 

(BALF) of COPD patients [138, 139]. MMP-9, also known as 92 kDa type 

IV collagenase, is involved in the degradation of type IV and V collagens. 

Conversely, MMP-12, or macrophage metalloelastase, degrades both 

soluble and insoluble elastin. An increase of these MMPs therefore 

results in increased degradation of collagens and elastin, reducing the 

elasticity of the lungs and leading to significant changes to airway 
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structure and dynamics [140]. These changes often result in lung injury 

and enlargement of airway spaces due to low tolerance to stretching and 

contracting mechanisms, which in turn elicit inflammatory responses 

through the release of damage associated molecular patterns (DAMPs) 

and thus result in the production of further MMPs [141, 142]. While many 

MMPs are involved in maintaining the structure and dynamics of the 

ECM, others are involved in cell-based mechanisms such as recruitment 

and activation. MMP-28 or epilysin is an MMP associated with 

inflammatory modulation, more specifically in the recruitment and 

activation of macrophages during inflammation. Typically lowly 

expressed in the pulmonary environment, MMP-28 has been 

demonstrated to contribute towards COPD pathophysiology by recruiting 

macrophages and a number of other key immune cells into the pulmonary 

spaces and therefore contributing to the persistent inflammatory 

microenvironment typically observed in COPD patients [143]. Therefore, 

although proteases, antiproteases and the ECM are not considered 

components of the immune system, homeostasis of the ECM is 

paramount in the maintenance of a stable tissue environment and 

preventing unnecessary inflammation. 

 

1.1.3.3. Structural changes to airway and vascular compartments 

Alterations to the ECM and protease-antiprotease imbalance 

ultimately leads to remodelling of many key structures in the lungs. The 

lungs are made up of vascular compartments, including veins, arteries 

and capillaries, and airway compartments including the bronchi, 

bronchioles and the lung parenchyma. The lung parenchyma itself is 

comprised of a large number of alveoli, which are surrounded by a dense 

capillary network in order to facilitate gas exchange. In order to ensure 

efficient gas exchange, the surface area of the lung parenchyma must be 

as large as possible, whilst the distance between air contained within the 

alveoli and circulating deoxygenated blood must be as small as possible 

[144]. 
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Pulmonary hypertension is a common comorbidity associated with 

COPD, as defined by increased blood pressure within the lungs which 

impairs blood flow, and thus reduces the efficiency of gaseous exchange 

mechanisms [145]. Exposure to CS has been demonstrated to result in 

significant vascular remodelling, causing decreased lumen size and 

increased thickness of the vascular smooth muscle wall [146]. These 

alterations are considered to be a result of collagen deposition as a result 

of ECM remodelling, as abundance of collagen is associated with 

increased thickening of blood vessel walls and narrowing of the lumen 

[129, 147]. Furthermore, vascular remodelling may also be characterised 

by the appearance of smooth muscle marker expressing cells within pre-

capillary vessels, resulting in significant vasoconstriction [148, 149]. 

Vascular remodelling as a result of CS exposure is thought to be a result 

of chronic hypoxia, which triggers the expression of transcription factors 

such as hypoxia-inducible transcription factor 1 (HIF-1α), which promotes 

the innate immune response and arteriole inflammation [150]. Production 

of IL-6 by inflammatory cells has also been strongly associated with the 

development of COPD-associated pulmonary hypertension, and is 

shown to result in pulmonary arterial cell migration which contributes 

towards vasoconstriction and vascular remodelling [151]. Increased 

thickening of vascular walls and constriction of the lumen therefore 

results in impaired blood flow within the lungs, in addition to increased 

distance between circulating deoxygenated blood and alveolar air, which 

results in inefficient gas exchange and increased hypoxia which may 

drive inflammation. 

Remodelling of the lung parenchyma has been shown to affect 

structure and integrity of the small airways, as loss of alveolar 

attachments is strongly associated with airflow limitation and neutrophilic 

inflammation in the small airways [152]. The emphysematous phenotype 

of COPD is characterised by alveolar destruction, which not only reduces 

the surface area of the lungs but also contributes towards loss of elastic 

recoil, causing a significant reduction in efficient gas exchange [153, 

154]. As previously discussed, increased collagen deposition 
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surrounding the alveoli in combination with loss of elastin reduces the 

integrity and elasticity of the lungs, which causes elastolytic injury and 

alveolar destruction [155]. Overall, these alterations contribute towards a 

hypoxic environment, which in combination with remodelling of vascular 

compartments within the lungs may drive further remodelling of both 

airway and vascular compartments and increased inflammation which 

may damage the endothelial layers of vascular and airway compartments 

[156]. Understanding how inflammation may contribute towards ECM 

remodelling, which in turn results in vascular, airway and lung 

parenchyma remodelling, is therefore paramount to understanding the 

pathogenesis of COPD. 

 

1.1.4. IMMUNOPATHOLOGICAL MECHANISMS 

Chronic and persistent inflammation is considered one of the 

hallmark pathophysiological characteristics of COPD, so much so that 

investigating the role of immunopathological mechanisms in disease 

pathogenesis is a common topic in COPD research. The immune system 

is composed of the innate immune system and the adaptive immune 

system.  Innate immunity is considered the first line of defence in 

response to infection or tissue damage, and is largely nonspecific in its 

targets which may on occasion result in autoimmune damage [157, 158]. 

Conversely, the adaptive immune response is induced by antigen 

presenting cells (APCs) of the innate immune system and is more 

specific, often resulting in the generation of memory cells which circulate 

the body to swiftly detect and destroy the same pathogen in the event of 

reinfection [158, 159]. Regulation of the immune system, including both 

induction and resolution of inflammation, is highly influenced by small 

proteins produced by immune cells known as cytokines and chemokines. 

Cytokines and chemokines may be specific in that they only affect one 

cell type or have a broad range of activity, though cytokines are largely 

involved in the amplification of cell effector functions whilst chemokines 

are typically involved in cell migration to areas of inflammation, a process 

known as chemotaxis [158]. 
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Whilst the main role of the immune system is to prevent tissue 

damage by clearing pathogens or materials considered foreign, it can in 

some cases be detrimental to human health. Cigarette smoke is 

considered a foreign body by the immune system, and thus elicits an 

immune response which can in turn result in impaired clearance of 

pathogens and autoimmune-like chronic inflammation [160]. These 

characteristics are considered hallmarks of COPD, yet despite this the 

immunopathogenic mechanisms involved in COPD pathogenesis are 

poorly characterised and understood. This is likely due to the fact that 

research into COPD is largely focused on treatment and diagnosis 

strategies, with research focused on understanding pathophysiological 

mechanisms considered low priority [79]. Given that COPD is often 

defined by its inflammatory nature, gaining a better understanding of its 

immunopathological mechanisms could be paramount to identifying 

effective treatment. 

 

1.1.4.1. Pulmonary epithelium 

The epithelial layer of all tissue systems acts as a physical barrier 

to prevent infection and tissue damage. In the lungs, where constant gas 

exchange means a consistent exposure and turnover of potentially 

harmful materials, maintaining the integrity of the epithelial layer is 

paramount to preventing disease pathogenesis [161]. Naturally, because 

of this frequent exposure to harmful materials, the pulmonary epithelium 

is responsible for the induction of innate immunity when infection or tissue 

damage occurs [162]. Exposure to noxious particulate matter results in 

airway remodelling, which alters the composition of the pulmonary 

epithelium. The epithelial layer of the lungs is comprised of a number of 

cells, including basal cells, ciliated cells, goblet cells, club cells and 

alveolar epithelial cells type 1 and type 2 (AEC I and AEC II) [163]. In the 

small airways, goblet cells are often found in low numbers in healthy 

individuals, however these numbers are shown to be significantly 

increased in COPD patients [164, 165]. Increased numbers of goblet cells 

leads to mucus hypersecretion, and this in combination with increased 
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number of basal cells and poor mucociliary clearance results in 

thickening of the epithelial layer and airway obstruction [166, 167]. These 

phenotypic characteristics are associated with immune cell 

accumulation, which contributes towards a persistent inflammatory 

microenvironment [167]. Additionally, whilst apoptosis is part of the 

natural cell cycle and induces minimal inflammation, cell necroptosis 

leads to the production of DAMPs and elicits a strong inflammatory 

response. Chronic CS exposure leads to the necrosis of bronchial 

epithelial cells which release DAMPs, resulting in recruitment of immune 

cells into the pulmonary spaces and in turn induces further immune-

driven cell death [168]. While not typically considered a component of the 

immune system, these findings demonstrate that the pulmonary 

epithelium plays a pivotal role in the induction of the immune response 

and its persistence in COPD pathogenesis. 

 

1.1.4.2. Macrophages 

Macrophages are a type of innate immune cell known for their 

phagocytic activity, whereby foreign substances are engulfed and 

digested by the cell. Macrophages may also assist in immune cell 

recruitment and differentiation through antigen presentation, and as such 

is classified as a type of APC. As one of the first cells to respond to 

infection or tissue damage, macrophages are typically found in tissues 

rather than peripheral blood, but may be recruited to areas of 

inflammation by other cells. Accumulation of specialised alveolar 

macrophages within the lungs is a widely reported mechanism of COPD 

and are known to have a reduced efficiency in performing their effector 

functions [169, 170]. Classic macrophage dichotomy divides 

macrophages into M1 and M2 phenotypes in vitro depending on the type 

of stimulation, surface molecules, secreted cytokine patterns, and 

functional characteristics. However, in vivo systems possess more 

complicated environments and therefore macrophage stimulation results 

in significant macrophage heterogeneity. Using the simple dichotomy, M1 

or classically activated macrophages possess proinflammatory effector 
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functions, whilst M2 or alternatively activated macrophages are anti-

inflammatory in nature [171]. M2 macrophages are known to be involved 

in the processes of tissue repair and remodelling, and it is demonstrated 

that in COPD macrophages are polarised towards an M2 phenotype and 

are the most abundant phenotype identified in BALF [172, 173]. 

Cytokines produced by this subtype are known to contribute towards 

mucus hypersecretion and airway obstruction, overall leading to 

significant airway remodelling [174]. M1 macrophages are widely 

reported to be significant contributors to elevated levels of 

proinflammatory cytokines such as IL-6 and TNF-α within the lungs, 

which are known to be elevated in COPD pathophysiology [175, 176]. 

Macrophages are also major sources of MMPs, which as previously 

discussed may cause the degradation of ECM components and lead to 

loss of integrity and elasticity of the lungs and chest cavity [177]. While 

migration and influence of macrophages in the periphery or other tissue 

systems is not widely researched, an association has previously been 

made regarding elevated macrophages in BALF and loss of integrity of 

the blood brain barrier and elevated microglia activation, leading to 

altered behavioural affects [178]. Given their abundance and 

accumulation in COPD pathophysiology, macrophage biology and 

effector functions following CS exposure is a topic of much research in 

the field of respiratory immunology, though their presence and effects in 

the periphery and other tissues are often overlooked as a result. 

 

1.1.4.3. Neutrophils 

Typically found in the bloodstream, neutrophils are a type of 

granulocyte of the innate immune system with phagocytic activity, and 

are considered one of the first responders in the event of inflammation 

[179]. Increased presence and migration of neutrophils into the lungs, 

termed pulmonary neutrophilia, is widely recognised as a hallmark 

characteristic of COPD so much so that it is often used as a diagnostic 

marker of COPD progression [180].  Neutrophils possess a large number 

of receptors on their cell surface known as pattern recognition receptors 
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(PRRs), which recognise specific markers on the surface of pathogens 

or molecular markers of tissue injury such as DAMPs. Activation of these 

receptor signalling pathways therefore elicits neutrophil-driven 

inflammation. In patients with COPD, both peripheral and pulmonary 

neutrophils display an overexpression of PRRs such as toll-like receptors 

(TLRs) on their surface, amplifying neutrophil recruitment and activation 

and promoting persistent inflammation [180, 181]. Much like 

macrophages, neutrophils are a contributing source of MMPs such as 

MMP-8 (neutrophil collagenase) and MMP-9, as well as neutrophil 

elastase. Accumulation and hyperactivation of neutrophils in the lungs is 

shown to result in a protease-antiprotease imbalance through an 

increased production of MMPs and neutrophil elastase, which result in 

the degradation of the ECM [182]. In a similar manner to macrophages, 

neutrophils are a topic of much focus in COPD research and are possibly 

amongst the most well characterised immune cell type in the 

pathogenesis of COPD. 

 

1.1.4.4. Dendritic cells 

Dendritic cells (DCs) are professional APCs of the innate immune 

system, their primary role being the activation of naïve T cells in the 

draining lymph nodes [183]. Despite being a critical link between the 

innate and adaptive immune responses, the role of DCs in COPD has not 

been investigated as widely as other cells of the immune system. 

Nonetheless, DC recruitment into the lungs is associated with COPD 

pathophysiology, though exposure to noxious particulate matter is known 

to impair DC maturation thereby limiting their antigen-presenting 

capabilities [184, 185]. Immature DCs produce chemotactic proteins 

which drive neutrophil recruitment and induce T cell differentiation into 

proinflammatory phenotypes [186, 187]. While there is some evidence to 

suggest DCs may play a role in elastin degradation, their role beyond 

antigen presentation and cell recruitment and differentiation has not been 

extensively studied in COPD research [187]. 
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1.1.4.5. Natural killer and natural killer T cells 

Natural killer (NK) cells belong to the innate lymphoid cell (ILC) 

family and possess cytotoxic activity. Unlike similar cytotoxic cells of the 

adaptive immune system, NK cells do not require antigen presentation 

for their activation, and are hence classified as cells of the innate immune 

system despite being of lymphoid origin. As such, they are highly 

specialised in providing a rapid response to virus-infected cells and 

tumour cells, which typically prevent the presentation of antigens on their 

cell surface to allow for rapid replication without eliciting an immune 

response [158]. By contrast, natural killer T (NKT) cells possess qualities 

of both NK and T cells and lie between innate and adaptive immunity. 

They have similar cytotoxic activity to NK cells, but possess a distinct T 

cell receptor and require antigen presentation for activation, and are 

therefore not classified as ILCs. In order to perform their cytotoxic activity, 

both NK and NKT cells produce and secrete perforin and granzyme B, 

which create pores in cell surface membranes and induce apoptosis 

respectively [188]. Although critical in preventing the replication of 

potentially harmful or cancerous cells, current research investigating the 

role of NK and NKT cells in COPD pathogenesis is somewhat lacking 

[189]. However, data from COPD patients has demonstrated that the 

numbers of peripheral NK and NKT cells are reduced in comparison to 

healthy smoker and non-smoking healthy participants, and that these 

cells possess blunted cytotoxic capabilities. Blunted cytotoxic activity is 

attributed to lower expression of perforin and granzyme B, as the same 

effect was observed in NK and NKT cells exposed to perforin and 

granzyme B inhibitors from smokers and healthy participants [190]. While 

proportions and effector functions of NK and NKT cells are reduced in the 

periphery, their numbers are significantly increased in the sputum of 

COPD patients. These cells both expressed perforin and granzyme B in 

significantly higher amounts in comparison to healthy smoking and 

healthy non-smoking participants [191, 192]. These results provide 

evidence that NK and NKT cells are trafficked out of the periphery and 
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into the pulmonary spaces, where their cytotoxic activity is 

overexpressed and result in nonspecific damage to the epithelial layer 

[192]. NK and NKT cells are both the largest contributing sources of IFN-

γ and TNF-α, two major proinflammatory cytokines involved in 

macrophage and endothelial cell activation in addition to immune 

regulation [193]. Despite these findings, investigations into the role of NK 

and NKT cells in COPD pathogenesis are often overlooked, and most 

research is focused on peripheral NK and NKT cells as opposed to those 

found in the lungs [194]. 

 

1.1.4.6. T cells 

T cells are lymphocytes of the adaptive immune system, often 

classified into two main subtypes based on the expression and presence 

of their surface cluster of differentiation (CD) marker. Similar to NK and 

NKT cells, CD8+ or killer T cells possess cytotoxic activity to kill potentially 

harmful cells such as cancerous cells or virus-infected cells. An increased 

presence of CD8+ T cells in the airways and BALF of COPD patients is 

widely reported in the literature, whilst peripheral numbers are shown to 

be reduced [195-197]. Cytotoxic activity of CD8+ T cells is shown to be 

increased in the pulmonary spaces, as evidenced by increased 

expression of perforin and granzyme B, though peripheral CD8+ T cells 

are identified as being less cytotoxic by comparison [191, 198-200]. 

These characteristics follow the same trend observed in NK and NKT 

cells, and suggest that highly cytotoxic cells migrate into the pulmonary 

spaces from the periphery where their cytotoxic activity leads to ECM 

degradation and airway remodelling [140]. Cytokine production by CD8+ 

T cells is also widely reported. CS exposure has been associated with 

the production of IFN-γ and TNF-α in both the lungs and the periphery 

[201, 202]. CD8+ T cells are also significant contributors to IL-17A levels 

in the lungs, a cytokine which is important in the induction of another 

proinflammatory T cell subtype [203]. Despite this evidence to support 

the key role of CD8+ T cells in COPD pathogenesis, the phenotypic 

characteristics and CD8+ T cell-driven mechanisms of COPD 



CHAPTER 1 – GENERAL INTRODUCTION 

 

31 
 

pathophysiology remain poorly characterised, particularly in the 

periphery [204]. 

CD4+ or helper T cells are the other major subtype of T cell, 

characterised by their expression of the CD4 marker on their surface. The 

role of CD4+ T cells in the immune system lies in the production and 

secretion of cytokines which may either promote or resolve inflammation. 

As such, there are a wide variety of further subsets within the CD4+ 

subtype defined by the cytokines they produce and their overall role in 

the inflammatory process. Like many other cells, influx of CD4+ T cells 

into the lungs is widely reported, though it is the disproportion of CD4+ T 

cell subsets that is considered their primary contribution towards COPD 

pathophysiology [205, 206]. T helper 1 (Th1) and T helper 2 (Th2) 

subtypes induce different types of immune response, with Th1 inducing 

cell-mediated responses whilst Th2 induces a humoral response. These 

differing types of immune responses lead to the activation and 

proliferation of different types of immune cells and production of different 

types of cytokines and chemokines.  Of note, Th1 responses are often 

associated with neutrophilic inflammation and tissue destruction, whilst 

Th2 responses may result in allergic-type responses particularly in 

allergic inflammatory diseases [205]. It has been demonstrated that an 

imbalance of Th1/Th2 subsets leads to dysregulation of cell-mediated 

and humoral immune responses in COPD, resulting in persistent 

inflammation and airway remodelling [207]. In acute exacerbations of 

COPD (AECOPD) particularly, the CD4+ T cell response shifts towards a 

Th2 phenotype, resulting in allergic inflammation [208, 209]. While Th1 

and Th2 responses induce different immune responses to combat 

different pathogens respectively, Th17 and T regulatory cells (Tregs) 

induce and resolve inflammation. Th17 cells produce the 

proinflammatory cytokine IL-17A and induce the production of 

antimicrobial peptides and chemokines by epithelial cells in addition to 

recruiting neutrophils to inflammation sites [210]. By comparison, Tregs 

are a primary source of IL-10, an anti-inflammatory cytokine, and are 

pivotal in preventing overactivation of innate and adaptive immune cells 
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to minimise severe inflammation and tissue damage [211]. An increase 

in Th17 cells in both the BALF and periphery of COPD patients has been 

reported in the literature, with their presence associated with the 

production of a number of proinflammatory cytokines driving the 

recruitment of neutrophils and macrophages [212-214]. The proportions 

of Th17 cells to Tregs are significantly altered in COPD, with Th17 

populations typically being negatively correlated to Treg populations 

[215]. This imbalance is observed in both the periphery and in the lungs 

[216, 217]. Ultimately, this imbalance leads to a persistent inflammatory 

environment, inducing cellular recruitment and production of 

proinflammatory mediators, whilst anti-inflammatory and immune 

resolution mechanisms are typically suppressed [205].  

 

1.1.4.7. B cells 

B cells are antibody producing cells of the adaptive immune system, 

critical in the humoral immune response and development of long-term 

immunity [218]. They may also present antigens to T cells, resulting in 

their differentiation and activation. In the lungs, B cells are largely found 

in tertiary lymphoid aggregates named inducible bronchus-associated 

lymphoid tissues (iBALTs), the presence of which is positively correlated 

with COPD severity [219, 220]. iBALTs are formed by activated 

mesenchymal cells such as endothelial cells, podoplanin-expressing 

fibroblasts and follicular dendritic cells, which in turn results in ILC-driven 

recruitment of T and B cells [206, 221]. The presence of iBALTs allows 

for localised antigen presentation and swift lymphocyte differentiation in 

order to combat and remove perceived threats, such as pathogens. 

However, in COPD B cells both within and outside of iBALTs are 

demonstrated to possess autoreactive characteristics and generate 

autoantibodies which target host cells and molecules. These include 

antibodies which recognise host cells and molecules critical for lung 

health and homeostasis, such as epithelial cells and elastin fragments 

[222-225]. The presence of autoantibodies has been correlated 

particularly to the development of emphysematous phenotypes, and 
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smoking-induced emphysema has demonstrated a similar phenotype to 

that of autoimmune diseases such as systemic lupus erythematosus 

(SLE) [226]. Increased presence of autoantibodies in the sputum of 

COPD patients is associated with an increased risk of AECOPD and 

decreased lung function compared to that of systemic autoantibodies 

[227]. Whilst these studies demonstrate a critical role for B cell 

prevalence and the production of autoantibodies in the generation of an 

autoimmune-like environment within the lungs as a driving factor for 

COPD pathology, their exact contribution towards health decline is 

unclear [206]. 

 

1.1.4.8. Cytokines and chemokines 

Cytokines and chemokines are produced and secreted by a number 

of immune cells during the inflammatory process and may contribute 

towards either the progression or resolution of inflammation. Whilst a 

number of cytokines and chemokines have been implicated in COPD 

pathogenesis, the role of cytokines is more widely researched and 

understood than that of chemokines. Major proinflammatory cytokines 

associated with COPD pathophysiology include IL-1β, IL-6, IL-17A, IFN-

γ and TNF-α [228]. Each of these cytokines has distinct effects on 

different cell types, though are all involved in inflammatory cell activation 

or cellular recruitment. Macrophages are a major source of cytokines in 

inflammation, in particular TNF-α which induces the expression of 

adhesion molecules resulting in cell migration into the pulmonary spaces 

[229]. TNF-α is also secreted by NK, NKT, Th1 and CD8+ T cells, and 

elevated levels in both serum and BALF has been associated with COPD 

pathogenesis [189, 202, 230]. IL-1β is a proinflammatory cytokine of the 

interleukin family critical in protection against noxious particulate matter 

including CS, and are one of the first cytokines to be secreted by 

epithelial cells following exposure to particulate matter or pathogens 

[231, 232]. Much like TNF-α, increase of IL-1β in the periphery, lungs and 

BALF is associated with COPD pathophysiology, with higher levels being 

indicative of more severe disease phenotype [233]. IL-1β is also 
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associated with the development of lung cancer, as indicated by a 

reduction in cancer incidence and mortality in patients treated with 

canakinumab, an anti-IL-1β antibody [234]. Given the overlap in 

pathological symptoms between COPD and lung cancer and that the two 

diseases are often comorbid, such data suggests that the IL-1β pathway 

may be a suitable target for future therapeutic options. Similarly, IL-6 has 

been implicated in the pathogenesis of a number of pulmonary diseases 

including asthma, lung fibrosis, lung cancer and COPD [235]. Increased 

upregulation of IL-6 in serum and BALF can be observed in COPD 

patients, though no association between IL-6 levels and degree of 

disease severity has been established [236, 237]. As previously 

mentioned, IL-17A is a major proinflammatory cytokine produced largely 

by Th17 cells and is involved in the production of antimicrobial peptides 

and neutrophil recruitment [210]. Elevated IL-17A levels in serum and 

sputum of COPD patients are associated with increased disease 

progression, and also with imbalanced Th17/Treg ratios [238, 239]. IFN-

γ is largely produced by adaptive immune cells and ILCs, with the main 

contributors in COPD pathogenesis being NK/NKT cells and CD8+ T cells 

[193, 201]. Inflammation is driven by IFN-γ through macrophage 

activation and the proliferation and differentiation of immune cells into 

proinflammatory phenotypes, and increased levels of CD8+ T cell-derived 

IFN-γ is associated with disease severity [212]. Studies such as these 

demonstrate that no one cytokine is responsible for COPD pathogenesis, 

and that disease progression and persistence is driven by a multitude of 

contributing proinflammatory cytokines which decrease the expression 

and secretion of anti-inflammatory mediators [228, 240]. 

Chemokines are a distinct subdivision of cytokines with chemotactic 

effects, and are thus pivotal in the trafficking and migration of immune 

cells during inflammation [241]. Chemokines are subclassified into 

distinct families depending on their amino acid sequence, the two main 

groups being CC, with two adjacent conserved cysteines next to each 

other, and CXC, which possess a single variable amino acid between two 

conserved cysteines [242]. In the context of COPD, the chemokine 
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CXCL8 (also known as IL-8) is the most widely associated with 

pathogenesis and pathophysiology, and is implicated as a driving factor 

in AECOPD and neutrophil-driven inflammation [243]. Alveolar 

macrophages and epithelial cells are thought to be the most significant 

contributors to CXCL8 levels, and its association with CXC-chemokine 

receptor (CXCR) 2 is known to trigger neutrophil and monocyte 

recruitment [244]. An elevation of CXCL8 in serum and sputum is 

associated with severe AECOPD, as indicated by an increased number 

of neutrophils, increased airway bacterial load and increased blood 

myeloperoxidase (a proinflammatory enzyme secreted by neutrophils) 

[245, 246]. Higher levels of CXCL8 are also associated with an increased 

risk of consistent AECOPD in comparison to COPD patients with lower 

CXCL8 [247]. Other chemokines implicated in COPD pathogenesis are 

CXCL9, CXCL10, CXCL11 and CCL2, all of which are mainly produced 

by alveolar macrophages and drive either T cell or monocyte recruitment 

[243, 248]. In particular, CXCL10 is associated as a biomarker of viral 

AECOPD, as elevated serum levels have been detected in COPD 

patients suffering from rhinovirus-associated exacerbations [249, 250]. 

Although associations have been made for these chemokines in COPD, 

particularly in the context of AECOPD, their exact impact on COPD 

pathophysiology is not well characterised unlike that of cytokine-driven 

mechanisms. 

 

1.1.4.9. Interplay between immune cell types 

Inflammation in COPD is driven by complex interactions among 

various immune cell types. These interactions create a self-perpetuating 

cycle of immune activation, tissue damage, and impaired repair 

mechanisms, which contribute to the progression of COPD. Recent 

studies have provided deeper insights into the synergistic relationships 

among these immune cells, highlighting the intricate network that 

underlies COPD pathogenesis. 
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Neutrophils and macrophages are central players in the chronic 

inflammation observed in COPD. Neutrophils release proteases such as 

neutrophil elastase and MMPs which contribute to the breakdown of 

extracellular matrix components, leading to emphysema and airway 

remodelling. Macrophages, on the other hand, secrete chemokines such 

as CCL2 that further recruit neutrophils to the site of inflammation, 

creating a positive feedback loop [167]. Macrophages activated in the 

COPD lung also exhibit a pro-inflammatory M1 phenotype, characterized 

by the production of cytokines such as TNF-α and IL-1β [171]. These 

cytokines not only sustain neutrophil recruitment but also promote the 

survival and activation of these cells, exacerbating tissue damage. 

Recent evidence suggests that neutrophils can also influence 

macrophage function by releasing ROS and proteases that alter 

macrophage polarisation, thus enhancing their pro-inflammatory capacity 

[251, 252]. This bidirectional interaction between neutrophils and 

macrophages underscores their synergistic role in maintaining chronic 

inflammation in COPD. 

The interplay between T cells and macrophages is another crucial 

aspect of COPD pathogenesis. CD8+ T cells are significantly elevated in 

the lungs of COPD patients and are involved in the direct killing of 

epithelial cells, contributing to tissue destruction [253]. These T cells are 

activated in part by macrophages, which present antigens and secrete 

cytokines that promote T cell differentiation and activation. In turn, 

hyperactivated CD8+ T cells have increased secretion of IFN-γ, which 

enhances the pro-inflammatory activity of macrophages [189]. 

CD4+ T helper cells, particularly the Th1 and Th17 subsets, further 

amplify this crosstalk. IFN-γ producing Th1 subsets drive M1 

macrophage polarisation and increase the secretion of inflammatory 

mediators [229]. Th17 cells produce IL-17, which is crucial for neutrophil 

recruitment and activation, linking the adaptive immune response to 

innate immune mechanisms [206]. The synergy between these T cell 

subsets, macrophages and neutrophils not only sustains chronic 

inflammation but also facilitates the transition from acute to chronic 
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immune responses, which results in persistent inflammation typically 

observed in COPD [254]. 

DCs act as key regulators of immune responses in COPD by 

bridging innate and adaptive immunity. DCs capture and process 

antigens from inhaled irritants and apoptotic cells, subsequently 

presenting these antigens to T cells. In COPD, DCs exhibit a heightened 

capacity to activate T cells, particularly CD8+ T cells, through increased 

expression of co-stimulatory molecules and secretion of cytokines such 

as IL-12 [255]. This enhanced antigen presentation by DCs drives the 

chronic activation of T cells, thereby reinforcing the inflammatory 

cascade. Additionally, DCs influence the activity of other immune cells by 

releasing chemokines such as CCL20, which attracts Th17 cells, further 

linking the activation of innate and adaptive immune cells [187]. The 

interplay between DCs, macrophages, and T cells creates a network of 

synergistic interactions that sustain and amplify the inflammatory 

response in COPD. 

The interplay and synergy among immune cells in COPD 

pathophysiology represent a complex network of interactions that drive 

chronic inflammation, tissue damage, and disease progression. 

Neutrophils, macrophages, T cells, and DCs interact in a manner that 

amplifies the inflammatory response, leading to a self-perpetuating cycle 

of immune activation and tissue destruction. Understanding these 

interactions is crucial for developing targeted therapies that can disrupt 

these pathogenic feedback loops, potentially altering the course of 

COPD. 

 

1.1.4.9.1.1.4.10. Other immunopathogenic mechanisms 

Due to the overlap between asthma and COPD pathophysiology, it 

is suggested that a number of mechanisms known to drive asthma 

pathology may contribute to COPD pathogenesis and persistence. 

Despite this overlap in symptoms and many pathophysiological 

characteristics, many of the mechanisms of asthma believed to 
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contribute towards COPD have not been widely studied and their 

association is merely suggestive [256]. Eosinophilic inflammation is a 

hallmark characteristic of asthma, though it is typically only observed in 

severe COPD or during AECOPD [257]. Eosinophils are highly 

specialised granulocytic cells of the innate immune system that combat 

infection by helminths or multicellular parasites, and are known to 

contribute towards and drive allergy. Unlike many other 

immunopathological mechanisms, eosinophilic inflammation is 

phenotypically indicative of chronic bronchitis phenotypes as opposed to 

emphysematous phenotypes and is associated with only very mild 

alveolar damage [258]. Mast cells are another type of granulocytic cell of 

the innate immune system thought to have a role in COPD 

pathophysiology, given their role in asthma and allergy. Despite this, 

mast cells are perhaps the most overlooked immune cell in COPD 

research, and their role in COPD pathophysiology is purely speculative 

[259]. It is suggested that mast cells may contribute towards COPD 

pathophysiology through the production and secretion of TNF-α and 

CXCL8 and interactions with various other immune cells to drive 

inflammation and airway remodelling, though evidence to suggest this is 

limited [259, 260]. Overall, studies investigating the immunopathogenic 

mechanisms of COPD demonstrate the critical role each cell type plays 

in both disease progression, persistence and severity. Nonetheless, 

these studies also highlight the lack of definitive understanding in how 

each mechanism is induced and drives COPD, as well as how each 

mechanism is in turn influenced by other mechanisms. 

 

1.2. ANIMAL MODELS OF COPD 

Due to the difficulties and ethical regulations surrounding access to 

COPD patient samples, much of our current understanding of COPD 

pathogenesis and pathophysiology has come from studies making use of 

animal models of disease. Model systems are simplified systems that aim 

to mimic or reflect human disease, and by definition must be easily 

accessible and manipulated. There are a multitude of factors that must 
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be considered when using an animal model to investigate COPD, 

including sex and age of the animals, as well as the method and irritant 

used to induce COPD [261]. Given that COPD takes a number of years 

to develop in humans, animals with a shorter lifespan and developmental 

process, such as mice and rats, are favoured as they are able to mimic 

the phenotypic characteristics of COPD within a shorter timeframe. 

Although frequently used in COPD research, there is no set standard for 

model design, and as such there is high variability in species used, 

exposure methods and methods to confirm the presence of COPD [262]. 

 

1.2.1. MODELS OF COPD 

1.2.1.1. Elastase models 

Elastases are a class of serine proteases that break down elastin, 

thereby causing alterations to connective tissue and the ECM. As 

previously discussed, elastin degradation results in impaired airway 

dynamics, in particular reduced tolerance to stretching and contracting 

mechanisms. Because of this, exposure to elastases (particularly porcine 

pancreatic elastase (PPE) or human neutrophil elastase (HNE)) is a 

frequently used methodology in inducing COPD in animals. The role of 

elastases in COPD pathogenesis has been well documented since the 

1960s, and the first protease-induced animal model of COPD was 

developed as early as 1965 [263, 264]. Elastase instillation is typically 

given intratracheally (directly into the trachea) or endotracheally (via the 

mouth or nose cavity into the trachea), though other routes particularly in 

larger animals may be used [261]. Some of the main benefits of using 

elastases to induce COPD in animals are that they are relatively 

inexpensive and lung injury can be observed after singular or minimal 

doses. However, whilst the dose of elastases such as PPE or HNE can 

be tightly controlled, it has a very narrow dose window. Doses below the 

threshold are insufficient in inducing lung injury or tissue remodelling, 

whilst doses above the threshold result in haemorrhage and mortality 

[265, 266]. As a result, the use of elastase to induce COPD may result in 

unnecessary harm or suffering to animals if given incorrect doses. 
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Furthermore, it is known that direct elastase instillation does not provide 

insight into disease pathogenesis and bypasses immune cell 

involvement, resulting in a more “artificial” emphysematous phenotype 

and is insufficient in the study of chronic bronchitis phenotypes [267-269]. 

Although small rodents such as rats and mice are preferred species for 

animal studies, some argue that, in respiratory disease research, such 

species are not suitable for a model system. This is due to differences in 

lung structure between humans and rodents, particularly in the context of 

total lung capacity, lobe structure (figure 1.2.1), parenchyma percentage 

and alveoli size [270, 271]. Larger animals such as pigs, dogs and sheep 

provide model systems more reflective of human disease and physiology, 

however such species possess their own challenges in scientific 

research. In particular, larger animals induce higher costs for housing and 

husbandry, in addition to a lack of reagents specific for such species 

being commercially available [261]. As a result of this, the majority of 

research using large animals to study COPD was conducted some 40 or 

more years ago prior to advancements in both investigative techniques 

and equipment available to study lung function [272-274]. 

Figure 1.2.1:- Comparison between murine lung anatomy (left) and human 

lung anatomy (right). Whilst the human right lobe is comprised of three lobes whilst 

the left is comprised of two, mouse lungs have a significantly different anatomy. In mice, 

the right lung is comprised of four lobes: the superior lobe, middle lobe, inferior lobe and 

the post-caval lobe. The left is a singular large lobe split into the upper, middle and lower 

regions [271]. (Created with BioRender) 
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1.2.1.2. Cigarette smoke models 

As one of the primary aetiological factors in COPD pathogenesis, 

CS is frequently used to induce COPD in animals. Due to the types of 

equipment required for CS exposure, small animals including mice, rats, 

hamsters and guinea pigs are favoured species [261]. Although such 

models are well established, there is a high degree of variation in 

reported findings, likely as a result of model design. While mice are the 

preferred species for COPD research, it has been demonstrated that 

different strains possess unique susceptibilities and resistances to COPD 

development [275]. Additionally, exposure is typically performed either 

via a whole-body (WB) or nose-or-head only (NHO) system which may 

influence the phenotypic presentation of resulting COPD [276] (as 

described below in section 1.2.2). There are no standardised techniques 

or model systems for COPD research, even when it comes to the types 

of cigarettes animals are exposed to. Many research groups choose to 

utilise Kentucky reference cigarettes (Center for Tobacco Reference 

Products) in order to standardise findings, though this is not mandatory 

in model design [268]. Despite this, CS exposure is considered to result 

in the most clinically relevant model of COPD due to it being a proven 

direct cause of COPD [277]. Exposure to CS is shown to induce an 

emphysematous COPD phenotype with hallmark inflammatory 

characteristics in a number of species, and is thus the most widely used 

and reported exposure type in respiratory research [278]. 

 

1.2.1.3. Genetic models 

In the majority of genetic models of COPD, disease is induced in 

transgenic or knockout animals through PPE or CS exposure, and are 

thus used to identify relative risks of COPD development [261]. Given 

that their genome is more widely studied and understood, mice are the 

species of choice in transgenic and knockout studies. Additionally, rapid 

development, large litter sizes and fast reproductive cycle mean that mice 
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are favoured due to their ease of selecting genetic traits as well as 

housing and husbandry conditions [279]. Translational ability of 

genetically-altered murine models to human disease is a topic of much 

debate. As such it is paramount that research groups ensure that target 

genes for COPD research are either expressed in humans or orthologues 

of human genes [280]. Studies typically focus on overexpression or 

knockout of genes involved in major signalling or inflammatory 

mechanisms, including genes encoding receptors, enzymes and 

cytokines. These models have provided significant insight into the degree 

of which certain mechanisms may protect against or induce COPD 

phenotypes. For example, an MMP-12 knockout model demonstrated 

that mice were largely resistant to macrophage accumulation in the lungs 

and to development of emphysema [281]. Furthermore, knockout of other 

inflammatory mechanisms has been shown to partially protect mice from 

some hallmark inflammatory mechanisms of COPD. Knockout of IL-17A 

is demonstrated to protect against COPD as a result of limited migration 

of macrophages into the lungs and reduced production of MMPs [282], 

and specific knockout of IL-17A in CD4+ and CD8+ T cells exemplified the 

critical role of innate lymphoid cells as major sources of IL-17A [283]. As 

such, although these models are not typically used to identify specific 

genes leading to COPD development, they are critical in providing 

evidence for the role of particular genes and mechanisms in COPD 

pathogenesis and persistence. 

 

1.2.1.4. Exacerbation models 

AECOPD is a common symptom of COPD that places significant 

burden on both patient health and medical resources. It is widely reported 

that the pulmonary environment and immune system of COPD patients 

may respond differently to infection in comparison to healthy individuals 

[189, 204], as such exacerbation models to mimic human AECOPD are 

used to study these responses. Much like genetic models, exacerbation 

models of COPD typically use mice and are induced through elastase or 

CS exposure. After COPD has been established, animals are exposed to 
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either pathogens or pathogen associated molecular patterns (PAMPs) 

which trigger the immune response. As COPD is a respiratory disease 

and in order to maintain relevance to human disease, most models 

expose animals to respiratory pathogens such as influenza [284], 

rhinovirus [285], RSV [286] and Streptococcus pneumoniae [287]. 

PAMPs such as lipopolysaccharide (LPS) or polyinosinic:polycytidylic 

acid (poly I:C) may also be used to simulate either bacterial or viral 

infection respectively. As a component of gram-negative bacterial cell 

walls, LPS is a well characterised PAMP known to elicit immune 

responses and is more accessible and affordable than whole pathogens, 

as specialist facilities are required for particularly hazardous pathogens 

[261]. Additionally, evidence has demonstrated that LPS is present in CS, 

air pollution and organic dusts, and may therefore contribute towards 

COPD pathogenesis [288, 289]. Although mouse models are favoured, 

larger rodent models such as rats and guinea pigs have been used 

previously to investigate responses to infection within the COPD lung 

[290, 291]. Exacerbation models may not investigate COPD 

pathogenesis, with the exception of LPS exposure models, but they are 

critical in understanding the responses to infection and resulting tissue 

injury and repair processes following pathogen clearance. This is 

particularly relevant in recurrent infections in current-smoker COPD 

patients, as models mimicking these characteristics can provide 

significant insight as to why these reinfections occur and how this 

contributes towards further exacerbations and worsening severity of 

COPD  [286]. 

 

1.2.2. CS EXPOSURE MURINE MODELS OF COPD 

Mice are the most frequently used species in scientific research 

involving animal studies due to their rapid development, strain choices, 

low cost of housing and husbandry and availability of target reagents 

[292]. As previously mentioned, CS exposure is the most frequently used 

methodology to induce COPD in mice due to its clinical relevance to 

human disease and ability to elicit an inflammatory emphysematous 
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phenotype [277, 278]. Although frequently used, model design varies 

significantly between research groups and countries. This can lead to 

discrepancies between study findings, particularly in cases where 

different sexes, strains and ages of mice are used. The most frequently 

used strain is C57BL/6J, which is demonstrated to have mild 

susceptibility to the development of emphysema but is more resistant to 

acute lung injury and complications than other common strains such as 

BALB/cJ and A/J [275, 292, 293]. The age of mice used may also be a 

compounding factor in a study’s findings. Typically most studies utilise 

mice between 6 – 10 weeks of age, which is considered juvenile and is 

the equivalent of a human below the age of 20 [294]. COPD is often 

considered a disease of old age, and ageing influences a number of 

biological functions and processes within the body and thus increases 

risk of developing COPD. The same influence of age on COPD 

pathogenesis has been observed in mice, where 12-month-old mice 

display marked inflammation and airway remodelling following 3 months 

of CS exposure in comparison to 8-week-old mice [295]. The length of 

exposure to CS is also a critical consideration, as naturally the longer 

mice are exposed to CS the more severe the resulting pathophysiology 

is [296]. The types of cigarettes used to generate CS for exposure are 

also critical impacting factors. A wide variety of cigarette brands are 

available commercially, and thus contain different components which 

may affect both smoking habits and the composition of CS [297]. 

Composition of CS, as well as exposure to mainstream (first-hand) or 

sidestream (second-hand) CS, can result in different phenotypic 

presentations of COPD in mice. Mainstream smoke exposure, 

particularly with greater masses of total particulate matter (TPM), is 

shown to elicit a stronger acute inflammatory response in comparison to 

sidestream exposure and lower TPM, which generates a solely 

macrophage response [298]. Despite each of these variables, the most 

compounding factor in determining the outcome of COPD generation in 

mice lies in the methodology used to administer CS. Currently, most 

models follow one of two designs: whole-body (WB) exposure or nose-

or-head only (NHO) exposure (figure 1.2.2). While both models are 
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effective in generating COPD in mice, each presents its own limitations 

which must be considered when designing studies.  

 

1.2.2.1. Whole-body models 

Whole-body (WB) exposure to CS is the most frequently utilised 

model design for murine COPD models, likely due to their ease of use 

and ability to expose large numbers of animals at once [299]. Smoke 

burned directly from a cigarette is pumped into chambers housing mice, 

which are unrestrained and have free access to necessities such as food 

and water (figure 1.2.2). As a result of this, mice can be exposed to CS 

for long durations throughout a 24-hour period, for as many times per 

week as specified by their study protocols and design. Many systems are 

available commercially, allowing researchers to automate the exposure 

process [261]. Most studies utilising this design typically expose mice to 

CS for a longer duration in comparison to other methods, with exposure 

periods lasting approximately 24 weeks (6 months), this is considered 

chronic exposure [275, 300-305]. While the WB system is beneficial in its 

ease of use, there are significant limitations of the model design relating 

to the exposure method. In particular, in a comparison between a WB 

and NHO model, Serré et al. (2021) [276] demonstrated that WB models 

elicit a stronger inflammatory response. This is attributed to the ingestion 

of particulate matter generated from CS via grooming, as a result of 

particulate matter clinging to fur [306]. Additionally, particulate matter was 

suggested to have been absorbed via the skin, which contributed to 

higher serum cotinine (a metabolite of nicotine) levels in comparison to 

controls and an NHO model [276]. Although humans may naturally be 

exposed to CS through this manner, the degree to which mice are 

exposed to CS via the skin or digestive tract using the WB method is not 

reflective of true human CS exposure. 
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1.2.2.2. Nose-or-head only models 

The nose-or-head only (NHO) model is a more targeted method of 

CS exposure, and is also more specified than WB methods in that it 

allows the concentration of CS delivered to each animal to be tightly 

regulated [306, 307]. Unlike the WB system, mice are placed into 

restraints in the NHO system where a cone is inserted into their nose to 

allow direct inhalation of CS (figure 1.2.2). Although mice are typically 

exposed for shorter durations in comparison to WB methods, the process 

of restraint and being unable to access water and food places animals 

under a significant amount of stress which may impact study data [308, 

309]. Additionally, because of the system setup, NHO models limit the 

number of animals that can be used at any one time. These limitations 

may explain why NHO systems are typically used less frequently than 

WB systems. Nonetheless, due to targeted delivery and control of CS 

concentrations, NHO model exposure periods are typically 24 weeks (6 

months) or less in length, which may reduce the costs of housing and 

husbandry [276, 296, 310-312]. Furthermore, as CS is delivered directly 

into the lungs the NHO system removes the risk of particulate matter 

being ingested or absorbed, and therefore the resulting COPD phenotype 

is generated via inhalation only. NHO models display a marked increase 

in airway remodelling in comparison to WB methods, whilst still retaining 

the hallmark inflammatory characteristics of COPD [276]. Because of 

this, the NHO system is considered to be more clinically representative 

of human COPD [313]. Although reflective of human disease, the degree 

of stress and potential suffering animals may endure as a result of 
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prolonged periods of restraint is a serious ethical welfare concern in many 

countries in the EU and the UK. 

 

1.2.2.3. Other exposure method models 

Although the WB and NHO methods are widely used, these model 

systems are typically only used in North America and Asia where ethical 

and welfare considerations for animals in research are less tightly 

governed than in Europe [314]. Alternative model designs have been 

utilised in the past, though these are not as widespread as current model 

systems. These model systems typically expose mice to cigarette smoke 

extract (CSE) in lieu of direct cigarette smoke. In order to generate CSE, 

unfiltered cigarettes are typically pumped through a liquid culture 

medium, and typically one cigarette per 1 mL of media is classified as 

100% CSE [315]. The resulting CSE is then diluted down to clinically 

relevant concentrations and determined by the researchers. Lee et al. 

Figure 1.2.2:- Diagrammatic demonstration of the two most commonly used 

CS- induced COPD models using mice. Both models utilise direct exposure of mice 

to unfiltered CS either via a whole-body (WB) or nose-or-head only (NHO) route and 

require specialist equipment for exposure. While both models are effective in inducing 

a COPD phenotype in mice, both possess their own limitations, in particular 

unnecessary stress and/or suffering of animals in addition to failure to reflect human 

exposure methods that induce COPD. It is widely reported that the majority of noxious 

particulate matter generated by CS in these exposure methods elicits immune 

responses and induction of COPD phenotypes through ingestion via grooming or 

absorption via the skin rather than inhalation [276, 307]. (Created with BioRender)  
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(2017) [316] utilised a model of COPD generated through intratracheal 

CSE exposure, which eliminated many of the limitations of WB and NHO 

systems. In particular, mice were prevented from being exposed to CS 

by the skin or digestive system due to direct tracheal exposure and were 

only restrained for a brief period in order to receive doses. However, 

intratracheal exposure is typically a complex and difficult dosing strategy, 

with incorrect administration resulting in either accidental overspill into 

the oesophagus or injury to the animal [317]. Due to the small size of 

mice, the risk of incorrect placement of an intubation tube or needle into 

the trachea is somewhat high. An alternative methodology demonstrated 

by Miller et al. (2002) [318] is intranasal CSE exposure. For this, mice are 

given doses of CSE into the nasal cavity to be inhaled naturally. While 

this is technically easier than intratracheal administration, the risk of 

overspill into the oesophagus may still be present. 

 

1.2.2.4. Limitations with current model systems 

It is evident that each model design possesses its own strengths 

and limitations, though there are additional considerations that often fail 

to be addressed in COPD research using mouse models. Although sex 

differences in COPD are disputed, the majority of murine COPD studies 

are subject to a degree of sex bias in that often mice of only one sex 

(typically female) are used during investigation [178, 303, 319, 320]. 

Furthermore, many studies often fail to report or disclose the sex of mice 

used [283, 321-323]. Inability to report or include both sexes, particularly 

in the study of diseases where sex differences are either reported or 

suspected, fails to solidify the robustness of the reported outcomes of a 

study. Additionally, many murine model studies display an element of 

investigator bias, as typically only mechanisms in the lungs are 

investigated and defined in COPD [302, 322, 324]. COPD is known to be 

a whole-body disease, with inflammatory mechanisms reported in the 

peripheral blood of human patients [190, 212]. A model utilising both 

sexes and used to study both pulmonary and systemic mechanisms is 

therefore paramount to maintain robustness of generated data. These 
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factors in combination with the limitations of the WB and NHO systems 

compound the efforts of research groups, particularly in countries where 

animal welfare laws and rights are strictly governed. As a result of these 

same laws, developing novel model designs is often an arduous task, as 

researchers must be able to definitively justify the necessity for both a 

novel system and the harm and suffering animals may endure throughout 

a given study. 

 

1.3. ANIMAL ETHICS AND WELFARE IN SCIENTIFIC PROCEDURES 

Animals have been used to study anatomy and physiology in lieu of 

human dissections, which in many ancient cultures was considered 

taboo, for centuries [325]. Many of these studies were performed as 

“vivisections”, and made use of live animals [326]. Up until the eighteenth 

century, ethical and welfare concerns were overshadowed by the 

perceived view of animals being less sentient than humans and as tools 

to aid in medical research [327]. At the turn of the eighteenth century and 

into the nineteenth century, attitudes towards the use of animals in 

scientific procedures, particularly vivisections, began to change. 

Amongst the most influential of those opposing inhumane 

experimentation on or using animals was Jeremy Bentham. As a 

philosopher, Bentham advocated for the idea of granting animals moral 

standing as a result of their sentience. His founding philosophical ideas 

of utilitarianism helped shape the future of animals in scientific research, 

promoting the idea that animal research is acceptable on the condition 

that the benefit to human knowledge and medical advancement 

outweighed the cost of suffering on animals [328]. Bentham’s most 

famous statement; “The question is not, can they reason? Nor, can they 

talk? But, can they suffer?”, is one that continues to influence the 

perceptions and legal legislations of animal ethics and welfare in science 

to this date [329]. 
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1.3.1. UK LEGISLATION AND HISTORY 

1.3.1.1. History of animal welfare laws in the UK 

The introduction of laws and legislations regarding animal welfare 

in the UK did not commence until the late 1870s following rising 

opposition towards vivisections. The National Anti-Vivisection Society, 

spearheaded by Irish feminist Frances Power Cobbe, opposed the use 

of animals in scientific procedures so strongly that a Royal Commission 

was led in 1875 [330]. This led to the introduction of the first legislation 

regarding animals in science: The Cruelty to Animals Act of 1876. Under 

this legislation, researchers were now required to justify their 

experiments on all vertebrate species and demonstrate that the benefit 

of their research outweighed the cost of harm or suffering caused to any 

animals used. This legislation remained in effect and unchanged for over 

100 years until the introduction of the Animals (Scientific Procedures) Act 

in 1986, which further required researchers to find suitable alternatives 

or methodologies in order to minimise harm and suffering caused to 

animals [331]. 

 

1.3.1.2. Animals (Scientific Procedures) Act 

The Animals (Scientific Procedures) Act (ASPA) is a UK legislation 

introduced under the 1986 European Directive 86/609/EEC which 

permits the use of animals in scientific procedures provided certain 

criteria are met [332]. In order to comply with the European Directive 

2010/63/EU, ASPA was amended in 2012. ASPA is founded on the 

principles of the three Rs (3Rs) framework of animal research, an idea 

first proposed by British scientists of the Universities Federation for 

Animal Welfare (UFAW) William Russell and Rex Burch in 1959 [333]. 

Although first introduced in the late 1950s, the 3Rs framework of 

replacement, refinement and reduction did not garner much attention 

until the 1980s which led to the implementation of European Directive 

86/609/EEC in 1986 [331]. While the 3Rs are not explicitly mentioned in 

the original directive, much of the framework ideology is reflected by the 
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directive’s requirements. This includes avoidance of distress and 

unnecessary pain or suffering (refinement) and encouragement of use of 

alternative model systems for all or part of a study 

(reduction/replacement). The updated directive further expands on the 

3Rs principals with improved measures, such as ensuring housing and 

husbandry needs are met, performing harm-benefit analysis prior to 

study applications and ensuring ethical reviews are performed when 

study applications are received. The conditions under which ASPA 

applies are highly specific, and when ASPA applies researchers cannot 

perform procedures without acquisition of a number of licences from the 

UK Home Office. 

 

1.3.1.3. Authorisation of animal studies 

Obtaining authorisation to perform scientific studies involving 

animals in the UK is done so through the UK Home Office. Before 

applications are to be submitted, researchers must first determine 

whether ASPA applies and therefore whether or not licences are required 

to carry out the desired study. ASPA applies if two criteria are met: 1 – 

the study involves the use of a protected species, and 2 – protected 

species may undergo regulated procedures. Protected species are 

defined as any living vertebrate or cephalopod other than man, though 

the point at which protection begins to apply depends on the lifecycle of 

the animal in question [334]. As such, commonly used research animals, 

such as mice, rats, hamsters, guinea pigs, zebrafish and axolotls, are 

protected under ASPA, usually after two thirds of their gestational period 

or when able to independently feed. Regulated procedures are defined 

as any procedure which may cause lasting harm, distress or suffering to 

a protected species [334]. The threshold of what constitutes a regulated 

procedure is typically measured as anything equivalent to or exceeding 

the harm, stress or suffering caused as a result of the insertion of a 

hypodermic needle according to good veterinary practice. If ASPA 

applies to a given study, three licences are required from the Home Office 

to authorise the study to take place, which are applied to person, project 
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and place. First and foremost, the institution (typically a University or 

commercial research institute) where the intended study is expected to 

take place must hold an establishment licence (PEL), which is typically 

held by an executive individual at the institution such as a Vice-

Chancellor or Chief Executive Officer [335]. Secondly, a project licence 

(PPL) is required to authorise the procedures expected to be carried out 

on animals placed on a given study [336]. PPLs must also specify the 

species used in the study and where the study must take place, as well 

as justify why the study and procedures are being carried out in 

accordance with the 3Rs. A PPL is typically held by the researcher 

leading the study, and is typically someone with a strong background in 

prior research using animal models. Finally, the personal licence (PIL) 

authorises an individual to carry out regulated procedures on animals as 

specified in the PPL [337]. All PIL holders are required by law to ensure 

that they seek and receive the appropriate training and competency 

checks to ensure that regulated procedures are carried out in a manner 

consistent with the 3Rs. PPL and PIL licences are subject to review every 

5 years by the Home Office in order to regulate and evaluate all research 

involving animals so as to maintain adherence to the 3Rs and promote a 

culture of care [338]. 

 

1.3.2. THE THREE RS AND THE CULTURE OF CARE 

The UK is considered one of the leading countries in the world for 

animal welfare in research, but is also reported to be the largest 

contributor for procedures carried out on animals by EU member states 

[338]. The concern over lack of animal welfare particularly in scientific 

research is one that has only grown over the last few centuries. While 

there is no one right answer to ensure that all needs or opinions are met, 

it is paramount that all individuals at each stage of an animal study remain 

mindful of both the ethical and welfare obligations placed upon them 

when conducting their research. Attitudes regarding policies, ethics and 

animal welfare are often impacted by an individual’s experience or 

knowledge of the field. For example, one study found that confidence in 
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the translational ability of animal models was highest amongst 

researchers in biological sciences at the University of Wisconsin-

Madison, with those in the arts and humanities departments having the 

least confidence [319]. Even amongst those involved in animal research, 

there is often a lack of sound understanding or appreciation for the 

necessities of animal welfare in scientific research. Researchers are 

often reported to view animals as “tools” to distance themselves from the 

harm and suffering they may cause to animals, and as a result render 

themselves desensitised to the basic welfare needs of animals [320]. 

Some studies have reported that researchers would consider emigrating 

to other countries if legislations and policies in their own country became 

too restrictive on the use of animals in research [321]. 

Current murine COPD models are not authorised to take place in 

the UK as the harm and suffering caused to mice during WB and NHO 

CS exposure is deemed too severe and unnecessary. As such, COPD 

research in the UK is conducted only on in vitro systems or using patient 

samples, which in itself poses its own ethical concerns and does not allow 

the ability to fully investigate disease pathogenesis. For the sake of 

producing robust, reliable and reproducible data when using animal 

studies, it is important that researchers ensure that the model system 

used can be effectively used by other research groups and reflect human 

disease. To ensure this, the 3Rs underpins all animal studies in the UK 

in order to promote what is known as a culture of care. While the definition 

of the culture of care is conveyed in different ways, the overall aims of 

the culture of care are to provide an environment where societal 

expectations of respect and humane attitudes towards animals in 

research are met [339]. The National Centre for the Replacement, 

Refinement and Reduction of Animals in Research (NC3Rs) is a UK-

based organisation that provides guidance, funding and support both 

nationally and internationally to researchers using animal models, and is 

critical in triggering changes in policy, regulations and practice. As part 

of this, the NC3Rs has led to the development of the Animal Research: 

Reporting of In Vivo Experiments (ARRIVE) guidelines. These guidelines 
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are designed to ensure that in vivo studies are reported with full 

transparency to ensure reproducibility and scrutinise methods that may 

not be in accordance with the 3Rs [340]. Despite these guidelines 

however, transparent reporting of animal studies has been largely 

inconsistent, and as such there is still much left to be done when it comes 

to implementing the 3Rs in research. 

 

1.3.2.1. Replacement 

The NC3Rs provide both basic definitions of the 3Rs, as specified 

by Russell and Burch, and updated definitions based on the context of 

the 3Rs in modern research practices. Replacement is defined as 

avoiding or replacing the use of animals in a given study. In the context 

of scientific practice, this is further elaborated as “accelerating the 

development and use of predictive and robust models and tools, based 

on the latest science and technologies, to address important scientific 

questions without the use of animals” [341]. In other words, if a suitable 

replacement is available such as a cell line, organ-on-a-chip, or patient 

material that can effectively address and answer a research hypothesis, 

then animals should not be used. Replacement is typically considered 

the main priority of the 3Rs, as partial or total replacement of animals in 

a given study overall eliminates the potential harm or suffering animals 

are exposed to. Advances in organ-on-a-chip technology have meant 

that efforts to replace animals in research are now becoming a reality, 

whether it be as part of a study or in full [342]. Nonetheless, at current 

these replacements cannot encapsulate or simulate a whole-body 

system and are ineffective in the study of complex or whole-body 

diseases such as COPD [343]. 

In the context of COPD research, replacement of animal model 

systems is largely reliant on the use of human participants and samples 

from COPD patients. However, with growing advancements in in vitro and 

in silico technologies, it may be possible in future to conduct pulmonary 

and COPD research without the use of animals. Total replacement of 
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animal models for COPD research would eliminate the risks of findings 

from a given model system not being truly reflective of human disease, 

as an in vitro or in silico model could be manipulated and engineered in 

order to perfectly replicate human disease manifestations [344]. One 

such example of this is the use of human air-liquid-interface organotypic 

airway tissue models, which simulate an in vivo-like airway system 

without requiring the use of animals [345]. 

 

1.3.2.2. Refinement 

Refinement refers to the minimisation of the pain, suffering, distress 

or lasting harm that animals may experience throughout the duration of 

a research study. In the context of modern research, refinement may be 

used to define advancements in animal welfare methodology and 

technology to minimise the impact of poor welfare conditions on scientific 

outcomes [341]. This can apply to both techniques related to handling, 

dosing and sampling of animals, as well as housing and husbandry 

conditions. An example of refinement relates to the handling practices of 

mice. Previously, mice were handled by the tail, but recent studies 

demonstrated the stressful impact this had on mice which ultimately 

influences study outcomes [346]. As a result, new handling 

methodologies were developed for mice to minimise stress and improve 

the quality of both animal welfare and study outcomes [347]. 

For CS-induced COPD in mice, refinement largely focuses on 

aspects of CS inhalation and dosing schedules in order to induce COPD. 

As previously discussed, there are no standardised methodologies to 

generate COPD in mice, and different research groups typically display 

slight nuances in their methodologies with regards to exposure method 

and frequency. The aim of refinement in COPD research seeks to ensure 

that disease simulation is as reflective of human disease as possible, 

whilst also ensuring minimal impact to stress and welfare of the animal in 

question. Comparative studies investigating different CS exposure 

techniques in murine COPD models highlight the necessity of refining 
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such model systems, as the resulting COPD phenotype may be the result 

of exposure to particulate matter via a non-inhalational route [276]. 

Despite reported concerns regarding these model systems, refinement 

of CS exposure methodologies and frequencies is often overlooked in 

favour of using models which have already been widely accepted for use 

in COPD research [268]. Therefore, there is a significant need to conduct 

further research to refine current model systems to both improve study 

animal welfare and applicability to human disease, until such a time that 

in vivo model systems can be fully replaced by nonanimal systems. 

 

1.3.2.3. Reduction 

Reduction refers to the minimisation of the number of animals used 

in scientific research, which in the context of modern research refers to 

ensuring that animal experiments are designed and analysed 

appropriately for robustness and reproducibility [341]. While reduction 

may seem like an arduous task, and the use of animals in many studies 

is often necessary to achieve set aims, there are a variety of 

methodologies researchers can employ to reduce animal numbers. This 

includes the use of online or virtual tools for PIL training in techniques to 

prevent the unnecessary use of animals for training purposes [348, 349]. 

Additionally, researchers are encouraged to employ multiplexed and 

highly comprehensive analysis of samples obtained from animals in order 

to maximise information output without the need for additional animals. 

Data and sample sharing between research groups is also widely 

suggested. Despite these efforts however, animals continue to be used 

widely in research, and there are a number of issues in regards to the 

3Rs with most current models of COPD as described above in section 

1.2.2.4. 

Efforts to reduce the numbers of animals used in COPD research 

are often as a result of replacement and refinement methods. For 

example, use of in vitro and in silico models where an animal model may 

have been used would naturally result in fewer animals being used as 
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consequence. Perhaps the greatest example of the need to reduce the 

numbers of animals used in COPD research comes from the use of 

preclinical animal models. It is estimated that approximately 7 out of 10 

orally inhaled drugs fail to reach the clinic, likely attributed to poor 

predictive and translational ability of current animal models of COPD 

[350]. As such, the animals used to both develop and investigate a drug’s 

efficacy have failed to contribute towards the robustness and 

reproducibility of the given aims of the research, and thus compound the 

efforts of reducing the numbers of animals used in scientific research. 

Opting to use in vitro or patient samples for COPD research in lieu of 

animal models, particularly for research on disease pathogenesis, is 

perhaps the most effective way to reduce the numbers of animals used 

in COPD research. 

 

1.4. AIMS OF THIS PHD THESIS 

COPD presents a significant global burden on health and economic 

resources and is a leading cause of mortality as specified by the WHO. 

There is still much left to discover and understand in regards to COPD 

pathogenesis and persistence, though it is known that the immune 

system plays a critical role in disease severity. Much of our current 

understanding of COPD pathophysiology has come from the use of CS 

exposure murine models, though under current UK legislations these 

models are considered too inhumane for use. As a result, we aim to 

develop a novel murine model of CS-exposure COPD that focuses on the 

3Rs principle of refinement, to build on and improve current model 

systems to characterise and identify the immunopathogenic mechanisms 

of COPD. We anticipate that this new model system will better 

encapsulate the phenotypic presentations of human COPD without 

compounding the welfare of animals involved or the quality of science 

generated, and allow British researchers access to an animal model to 

study new targets for therapeutic intervention. 
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CHAPTER 2 – MATERIALS AND METHODS 

2.1. MATERIALS 

2.1.1. MURINE MODEL 

2.1.1.1. Home Office Licences and welfare checks 

All procedures were performed under PEL X653228F4 registered 

to the University of Nottingham, PPL PP5215372 registered to Dr Adam 

Watkins, and PIL I27390381 registered to Laura Bartlett. All PIL holders 

were licenced to perform regulated procedures on mice and rats in PIL 

categories A (minor invasive procedures without anaesthesia), B (minor 

invasive procedures with anaesthesia (< 15 minutes)) and C (surgical 

procedures with anaesthesia (≥ 15 minutes)). A study protocol 

summarising the contents and restrictions of these licences was 

submitted to the University of Nottingham BioSupport Unit (BSU) in 

accordance with the standard protocols of the unit (see Appendix A: BSU 

Study Protocol for a copy of the submitted documentation). Welfare 

checks were performed using a set of scales to determine weight and 

observational checks were performed by the primary investigator to 

determine body condition score according to the guidelines set by the 

NC3Rs. Weight, body condition scores and other reported details of 

aberrant health or behaviour were recorded on health monitoring record 

sheets (1 sheet per animal; see Appendix B: Health Monitoring Record 

Sheet for an example copy of the monitoring sheet used) which were 

stored within a ring binder in the mouse holding room alongside the study 

protocol for ease of access by all investigators and BSU staff. 

 

2.1.1.2. Animals and housing conditions 

Twelve 8-week-old male and twelve 8-week-old female (24 total) 

C57BL/6J mice were obtained from Charles River Laboratories (Strain 

code 632, Batch Number 25042023-7869, UK) and housed in sex-

specific cages (3 males per cage (4 cages) and 4 females per cage (3 

cages)) within the University of Nottingham BioSupport Unit (BSU). 
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Animals were housed under specific pathogen-free conditions and 

regulated temperature and air control conditions, with a light-dark cycle 

of 12 hour. Designated procedure rooms separate to housing rooms were 

used to perform regulated procedures. Due to delays to the study start 

as a result of staff and space issues, mice did not undergo any regulated 

procedures until 11-weeks of age. 

 

2.1.1.3. Cigarette smoke extract 

Phenol-Red Free Roswell Park Memorial Institute (RPMI)-1640 

Culture Medium containing 2mM L-glutamine (Cat no. R8755, Merck, 

UK) was used as the media to generate cigarette smoke extract (CSE). 

A smoke collection apparatus was used to generate and collect CS. This 

consisted of plastic piping leading to a three-way stopcock, which was 

then connected to tubing leading to a 50mL BD Plastipak Polypropylene 

Disposable Luer-Lok Concentric Tip Syringe (Cat no. SYR6168, 

Scientific Laboratory Supplies, UK) on one side and tubing leading to a 

modified 25 mL sterlin tube lid with the tubing attached to allow for easy 

attachment of the CSE media tube. 1 mL pipette tips with the conical end 

cut off were used to attach Marlboro Red brand cigarettes (purchased 

locally from general stores). Generated CSE was sterile filtered to 

remove large particulate matter using a Sartorius Minisart 0.45 μm Luer 

Lock Syringe Filter (Cat no. FIL6588, Scientific Laboratory Supplies, UK) 

and a BD Emerald 10 mL Luer Slip Concentric Tip Syringe (Cat no. 

SYR1040, Scientific Laboratory Supplies, UK). 

 

2.1.1.4. Materials for regulated procedures 

Isoflurane (99% Purity) (Cat no. PC2045, Apollo Scientific, UK) was 

used as the anaesthetic agent during intranasal dosing, mixed with 

medical grade oxygen (O2) supplied by BOC, UK. Anaesthesia 

procedures were performed using a standard anaesthesia Boyle’s trolley 

with an anaesthesia induction chamber for mice and appropriate 

scavenger system with fluosorber active charcoal scavenger attached, 
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these were kindly supplied by the BSU. CSE was administered using a 

P200 pipette and sterile P200 tips. 

Restraint procedures were performed using standard 50 mL Falcon 

tubes with 1/3 of the conical end cut off using a sterile box cutter or 

surgical scalpel blade. Sunflower hearts were purchased from Amazon 

(Garden Ting brand suitable for wild birds and animals). Hibiscrub 

containing 40 mg/mL chlorhexidine glutamate and sterile gauze pads 

were supplied by the BSU. Puncture of the lateral caudal vein was 

performed using either BD Microlance Stainless Steel 25G Hypodermic 

needles (Cat no. SYR6116, Scientific Laboratory Supplies, UK) or 

Terumo Agani 25G Disposable needles (Cat no. SYR6247, Scientific 

Laboratory Supplies, UK) depending on product availability. Vitrex 50 mL 

End-To-End Capillary Tubes containing sodium heparin (Cat no. 177513, 

IMS Euro, UK) were used to collect blood, and blood was expelled into 

1.5 mL Eppendorf tubes using an in-house modified BD Emerald 

Disposable Luer Slip Concentric Tip 5 mL syringe (Cat no. SYR1038, 

Scientific Laboratory Supplies, UK). 

For instances where veterinary treatment was necessary as a result 

of overgrooming, subcutaneous Metacam (0.5 mg/mL oral suspension 

for cats and guinea pigs) and topical EMLA cream were administered by 

a Senior Animal Technician under guidance of the Named Veterinary 

Surgeon (NVS) and Named Animal Care and Welfare Officer (NACWO). 

Dolethal 200 mg/mL solution for injection containing pentobarbital 

sodium as the active ingredient (Vetoquinol, UK) was supplied by the 

BSU for Schedule 1 cull (intraperitoneal overdose). BD Microlance 

Stainless Steel 27G Hypodermic needles (Cat no. BD300635, Scientific 

Laboratory Supplies, UK) and BD Plastipak Disposable Concentric Tip 

Sterile 1 mL syringes (Cat no. SYR6000, Scientific Laboratory Supplies, 

UK) were used to perform IP injections. 
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2.1.2. SPECTRAL FLOW CYTOMETRY 

2.1.2.1. Cell culture media 

RPMI-1640 Culture Medium containing 2mM L-glutamine (Cat no. 

R6504, Merck, UK) supplemented with Penicillin (100 IU)-Streptomycin 

(100µg/mL) (Cat no. P0781, Merck, UK), 10 mM HEPES (Cat no. H0887, 

Merck, UK), and 5% foetal bovine serum (FBS) (Cat no. F7524, Sigma, 

UK) was used for splenocyte cultures unless otherwise specified. 

 

2.1.2.2. Murine splenocytes and whole blood 

Murine spleens and whole blood from cardiac puncture for the 

validation of analytical methods were kindly provided fresh from mice set 

for S1 cull by the Watkins lab. Whole blood for examination of systemic 

effects of CSE was obtained from the lateral caudal veins of mice on PPL 

PP521573 using the materials specified in section 2.1.1.4. 

Splenocytes were isolated from murine spleens using mechanical 

disruption in a petri dish containing cell culture medium using sterile 

surgical scissors and the based of a BD Emerald Luer Slip Concentric 

Tip 5 mL syringe. Cells were isolated from tissue debris using a Falcon 

100um Yellow Cell Strainer for 50mL tube (Cat no. 352360, Scientific 

Laboratory Supplies, UK). A Countess 3 Automated Cell Counter 

(Thermofisher, UK) was used to determine cell count. For this, trypan 

blue and countess disposable slides were used. 

Isolated splenocytes were frozen down at 1x107 cells per mL using 

FBS and 10% DMSO. Defrosting media comprised of the reagents listed 

in section 2.1.2.1 plus 10% FBS (as opposed to 5%) and 0.01 U/μL of 

≥250 U/μL benzonase (Cat no. 1016540001, Merck, UK). PMA 5 mg/mL 

in DMSO (Cat no. P1585, Sigma-Aldrich, UK) and ionomycin 10 mg/mL 

in DMSO (Cat no. I0634, Sigma-Aldrich, UK) were used for T cell 

stimulation assays. Lipopolysaccharides (LPS) from Escherichia coli 

O111:B4 1 mg/mL (Cat no. L5293, Sigma-Aldrich, UK) was used for 

myeloid and granulocyte activation assays. 
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Splenocytes and whole blood both required the use of a red blood 

cell (RBC) lysis buffer. For splenocytes a dual RBC Lysis/Fixation buffer 

was used (Cat no. 422401, Biolegend, UK) and for whole blood a RBC 

Lysis buffer without fixation was used (Cat no. 420302, Biolegend, UK).  

A protein transport inhibitor cocktail 500x (Cat No. 00-4980-93, Thermo 

Fisher, UK) was used to prevent secretion of intracellular markers for 

intracellular staining. Fc receptors were blocked to prevent non-specific 

binding of antibodies using a 0.5 mg/mL TruStain FcX (anti-mouse 

CD16/32) antibody (Cat no. 101320, Biolegend, UK). 

 

2.1.2.3. Flow cytometry antibodies and equipment 

Due to the size and high-throughput nature of the 24-colour panel 

generated for flow cytometry, all flow cytometry was performed using the 

ID7000 (Sony, UK) available at the University of Nottingham Flow 

Cytometry Facility. Antibodies were selected and sourced from a number 

of companies and allowed for the detection of T cells and T cell subsets, 

NK cells, macrophages, monocytes, neutrophils, DCs and B cells, as 

shown in table 2.1.1. Where pre-conjugated antibodies were not 

commercially available, purified antibodies were purchased (table 2.1.1) 

and appropriate conjugation kits for desired fluorophores were sourced 

from the providers listed in table 2.1.2. 

  



CHAPTER 2 – MATERIALS AND METHODS 

 

63 
 

Table 2.1.1:- 24-Colour Flow Cytometry panel. Details of all antibodies 

including conjugate, brightness (according to supplier’s specifications), company 

purchased from, catalogue number and concentration used during analysis. FOXP3 

was dropped from the panel due to staining issues and replaced with CD25 to isolate 

Treg populations. Purified antibodies were conjugated in-house using fluorophore 

conjugation kits as detailed in table 2.1.2 below. 

Antibody Fluorophore Brightness Clone Company Cat No. Cell Type 

CD45 APC-Fire810 1 30-F11 Sony 

Biotechnology 

1115865 Pan-immune 

cells 

CD3 BUV496 2 17A2 BD Biosciences 741117 Pan-T cells 

CD4 FITC 3 RM4-5 Sony 

Biotechnology 

1102550 CD4+ Helper T 

cells 

CD8a APC/Cy5.5 3 53-6.7 Abcam ab82005 CD8+ Cytotoxic T 

cells 

RORγt Purified - W19344C Biolegend 603151 Th17 cells 

FOXP3 Purified - MF-14 Biolegend 126401 Tregs 

CD25 BV510 3 PC61 Biolegend 102042 Tregs/Activated 

T cells 

CD49b PerCP/Cy5.5 3 DX5 Biolegend 108915 NK cells 

CD11b Pacific Blue 1 M1/70 Sony 

Biotechnology 

1106120 Myeloid and NK 

cells 

Ly6G/Ly6C PE/Cy5 5 RB6-8C5 Sony 

Biotechnology 

1142050 Monocytes, 

granulocytes and 

neutrophils 

I-A/I-E PE/Cy7 4 M5/114.14.2 Sony 

Biotechnology 

1138150 MHCII – Antigen 

presenting cells 

F4/80 Purified - T45-2342 BD Biosciences 565409 Macrophages 

CD163 PE 5 S15049F Sony 

Biotechnology 

1383515 Monocytes and 

macrophages 

CD169 BV605 4 3D6.112 Biolegend 142413 Alveolar 

macrophages 

CD80 BUV661 3 16-10A1 BD Biosciences 741515 DCs, B cells, 

Monocytes and 

Macrophages 
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CD86 BV650 3 GL-1 Sony 

Biotechnology 

1125175 DCs, B cells, 

Monocytes and 

Macrophages 

CD38 PE/Dazzle 594 5 90 Sony 

Biotechnology 

1113650 B and T cells 

CD69 BV785 3 H1.2F3 Sony 

Biotechnology 

1122715 Activated T cells 

CCR7 AF647 4 4B12 Sony 

Biotechnology 

1200545 B cells 

IFN-γ BV421 5 XMG1.2 Sony 

Biotechnology 

3129150 T cells, NK cells 

and neutrophils 

IL-6 PerCP-efluor 

710 

4 MP5-20F3 Thermo Fisher 46-7061-

82 

T cells, B cells 

and 

macrophages 

IL-17A BV711 3 TC11-

18H10.1 

Sony 

Biotechnology 

3134705 Th17 cells, CD8+ 

T cells and NK 

cells 

TNF-α BV750 3 MP6-XT22 Biolegend 506358 Macrophages, 

NK cells and T 

cells 

Zombie NIR 4 - Biolegend 423106 Dead cells 

 

Table 2.1.2:- Conjugation kit details for in-house labelled antibodies. 

Dye:antibody ratio was confirmed via NanoDrop spectrophotometry unless extinction 

coefficients could not be obtained due to restrictions as a result of proprietary 

information. 

Marker Fluorophore Brightness Company Cat No. 
Dye:Antibody 

Ratio 

RORγt PE/Cy5.5 3 
Novus 

Biologicals 

761-

0005 
1:1 

FOXP3 
NovaFluorBlue 

610 70S 
3 

Thermo 

Fisher 

K06T04

L011 
1:1 

F4/80 CF568 4 
Sigma-

Aldrich 

MX568S

100-1KT 
3:1 
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2.1.2.4. Intracellular and extracellular staining reagents 

Phosphate buffer albumin (PBA) wash buffer was made in-house, 

consisting of PBS with 30% bovine serum albumin (BSA) (Cat no. A7284, 

Merck, UK) and 20% Sodium Azide (Cat no. S2002, Merck, UK). 

Standard PBS was made using deionised water (dH2O) and PBS tablets 

(Cat no. BR0014G, Thermo Fisher, UK,). The solution was sterile-filtered 

and stored at 4°C. Sterile cell culture-grade pH 7.2 PBS was obtained 

from Merck (Cat no. P2272, UK) and used to make all solutions that 

required sterile PBS asides from PBA. 

Intracellular staining was performed using an eBioscience 

FOXP3/Transcription factor fixation/permeablisation kit (Cat no. 00-5521-

00, Thermo Fisher, UK) and fixation buffer for the final fix step was 

purchased from Biolegend (Cat no. 420801, UK). 

Splenocyte assays were performed in Corning Costar Ultra-Low 

Attachment 96-well plates (Cat no. 7007, Scientific Laboratory Supplies, 

UK) whilst whole blood assays were performed in 1.5 mL Eppendorf 

tubes. 

 

2.1.3. REVERSE PHASE PROTEIN MICROARRAY 

2.1.3.1. Slides and printing equipment 

Nitrocellulose coated slides for array printing were produced in-

house using SLS Select Economy 76 x 26 x 1 mm Microscope Slides 

(Cat no. MIC2000, Scientific Laboratory Supplies, UK) and Amersham 

Protran Western Blotting nitrocellulose membrane (Cat no. GE10600002, 

Merck, UK). Nitrocellulose membrane was fixed to slides using adhesive 

clear polyurethane glue (Gorilla brand purchased locally from general 

stores) and vacuum sealed during the drying process using a BioRad 

Model 583 Gel Dryer. 

Samples for printing were prepared in Corning 384 well plates (Cat 

no. CLS3680, Merck, UK) in 4 x 4 arrangements according to grid layout 
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programs set by a MicroGrid II Microarrayer (BioRobotics). A 4 x 4 

pinhead designed for mechanical microspotting was used for printing. 

 

2.1.3.2. Murine tissues 

Tissue samples from the heart, liver, kidney, muscle and gonad fat 

of 5 male mice and spleen samples from a female mouse were kindly 

provided by the Watkins lab. RAW 264.7 murine macrophages were 

kindly prepared and provided by Prof Paddy Tighe. 

 

2.1.3.3. Tissue lysis reagents 

Lysis buffer was prepared using 10 mL radioimmunoprecipitation 

assay (RIPA) buffer (Cat no. R0278, Sigma-Aldrich, UK) and contained 

2 mM sodium orthovanadate and 2 mM sodium fluoride. Sodium 

vanadate (NaVO3) was prepared using 300 – 400 mM sodium 

orthovanadate (Na3VO4) ≥ 90% (Cat no. S6508, Sigma-Aldrich, UK) in 

dH2O, which was heated until colourless and adjusted to pH 10 using 

NaOH or HCl. Volume was adjusted for a final concentration of 200 mM 

(100 x stock solution). Sodium fluoride (NaF) 500 mM was purchased 

from Sigma-Aldrich (Cat no. 67414, UK). 

Round bottom 2 mL Eppendorf tubes (Cat no. E0030120094, 

Scientific Laboratory Supplies, UK) containing 5 mm stainless steel 

beads (Cat no. 69989, Qiagen, UK) were used to lyse tissues in a Qiagen 

TissueLyser II.  

 

2.1.3.4. BCA assay 

A Pierce BCA Protein assay kit was purchased from Thermo Fisher 

(Cat no. 23225, UK) for quantification of proteins following tissue lysis. 

Plates were read using a Promega GloMax Discover Microplate Reader. 
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2.1.3.5. Print buffers and staining reagents 

2 x concentrated print buffer was prepared in dH2O used 4 M 

betaine monohydrate (Cat no. B2754, Sigma-Aldrich, UK) and 50% 2,3-

butanediol (Cat no. B84904, Sigma-Aldrich, UK). Isolated proteins were 

diluted with dH2O and 4x SDS sample buffer (Cat no. 70607, Merck 

Millipore, UK) in a 96-well half-skirted PCR microplate (Cat no. 

AXYPCR96M2HSC, Merck, UK) to denature proteins required for printing 

and validation methodologies using a PCR thermocycler. 

Streptavidin-Cy5 1 mg/mL (Cat no. SA-1500-1, Vector 

Laboratories, UK) and goat anti-human IgG IRDye 680 RD 1 mg/mL (Cat 

no. 926-68078, Li-Cor, UK) were used as “landing lights” to determine 

slide orientation during scanning and as an indicator of print quality. 

An AF647 conjugated rabbit anti-mouse alpha tubulin 1 mg/mL (Cat 

no. 5046, Cell Signaling Technology, USA) was used as a primary 

antibody to test printing and staining efficiency. Biotinylated goat 

polyclonal anti-rabbit IgG 2 mg/mL (Cat no. B8895, Sigma-Aldrich, UK) 

was used as a secondary antibody. Streptavidin-Cy5 1 mg/mL and 

biotinylated goat anti-streptavidin (Cat no. BA-0500-.5, Vector 

Laboratories, UK) were used to test optimal signal amplification. All 

antibodies were diluted in PBS for staining. 

PBS made using the materials listed in section 2.1.2.4 was used to 

make PBST wash buffer (PBS + 0.05% Tween 20 (Cat no. P1379, 

Sigma-Aldrich, UK)) and blocking buffer (PBST 0.01% Tween 20 + 3% 

Skim Milk Powder (Cat no. 70166, Merck Millipore, UK)). Liquid Plate 

Sealer (Cat no. #160, Candor Biosciences, UK) was used to test 

efficiency of probe binding. Slide scans were taken using a GenePix 

4000b Microarray System. 

A full panel of primary rabbit anti-human antibodies against immune 

signalling pathways involved in COPD pathogenesis were kindly supplied 

by a previous PhD student. These antibodies were sourced from Cell 

Signaling Technology (USA) and reported to be cross-reactive with 

mouse. The targets and details of each antibody are listed in table 2.1.3. 
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Table 2.1.3:- Antibody targets used in optimised anti-human RPPA panel. 

All antibodies were obtained from Cell Signaling at 1 mg/mL concentration and tested 

for cross-reactivity against murine samples. Details of pathways and justifications for 

inclusion are shown below. (Abbreviations: p – phosphorylated) 

Target Pathway Justification 

Zap-70 

pZap-70 

T cell receptor signalling 

(via CD3) 

Stimulation via -CD3 and -CD28 so 

T cells and NK cells will be activated 

via this pathway, so does CSE 

suppress signalling or enhance it? 

Erk1/2 

T cell receptor signalling 

(via CD3) 

MAPK/Erk signalling 

As above 

Signalling to lead to activation and 

production of perforin 

p38 MAPK 

T cell receptor signalling 

(via CD3) 

MAPK signalling 

p38 MAP Kinase signalling 

As above 

Signalling to lead to activation and 

production of perforin 

MKK4/7 

pMKK4/7 

T cell receptor signalling 

(via CD3) 

JNK Signalling 

As above 

Signalling to lead to activation and 

production of perforin 

JNK 

pJNK 

T cell receptor signalling 

(via CD3) 

NKG2D signalling 

SAPK/JNK signalling 

As above 

Signalling to lead to activation and 

production of perforin 

PDK1 
T cell receptor signalling 

(via CD28) 
As above 

PI3K 

pPI3K 

T cell receptor signalling 

(via CD28) 

Oxidative stress 

As above 

Oxidative stress seen in exposure to 

CSE will switch on PI3K to lead to 

accelerated lung aging and 

inflammation 

p65/RelA 

NFkB 

Inflammasome signalling  

TLR4 

Signal 1 Inflammasome signalling (via 

particulates from CSE) LPS in cigarette 

smoke activates TLR4 signalling 
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- ultimately activates p65 for nuclear 

shuttle in and out of nucleus 

IKK/IKK 
Inflammasome signalling 

(via particulates from CSE) 

Signal 1 Inflammasome signalling – 

LPS in cigarette smoke 

Caspase-1 

(total and 

cleaved) 

Inflammasome signalling 

(via particulates from CSE) 

Signal 2 Inflammasome signalling – 

stimulated by particulates in Cigarette 

smoke 

p50 NFkB Cell activation 

All routes lead to NF-B 

i.e. Oxidative stress seen in exposure 

to CSE will switch on PI3K to lead to 

accelerated lung aging and 

inflammation 

Cathepsins 
Inflammasome signalling 

(via particulates from CSE) 

Signal 2 Inflammasome signalling – 

stimulated by particulates in Cigarette 

smoke 

MKK4/7 

pMKK4/7 

SAPK/JNK signalling 

cascade 

Signalling to lead to activation and 

production of perforin 

Stat1 

pSTAT1 

Key role in many gene 

expressions that cause 

survival of the cell, viability 

or pathogen response 

Cell survival as well as response to 

pathogen 

Stat3 

pStat3 

Key role in many cellular 

processes (such as cell 

growth and apoptosis) 

Increased activity of STAT3 in cancer 

cells 

Perforin Killing/damage mechanism 
Mediator to “punch holes” in target 

cells/cause tissue damage 

Granzyme Killing/damage mechanism 
Mediator to activate Caspase 8 in 

target cells/cause tissue damage 

Caspase 8 Leads to apoptosis Mechanism to lead to tissue damage 

TRAIL Regulation of apoptosis Can assist in regulating apoptosis 

HSP27 

HSP70 

HSP90 

Heat shock proteins 

Stress related proteins that one might 

expect to be up-regulated on exposure 

to CSE 
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PIP3 NKG2D/DAP10 signalling Activation pathway for NK cells 

Cdc42 or 

Rac or Rho 
NKG2D/DAP10 signalling Activation pathway for NK cells 

SHP-1 or 

Src 
KIR signalling Inhibition pathway for NK cells 

Crk or 

Abl 
KIR signalling Inhibition pathway for NK cells 

p53 Tumour suppressor protein 
Protein that regulates cell cycle so 

does CSE affect its’ expression? 

Caspase 3 Induces Apoptosis 
Cell survival – does CSE increase 

expression? 

SYK 

Spleen tyrosine kinase 

(SYK) has a role in 

adaptive immune receptor 

signalling 

SYK also mediates other, 

unexpectedly diverse biological 

functions, including cellular adhesion 

and innate immune recognition.  

SYK is activated by C‐type lectins and 

integrins 

 

2.1.3.6. SDS-PAGE reagents 

SDS-PAGE was performed using an XCell Surelock Mini-Cell 

electrophoresis system. Gels for SDS-PAGE were made in-house using 

Bolt Mini Gel Cassettes (Cat no. NW2010, Thermo Fisher, UK). Reagents 

used to prepare gels are listed in table 2.1.4 below. 1.5 M Tris-HCl pH 

8.8 and 1 M Tris-HCl pH 6.8 were prepared using Trizma base in dH2O 

and pH adjusted using 6N HCl. 10% Ammonium persulfate (APS) was 

prepared by adding 1 g of APS to 10 mL of dH2O, 20% SDS was kindly 

prepared and supplied by Tyler Harvey-Cowlishaw. Samples were 

diluted with dH2O and 4 x SDS sample buffer and heated in a 

thermocycler for denaturation. A 0.3% Bromophenol Blue solution (Cat 

no. B8026, Sigma-Aldrich, UK) was prepared to improve visibility of wells 

in stacking gel. 10 x Running buffer was prepared using 25 mM Tris HCl, 

200 mM glycine and 0.1% SDS in dH2O and diluted to 1x running buffer 

as necessary. A Broad Range (10 – 250 kDa) Color Prestained Protein 
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Standard (Cat no. P7719L, New England Biolabs, UK) was used as an 

estimate of protein size and a Biotinylated Protein Ladder (9 – 200 kDa) 

(Cat no. 81851, Cell Signaling, USA) was used as a positive control for 

Western Blot transfer. SimplyBlue SafeStain (Cat no. LC6060, Thermo 

Fisher, UK) was used to stain gels for viewing. Gel images were taken 

using a NuGenius Gel Doc Scanner under standard light. 

 

Table 2.1.4:- List of reagents used to prepare gels for SDS-PAGE. 

Reagent Cat No. Supplier Country 

Acrylamide/Bis-

acrylamide 

solution (30%) 

A3574 Sigma-Aldrich UK 

Trizma Base 93362 Sigma-Aldrich UK 

Glycine G8898 Sigma-Aldrich UK 

Ammonium 

Persulfate 
A3678 Sigma-Aldrich UK 

Sodium Dodecyl 

Sulphate 
L3771 Sigma-Aldrich UK 

TEMED 1610800 Bio-Rad UK 

 

2.1.3.7. Western Blot reagents 

Amersham Protran Western Blotting nitrocellulose membrane (Cat 

no. GE10600002, Merck, UK) was used as a protein transfer membrane. 

Blot transfer was performed using an XCell Surelock Mini-Cell 

electrophoresis system containing an XCell II Blot Module. Filter paper 

and foam pads were kindly provided by Prof Paddy Tighe. Transfer buffer 

was prepared using Novex 25 x Tris-Glycine Transfer Buffer (Cat no. 

LC3675, Thermo Fisher, UK) diluted to 1 x using dH2O and methanol to 

obtain a final concentration of 20% methanol. Probing was performed 

using an Immunetics Miniblotter 16 system (Cat no. S31580, Interchim 

Biotech, France). Probe antibodies consisted of a selection of 
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constitutively expressed markers in all tissue types from table 2.1.3 (p50 

NFkB, p53, STAT3, SAP/JNK and mTOR). Streptavidin-HRP 1 mg/mL 

(Cat no. 4800-30-06, RnD Systems, UK) was used for chemiluminescent 

assays. Chemiluminescent assays were performed using a Novex ECL 

Chemiluminescent Substrate Reagent Kit (Cat no. WP20005, Thermo 

Fisher, UK). Chemiluminescent blots were scanned using a SynGene 

G:Box. 

 

2.1.4. RT-QPCR 

2.1.4.1. Primers 

Genes were identified in literature and the National Centre for 

Biotechnology Information (NCBI) website (USA) was used to identify 

mRNA sequences to be used for primer design. The NCBI Primer Blast 

tool was used to identify possible primer sequences and the Human 

BLAT Search website was used to identify exon-exon boundaries and to 

check primer binding locations. NCBI Standard Nucleotide BLAST suite 

was used to check for nonspecific binding of primers to ensure 

amplification of desired target gene. Primer sequences were sent to 

Eurofins Genomics (Germany) for Oligonucleotide Salt-Free Primer 

synthesis. Housekeeping gene primers were already available in-house 

and are detailed in table 2.1.5 below. 

  

Table 2.1.5:- Primer sequences and details for housekeeping genes. These 

genes were used to normalise target genes to calculate relative gene expression. 

Gene 
Name 

Primer Primer Sequence Tm GC% 
Product 
Length 

Accession 
Number 

SDHA 

FWD TGTTCAGTTCCACCCCACA 60 53 

66 NM_023281 
REV TCTCCACGACACCCTTCTGT 60 55 

Tuba1 

FWD CTGGAACCCACGGTCATC 59 61 

114 NM_011653 
REV GTGGCCACGAGCATAGTTATT 59 48 
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2.1.4.2. RNA purification kit and equipment 

Round bottom 2 mL Eppendorf tubes (Cat no. E0030120094, 

Scientific Laboratory Supplies, UK) containing 5 mm stainless steel 

beads (Cat no. 69989, Qiagen, UK) were used to lyse tissues in a Qiagen 

TissueLyser II. An RNeasy Mini Kit was purchased to isolate RNA from 

tissues (Cat no. 74104, Qiagen, UK). On-column DNase digestion was 

performed using an RNase-free DNase Set (Cat no. 79254, Qiagen, UK). 

 

2.1.4.3. Reverse transcription reagents 

A TaqMan Reverse Transcription kit (Cat no. N8080234, Thermo 

Fisher, UK) was used to generate cDNA from isolated RNA. Reverse 

transcription reactions took place in a PCR thermocycler. 

 

2.1.4.4. Polymerase chain reaction reagents 

Precision FAST qPCR Master Mix with ROX at a reduced level, 

premixed with SYBRgreen (Cat no. PFAST-ABI7500, PrimerDesign, UK) 

was used as qPCR master mix and RNase-free H2O from the Qiagen 

RNeasy Mini Kit was used as the H2O negative control. Samples were 

loaded into Bright White real-time PCR 96-well plates for ABI FAST and 

StepOnePlus machines (Cat no. BW-FAST, PrimerDesign, UK) and 

sealed using Optical adhesive seals (Cat no. BW-ADVSEAL, 

PrimerDesign, UK). PCRs were run using an ABI Fast 7500 qPCR 

machine and the resulting data was analysed using a relative gene 

expression formula template on Microsoft Excel (kindly provided by Dr 

Adam Watkins) and plotted using GraphPad Prism. 

 

2.1.4.5. Agarose gel electrophoresis reagents 

Agarose gel electrophoresis was performed using a ReadyAgarose 

Precast Gel System (Bio-Rad, UK) and gels were cast in-house using 

combs appropriate for gel size. Gels were prepared using 1% Agarose 

(Cat no. 05066, Sigma-Aldrich, UK) and tris-borate-EDTA (TBE) buffer 
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using a 10 x TBE buffer stock solution (Cat no. 574795, Sigma-Aldrich, 

UK). GelRed Nucleic Acid stain (Cat no. SCT123, Merck Millipore, UK) 

was used as a fluorescent nucleic acid stain and a GeneRuler 50 bp DNA 

Ladder (Cat no. 11813973, Fisher Scientific, UK) was used as an 

indicator of product size. Gel images were taken using a NuGenius Gel 

Doc Scanner under UV light. 

 

2.1.5. HISTOLOGY 

2.1.5.1. Tissue processing 

After dissection, tissues for histology were placed into 5 mL bijous 

containing 10% formalin (Cat no. HT5012-1CS, Scientific Laboratory 

Supplies, UK) which were then transferred into 70% ethanol (EtOH). A 

Leica TP1020 Tissue Processor (Leica Biosystems, UK) was used for 

tissue processing, and a Leica EG1150 Embedding Station (Leica 

Biosystems, UK) was used to embed tissues into paraffin wax blocks 

using Simport embedding cassettes kindly supplied by Dr Jeni Luckett.  

 

2.1.5.2. Microtomy 

A Leica 2245 microtome (Leica Biosystems, UK) was used to 

prepare wax cuttings, which were embedded onto Corning 75 mm x 25 

mm microscope slides (Cat no. CLS294875X25, Merck, UK) using a 

mounting bath. 

 

2.1.5.3. Staining reagents 

The following reagents for hydration and dehydration of slides were 

kindly supplied by the University of Nottingham School of Life Sciences 

Imaging Facility (SLIM): xylene, EtOH (70%, 80%, 95% and 100%), 1% 

acid alcohol and Scott’s tap water. Harris Haematoxylin Solution (Cat no. 

HHS128, Sigma-Aldrich, UK) and Eosin Y Solution (Cat no. HT1102128, 

Sigma-Aldrich, UK) were used for H&E staining. Toluidine blue 1% stain 

solution (Cat no. 89640, Sigma-Aldrich, UK) was kindly supplied by Dr 
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Jeni Luckett (University of Nottingham). Weigert’s haematoxylin, 

Picrosirius red and acidified water were kindly supplied by Dr Amanda 

Tatler (University of Nottingham). Slides were mounted using 

Hydromount histology mounting media (Cat no. NAT1324, Scientific 

Laboratory Supplies, UK) and Corning 22 mm x 50 mm cover slips (Cat 

no. CLS2975225, Merck, UK). 

Stained slides were processed using a Zeiss Axioscan 7 Slide 

Scanner (Zeiss, UK) and corresponding Zeiss Zen Blue software. Image 

analysis was performed in ImageJ. 

 

2.2. METHODS 

2.2.1. MURINE COPD MODEL 

2.2.1.1. Welfare checks and study design 

The murine COPD study was designed to ascertain the optimal 

dosing regimen to elicit a moderate COPD phenotype in mice. For this, 

mice were exposed to CSE three times per week (Mondays, 

Wednesdays and Fridays) for 12 weeks. To minimise workload on 

investigators, mice were split into two groups: Group 1 and Group 2, 

containing two mice from each dose group and each sex. Group 1 

commenced CSE exposure on the first week of the study and had tail 

vein bleeds performed on Tuesdays, whereas Group 2 did not commence 

CSE exposure until the second week of the study and had tail vein bleeds 

performed on Thursdays (figure 2.2.1). As such, each group was culled 

a week apart to streamline dissection protocols. Weekly tail vein bleeds 

were performed to examine peripheral immune cell changes in response 

to CSE exposure, the results of which were also used as a welfare 

indicator. 

Full welfare checks were performed three times per week prior to 

administration of anaesthesia. This consisted of behavioural 

examinations (activity levels and interactions with cage-mates) and 

physical examinations (coat condition, evidence of injury, weight loss, 

respiratory changes). In particular, mice had their weight recorded three 
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times per week and respiratory rate closely monitored for signs of 

increased respiration rate or laboured breathing. In the event of signs of 

adverse effects, concerns were reported to the designated NACWOs and 

veterinary intervention or close monitoring were performed as directed 

and necessary. 

 

2.2.1.2. Acclimatisation to restraint procedures 

In order to minimise the impact of stress on study outcomes, mice 

were acclimatised to handling and restraint procedures through positive 

reinforcement (figure 2.2.2). For this, sunflower hearts were used as a 

reward following handling and restraint. The week before the murine 

COPD study was due to begin, mice were first introduced to the reward 

by placing sunflower hearts into home cages. The next day, mice were 

handled and shown restraint tubes briefly before being returned to their 

home cages and provided with a reward. On day three, mice were 

handled and allowed to freely enter restraint tubes before being returned 

to home cages with a reward, and on day four the same procedure was 

Figure 2.2.1:- Murine COPD study design protocol. Full welfare checks and 

intranasal dosing was performed on all mice three times per week on Mondays, 

Wednesdays and Fridays. To minimise workload, mice were split into Group 1 and 

Group 2 and had tail vein bleeds performed on either Tuesdays or Thursdays 

respectively. (Created with Biorender.com) 
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repeated but mice were placed into restraint tubes and immediately 

withdrawn prior to returning to the home cage. On the final day of 

acclimatisation, mice were placed into restraint tubes and their leg or tail 

was restrained at the base for up to 30 seconds, after which mice were 

returned to their home cages with a reward. Positive reinforcement was 

maintained throughout the murine COPD study by providing sunflower 

hearts following all regulated procedures, thus minimising stress of 

handling and also encouraging more docile behaviour. 

 

2.2.1.3. Calculation of cigarette smoke extract concentration 

Due to the novelty of our model system, an optimal dose 

concentration for cigarette smoke extract (CSE) was not available in the 

literature. Therefore, to ascertain the appropriate dose concentration to 

elicit a moderate COPD phenotype, calculations were made to determine 

the percentage of CSE to be used. This was performed by calculating the 

number of cigarettes smoked per day per gram of average human weight, 

Figure 2.2.2:- Diagrammatic overview of the restraint acclimatisation 

procedure. Mice were acclimatised to handling and restraint procedures during a week-

long process, and were rewarded with sunflower hearts following each period of 

handling or restraint. Following the acclimatisation period, positive reinforcement was 

maintained through provision of sunflower hearts following regulated procedures. 

(Created with Biorender.com) 
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and calculating how many cigarettes smoked per week per average 

weight of an 8-week-old mouse in percentage form. While this method 

does not account for factors such as metabolic and lung structure 

differences, this method provides a crude and justifiable reasoning 

behind the concentrations mice would be exposed to. As such, the 

following calculations were performed to determine CSE doses: 

 

𝑛𝑜. 𝑐𝑖𝑔𝑎𝑟𝑒𝑡𝑡𝑒𝑠 𝑝𝑒𝑟 𝑑𝑎𝑦 ÷ 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 ℎ𝑢𝑚𝑎𝑛 𝑤𝑒𝑖𝑔ℎ𝑡 (𝑘𝑔)  

= 𝑐𝑖𝑔𝑎𝑟𝑒𝑡𝑡𝑒𝑠 𝑝𝑒𝑟 𝑘𝑔 

𝑐𝑖𝑔𝑎𝑟𝑒𝑡𝑡𝑒𝑠 𝑝𝑒𝑟 𝑘𝑔 ÷ 1000 = 𝑐𝑖𝑔𝑎𝑟𝑒𝑡𝑡𝑒𝑠 𝑝𝑒𝑟 𝑔𝑟𝑎𝑚 (𝑔) 

𝑐𝑖𝑔𝑎𝑟𝑒𝑡𝑡𝑒𝑠 𝑝𝑒𝑟 𝑔 × 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 8 𝑤𝑒𝑒𝑘 𝑜𝑙𝑑 𝑚𝑜𝑢𝑠𝑒 (𝑔)

= 𝑛𝑜. 𝑐𝑖𝑔𝑎𝑟𝑒𝑡𝑡𝑒𝑠 𝑝𝑒𝑟 𝑚𝑜𝑢𝑠𝑒 

(𝑛𝑜. 𝑐𝑖𝑔𝑎𝑟𝑒𝑡𝑡𝑒𝑠 𝑝𝑒𝑟 𝑚𝑜𝑢𝑠𝑒 × 7) × 100 

=  % 𝑜𝑓 𝑐𝑖𝑔𝑎𝑟𝑒𝑡𝑡𝑒 𝑠𝑚𝑜𝑘𝑒 𝑒𝑥𝑡𝑟𝑎𝑐𝑡 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 

 

According to health statistics from 2019, the average smoker in the 

UK smoked 10 cigarettes per day [351]. To determine optimal dose 

concentration, we opted to use two different CSE concentrations based 

on the median number of cigarettes smoked per day by the average UK 

smoker ± 5. As such, 5 cigarettes per day (35 per week) was classified 

as “Light-smoker” (LS) and 15 cigarettes per day (105 cigarettes per 

week) was classified as “Heavy-smoker” (HS). Average weights of UK 

men and women were obtained from the Health Survey for England 2021 

[352] and average weights for 8-week-old male and female C57BL/6J 

mice were obtained from the Jackson Laboratories [353]. Using this 

information, the following calculations were made: 

 

𝐿𝑖𝑔ℎ𝑡 𝑆𝑚𝑜𝑘𝑒𝑟 𝑀𝑎𝑙𝑒𝑠: 

5 ÷ 84.5 = 0.05855 𝑐𝑖𝑔𝑎𝑟𝑒𝑡𝑡𝑒𝑠 𝑝𝑒𝑟 𝑘𝑔 

0.05855 ÷ 1000 = 0.00005855 𝑐𝑖𝑔𝑎𝑟𝑒𝑡𝑡𝑒𝑠 𝑝𝑒𝑟 𝑔 

0.00005855 × 25 = 0.001464 

(0.001464 × 7) × 100 =  1.02 % 
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𝐿𝑖𝑔ℎ𝑡 𝑆𝑚𝑜𝑘𝑒𝑟 𝐹𝑒𝑚𝑎𝑙𝑒𝑠: 

5 ÷ 72.1 = 0.06935 𝑐𝑖𝑔𝑎𝑟𝑒𝑡𝑡𝑒𝑠 𝑝𝑒𝑟 𝑘𝑔 

0.06935 ÷ 1000 = 0.00006935 𝑐𝑖𝑔𝑎𝑟𝑒𝑡𝑡𝑒𝑠 𝑝𝑒𝑟 𝑔 

0.00006395 × 20 = 0.001387 

(0.001387 × 7) × 100 =  0.97 % 

 

𝐻𝑒𝑎𝑣𝑦 𝑆𝑚𝑜𝑘𝑒𝑟 𝑀𝑎𝑙𝑒𝑠: 

15 ÷ 84.5 = 0.17564 𝑐𝑖𝑔𝑎𝑟𝑒𝑡𝑡𝑒𝑠 𝑝𝑒𝑟 𝑘𝑔 

0.17564 ÷ 1000 = 0.00017564 𝑐𝑖𝑔𝑎𝑟𝑒𝑡𝑡𝑒𝑠 𝑝𝑒𝑟 𝑔 

0.00017564 × 25 = 0.004391 

(0.004391 × 7) × 100 =  3.07 % 

 

𝐻𝑒𝑎𝑣𝑦 𝑆𝑚𝑜𝑘𝑒𝑟 𝐹𝑒𝑚𝑎𝑙𝑒𝑠: 

15 ÷ 72.1 = 0.20804 𝑐𝑖𝑔𝑎𝑟𝑒𝑡𝑡𝑒𝑠 𝑝𝑒𝑟 𝑘𝑔 

0.20804 ÷ 1000 = 0.00020804 𝑐𝑖𝑔𝑎𝑟𝑒𝑡𝑡𝑒𝑠 𝑝𝑒𝑟 𝑔 

0.00020804 × 20 = 0.0041608 

(0.0041608 × 7) × 100 =  2.91 % 

 

Using these values, it was determined that 1% CSE would be 

appropriate for the LS groups and 3% CSE would be appropriate for the 

HS groups. 

 

2.2.1.4. Generation of cigarette smoke extract 

CSE was generated in-house fresh on assigned dosing days (3 x 

per week). For this, 10 mL of phenol red-free RPMI was added to a 25 

mL steralin tube and attached to the CSE apparatus as shown in figure 

2.2.3. The end of a 1 mL pipette tip was cut off to improve airflow and 

attached to tubing at the top of the apparatus, to which a single Marlboro 
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Red cigarette with the filter broken off was attached. The cigarette was lit 

and a 50 mL syringe was used to draw in cigarette smoke, which was 

then used to expel the smoke into the steralin tube. A three-way stopcock 

was used to control the direction of airflow, and the apparatus was 

designed to simulate human respiration and inhalation/exhalation of 

cigarette smoke. This process was repeated until the full cigarette had 

been smoked, and the resulting medium was classified as 10% CSE (1 

cigarette per 1 mL of media = 100% CSE). 10% CSE was sterile filtered 

into a clean 25 mL steralin tube through a 0.45 μm filter to remove large 

debris, and the resulting filtrate was then used to create 1% and 3% CSE 

in a total volume of 1 mL using phenol red-free RPMI. A separate 1.5 mL 

Eppendorf tube containing 1 mL of sterile phenol red-free RPMI was used 

as a control for the “Never Smoking” (NS) group. Tubes containing CSE 

were temperature and pH checked and maintained at room temperature 

and neutral pH in preparation for intranasal dosing. 

Figure 2.2.3:- Diagrammatic overview of CSE generation apparatus. Smoke 

is drawn in from a Marlboro Red cigarette with the filter removed using a 50 mL syringe 

(as demonstrated by the dark pink arrow), which is then used to slowly pump smoke 

into a 25 mL steralin tube containing 10 mL of phenol red-free RPMI-1640 culture media 

(as demonstrated by the dark blue arrow). Airflow direction is controlled by use of a 

three-way stopcock. (Created with BioRender.com) 
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2.2.1.5. Intranasal dosing 

Prior to intranasal (IN) dosing, a full welfare check was performed 

on mice to check for signs of ill health or welfare concerns (see section 

2.2.1.6 for details). After conducting welfare checks, mice were placed 

into an anaesthesia chamber on a cage-by-cage basis. Mice were first 

exposed to 2.5% isoflurane mixed with O2 until sedated and loss of 

righting reflex occurred. After this, mice were placed onto their sides to 

monitor respiration rate and isoflurane was increased to 3.5%. 

Respiration rate was monitored until deep respiration (gasping 

mechanism) was observed, after which mice were individually removed 

from the chamber and held in an upright position with the head tilted back 

to open airways. 25 μL of CSE or control media was carefully 

administered into the nasal cavity using a P200 pipette and the mouse 

was kept in an upright position until the dose had been inhaled and 

respiratory rate stabilised. Mice were then returned to their home cages 

for recover, after which the anaesthetic chamber was purged of isoflurane 

in preparation for the next cage. When all mice had regained 

consciousness, a brief welfare check was conducted to detect signs of ill 

health following anaesthesia and sunflower hearts were placed into the 

cage to reinforce acclimatisation to handling and restraint procedures. 

Mice were under anaesthesia for ≤ 15 minutes in accordance with 

Category B anaesthesia protocols, and recovery following brief 

anaesthesia was approximately ≤ 2 minutes. Figure 2.2.4 provides a 

graphical demonstration of the IN dosing protocol. 
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2.2.1.6. Tail vein blood sampling 

Tail vein blood sampling was performed once per week, and in 

accordance with the Laboratory Animals in Science Association (LASA) 

and NC3Rs guidelines for microsampling [354, 355]. Body temperature 

water was mixed with hibiscrub in a small beaker to encourage 

vasodilation and sterilise the puncture area. Mice were placed into 

restraint tubes and restrained at the base of the tail, which was placed 

into the beaker for 30 seconds. After this, the tail was wiped dry with a 

sterile gauze pad and the lateral caudal vein was located. The lateral 

caudal vein was punctured using a 25G needle approximately 2/3 

distance from the base of the tail. Blood was gently massaged out of the 

vein and 20 μL was collected using a heparinised capillary tube, one 

mouse each week had 30 μL collected so that an unstained control was 

available. In accordance with microsampling guidelines, mice that had 30 

μL collected only had 20 μL collected within a given 4-week period. After 

blood was collected, it was expelled into 1.5 mL Eppendorf tubes using 

a modified syringe and pressure was applied to the puncture site on the 

Figure 2.2.4:- Intranasal dosing of CSE in mice. Full welfare checks were 

performed prior to administration of anaesthesia, after which mice were placed into an 

anaesthetic chamber and exposed to 2.5% isoflurane until sedated. After sedation and 

lack of righting reflex, isoflurane was increased to 3.5% until deep respiration (gasping 

mechanism) was observed. Mice were then individually removed from the chamber and 

25 μL CSE was carefully administered through the nasal cavity using a P200 whilst the 

mouse was held in an upright position to ensure delivery into the respiratory system. 

Once the full dose was inhaled and respiratory rate had stabilised, mice were returned 

to their home cages for recovery. (Created with Biorender.com) 
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tail using sterile gauze pad. Once bleeding had stopped, mice were 

returned to their home cages and rewarded with sunflower hearts to 

reinforce acclimatisation to restraint and handling procedures. Figure 

2.2.5 provides a graphical example of this protocol. 

 

2.2.1.7. S1 cull and dissection 

Following 12 weeks of CSE exposure, mice were culled by 

intraperitoneal (IP) overdose of anaesthetic using dolethal. Mice were 

first weighed and 100 μL dolethal per 10 g of weight was drawn into a 1 

mL syringe using a sterile 27G needle, which was then disposed and 

replaced with a new sterile 27G needle. Mice were scruffed and injected 

intraperitoneally into the left side of the abdomen (as viewed ventrally) to 

avoid accidental injection into the caecum. Following administration of 

the full dose of dolethal, mice were placed into a spare cage and 

monitored to allow the IP overdose to take effect. Upon loss of the pedal 

withdrawal reflex and detectible heartbeat (checked via placing the index 

and middle fingers on either side of the chest) and visual signs of 

permanent cessation of respiration (defined as observation of Cheyne-

Stokes respiration followed by permanent arrest of the respiratory 

system), mice were removed from the cage and death was confirmed via 

Figure 2.2.5:- Tail vein blood sampling of mice. Mice were placed into restraint 

tubes and the tail was warmed in body temperature water with hibiscrub for 30 seconds, 

after which the tail was wiped dry. The lateral caudal vein was punctured using a 25G 

needle and 20 μL blood was collected using a heparinised capillary tube. After bleeding 

had stopped, mice were returned to their home cages and given sunflower hearts to 

reinforce acclimatisation. (Created with Biorender.com) 
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laceration of the femoral artery (cessation of blood circulation). Once 

death was confirmed, the lungs and spleen were collected for 

histological, genetic and immunological analysis. The testes, epididymis, 

ovaries and uterus were collected for histological and genetic analysis by 

the Watkins lab, and the caecum was collected by request of Dr Jeni 

Luckett for microbiome analysis. 

 

2.2.2. SPECTRAL FLOW CYTOMETRY 

2.2.2.1. Generation of panel and antibody selection 

Markers for flow cytometry were identified through literature 

searches and resources available via the Biolegend website. To 

determine appropriate fluorophore designation, the Gene Expression 

Atlas was used to determine the expression levels of each marker in the 

periphery and the lungs [356]. Immune cell frequencies in mouse were 

obtained using a resource on the BioRad website [357]. A panel design 

tool was kindly provided by Sony Biotechnology that automatically 

calculated the R-squared values of fluorophores and spectral patterns 

within a given panel to determine the spillover matrix of each fluorophore. 

Markers that were lowly expressed in both the periphery and lungs were 

assigned to bright fluorophores whilst highly expressed markers were 

assigned to dim fluorophores. Markers with variable expression as a 

result of effector functions or tissue origin were assigned to moderate 

fluorophores. Where an R-squared value above 0.7 was detected 

between two fluorophores using the panel designer tool, alternative 

fluorophores were selected to ensure accurate unmixing during analysis. 

Once markers and fluorophores had been assigned, antibodies 

were purchased from suppliers (see table 2.1.1). For antibodies with pre-

conjugated fluorophores were not available, purified antibodies and 

conjugation kits were purchased for the necessary antibodies and 

fluorophores (see table 2.1.2). Antibodies were conjugated to 

fluorophores according to the protocols outlined by each conjugation kit 
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and dye to antibody ratio was determined using a NanoDrop 

Spectrophotometer [358-360]. 

Conjugation of RORγt antibody was performed using a Lightning-

Link PE-Cy5.5 labelling kit. Briefly, for every 10 μL of antibody, 1 μL of 

modifier reagent was added and mixed gently by pipetting. Modified 

antibody was then added to a PE-Cy5.5 conjugation mix and mixed by 

pipetting before being left to incubate in the dark for 3 hours. Following 

incubation, 1 μL quencher per 10 μL antibody was added and mixed 

gently. Dye to antibody ratio was determined to be 1:1 by NanoDrop 

Spectrophotometer. 

Conjugation of F4/80 antibody was performed using a Mix-n-Stain 

CF568 labelling kit. Briefly, the 10 x mix-n-stain buffer was diluted to 1 x 

using purified F4/80 and mixed by pipetting. The mixed solution was then 

added to a vial containing dye solution and vortexed briefly before being 

incubated in the dark for 15 minutes. Following incubation, the 

conjugated antibody was diluted in storage buffer containing 2 mM 

sodium azide and dye to antibody ratio was determined to be 1:3 by 

NanoDrop Spectrophotometer. 

Conjugation of FOXP3 antibody was performed using a NovaFluor 

Blue610 70S conjugation kit. Briefly, spin columns in 2 mL collection 

tubes from the kit were centrifuged for 1 minute at 1500 g and the eluent 

was discarded. 300 μL reaction buffer was added to spin columns for 

buffer exchange and centrifuged for 1 minute at 1500 g. Buffer exchange 

was repeated three times for a total of four buffer exchanges. Following 

the fourth exchange, one spin column was set aside after discarding the 

eluent, whilst another was transferred to a 1.5 mL Eppendorf tube. 100 

μL of FOXP3 antibody was added to the spin column and centrifuged at 

1,500 g for 2 minutes, after which the spin column was discarded. The 

buffer exchanged antibody was then added to a tube of activation reagent 

and mixed by pipetting. The tube was vortexed and mixed by inversion, 

which was repeated twice over the course of 1 minute, after which the 

tube was centrifuged at 1,500 g for 30 seconds. The antibody solution 

was then left to incubate for 1 hour at room temperature, after which the 
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spin column that was set aside was spun for 1 minute at 1,500 g and 

placed into a 1.5 mL Eppendorf tube after discarding the eluent. The 

antibody solution was then transferred to the spin column and centrifuged 

for 2 minutes at 1,500 g, after which the spin column was disposed of. 

The activated antibody solution was transferred to a tube of NovaFluor 

Linker, vortexed and mixed by inversion before being centrifuged briefly 

for 30 seconds at 1,500 g and left to incubate overnight at room 

temperature. After overnight incubation, 80 μL PBS was added to the 

antibody solution and mixed by pipetting. 200 μL ammonium sulphate 

was then added and mixed by pipetting up and down 10 times and left to 

incubate on ice for 10 minutes. After incubation, the tube was centrifuged 

for 5 minutes at 13,500 g, after which the supernatant was carefully 

removed using a pipette. The pellet was resuspended in 200 μL PBS and 

ammonium sulphate washing was repeated. After the second wash with 

ammonium sulphate, the pellet was resuspended in 100 μL PBS and 300 

μL NovaFluor conjugate was added to the antibody solution. The solution 

was vortexed and mixed by inversion before being centrifuged for 30 

seconds at 1,500 g and left to incubate overnight at 4°C in the dark. Due 

to proprietary restrictions, dye:antibody ratio could not be determined via 

NanoDrop Spectrophotometry, but the manufacturer advised that 

conjugation would yield a 1:1 ratio. 

 

2.2.2.2. Isolation, activation and staining of murine splenocytes 

Murine spleens were acquired from mice scheduled for cull at the 

BSU, where the spleens would have otherwise gone to waste. 

Splenocytes were isolated via mechanical disruption, this was performed 

by cutting spleens using sterile surgical scissors and grinding tissue in a 

petri dish containing 3 mL RPMI + 5% FBS using the plunger of a 5 mL 

syringe until only fibrous tissue remained. The media was then carefully 

poured into a 50 mL falcon tube through a 100 μM mesh cell strainer. 

The petri dish was then washed twice with 4 mL RPMI + 5% FBS and 

added to the falcon tube through the cell strainer. The resulting media 

was then centrifuged for 10 minutes at 200 g (3↑ 3↓) and the supernatant 



CHAPTER 2 – MATERIALS AND METHODS 

 

87 
 

was discarded. The cell pellet was resuspended in 20 mL RPMI + 5% 

FBS and centrifuged again under the same settings before discarding the 

supernatant. The cell pellet was then resuspended in 10 mL RPMI + 5% 

RPMI and a cell count was performed to determine number of cells per 

mL. The resuspended cells were centrifuged for 10 minutes at 200 g (3↑ 

3↓) before being resuspended in FBS + 10% DMSO at a concentration 

of 1 x 107 cells per mL. Cells were then transferred to cryotubes in 1 mL 

aliquots and stored in liquid nitrogen until use. 

Frozen splenocytes were defrosted by warming in a water bath set 

at 37°C until a small amount of ice remained. 2 vials of splenocytes from 

the same mouse were slowly diluted in 20 mL defrosting media using a 

Pasteur pipette and then centrifuged for 10 minutes at 500 g (3↑ 3↓). Cells 

were then resuspended in 20 mL fresh defrosting media and incubated 

for 1 hour at 37°C. After incubation, a cell count was performed to 

determine the number of cells per mL and the cells were centrifuged 

under the same settings as before. Cells were then resuspended in 

resuspension media at approximately 8 - 10 x 106 cells per mL. For 

activation, splenocytes were either exposed to 100 ng/mL LPS 

(macrophage/granulocyte/DC activation) or 25 ng/mL PMA and 1 μg/mL 

ionomycin (T cell activation) for between 6 – 48 hours. For intracellular 

staining, a protein cocktail inhibitor was added during the last 4 hours of 

activation to prevent secretion of cytokines. 10 μg/mL Fc receptor block 

was added during the last 30 minutes of incubation to prevent nonspecific 

binding of antibodies. All incubation took place in a sterile incubator at 

37°C. After incubation was finished, cells were topped up with 10 mL 

RPMI + 5% FBS and centrifuged for 10 minutes at 500g (3↑ 3↓), and were 

then resuspended in resuspension media at a concentration of 8 – 10 x 

106 cells per mL. For intracellular staining, splenocytes were washed 

twice with 2 mL perm wash buffer for 5 minutes at 350 g (3↑ 3↓) before 

being added to 96-well plates for staining. 
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Serial dilutions of antibodies ranging from 1:10 to 1:1280 in a 25 μL 

volume were prepared in PBA in a 96-well low bind plate. Following 

incubation, 6 μL splenocytes (approximately 48 – 50,000 cells) was 

added to each well and the plate was incubated at room temperature in 

the dark for 20 minutes. An unstained control containing 50 μL PBA and 

12 μL splenocytes and single colour controls for unmixing were prepared 

in FACS tubes and incubated in the same manner as the plate. After 

incubation, 225 μL RBC lysis/fixation buffer was added to each well of 

the plate and 350 μL was added to the FACS tubes, which were then 

incubated for 15 minutes at room temperature in the dark before being 

analysed using the Sony ID7000. Figure 2.2.6 below provides a 

diagrammatic overview of the splenocyte isolation and staining protocol 

without activation or intracellular staining. 

 

 

2.2.2.3. Gating strategies 

Cell gating was performed in FlowJo, in all instances, cells were first 

gated according to their forward scatter area (FSC-A) and side scatter 

area (SSC-A) profiles. Following this, singlets were isolated using FSC-

A against forward scatter height (FSC-H), after which live cells were 

gated according to cells stained negative for ZOMBIE-NIR. Specific 

gating strategies are presented in Chapters 3 and 4. 

Figure 2.2.6:- Diagrammatic protocol for splenocyte isolation and antibody 

titrations. (Created with BioRender.com) 
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2.2.2.4. Whole blood staining 

Whole blood staining was performed immediately after tail vein 

bleeds were performed (see section 2.2.1.6). After transferring whole 

blood to 1.5 mL Eppendorf tubes, a protein transport inhibitor was added 

to each sample and incubated for 3.5 hours at 37°C, after which and Fc 

receptor block was added. After a further 30 minutes of incubation at 

37°C, 1 mL of a RBC lysis buffer was added and samples were left to 

incubate at room temperature for 5 minutes. Following incubation, 

samples were centrifuged for 5 minutes at 350 g (3↑ 3↓) in a 

microcentrifuge, after which supernatants were discarded and cells were 

resuspended by gentle tapping. 1 mL of PBA was added to each tube 

and the samples were washed and the supernatant was discarded.  

Utilising the stain index data generated, the cells were resuspended in 

50 μL of extracellular panel master mix using the concentrations shown 

in table 2.2.1. Samples were incubated at room temperature in the dark 

for 20 minutes, after which cells were washed with 1 mL PBA. Samples 

were then resuspended in 1 mL fix/perm working solution after 

supernatants were discarded, and left to incubate for 30 minutes at room 

temperature in the dark. Following incubation, cells were washed twice 

with 1 mL perm wash buffer and then resuspended in 50 μL of 

intracellular panel master mix (table 2.2.1). Samples were left to incubate 

for 20 minutes at room temperature in the dark, after which they were 

washed twice with 1 mL perm wash buffer. Cells were resuspended in 

500 μL fixation buffer and transferred to FACS tubes and either analysed 

immediately using a Sony ID7000 or stored overnight at 4°C in the dark 

for analysis the following day. Figure 2.2.7 demonstrates this protocol in 

graphical format. 
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Table 2.2.1:- Extracellular and intracellular antibody panels for whole blood 

staining. 

Cell Marker Fluorophore Cell Type 
Concentration 

(μg/mL) 

Extracellular Panel Master Mix 

CD45 APC-Fire810 All haematopoietic cells 2 

CD3 BUV496 T cells 2 

CD4 FITC CD4+ T cells 0.5 

CD8a APC/Cy5.5 CD8+ T cells 1 

CD25 BV510 T cell activation/Tregs 5 

CD49b PerCP/Cy5.5 Pan NK cells 2 

CD11b Pacific Blue Myeloid and NK cells 0.5 

Ly6G/Ly6C PE/Cy5 Monocytes/Granulocytes 2 

I-A/I-E PE/Cy7 MHC II, APCs 0.2 

F4/80 CF568 Macrophages 5 

CD163 PE Macrophages/Monocytes 0.2 

CD169 BV605 
Alveolar/Splenic 

macrophages 
0.2 

CD80 BUV661 Monocytes/B cells/DCs 2 

CD86 BV650 Monocytes/B cells/DCs 2 

CD38 PE/Dazzle 594 B cells, activation 0.5 

CD69 BV785 T cell activation 4 

CCR7 AF647 B cells, activation 10 

Zombie NIR Live/Dead stain 1 

Intracellular Panel Master Mix 

RORγt PE/Cy5.5 Th17 subset 5 

IFN-γ BV421 
T cells/NK 

cells/Neutrophils 
2 

IL-6 
PerCP-efluor 

710 

T cells/B 

cells/Macrophages 
2 



CHAPTER 2 – MATERIALS AND METHODS 

 

91 
 

IL-17A BV711 
Th17/CD8+ T cells/NK 

cells 
2 

TNF-α BV750 
Macrophages/NK cells/T 

cells 

2 

 

 

2.2.3. REVERSE PHASE PROTEIN MICROARRAY 

2.2.3.1. Slide manufacture 

24 glass slides were arranged into a BioRad Model 583 gel dryer 

and a sheet of nitrocellulose membrane was cut to size enough to cover 

three quarters of each slide. Painter’s tape was applied to the outer edges 

of the arrangement to hold the slides in place. The nitrocellulose 

membrane was adhered to the slide arrangement using polyurethane 

glue and was vacuum sealed overnight to allow adhesion to take place. 

Slides were then carefully removed from the arrangement and excess 

nitrocellulose was trimmed from the edges of the slide using a scalpel 

blade. Slides were then stored in a slide box within a vacuum sealed 

container until ready for use to preserve the nitrocellulose membrane. 

 

Figure 2.2.7:- Diagrammatic protocol for whole blood staining for peripheral 

immune cell phenotyping. (Created with BioRender.com) 
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2.2.3.2. Tissue lysis 

Frozen tissues collected from 5 male mice from a previous study by 

the Watkins lab were donated in addition to one female spleen from a 

mouse removed from a current study due to presence of a congenital 

birth defect. Approximately 30 mg (between 25 mg to 35 mg) of each 

tissue was excised and placed into a round bottom Eppendorf tube 

containing 300 μL lysis buffer and a steel bead. Tubes were 

homogenised using a Qiagen TissueLyser II for 2 minutes at 23 Hz, after 

which the adapters were reversed and homogenisation was repeated to 

ensure uniform homogenisation across samples. This was repeated until 

tissue samples were fully homogenised. The steel beads were removed 

from the tubes and centrifuged at 14,000 g for 15 minutes at 4°C. 

Supernatants were then transferred into new 1.5 mL Eppendorf tubes 

and spun again under the same settings. This process was repeated until 

supernatants appeared clear and free of any large clumps or noticeable 

debris. The resulting samples were then stored at -80°C until use. 

 

2.2.3.3. BCA assay and protein concentration 

BCA assays were performed using a Pierce BCA Protein Assay kit 

according to the manufacturer’s directions [361]. Standards were 

prepared as specified by the kit using a BSA standard as shown in table 

2.2.2. Working reagent was prepared using reagents A and B according 

to the manufacturer’s directions. 25 µL of each standard or sample and 

200 µL of working reagent was added to a 96 well plate, left to mix on a 

plate shaker for 30 seconds and then incubated at 37°C for 30 minutes. 

The plate was then left to briefly cool before being read on a Promega 

GloMax Discover Microplate Reader at 560 nm. The resulting readings 

were oversaturated with proteins and exceeded the limits of the standard 

curve, and the assay was therefore repeated using a dilution series of 

each sample in PBS ranging from 1:100 to 1:3200 to determine the 

optimal dilution factor to accurately calculate the protein concentrations 

in each sample. The assay was then repeated using an optimal dilution 



CHAPTER 2 – MATERIALS AND METHODS 

 

93 
 

factor of 1:50 for the tissue samples in a volume of 0.3 mL. Readings 

from the unknown samples were analysed against a standard curve from 

known standards using the standard curve interpolation function on 

Graphpad Prism (line, robust fit). The resulting data was then multiplied 

by 50 to account for the dilution factor to calculate the protein 

concentration in the undiluted stocks. Protein yield was calculated using 

the following equation: 

𝑃𝑟𝑜𝑡𝑒𝑖𝑛 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 × 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑠𝑡𝑜𝑐𝑘

= 𝑡𝑜𝑡𝑎𝑙 𝑝𝑟𝑜𝑡𝑒𝑖𝑛 ÷ 𝑡𝑖𝑠𝑠𝑢𝑒 𝑤𝑒𝑖𝑔ℎ𝑡 = 𝑦𝑖𝑒𝑙𝑑 

 The resulting protein concentrations were used to calculate the 

dilutions required for a minimum of 2 mg/mL required for optimal printing, 

the yield was used to indicate the minimum weight of sample required to 

achieve sufficient protein concentration for analysis. Samples were 

transferred into a 96 well PCR plate at 2 mg/mL by diluting with dH2O and 

30 µL 4 x SDS to a total volume of 120 µL. The PCR plate was heated at 

90°C for 2 minutes to denature proteins, and was then cooled, sealed 

with foil and placed into a -20°C freezer until ready for use. 

Table 2.2.2:- Standard curve dilutions using a Pierce BCA Protein Assay kit. 

 

Vial PBS Vol (µL) BSA Vol (µL) 
BSA Conc 

(µL/mg) 

A 0 300 stock 2000 

B 125 375 stock 1500 

C 325 325 stock 1000 

D 175 175 vial B 750 

E 325 325 vial C 500 

F 325 325 vial E 250 

G 325 325 vial F 125 

H 400 100 vial G 25 

I 400 0 0 
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2.2.3.4. Printing and staining optimisation 

Individual samples for printing were prepared on a 384-well plate 

with a 1:1 dilution of 2 x print buffer arranged in a 4 x 4 well grid to comply 

with printing pins. Landing lights consisting of streptavidin-Cy5 and goat 

anti-human IgG IRDye 680 RD were loaded into the twenty-third and 

twenty-fourth quadrants to be used as landing lights. Each array was 

printed with 8 replicates and landing lights were printed in each outer 

corner to define grids and slide orientation. 

For wash optimisation, the printed slides were scanned at 635 nm 

using a GenePix 4000b Microarray System to determine print quality, 

before being washed in PBST to determine optimal wash time to remove 

autofluorescence and debris. Slides were washed for either 30 minutes 

or 1 hour, with PBST being changed approximately every 10 minutes and 

were scanned again to determine effect of washing. 

To determine optimal staining and signal amplification protocols, six 

printed slides were placed vertically into slide cassettes and an in-house 

3D printed cassette holder sufficient so that aqueous solutions ran slowly 

down the nitrocellulose membrane. The conditions tested consisted of no 

amplification, 1 x amplification and 2 x amplification, and each 

amplification level was either treated with or without liquid plate sealer. 

480 μL blocking buffer was first added and the slides were left to block 

for 1 hour, before being washed three times in PBST. Three slides were 

then dipped into liquid plate sealer and allowed to air dry before moving 

on to the next step. 240 μL of rabbit anti-mouse -tubulin antibody was 

added at a concentration of 1.25 μg/mL and left to incubate for 1 hour. 

The slides with no amplification were then washed once in PBS for 5 

minutes before being rinsed briefly in dH2O and spun dry using a slide 

centrifuge at 1200 rpm for 3 minutes. The remaining four slides were 

washed three times with PBST. To perform signal amplification, 50 μL 

streptavidin-Cy5 at a concentration of 0.5 ng/mL was added and left to 

incubate for 20 minutes in the dark. 1 x amplification slides were washed 

once in PBS for 5 minutes and spun dry after being rinsed briefly in dH2O 

as described above. The remaining plates were washed three times with 
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PBST, then 50 μL of biotinylated anti-streptavidin antibody was added 

and left to incubate in the dark for 30 minutes. Slides were washed three 

times in PBST and a second round of 50 μL streptavidin-Cy5 was added 

before incubating in the dark for 20 minutes. After incubation, slides were 

washed once in PBS for 5 minutes, rinsed with dH2O and spun dry before 

being scanned at 635 nm using a GenePix 4000b Microarray System. 

 

2.2.3.5. SDS-PAGE 

Isolated proteins from murine heart, spleen and RAW 264.7 

macrophages at a final concentration of 2 mg/mL each were used for 

SDS-PAGE. Gels were prepared in an empty Bolt cassette held upright 

using an in-house 3D printed cassette holder. 10 mL of 10% resolving 

gel was prepared in a 25 mL steralin tube using 3.4 mL dH2O, 4 mL 30% 

acrylamide, 2.5 mL 1.5 M Tris-HCl pH 8.8 and 50 μL 20% SDS. 

Immediately before pouring into the cassette, 100 μL 10% APS and 10 

μL TEMED were added and the tube was gently mixed by inverting. The 

solution was poured into 3/4 of the cassette and a thin layer of 50% 2,3-

butanediol was laid over the gel solution to maintain an even gel surface. 

The gel was left to set for approximately 30 minutes at room temperature. 

During this time, 4 mL of 6% stacking gel was prepared in a new 25 mL 

steralin tube using 2.7 mL dH2O, 0.8 mL 30% acrylamide, 0.5 mL 1 M 

Tris-HCl pH 6.8, 20 μL 20% SDS and 40 μL 0.3% bromophenol blue. 

Once the resolving gel was set, the butanediol was poured off and the 

gel surface was washed briefly with dH2O and carefully blotted dry. 

Immediately before adding to the cassette, 40 μL APS and 4 μL TEMED 

were added to the solution, which was gently inverted to mix before being 

poured into the cassette. A 12-well comb was placed into the top of the 

cassette and the gel was left to set for 30 minutes at room temperature. 

Samples were mixed with 4 x SDS sample buffer sufficient to obtain 

protein concentrations of 2 mg/mL in a volume of 20 μL per sample using 

0.5 mL PCR tubes. Samples, along with protein ladder standards, were 
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then heated in a thermocycler at 95°C for 5 minutes and briefly 

centrifuged to remove droplets from the lids. 

After the stacking gel had dried and the protective strip was 

removed, the gel cassette was placed into an XCell Surelock Mini gel 

electrophoresis system with the wells facing the inner section of the tank. 

A plastic block was added on the opposite side in the event that only one 

gel cassette was used, and the cassettes were locked into place. 

Running buffer was added to the inner section of the gel tank sufficient 

to cover gel wells, and also added to the outer section up to the bottom 

of the wells. The comb was carefully removed from the gel cassette and 

the inner portion of the tank was topped up with running buffer to ensure 

wells were sufficiently covered if necessary. The full volume of prepared 

samples was added to each well, and 20 μL protein standard ladder was 

added to the wells at either end of the gel. The gel tank was then plugged 

in and set to run for 1 hour 45 minutes at 125 V constant. Expected 

current was 40 mA until samples were run through the stacking gel, after 

which current dropped to 10 mA. 

Once complete, the gel was either used for staining to visualise 

protein bands (if using colour pre-stained protein ladder) or for Western 

Blot (if using biotinylated protein ladder) (see section 2.2.3.6). For 

staining, the cassette was carefully opened and the gel was removed 

from the cassette after trimming away the stacking gel and any excess 

resolving gel. Staining was performed using the SimplyBlue SafeStain 

microwave method. After transferring the gel to heatproof container with 

100 mL dH2O, the container was heated in a 1000 W microwave for 1 

minute or until the solution almost boiled. The gel was then agitated on 

an orbital plate shaker for 1 minute before the dH2O was discarded and 

replaced with a fresh 100 mL and heated again. This procedure was 

repeated once more, and after the final wash with dH2O, 20 mL of 

SimplyBlue was added to the container and it was heated until the 

solution almost boiled. The gel was then agitated for 10 minutes on an 

orbital plate shaker. After this, the gel was washed in 100 mL dH2O for 

10 minutes on an orbital plate shaker, after which it was incubated in 20 
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mL 20% NaCl solution for 5 minutes. After the final incubation, the gel 

was imaged using standard light settings in a NuGenius Gel Doc 

Scanner. 

 

2.2.3.6. Western Blot 

Following SDS-PAGE, gels using the biotinylated protein standard 

were carefully removed from cassettes after trimming away stacking gel 

and excess resolving gel. The gel was immersed in transfer buffer for 10 

minutes for equilibration. Whilst the gel was equilibrating, nitrocellulose 

membrane was cut to size with the top right corner notched to indicate 

membrane orientation, and soaked in transfer buffer for 5 minutes. The 

transfer stack was assembled in an XCell II Blot Module from the cathode 

(-) side to the anode (+) side. For this, filter papers and foam pads were 

soaked in transfer buffer and stacked according to figure 2.2.8 below, 

ensuring bubbles between layers were removed using a blot roller: 

Once the transfer stack was assembled, the blot module was closed 

and placed into an XCell Surelock Mini gel electrophoresis system in the 

correct orientation to ensure transfer from the cathode side to the anode 

side. Transfer buffer was added to the blot module sufficient to cover the 

transfer stack and dH2O was added to the outer tank up to 2 cm below 

Figure 2.2.8:- Transfer stack assembly using XCell II Blot Module. (Created 

with BioRender.com) 
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the top of the blot module to dissipate heat. The transfer was then run for 

2 hours at 25 V constant with an expected current of 100 mA. 

Once the transfer was complete, the nitrocellulose membrane was 

carefully removed from the transfer stack and placed into a container with 

blocking buffer and incubated with agitation for 1 hour. During this time, 

probing antibodies were diluted to 1 μg/mL in PBS and streptavidin-HRP 

was diluted to 25 μg/mL in PBS. After blocking, the blot membrane was 

washed in PBST and placed into a Miniblotter 16. 200 μL of probing 

antibodies were added to each chamber on the miniblotter and was left 

to incubate for 20 minutes with gentle agitation. After incubating, the 

membrane was washed for 5 minutes with PBST and removed from the 

miniblotter into a container with streptavidin-HRP solution for 20 minutes 

with agitation. Following incubation, the membrane was washed with 

PBST and placed onto a sheet of A4 projector film. Equal parts of reagent 

A and reagent B from the Novex Chemiluminescence kit were mixed and 

2 mL was added to the surface of the blot membrane. The projector film 

was carefully folded over the top of the blot membrane to remove air 

bubbles and to ensure the chemiluminescent solution covered the entire 

surface of the membrane. The membrane was then exposed under 

blacklight in a SynGene G:Box for 5 – 15 minutes and images were taken 

accordingly. 

 

2.2.4. RT-QPCR 

2.2.4.1. Target gene identification 

Target genes were identified from those encoding for markers from 

the RPPA panel or by using GWAS of COPD to select genes of interest 

suggested to have an association with COPD pathogenesis. Murine 

orthologues to human genes were identified from the NCBI website and 

used for primer design. 
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2.2.4.2. Primer design 

To design primers, mRNA sequences for genes of interest were 

identified using the NCBI website. Where multiple splice variants were 

reported, the most common or validated splice variants were used as a 

basis for primer generation. Mouse BLAT search was used to identify 

exon-exon boundaries within identified sequences, and this information 

was input into Microsoft Word. The NCBI Primer Blast tool (which 

functions using Primer3) was then used to generate suitable primer pairs 

for the target gene using its accession number from the NCBI database. 

Ideal primers were selected based on their melting temperatures (Tm) 

being within the range of 59 – 61°C (optimum 60°C) and forward and 

reverse primer melting temperatures being within 1°C of each other. Ideal 

guanine-cytosine (GC) content range was between 50 – 55%, though for 

some primers this was not possible due to sequence nature. All primers 

were designed to span exon-exon junctions so that only mRNA encoding 

portions were amplified. After the primer pair was selected, the forward 

primer sequence was searched for in the mRNA sequence placed into 

word and highlighted to identify where in the sequence it would bind. For 

the reverse primer, reverse complement was performed on the sequence 

and the resulting sequence was identified in the mRNA sequence in the 

same way as the forward primer. The resulting sequence between the 

forward and reverse primers was checked to ensure that an exon-exon 

junction was either spanned or included in the product sequence. Finally, 

the sequences of the forward and reverse primers were searched for on 

the Nucleotide BLAST suite to check for any nonspecific binding of 

primers to other gene targets. Where potential amplification of 

nonspecific genes was likely, primers were redesigned using the same 

steps as above. Once primer sequences were obtained, their details were 

sent to Eurofins Genomics for primer manufacture. After primers were 

obtained, each primer was reconstituted in RNase-free H2O to the 

volumes specified on the datasheets provided by Eurofins in order to 

obtain concentrations of 100 pmol/μL per primer. Primers were then 

diluted 1:100 in a total volume of 200 μL with RNase-free H2O, then 
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forward and reverse 1:100 dilutions were added 1:1 in a total volume of 

100 μL ready for use in PCR reactions. These mixtures were stored at -

20°C until use. 

 

2.2.4.3. RNA isolation and reverse transcription 

Murine spleens for validation of primers were kindly provided by 

mice from the Watkins group, whereas the right inferior lobe of the lungs 

was excised from mice on the COPD study. To extract RNA for reverse 

transcription, a Qiagen RNeasy mini kit was used and all procedures 

were performed on ice unless specified. ~30 mg of tissue was placed in 

a round bottom 2 mL Eppendorf tube containing a 5 mm steel bead and 

600 μL of buffer RLT from the mini kit. Samples were lysed using a 

Qiagen TissueLyser II at 23 Hz for 2 minutes, after which the adaptors 

were reversed and lysis repeated to ensure uniform homogenisation. 

This was repeated until tissues were sufficiently homogenised, after 

which samples were centrifuged at max speed for 3 minutes. 

Supernatants were removed and placed into new 1.5 mL Eppendorf 

tubes, after which 600 μL of 70% EtOH was added and the samples were 

mixed by gentle pipetting. 700 μL of each sample was added to an 

RNeasy Mini spin column in a 2 mL collection tube and centrifuged for 15 

seconds at 8000 g. 

After discarding the flow-through, an on-column DNase digest was 

performed using a Qiagen RNase-free DNase Set. 350 μL of buffer RW1 

was added to the spin column and samples were spun for 15 seconds at 

8000 g, after which the flow-through was discarded. 10 μL DNase stock 

I solution per sample was added to 70 μL buffer RDD per sample and 

mixed gently by inversion and briefly centrifuged to remove droplets from 

the lid. 80 μL of the DNase I incubation mix was added directly onto the 

RNeasy column membrane and left to incubate for 15 minutes at room 

temperature (25°C). After incubation, 350 μL buffer RW1 was added to 

each spin column and samples were centrifuged for 15 seconds at 8000 

g. The flow-through was discarded and 500 μL buffer RPE was added to 
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spin columns before centrifuging for 15 seconds at 8000 g and the flow-

through was discarded. Another 500 uL buffer RPE was added to each 

column and centrifuged for 2 minutes at 8000 g, after which the spin 

columns were placed into new collection tubes and centrifuged at max 

speed for 1 minute to dry the membranes. Spin columns were transferred 

to new 1.5 mL collection tubes and 30 μL RNase-free H2O was added 

directly to the spin column membrane. Samples were centrifuged for 1 

minute at 8000 g to elute RNA, after which the resulting flow-through was 

used on a NanoDrop spectrophotometer to determine RNA 

concentrations and 260/280 values. 

For reverse transcription, 1 μg of RNA was required for optimal 

synthesis of cDNA. Reverse transcription was performed using a 

TaqMan Reverse Transcription kit using a 40 μL mixture per reaction. A 

master mix of reverse transcription reaction reagents was prepared 

sufficient for the number of samples + 10% using the volumes listed in 

table 2.2.3. Negative controls including a no reverse transcription control 

(NRT) and no template control (NTC) using the same reaction mixture as 

shown in table 2.2.3 were also prepared. The multiscribe enzyme was 

substituted for RNase-free H2O for the NRT and all RNA was substituted 

for RNase-free H2O for the NTC. RNA was diluted to 1 μg in 0.5 μL PCR 

tube a total volume of 15.4 μL RNase-free H2O, to which 24.6 μL of 

reverse transcription reaction master mix was added (table 2.2.3). Each 

tube was vortexed to mix the reaction and placed into a thermocycler 

using a cycle program as detailed in table 2.2.4. After reactions were 

complete, 160 μL RNase-free H2O was added to each sample for a final 

concentration of 5 ng of cDNA per sample, and tubes were stored at -

20°C until use. 
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Table 2.2.3:- Reverse transcription reagent master mix dilutions. For 

negative controls, multiscribe was substituted for RNase-free H2O (no reverse 

transcription (NRT)) and only RNase-free H2O was added instead of 1 μg RNA (no 

template control (NTC)). 

Reagent Concentration 
Volume per Reaction 

(μL) 

10 x Buffer - 4 

MgCl2 25 mM 8.8 

dNTPs 2.5 mM each 8 

Random Hexamers 50 μM 2 

RNase Inhibitor 20 U/μL 0.8 

Multiscribe 50 U/μL 1 

Reaction Master mix - 24.6 

RNA + H2O - 15.4 

Total 1 μg RNA 40 

 

 

Table 2.2.4:- Cycle steps and conditions for reverse transcription 

generation of cDNA. 

Cycle Step Temperature (°C) Time (minutes) Purpose 

1 25 10 
Primer 

annealing 

2 48 30 
DNA 

polymerisation 

3 95 5 

Deactivation of 

multiscribe 

enzyme 

4 4 Indefinite 

Prevents 

degradation of 

cDNA after 

reaction has 

stopped 
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2.2.4.4. Polymerase chain reaction 

PCRs were performed in triplicate in 96-well PCR plates for ABI 

FAST machines. A master mix of reagents necessary for PCR reactions 

was calculated for the number of wells required (+ 10%) using the 

reagents and volumes listed below in table 2.2.5. 9 μL of PCR master 

mix was added to each well using reverse pipetting, and 1 μL of cDNA or 

control sample was added to the corresponding wells according to a 

predefined plate map. The plate was then sealed with an optical adhesive 

seal from PrimerDesign and briefly spun in a benchtop plate spinner to 

ensure all reagents were in the bottom of the wells. The plate was then 

run on an ABI Fast 7500 qPCR machine using a standard protocol to 

measure ΔΔCt output using SYBR green reagents in a 10 μL volume 

reaction. The cycle steps and conditions used in this protocol are shown 

below in table 2.2.6. 

 

Table 2.2.5:- Polymerase chain reaction reagent master mix dilutions. All 

reagents minus cDNA were prepared in 1.5 mL Eppendorf tubes, and cDNA was added 

directly to PCR plates. 

Reagent Volume per Reaction (μL) 

SYBR Master Mix (2 x) 5 

1:1 FWD/REV Primer mix 0.35 

RNase-free H2O 3.65 

cDNA (added directly to plate) 1 

Total 10 
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Table 2.2.6:- Cycle steps and conditions for polymerase chain reaction. 

Cycle Step Time (seconds) Temperature (°C) 

Pre-cycle 20 95 

Extension cycle (x 40) 3 

30 

95 

60 

Melt Curve cycle 15 

60 

15 

15 

95 

60 

95 

60 

 

2.2.4.5. Agarose gel electrophoresis 

For agarose gel electrophoresis, gel chambers were prepared in 

non-spill trays. 1 g of agarose per 100 mL of TBE was used to prepare 

1% agarose gels, the volume of which was dependent on the size of the 

gel chamber used. The solution was prepared in a conical flask, which 

was microwaved at 400W for approximately 2 minutes until the agarose 

had dissolved. 5 μL of Gel Red per 100 mL of gel was added to the 

solution and gently mixed before adding to the gel chamber with combs 

and dams in place and allowed to set (approximately 30 minutes at room 

temperature). During this time, samples were mixed 1:1 with 2 x loading 

dye. After the gel had set, dams were removed and the chamber was 

placed into a gel tank so that samples would run from the cathode (-) to 

the anode (+). 1 x TBE was poured over the gel to cover it and the combs 

were removed. 6 μL of GeneRuler 50 bp DNA ladder was added to the 

first and last lanes of the gel, and 12 μL of each sample was added to the 

remaining lanes. The gel was then run for 45 minutes at 100V and then 

visualised under UV light using a NuGenius Gel Doc Scanner for image 

capture. 
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2.2.5. HISTOLOGY 

2.2.5.1. Tissue processing and microtomy 

Following dissection, tissues were placed in 5 mL 10% formalin 

solution overnight before being transferred to 70% EtOH. Tissues were 

then placed into cassettes and processed using a Leica TP1020 Tissue 

Processor overnight using a standard protocol for fixation, dehydration 

and processing in formalin, 70%, 80%, 95% and 100% EtOH, xylene and 

paraffin wax. Processed tissues were then embedded in paraffin wax 

blocks using an embedding station and left to solidify, after which 

sections were cut at 10 μm using a microtome. Three sections per slide 

were mounted and allowed to dry overnight, after which slides were 

placed into storage in a slide box until ready for staining. 

 

2.2.5.2. H&E staining 

In order to perform staining, slides were deparaffinised and 

rehydrated by soaking in xylene for 15 minutes before being dipped 

consecutively in 100% EtOH, 95% EtOH, 80% EtOH and 70% EtOH. The 

slides were then washed in slow running water for approximately 2 

minutes, after which they were submerged in Harris haematoxylin 

solution for 5 minutes. Following incubation, slides were washed under 

running water, differentiated by submerging in 1% acid alcohol for 5 

seconds and then submerged in Scott’s tap water for 2 minutes. After 

this, the slides were placed into an eosin solution for 2 minutes. Slides 

were then briefly rinsed in running water before being dehydrated by 

dipping consecutively into 70% EtOH, 80% EtOH, 95% EtOH and 100% 

EtOH and finally soaked in xylene for 5 minutes. Slides were then 

mounted using Hydromount and 22 x 50 mm cover slips and left to dry 

overnight in preparation for imaging. 

 

2.2.5.3. Toluidine blue staining 

Consecutive sections following on from those used for H&E staining 

were used for toluidine blue staining to allow for comparison between 
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sections and staining types. Slides were first deparaffinised, as above.  

1% toluidine blue solution was then added to each slide using a Pasteur 

pipette and left to stain for approximately 2 minutes, after which slides 

were washed three times gently with dH2O. Slides were then 

dehydrated and mounted as above, and left to dry overnight in 

preparation for imaging. 

 

2.2.5.4. Picrosirius red staining 

Consecutive sections following on from those used for H&E and 

toluidine blue staining were used for picrosirius red staining to allow for 

comparison between sections and staining types. Slides were first 

deparaffinised as described in section 2.2.5.2. Slides were then 

submerged in Weigert’s haematoxylin for 8 minutes before being rinsed 

in running tap water for 5 minutes. The slides were then stained in a 

solution of picrosirius red for 1 hour, followed by two washes with acidified 

water for 3 minutes per wash. Water was removed from each slide by 

vigorous shaking, and the slides were then dehydrated and mounted as 

described in section 2.2.5.2 and left to dry overnight in preparation for 

imaging.   

 

2.2.6. DATA AND STATISTICAL ANALYSIS 

2.2.6.1. Minimisation of bias according to ARRIVE guidelines 

In order to minimise bias, random allocation of mice to treatment 

groups and blinding of samples was conducted according to the ARRIVE 

2.0 guidelines where possible [340]. For group allocation and to ensure 

group sizes were consistent, block randomisation was used according to 

each cage of mice. Given that females were housed in groups of 4, each 

cage was randomly assigned to NS, LS or HS conditions based on a 

random number generator (1 – NS, 2 – LS, and 3 – HS). Males were 

housed in groups of 3, as such were assigned based on the random order 

in which they were removed for ear notching, with a maximum of 2 mice 

in the same cage assigned to one treatment group and the remaining 

third mouse assigned to a different random group based on a random 
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number generator. Given the novelty of the study and to ensure adverse 

welfare effects could be detected easily, all investigators and BSU staff 

were aware of which treatment group individuals belonged to. 

Flow cytometry analysis could not be blinded due to potential issues 

of samples being unable to be traced back to the original individual, and 

only one investigator was available to conduct the necessary techniques. 

For histological analysis, images were randomly named by Zeiss 

ZenBlue image capture software and identifying label was hidden during 

image analysis by the same software. Once regions of interest and 

histological analysis techniques had been performed, the identifying label 

of each sample was unhidden and data was assigned to the relevant 

individual. 

 

2.2.6.2. Stain index calculations 

Histograms were generated for each antibody dilution to identify 

negative and positively stained cell populations. The positive and 

negative peaks were defined using the bisector tool in FlowJo and 

median and standard deviation statistics were applied to the negative 

peak. Median statistics were applied to the positive peak. Statistical data 

for each dilution factor was then exported to Microsoft Excel and stain 

indexes were calculated using the formula shown in figure 2.2.9. Stain 

index values were then plotted as a standard curve in GraphPad Prism 

to determine the optimal dilution factor for each antibody. This was 

defined as the point at which the standard curve plateaued or where 

positive and negative populations could be clearly distinguished 

according to SSC-A and FSC-A profiles. 
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2.2.6.3. Interpretation of longitudinal data 

Longitudinal data from weekly tail vein bleeds was plotted according 

to the percentage of cell type or marker expressed by cell type as a total 

percentage of all immune cells. Total peripheral immune cells were 

defined as live singlet CD45+ cells. Data was plotted as a linear XY graph 

in GraphPad Prism ± standard error. As event counts were highly variable 

and, in some instances, low, statistical analysis was not performed and 

the data was instead presented in a manner designed to determine 

potential trends or areas for future investigation. 

  

2.2.6.4. Clustering analysis 

Multi-dimensional clustering analysis was performed on all cell 

populations isolated from whole blood (T cells, NK cells, macrophages, 

monocytes, neutrophils, DCs and B cells) using all markers included in 

the flow cytometry panel (see table 2.2.1). Single viable cells were first 

gated in FlowJo before equal sampling of events from males and females 

Figure 2.2.9:- Diagrammatic example of how to calculate stain index. 

Histograms created using FlowJo and were analysed using the bisector tool to 

discriminate positive and negative peaks similar to the example shown above. Median 

and standard deviation statistics were applied to the negative population whilst only the 

median was applied to the positive in order to generate the values required to calculate 

stain indexes according to the formula shown above. (Figure taken from Biolegend.com) 
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from control, light-smoker and heavy-smoker groups. Due to analysis 

requiring equal numbers of subjects per group, and the male control 

group comprising only of three individuals instead of four, clustering 

analysis was performed using three subjects per group. Analysis was 

performed in FlowJo using FlowSOM clustering and presented using t-

distributed stochastic neighbour embedding (tSNE) plots. Statistical 

analysis was performed by 2way ANOVA. 

 

2.2.6.5. Relative gene expression 

 Relative gene expression was calculated using the double delta 

Ct (ΔΔCt) method [362]. This was performed using the following 

equation: 

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑄𝑢𝑎𝑛𝑡𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛 = 2 − ΔΔ𝐶𝑡 

Where:         ΔΔ𝐶𝑡 = Δ𝐶𝑡(test samples) − Δ𝐶𝑡(calibrator samples) 

Δ𝐶𝑡(test samples) = 𝐶𝑡(target gene in test) − Δ𝐶𝑡(reference genes in test) 

Δ𝐶𝑡(calibrator samples)

= 𝐶𝑡(target gene in calibrator

− Δ𝐶𝑡(reference genes in calibrator) 

 Given that the input concentration of cDNA was the same for all 

samples, three random wells were selected to act as the calibrator in the 

above equation. Calibrator location assignment was uniform across all 

PCR plates and spanned two samples (A12, B1, B2). RefFinder was 

used to determine the stability of housekeeping genes, which were then 

used to normalise data and quantify relative gene expression (figure 

2.2.10) [363]. According to RefFinder results, Tuba1 and SDHA were 

selected as housekeeping genes for normalisation factor (NF). 

Geomeans were calculated for housekeeping genes using the 2-ΔΔCt 

values of housekeeping genes for each sample, which were then divided 

by the total geomean of all 2-ΔΔCt values across both genes and all 

samples to provide the NF. Rescale means were then used to calculate 

rescaled individual values for each gene of interest (GOI). This was 

performed using the following equation: 
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2 − 𝛥𝛥𝐶𝑡(𝐺𝑂𝐼) ÷ 𝑁𝐹 = 𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑠𝑒𝑑 𝑔𝑒𝑛𝑒(𝑁𝐺) 

𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑜𝑓 𝑁𝐺𝑠 𝑎𝑐𝑟𝑜𝑠𝑠 𝑑𝑜𝑠𝑒 𝑔𝑟𝑜𝑢𝑝𝑠

÷ 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑜𝑓 𝑁𝐺𝑠 𝑜𝑓 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 𝑔𝑟𝑜𝑢𝑝𝑠 (𝑚𝑎𝑙𝑒 𝑜𝑟 𝑓𝑒𝑚𝑎𝑙𝑒)

= 𝑟𝑒𝑠𝑐𝑎𝑙𝑒 𝑚𝑒𝑎𝑛 (𝑅𝑀) 

𝑁𝐺 ÷ 𝑅𝑀 = 𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑔𝑒𝑛𝑒 𝑒𝑥𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛 

 Relative gene expressions were then plotted as a heat map in 

GraphPad Prism. 

 

 

2.2.6.6. Histology imaging and analysis 

Following staining procedures, slide images were captured at 20x 

objective using a Zeiss AxioScan 7 Slide Scanner and 500 x 500 μm 

regions of interest were exported from Zeiss ZenBlue software for 

analysis in ImageJ. Neutrophil cell counts and general analysis of cellular 

influx was performed using 500 x 500 μm regions from the middle region 

of the left lung lobe containing alveoli and at least one major airway 

vessel (bronchus or bronchiole) in addition to one or more major or minor 

blood vessels. Neutrophil cell counts were performed manually. For 

mean linear intercept analysis, five random 500 x 500 μm regions of 

Figure 2.2.10:- Comprehensive gene stability of housekeeping genes using 

RefFinder. Based on the results, the most stable genes (Tuba1 and SDHA) were used 

for normalisation and calculation of relative gene expression. 
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interest from the left lung lobe (2 from the inferior region, 2 from the 

middle region and 1 from the upper region) containing only alveoli were 

selected for each mouse and the degree of airway remodelling was 

measured using the mean linear intercept plugin for ImageJ [364]. The 

average alveolus diameter was then calculated from the resulting 

measurements and exported into Prism where data was analysed for 

statistical differences using a 2way ANOVA. 

 

2.2.6.7. Power calculation 

A power analysis was performed using pilot study data to determine 

the required sample size to adequately detect expected differences 

between control and disease groups in future experiments. This was 

performed using mean linear intercept, lung neutrophil count and total 

peripheral immune cell count data from never-smoker mice and heavy-

smoker mice. Male and female data was pooled together and mean 

difference and standard deviation for each of these parameters was 

calculated per group. Mean difference was calculated by subtracting the 

mean values of the never-smoker group per parameter from that of the 

heavy-smoker group for each respective parameter. Effect size was 

determined by standardising the mean difference by the pooled standard 

deviation of both groups to give a measure of the magnitude of effect 

(Cohen’s d). 

Power calculations were then conducted to determine the minimum 

sample size required to achieve a desired power level of 0.9 (90%) with 

a significance level α = 0.05. This was performed using the SamplePower 

function in SPSS as a two-tailed test. Power calculations were not 

performed using longitudinal data due to the complexities of performing 

statistical analysis on repeated measures, and was also not performed 

using RT-qPCR data due to concerns regarding primer binding efficiency. 
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CHAPTER 3 – VALIDATION OF ANALYTICAL 

TECHNIQUES 

3.1. INTRODUCTION 

In the design of animal models, reduction is typically achieved 

through collaborative efforts to ensure animals or animal-derived 

samples do not go to waste, or through the use of high-throughput 

analytical techniques to maximise data output of available samples. 

Since COPD is known to have a number of pathological mechanisms 

ranging from immune cell mechanisms to genetic mechanisms, it is 

important to design panels and use appropriate analytical techniques to 

investigate pathological markers of choice without unnecessary use or 

waste of both whole animals or animal-derived samples. 

Flow cytometry is an analytical technique commonly used in 

immunological studies to investigate both cell populations and effector 

functions, with its capabilities evolving significantly alongside 

technological advancements. Using flow cytometry, investigators are 

able to detect and gather data on multiple markers from a single sample, 

the limit of which is determined depending on the laser and detector 

capabilities of a given machine. Conventional flow cytometry employs a 

one laser – one detector principle, and uses dichroic mirrors and band 

pass filters in order to capture fluorescent wavelengths emitted by 

fluorophores using point detector photomultiplier tubes (PMTs) [365]. 

Because this method is only able to capture and analyse data based on 

the peak of emission of a fluorophore, conventional flow cytometry limits 

the number of markers in a given panel as fluorophores with similar or 

the same emission wavelengths cannot be used in tandem. Spectral flow 

cytometry is a higher-throughput methodology employing similar 

principles to conventional flow cytometry, but makes use of different 

detector techniques. Rather than using mirrors and point detectors, 

spectral flow cytometry functions by using prisms or gratings which 

disperse wavelengths and are captured using detector arrays, therefore 

allowing for the measurement of the entire emission spectra for a given 
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fluorophore across all laser lines. This allows the user to discern between 

fluorophores with overlapping emission wavelengths as markers are 

differentiated, or “unmixed”, based on their spectral pattern as opposed 

to their peak emission. Since fluorophores with similar emission 

wavelengths can be used in tandem (providing their spectral patterns are 

distinct enough from one another), spectral flow cytometry allows for the 

development of high-throughput multiparameter panels that would 

otherwise be limited under conventional flow cytometry conditions [366]. 

Given the high-throughput nature of spectral flow cytometry, it is 

important to ensure that panels are fully optimised so that researchers 

can be assured they are isolating the correct analytes [367]. Such 

optimised panels are published as Optimised Multicolour 

Immunofluorescence Panels (OMIPs) to provide researchers with the 

details of available panels for either use or as a basis to develop novel 

panels. Many spectral flow cytometry panels are typically designed with 

ten or more markers, with forty markers considered the limit [366]. 

Despite this, the large majority of published OMIPs are for human 

samples, and those designed for mouse samples are typically intended 

for specific tissue or cell types [368-370]. Even those that are considered 

more broad in their scope require the use of two separate panels to fully 

characterise desired cell populations [371]. It is unclear precisely why 

murine panels are less characterised or available than those of human 

panels, especially given that there is no shortage of available anti-mouse 

fluorescent antibodies designed specifically for flow cytometry. A 

possible explanation could be that there may be some difficulty in the 

translational ability of a mouse panel to that of human disease, as murine 

cells may express different cell markers or markers in different intensities 

under normal conditions in comparison to human cells [372]. Despite this, 

analysis by a broad flow cytometry panel allows for the identification of 

potential cell subsets or effector functions in a mouse model which may 

be of interest when using human samples, thus allowing highly in-depth 

panels to be used in humans to fully characterise an identified 

mechanism of disease pathology. 
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Whilst comprehensive flow cytometry panels for mice are somewhat 

lacking, techniques to characterise protein or gene expression are far 

more readily available and optimised in the literature. Enzyme-linked 

immunosorbent assays (ELISAs) have commonly been used to 

investigate changes in proteomics and for cytokine detection, though are 

limited in their multiplex capabilities. Reverse phase protein microarray 

(RPPA) is a type of protein microarray which functions by directly spotting 

the target antigen onto glass slides and probing with detector antibodies 

which may or may not be dye-labelled [373]. Protein microarrays are a 

technique built on DNA microarray technology which allow for the 

simultaneous analysis of multiple proteins whilst using a minimal amount 

of available sample [374]. These techniques have been pivotal in the 

identification and characterisation of protein-driven molecular 

interactions as well as novel biomarkers for autoinflammatory diseases 

[375]. In addition, techniques such as polymerase chain reaction (PCR) 

or more specifically reverse transcription-quantitative PCR (RT-qPCR) 

allow for the rapid and quantitative analysis of alterations in gene 

expressions within tissue samples. In RT-qPCR, RNA is used to generate 

single-stranded complementary DNA (cDNA) during the reverse 

transcription (RT) step, which is then measured during the quantitative 

PCR (qPCR) process when a fluorescent dye (such as SYBR green) 

intercalates with newly synthesised double-stranded DNA and emits 

signal [376]. The level of fluorescence detected during the qPCR process 

therefore provides a quantification of the degree of expression of the 

target gene. All forms of PCR have the benefit of requiring minimal 

quantities of DNA or RNA in order to function, as the number of genetic 

copies is amplified during the process to allow for detection.  

As previously discussed, COPD pathophysiology is comprised of a 

complex interplay between cellular mechanisms, protein imbalances and 

alterations to gene expressions. Therefore, to fully characterise the 

immunopathogenic mechanisms of COPD, a multi-faceted approach is 

needed. In order to encompass and capture as many potential targets for 

further investigation as possible, we aimed to develop novel high-
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throughput panels to allow us to identify suspected pathogenic 

mechanisms. For this, we developed a novel 24-colour spectral flow 

cytometry panel to allow us to examine peripheral immune cells in whole-

blood, and aimed to validate a human RPPA panel for use on murine 

tissues. Unfortunately, cross-reactivity could not be detected on the 

RPPA panel, and this technique was dropped in favour of an 18-gene 

RT-qPCR panel to characterise key immune signalling pathways and 

genes known to play a role in COPD pathophysiology. This chapter 

details the validation and optimisation of the techniques used during our 

murine study in order to minimise and reduce the number of mice needed 

to achieve the project’s aims and retain samples for future work. 

 

3.2. METHODS 

3.2.1. SPECTRAL FLOW CYTOMETRY 

3.2.1.1. Generation of panel and antibody selection 

Full methods for spectral flow cytometry are found in section 2.2.2 

Methods – Spectral Flow Cytometry. Briefly, markers for flow cytometry 

were identified and selected according to the literature. Markers were 

assigned to fluorophores appropriate for their expression levels in whole 

blood, spleen and lung tissues and the spillover matrix was determined 

using a panel builder tool provided by Sony Biotechnology. Conjugated 

antibodies were either purchased from suppliers or conjugated in-house 

using purified antibodies and conjugation kits for relevant fluorophores. 

Table 3.2.1 outlines the reagents and markers used for the panel 

according to OMIP guidelines. 
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Table 3.2.1:- Reagents selected for flow cytometry panel with details based 

on OMIP guidelines. 

Specificity Fluorophore Clone Purpose 

CD45 APC-Fire810 30-F11 Pan haematopoietic cells 

CD3 BUV496 17A2 Pan T cells 

CD4 FITC RM4-5 CD4+ T cells 

CD8a APC/Cy5.5 53-6.7 CD8+ T cells 

RORγt PE/Cy5.5 W19344C Th17 cells 

FOXP3 
NovaFluorBlue 

610 70S 
MF-14 Tregs 

CD25 BV510 PC61 Tregs/T cell activation 

CD49b PerCP/Cy5.5 DX5 Pan NK cells 

CD11b Pacific Blue M1/70 Myeloid/NK/Granulocytes 

Ly6G/Ly6C PE/Cy5 RB6-8C5 Neutrophils/monocytes 

I-A/I-E PE/Cy7 M5/114.14.2 MHC II/APCs 

F4/80 CF568 T45-2342 Macrophages 

CD163 PE S15049F Macrophage subsets 

CD169 BV605 3D6.112 Alveolar macrophages 

CD80 BUV661 16-10A1 Co-stimulation of APCs 

CD86 BV650 GL-1 Co-stimulation of APCs 

CD38 PE/Dazzle 594 90 DC/B cell activation 

CD69 BV785 H1.2F3 T cell activation 

CCR7 AF647 4B12 
DC/T/B cell 

activation/trafficking 

IFN-γ BV421 XMG1.2 Inflammation/NK cells 

IL-6 
PerCP-efluor 

710 
MP5-20F3 Inflammation/ CD4+ T cells 

IL-17A BV711 TC11-18H10.1 Inflammation/ Th17 cells 

TNF-α BV750 MP6-XT22 Inflammation/Macrophages 

Zombie NIR - Viability stain 
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3.2.1.2. Isolation, activation and staining of murine splenocytes 

Murine splenocytes were isolated via mechanical disruption and 

straining through a 100 μm cell strainer (see section 2.2.2.2 Isolation, 

activation and staining of murine splenocytes for more details). Isolated 

splenocytes were frozen down at 1 x 107
 cells per mL in FBS + 10% 

DMSO to preserve cells for future assays. Frozen splenocytes were 

defrosted and counted before being reconstituted at a concentration of 

between 8 – 10 million cells per mL. For activation assays, cells were 

either exposed to 100 ng/mL LPS or 25 ng/mL PMA and 1 μg/mL 

ionomycin for between 6 – 48 hours alongside an Fc block and protein 

transport inhibitor. Serial dilutions of antibodies from 1:10 to 1:1280 were 

prepared in a 96-well low bind plate, to which splenocytes were added. 

Samples along with unstained and single colour controls were incubated 

before a RBC lysis/fixation buffer was added. Experiments were 

analysed using a Sony ID7000 spectral flow cytometer and data was 

analysed using FlowJo. 

 

3.2.1.3. Gating strategies 

For all gating, cells were first gated according to FSC-A and SSC-A 

profiles for either lymphocytes (figure 3.2.1 A.i) or large cells (figure 3.2.1 

B.i) and then for single cells (figure 3.2.1 A.ii and B.ii). Viable live cells 

were then gated for according to negative staining for ZOMBIE-NIR 

(figure 3.2.1 A.iii and B.iii). For calculation of stain indexes, histograms 

were then generated for each fluorophore and dilution factor and the 

positive and negative population peaks were defined using the bisector 

tool in FlowJo.  

 

3.2.1.4. Stain index calculations 

Stain indexes were calculated by applying median statistics to 

positive and negative histogram peaks, in addition to standard deviation 

statistics applied to the negative peak only. Stain indexes and stain index 

curves were then calculated and generated using Excel and GraphPad 
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Prism according to the methods specified in section 2.2.2.4 Stain index 

calculations. 

3.2.1.5. Whole blood staining 

Whole blood staining was performed to determine panel efficiency 

and adjustments, full methods can be found in section 2.2.2.5. Whole 

blood staining. In brief, whole blood was provided from a mouse set for 

S1 cull. Protein transport inhibitor and Fc receptor block were added prior 

to the addition of a RBC lysis buffer. Samples were washed with PBA 

and an extracellular panel master mix was added (see table 2.2.1 for 

details). Following incubation, cells were washed and resuspended in a 

fix/perm working solution and incubated for 30 minutes. Cells were then 

washed twice with perm wash buffer before the addition of an intracellular 

Figure 3.2.1:- Gating strategy to obtain stain indexes using FlowJo. Cells 

were gated according to size with two strategies to isolate lymphocytes (A) or larger 

cells such as granulocytes and macrophages (B). Cells were first gated according to 

side scatter area (SSC-A) against forward scatter area (FSC-A) to determine cell size 

and granularity (A.i and B.i). Gated cells were then gated forward scatter height (FSC-

H) against FSC-A to isolate single cells and exclude doublets and debris (A.ii and B.ii). 

Single cells were then gated SSC-A against Zombie-NIR to exclude positively stained 

dead cells (A.iii and B.iii). Histograms were then prepared using the live cell populations 

and selected markers, and the negative and positive peaks were defined using the 

bisector tool (not shown). 
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panel master mix (see table 2.2.1). After incubation, cells were washed 

twice with perm wash buffer and resuspended in fixation buffer in FACS 

tubes to be run on a spectral flow cytometer. 

 

3.2.2. REVERSE PHASE PROTEIN MICROARRAY 

3.2.2.1. Slide development 

Full methods for reverse phase protein microarray (RPPA) are 

found in section 2.2.3 Methods – Reverse Phase Protein Microarray. 

Briefly, nitrocellulose membrane was bound to two thirds of glass slides 

using polyurethane glue and a gel dryer. Slides were stored in a vacuum 

sealed container to preserve the membrane for printing (see section 

2.2.3.1. Slide development). 

 

3.2.2.2. Tissue lysis 

For tissue lysis and protein extraction, approximately 30 mg tissue 

was excised and placed into a round bottom Eppendorf tube with lysis 

buffer and a 5 mm steel bead. Tissues were lysed until complete and 

uniform homogenisation, after which the steel beads were removed and 

samples were centrifuged multiple times using the supernatant until clear 

and free of clumps. Samples were stored at -80°C until use (see section 

2.2.3.2. Tissue lysis). 

 

3.2.2.3. BCA assay and protein concentration 

A BCA assay was performed to determine protein concentrations 

from lysed tissues, this was performed according to the manufacturer’s 

directions (see section 2.2.3.3. BCA assay and protein concentration). 

Protein concentrations were determined using GraphPad Prism’s 

standard curve interpolation function (line, robust fit) and protein yield 

was also calculated to determine minimum tissue weight required to 

achieve optimal protein concentrations from lysis. Samples were then 

diluted to 2 mg/mL in a 96-well PCR plate using dH2O and 4 x SDS 
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sample buffer. The plate was heated to denature proteins and then stored 

at -20°C until ready for use. 

 

3.2.2.4. Printing and staining optimisation 

Samples for printing were prepared in a 384-well plate with a 1:1 

dilution of 2 x print buffer. Arrays were printed with 8 replicates and 

landing lights were printed in the outer corners to define grid and slide 

orientation (see section 2.2.3.4. Printing and staining optimisation). 

Optimal wash steps were determined by washing slides in PBST for up 

to 1 hour, changing PBST every 10 minutes. Optimal staining and 

amplification was determined through the addition or absence of liquid 

plate sealer in addition or absence of one or two rounds of amplification 

with streptavidin-Cy5 and biotinylated anti-streptavidin after incubation 

with an anti-mouse a-tubulin antibody. Slides were scanned using a 

GenePix Microarray system at 635 nm to determine effects of wash steps 

and amplification on signal:noise ratio. 

 

3.2.2.5. SDS-PAGE 

SDS-PAGE was performed using gels poured in-house according 

to the protocol specified in section 2.2.3.5. SDS-PAGE. Briefly, a 10% 

resolving gel was used to separate proteins whilst a 6% stacking gel was 

used to align samples for separation. Samples from murine heart, spleen 

and RAW 264.7 macrophages were used at a concentration of 2 mg/mL 

and run using an XCell Surelock Mini gel electrophoresis system for 1 

hour 45 minutes at 125 V constant. Standards consisted of either colour 

prestained protein ladder or biotinylated protein ladder, the former of 

which was used for gels for visualisation whilst the latter was used for 

gels intended for Western Blot. Gels that were used for visualisation were 

stained with SimplyBlue SafeStain after trimming away stacking gel and 

excess resolving gel according to manufacturer’s protocols for 

microwave staining. Gels were then imaged under standard light settings 

in a NuGenius Gel Doc Scanner. 
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3.2.2.6. Western Blot 

Gels using a biotinylated protein standard ladder were used for 

Western Blotting (see section 2.2.3.6. Western Blot). Gels and 

nitrocellulose membranes were equilibrated in transfer buffer and 

assembled in a transfer stack within an XCell II Blot Module and run for 

2 hours at 25 V constant in an XCell Surelock Mini gel electrophoresis 

system. Following transfer, the nitrocellulose membrane was placed in 

blocking buffer for 1 hour with agitation. After washing with PBST, the 

membrane was placed into a Miniblotter 16 and probing antibodies were 

added to each chamber for 20 minutes with agitation. The membrane 

was washed and then placed into a solution containing streptavidin-HRP 

and incubated for 20 minutes with agitation. Following a wash step, the 

nitrocellulose membrane was placed onto a sheet of A4 projector film and 

a Novex Chemiluminescence kit was used for chemiluminescent 

detection of antibodies. Images were taken under blacklight in a 

SynGene G:Box under 5 – 15 minutes exposure. 

 

3.2.3. RT-QPCR 

3.2.3.1. Target gene identification 

Full methods for RT-qPCR are found in section 2.2.4. Methods – 

RT-qPCR. In brief, target genes for primer design were identified using 

markers from the RPPA panel or using GWAS of COPD. Murine 

orthologues to human genes were identified from the NCBI website and 

accession numbers were recorded (table 3.2.2). 
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Table 3.2.2:- Target genes of interest for RT-qPCR panel. 

Gene Name Accession Number Reason for Inclusion 

NLRP3 NM_145827.4 
Inflammasome signalling - production of 
proinflammatory cytokines, upregulated in 
COPD 

NOX2 NM_007807.5 
Inflammasome signalling - production of 
reactive oxygen species, modulates MMP9 
pathway 

TLR2 NM_011905.3 
Pathogen recognition and regulation of 
innate immunity, balance of Th17/Tregs, 
excessive activation and expression in COPD 

TLR4 NM_021297.3 

Pathogen recognition and regulation of 
immunity, balance of Th1/Th2 responses, 
overexpressed in COPD but signalling 
disrupted 

MyD88 NM_010851.3 
TLR2/TLR4 signalling cascade (MyD88 
dependent), activation of NFkB transcription 
factors and interferon regulatory factors 

TIRAP NM_001177845.1 
TLR2/TLR4 signalling cascade (MyD88 
dependent), activation of NFkB transcription 
factors and interferon regulatory factors 

IRF3 NM_016849.4 
Interferon regulatory factor 3, production of 
type I interferons  

MMP9 NM_013599.5  Inflammation and lung remodelling in COPD 

MMP12 NM_008605.3 
Inflammation and recruitment of immune 
cells in COPD 

MMP28 NM_080453.3 

Reported driver of inflammation and 
persistence of emphysema in COPD, not 
often found in lungs but highly upregulated 
in COPD 

mTOR NM_020009.2 Downstream signalling of IL6R 

IL6Ra NM_010559.3  IL6 receptor alpha subunit 

Akt1 NM_009652.4 Downstream signalling of IL6R 

Serpina1a NM_009243.4 
Ortholog of human alpha 1 antitrypsin, 
deficiency reported to exacerbate COPD 

CYLD NM_001128170.2  
Regulation of NFkB pathway, cell survival 
and proliferation 

NFKBIA (IkBa) NM_010907.2 
Inhibits NFkB and prevents transcription of 
DNA 

CRP NM_007768.4  
Acute phase inflammation, upregulated in 
response to IL-6 secretion by macrophages 
and T cells 

NRF2 NM_010902.5  
Antioxidant marker of oxidative stress 
response, upregulated in COPD 
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3.2.3.2. Primer design 

mRNA sequences for genes of interest were identified using the 

NCBI website, and where multiple splice variants were reported the most 

common or validated variant was used as a basis for primer generation. 

Mouse BLAT was used to identify exon-exon boundaries, and the NCBI 

Primer Blast tool was used to generate suitable primer pairs using each 

gene’s mRNA accession number. Ideal primers were selected based on 

Tm, GC percentage, product size and exon-exon spanning. Forward and 

reverse primer sequences were checked on the Nucleotide BLAST suite 

to check for nonspecific binding, after which primer sequences were sent 

to Eurofins Genomics for synthesis. Primers were then reconstituted to 

100 pmol/μL and 1:1 forward and reverse primer mixes were generated 

as specified in section 2.2.4.2 Primer design. 

 

3.2.3.3. RNA isolation and reverse transcription 

For primer validation, RNA was extracted from murine spleens 

scheduled for cull. A Qiagen RNeasy mini kit was used to isolate RNA 

according to the manufacturer’s protocols, in addition to an optional on-

column DNase digest step using a Qiagen RNase-free DNase set (see 

section 2.2.4.3 RNA isolation and reverse transcription). After successful 

isolation of RNA, concentrations were determined by NanoDrop 

spectrophotometer. 

For reverse transcription, 1 μg of RNA was used for optimal cDNA 

synthesis (see section 2.2.4.3 RNA isolation and reverse transcription). 

A TaqMan Reverse Transcription kit was used to generate cDNA for all 

samples in addition to no reverse transcriptase controls (NRT) and no 

template controls (NTC). Samples containing reaction mixture were 

placed into a thermocycler to allow reverse transcription to take place, 

after which resulting cDNA was diluted to 5 ng and stored at - 20°C until 

use. 
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3.2.3.4. Polymerase chain reaction 

PCRs were performed in triplicate in 96-well PCR plates using a 

master mix of SYBR green reagents and FWD/REV primer mixes (see 

section 2.2.4.4. Polymerase chain reaction). Plates were sealed with an 

optical adhesive seal after addition of cDNA and run on an ABI Fast 7500 

qPCR machine using a standard protocol for SYBR green reagents in a 

10 μL volume reaction. Melt curves for each gene were exported to 

examine primer binding efficiency. 

 

3.2.3.5. Agarose gel electrophoresis 

Agarose gel electrophoresis was performed using 1% agarose gel 

containing Gel Red prepared in-house (see section 2.2.4.5. Agarose gel 

electrophoresis). After gels were set, samples mixed with loading dye 

were added to wells alongside a GeneRuler 50 bp DNA ladder and the 

gel was run for 45 minutes at 100V. After separation of DNA products, 

the gel was visualised under UV light using a NuGenius Gel Doc scanner. 

 

3.3. RESULTS 

3.3.1. SPECTRAL FLOW CYTOMETRY 

3.3.1.1. Panel generation 

Originally, 23 markers were selected for inclusion in order to provide 

general phenotyping of major immune cells from both the innate and 

adaptive immune systems, but a 24th marker was added due to issues 

faced during validation of the panel. The panel design for these 24 targets 

is presented in figure 3.3.1. To ensure that only immune cells would be 

included in analysis, the first marker added was CD45 (approximately 1 

x 108 cells per spleen, 2,000 – 10,000 cells/μL in peripheral blood), which 

was assigned a dim fluorophore (APC-Fire810) due to being expressed 

by all haematopoietic cells and therefore found in high abundance. 

ZOMBIE-NIR was selected as a viability marker to isolate live cells from 

dead cells. 
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Common T cell markers CD3, CD4 and CD8a were selected to 

isolate and define lymphocyte populations and to differentiate T helper 

(13 – 20% of immune cells in spleen, 8 – 12% in peripheral blood) and 

cytotoxic T cell (7 – 15% of immune cells in spleen, 7 – 10% in peripheral 

blood) populations from one another. CD69 and CCR7 were also 

selected to characterise activation of T lymphocytes, and IFN-γ, IL-6, IL-

17A and TNF-α were selected as effector function markers based on 

existing literature regarding immunopathogenic mechanisms of COPD. 

FOXP3 and RORγt were added to further define Treg and Th17 subsets 

of CD4+ T cells respectively. During the course of validation, staining 

issues were observed with FOXP3, therefore CD25 was added as a 

substitute in order to isolate Treg populations and further characterise T 

cell activation. Fluorophores for extracellular markers (CD3, CD4 and 

CD8a) were selected with dim to moderate brightness (BUV496, FITC 

and APC/Cy5.5 respectively) based on higher expression levels and 

abundance in the periphery and lungs. Activation markers (CD69, CD25 

and CCR7) and intracellular markers (FOXP3, RORγt, IFN-γ, IL-6, IL-17A 

and TNF-α) were assigned moderate to very bright fluorophores (BV785, 

BV510, AF647, NovaFluorBlue610 70S, PE/Cy5.5, BV421, PerCP-efluor 

710, BV711 and BV750 respectively) due to variable expression (as a 

result of activation) or typically low abundance. 

The addition of CD3 also used for the definitive isolation of CD3 

negative populations, such as NK cells (1 – 5% of immune cells in spleen, 

4 – 7% in peripheral blood), macrophages (3.5 – 5% of immune cells in 

spleen, 2 – 3% in peripheral blood), monocytes (3.5 – 5% of immune cells 

in spleen, 2 – 3% in peripheral blood), neutrophils (1 – 5% of immune 

cells in spleen, 4 – 6 % in peripheral blood), DCs (0.5 – 2% of immune 

cells in spleen, no data for peripheral blood) and B cells (44 – 58% of 

immune cells in spleen, 35 – 58% in peripheral blood). To further 

characterise these cell types, additional markers were selected to 

determine phenotype and effector functions. In mice, CD49b clone DX5 

is used to isolate NK cells, and a moderate fluorophore (PerCP/Cy5.5) 

was selected due to variable abundance. CD11b (Pacific Blue) was also 
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selected as a marker due to being expressed by a high number of 

different cells, including NK cells, macrophages, monocytes and 

neutrophils. Since CD11b was expressed by a number of cells, I-A/I-E 

(the murine orthologue to HLA-DR) was added with a bright fluorophore 

(PE/Cy7) in order to isolate APCs. To conserve spectral options for 

additional markers, an antibody specific for both Ly6G and Ly6C (often 

referred to collectively as Gr-1) was selected. Specifically, clone RB6-

8C5 was selected due to its capacity to bind with higher specificity to 

Ly6G and to a lesser extent to Ly6C. This allowed for the isolation of both 

neutrophils (Ly6Ghi/Ly6Clo/neg) and monocytes (Ly6Glo/neg/Ly6Chi) using a 

single antibody (PE/Cy5). Several markers were selected for 

macrophage phenotyping, including F4/80, CD163 and CD169. These 

were assigned to moderate to very bright fluorophores (CF568, PE and 

BV605 respectively) due to low abundance in the periphery and variable 

abundance in tissues. CD163 allowed for the general identification of 

macrophages involved in the acute phase of inflammation, whilst CD169 

would allow the identification of specific alveolar macrophage subsets. 

Activation markers for APCs included CD80 and CD86, which were 

assigned to moderate fluorophores (BUV661 and BV650 respectively) 

due to variable expression. CD38 was also selected as a specific marker 

for DC/B cell activation, and assigned a very bright fluorophore 

(PE/Dazzle 594) due to low cell populations for DCs. Specific 

percentages for immune cell populations in the lungs could not be found, 

and therefore fluorophore brightness was selected based on cell 

frequencies in spleen and peripheral blood as well as from reported 

results from previous COPD studies in mice. In all instances, spectral 

patterns were distinct enough that R-squared values did not exceed 0.7 

for all markers. 
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Figure 3.3.1:- 24-Colour flow panel design. Markers and fluorophores are outlined according to their emission wavelength (top) and which detector 

array they are detected by (left). Spectral patterns for each fluorophore are displayed on the Spectrum Viewer below to panel  design table. Markers were 

assigned to appropriate fluorophores for relative brightness according to their expression levels in mouse periphery, spleen and lung and the panel designer 

automatically calculated the R-squared values to determine spillover matrix of selected fluorophores. Where R-squared values above 0.7 were detected for 

markers intended to be gated together, an alternative fluorophore was assigned to ensure accurate unmixing.  
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3.3.1.2. Stain indexes 

Due to the novelty of the panel and the lack of existing data 

regarding validated murine flow cytometry panels, optimal dilution and 

antibody concentrations were determined for each marker through the 

use of stain indexes. These were determined according to histograms 

generated from an 8-fold dilution series and resulting stain index curves. 

In some cases where low cell populations were reported (e.g. NK cells), 

stain index was determined according to SSC-A and FSC-A profiles and 

the difference between median values of the positive and negative 

populations. Cells were either gated according to the lymphocyte or 

macrophage/granulocyte strategy demonstrated in figure 3.2.1. Details of 

stain index calculations along with figures are found in Appendix C, the 

gating strategy used to calculate each stain index is specified in the figure 

legend for each marker. 

 

3.3.1.3. Multiplex panel capabilities 

Once antibody concentrations for each target had been determined, 

the panel was tested in a multiplex format in whole blood. For this, 

antibodies were pooled together in extracellular and intracellular master 

mixes for staining. Once run on the Sony ID7000, ability to discern 

markers from one another was analysed by generating gating strategies 

to isolate specific cell types and markers of activation. As an example, 

ability to isolate CD4+ and CD8+ T cells was tested (figure 3.3.2). Initially, 

cells were gated to exclude debris (figure 3.3.2Ai), then single cells were 

selected (figure 3.3.2Aii), followed by selection of viable cells (figure 

3.3.2Aiii) and finally CD45+ cells were gated (figure 3.3.2Aiv).  Clear 

separation between CD3+ and CD3- populations were observed (figure 

3.3.2B) which were then gated for both CD4 and CD8. As shown in figure 

3.3.2C, the isolated CD3- population demonstrates minimal staining for 

CD4 and CD8 as would be expected. Using the same gating strategy 

applied to the CD3+ population, the majority of cells are stained positive 

for either CD4 or CD8, with a small population of double positives and 
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double negatives (figure 3.3.2D). This demonstrates that CD4 and CD8 

populations can not only be distinguished from negative populations, but 

also from each other, allowing for the identification of specific T cell 

subsets. This same strategy was applied for all other markers to ensure 

adequate separation of positive and negative populations. Given that all 

cells could be isolated based on whether or not they expressed CD3, the 

initial gating strategy to isolate populations for all cells using this panel 

followed the steps from figure 3.3.2A and B to define viable, singlets, that 

are positive for CD45 and either CD3+ or CD3- based on the desired 

population to be isolated. 

 

 

Figure 3.3.2:- Gating strategy to determine adequate separation of positive 

and negative populations. All cells were first gated (A.i) and then gated for singlets 

(A.ii) followed by live cells (A.iii). Live single cells were then gated for CD45 to isolate 

immune cells (A.iv). Immune cells were then gated for CD3 to determine positive and 

negative gate positions (B), with each population gated for CD4 and CD8 to determine 

correct positioning of CD3 gates (C and D). 
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After ensuring all markers could be isolated, gating strategies were 

then created to allow for the definition and characterisation of major 

immune cells. Gates were placed either where distinct separation was 

observed between positive and negative populations in a similar manner 

to calculating stain indexes, or where small cell populations caused 

difficulty defining positive and negative populations, where the positive 

population was expected to lie according to results from stain index 

histograms. Firstly, T cell subsets were defined as CD45+CD3+ and 

either CD4+ or CD8+ according to the same gating strategy defined in 

figure 3.3.2A, B and D. CD4+ and CD8+ were then gated for activation 

markers CCR7 (figure 3.3.3 B.i and C.i) and CD69 and CD25 (figure 3.3.3 

B.ii and C.ii). Activated T cells were defined as either CCR7+, 

CD69+CD25- (early activation), CD69+CD25+ (mid activation) or CD69-

CD25+ (late activation). In addition, for CD4+ cells, CD69-CD25+ cells 

were classified as containing Tregs in addition to conventionally activated 

CD4+ T cells (figure 3.3.3 B.ii Q3).  

 

Figure 3.3.3:- Gating strategy for activation markers of T lymphocytes. Cells 

were first gated for viable singlets positive for CD45 and CD3 as shown in figure 3.3.2A 

and B. CD45+CD3+ cells were then gated for CD4 and CD8 (A). CD4+CD8- cells (A.Q1) 

were then gated for either CCR7 (B.i) or CD69 and CD25 (B.ii) to determine both 

activated (CCR7+ or CD69+CD25- or CD69+CD25+) and Treg populations (CD69-

CD25+). The same gating strategy was applied to CD4-CD8+ cells (A.Q3) to determine 

number of CCR7+ cells (C.i) and CD69+CD25+ cells (C.ii). 
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A similar strategy was also used to gate for cytokine production by 

CD4+ and CD8+ T cells, with CD4+IL-17A+ T cells defined as potentially 

containing Th17 subset populations (figure 3.3.4). 

All remaining cell types were then gated on the CD3- population 

according to the gating strategy defined in figure 3.3.2 A – C. NK cells 

were defined as CD45+CD3-CD49b+ (figure 3.3.5A), and were then 

gated for cytokine production in the same manner as T cells (figure 

3.3.5B).  

  

Figure 3.3.4:- Gating strategy for cytokines produced by T lymphocytes. 

Cells were first gated for viable singlets positive for CD45 and CD3 as shown in figure 

3.3.2A and B. CD45+CD3+ cells were then gated for CD4 and CD8 (A). CD4+CD8- 

cells (A.Q1) were then gated for either IFN-γ (B.i), IL-6 (B.ii), IL-17A (B.iii) or TNF-α 

(B.iv). The same gating strategy was applied to CD4-CD8+ cells (A.Q3) to determine 

production of IFN-γ (C.i), IL-6 (C.ii), IL-17A (C.iii) or TNF-α (C.iv). 
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Neutrophils and monocytes were gated on CD45+CD3- cells using 

both CD11b and Ly6G/Ly6C (Gr-1). As previously mentioned, the 

antibody used to select for Gr-1 binds with higher specificity to Ly6G than 

Ly6C, allowing neutrophils to be distinguished from monocytes. 

Neutrophils were therefore defined as CD11b+Gr-1hi, whilst monocytes 

were gated as CD11b+Gr-1med (figure 3.3.6A). Monocytes and 

neutrophils could then be gated for cytokines (figure 3.3.6B and C).  

  

Figure 3.3.5:- Gating strategy for NK cells. Cells were first gated for viable 

singlets positive for CD45 and negative for CD3 as shown in figure 3.3.2A and B. 

CD45+CD3- cells were then gated for CD49b to isolate NK cells (A). NK cells were then 

gated to determine production of cytokines IFN-γ (B.i), IL-6 (B.ii), IL-17A (B.iii) and TNF-

α (B.iv). 
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Since macrophages are known to express a wide variety of surface 

markers, CD45+CD3- cells were first gated for I-A/I-E (MHCII) and 

CD11b (figure 3.3.7A.i). Double positive MHCII and CD11b cells were 

then gated for CD80 and CD86 (figure 3.3.7A.ii), with CD80+CD86+ cells 

then gated for CD163 (figure 3.3.7A.iii). These CD163+ cells were then 

defined as macrophage populations. Given that macrophages are not 

typically found in peripheral blood, both F4/80 and CD169 could not be 

used to identify macrophages due to lack of staining, likely due to being 

specific markers of tissue resident macrophages. Identified macrophages 

were then gated for cytokines to determine activation status and 

production levels (figure 3.3.7B).  

  

Figure 3.3.6:- Gating strategy for neutrophils and monocytes. Cells were first 

gated for viable singlets positive for CD45 and negative for CD3 as shown in figure 

3.3.2A and B. CD45+CD3- cells were gated for CD11b and Ly6G/Ly6C (Gr-1) to isolate 

neutrophils and monocytes (A). Monocytes were defined as CD11b+ and Gr-1 medium, 

and then gated for cytokines IFN-γ (B.i), IL-6 (B.ii), IL-17A (B.iii) and TNF-α (B.iv). 

Neutrophils were defined as CD11b+ and Gr-1 high, and then gated for cytokines IFN-

γ (C.i), IL-6 (C.ii), IL-17A (C.iii) and TNF-α (C.iv). 
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Figure 3.3.7:- Gating strategy for macrophages. Cells were first gated for 

viable singlets positive for CD45 and negative for CD3 as shown in figure 3.3.2A and B. 

CD45+CD3- cells were gated for I-A/I-E (MHCII) and CD11b to define populations of 

macrophages, dendritic cells and B cells (A.i). MHCII+CD11b+ cells (A.i Q2) were then 

gated for CD80 and CD86, with double positive cells (A.ii Q2) being further gated for 

CD163 to define macrophage populations (A.iii). Resulting macrophages were then 

gated for cytokines IFN-γ (B.i), IL-6 (B.ii), IL-17A (B.iii) and TNF-α (B.iv). 
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DCs and B cells were gated for in a similar manner to macrophages, 

with CD45+CD3- cells being gated for CD11b and MHCII. DCs and B 

cells were defined as MHCII+CD11b- (figure 3.3.8A.i and figure 3.3.9A.i), 

which were then gated for CCR7 and CD38 (figure 3.3.8A.ii and 

3.3.36A.ii). CCR7+CD38+ populations were identified as DCs, which 

were then gated for cytokines (figure 3.3.8B), whereas CCR7-CD38+ 

populations were identified as B cells and similarly gated for cytokines 

(figure 3.3.9B). Overall, these results and gating strategies demonstrate 

the high throughput efficiency of this panel and its ability to identify and 

characterise a multitude of cell types and their respective effector 

functions. 

Figure 3.3.8:- Gating strategy for dendritic cells. Cells were first gated for 

viable singlets positive for CD45 and negative for CD3 as shown in figure 3.3.2A and B. 

CD45+CD3- cells were gated for I-A/I-E (MHCII) and CD11b to define populations of 

macrophages, dendritic cells and B cells (A.i). MHCII+ cells (A.i Q3) were then gated 

for CCR7 and CD38, with double positive cells (A.ii Q6) being defined as dendritic cells. 

Resulting dendritic cells were then gated for cytokines IFN-γ (B.i), IL-6 (B.ii), IL-17A 

(B.iii) and TNF-α (B.iv). 
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Figure 3.3.9:- Gating strategy for B cells. Cells were first gated for viable 

singlets positive for CD45 and negative for CD3 as shown in figure 3.3.2A and B. 

CD45+CD3- cells were gated for I-A/I-E (MHCII) and CD11b to define populations of 

macrophages, dendritic cells and B cells (A.i). MHCII+ cells (A.i Q3) were then gated 

for CCR7 and CD38, with CCR7-CD38+ cells (A.ii Q7) being defined as B cells. 

Resulting B cells were then gated for cytokines IFN-γ (B.i), IL-6 (B.ii), IL-17A (B.iii) and 

TNF-α (B.iv). 
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3.3.2. REVERSE PHASE PROTEIN MICROARRAY 

3.3.2.1. Protein concentration calculations 

In order to obtain optimal printing concentrations for RPPA, total 

protein concentrations were determined from lysed tissues. In addition, 

the yield (μg protein per mg tissue) was also calculated to determine the 

minimum weight of tissue required to obtain sufficient protein 

concentration for printing. This was performed using a BCA assay, and 

for validation purposes samples from murine heart (H), kidney (K), liver 

(L), gonad fat (GF) and muscle (M). 

Based on BCA results, all tissue samples could be used for RPPA 

asides from gonad fat, which contained less than the required 2 mg/mL 

for printing (table 3.3.1). After calculating protein yield in μg per mg of 

tissue, it was determined that a minimum of 20 mg of tissue would be 

required to obtain the minimum 2 mg/mL concentration necessary for 

optimal printing. As a result, it was determined that future protein isolation 

would use initial tissue weights of between 25 – 30 mg in order to ensure 

sufficient protein extraction whilst preserving samples for potential future 

analysis. Due to low protein yield for gonad fat, it was concluded that this 

tissue type was not suitable for RPPA analysis. After determining protein 

concentrations, required dilutions for 2 mg/mL for printing were 

determined. As shown in table 3.3.2, minimal volumes were required to 

obtain the necessary concentrations and therefore there was enough 

stock left to perform repeated prints after diluted concentrations were 

used up, thereby reducing the amount of sample required for analysis. 
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Table 3.3.1:- BCA results and yield for murine tissue samples. Samples are 

identified according to the animal from which they came and the tissue of origin as 

follows: M9H1 = M (male) 9 (mouse 9) H (heart) 1 (sample 1). 

Sample ID 
Tissue 

Weight (mg) 

Protein 

Concentration 

(mg/mL) 

Total Protein 

(mg) 

Yield (µg per 

mg tissue) 

M9H1 35.1 23.64 7.08 202 

M10H2 38.9 23.34 6.99 180 

M11H3 27.2 13.26 3.99 147 

M12H4 37.7 15.83 4.74 126 

M15H5 25.8 12.83 3.84 149 

M9K1 27.8 14.64 4.38 158 

M10K2 25.1 13.42 4.02 160 

M11K3 27.2 11.50 3.45 127 

M12K4 25.4 15.02 4.50 177 

M15K5 20.2 13.75 4.11 203 

M9L1 20.9 8.27 2.49 119 

M10L2 29.7 19.17 5.76 194 

M11L3 25.2 15.08 4.53 180 

M12L4 29.0 17.38 5.22 180 

M15L5 25.5 16.05 4.83 189 

M9GF1 31.5 1.67 0.51 16 

M10GF2 35.8 1.65 0.51 14 

M11GF3 23.8 0.95 0.27 11 

M12GF4 29.1 0.97 0.30 10 

M15GF5 26.2 0.83 0.24 9 

M9M1 27.1 9.17 2.76 102 

M10M2 26.6 6.21 1.86 70 

M11M3 30.4 5.92 1.77 58 

M12M4 28.9 6.76 2.04 71 
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Table 3.3.2:- Dilutions required to obtain optimal staining concentration of 

2 mg/mL. 30 µL of 4x SDS was added to each sample. Gonad fat samples were not 

included as the protein concentration of each sample was below 2 mg/mL. 

Sample ID 

Protein 

Concentration 

(mg/mL) 

Sample Volume 

(µL) 

Diluent Volume 

(µL) 

M9H1 23.64 10.2 79.8 

M10H2 23.34 10.3 79.7 

M11H3 13.26 18.0 72.0 

M12H4 15.83 15.2 74.8 

M15H5 12.83 18.8 71.2 

M9K1 14.64 16.4 73.6 

M10K2 13.42 17.9 72.1 

M11K3 11.50 20.9 69.1 

M12K4 15.02 16.0 74.0 

M15K5 13.75 17.5 72.5 

M9L1 8.27 28.9 61.1 

M10L2 19.17 12.5 77.5 

M11L3 15.08 15.9 74.1 

M12L4 17.38 13.8 76.2 

M15L5 16.05 14.9 75.1 

M9M1 9.17 26.1 63.9 

M10M2 6.21 38.7 51.3 

M11M3 5.92 40.7 49.3 

M12M4 6.76 35.3 54.7 
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3.3.2.2. Slide staining optimisation 

After printing in the appropriate format, the methodology for slide 

analysis was optimised. In order to reduce autofluorescence, wash steps 

were first optimised. As shown in figure 3.3.10A, immediately after 

printing arrays display a high degree of autofluorescence, particularly for 

the landing lights which minimises visualisation of the sample array. After 

washing for 30 minutes with PBST, much of this autofluorescence is 

reduced and the arrays can still be visualised (figure 3.3.10B). 1 hour of 

washing with PBST resulted in further reduction of autofluorescence, 

though background noise was increased and visualisation of arrays 

became more difficult (figure 3.3.10C). The optimal wash step was 

therefore determined to be 30 minutes. 

 

Optimal staining procedures were then tested, examining the 

effects of both a liquid plate sealer added prior to staining and signal 

amplification following staining to improve signal-to-noise ratio (SNR). 

Without amplification, slides demonstrated a low SNR, though this was 

marginally improved with the addition of liquid plate sealer (figure 

3.3.11A). One round of amplification improved SNR and arrays were able 

to be visualised and detected more easily, particularly with liquid plate 

sealer (figure 3.3.11B). Although a second round of amplification 

improved SNR, this increase in signal was marginal in comparison to one 

round of amplification and results were highly varied without the addition 

of liquid plate sealer (figure 3.3.11C). As a result, optimal staining 

Figure 3.3.10:- Optimisation of wash steps for protein microarray. Slides 

were scanned at 635 nm wavelength before washing (A), after washing with PBST for 

30 minutes (B) and after washing with PBST for 1 hour (C). 
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procedures were amended to include the addition of liquid plate sealer 

and one round of signal amplification for optimal SNR. 

 

3.3.2.3. SDS-PAGE 

To determine cross-reactivity of the RPPA panel to murine samples, 

proteins from murine heart, RAW 264.7 macrophages and murine spleen 

were separated via SDS-PAGE. As shown in figure 3.3.12, samples from 

both murine heart and spleen display high protein content across an 8-

fold dilution series, however proteins from RAW 264.7 macrophages are 

poorly visualised. Due to both high protein content and likelihood of 

containing the majority of immune markers within the RPPA panel, 

murine spleen (figure 3.3.12C) was selected for Western Blot transfer to 

test for cross-reactivity. 

  

Figure 3.3.11:- Optimisation of amplification techniques and signal 

detection. Slides were either treated without (i) or with (ii) the addition of a plate sealer 

and underwent no amplification (A), one round of amplification (B) or two rounds of 

amplification (C) with biotinylated antibodies and streptavidin-cy5. 
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3.3.2.4. Western Blots 

Following Western Blot transfer of a dilution series of murine spleen 

samples, membranes were first probed with anti-mouse α-tubulin to 

determine transfer efficiency. As shown in figure 3.3.13A, positive bands 

for α-tubulin can be visualised across the entire dilution series. To then 

determine cross-reactivity of antibodies to mouse samples, a selection of 

markers from the RPPA panel which were constitutively expressed were 

chosen for probing. This included NFκB, STAT3, SAP/JNK and mTOR, 

with a biotinylated protein ladder standard as a positive control to ensure 

transfer had occurred. Following chemiluminescent staining however, 

detection of these markers could not be determined, though transfer was 

shown to have occurred (figure 3.3.13B and C). To determine whether 

there were issues with staining reagents, nitrocellulose slides were 

dotted with a dilution series of streptavidin-HRP and subject to 

Figure 3.3.12:- Coomassie blue staining SDS-PAGEs to determine protein 

content of tissue types and cell lines following protein extraction. Tissue types 

used were murine heart (A),  RAW 264.7 murine macrophages (B) and murine spleen 

(C). A broad-range protein ladder (10 - 250 kDA) was used as a control and to determine 

presence of proteins. 
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chemiluminescent staining, though no reported issues were detected 

with either staining reagents or the chemiluminescent kit (figure 3.3.13D). 

Western Blots were repeated though no signal was detected, and as a 

result it was concluded that the RPPA panel was not cross-reactive with 

mouse samples and was dropped from the project and an RT-qPCR 

panel was generated as a substitute. 

 

3.3.3. RT-QPCR 

3.3.3.1. Primer design 

Primers were generated and selected according to their melting 

temperature (Tm) and GC content. Where possible, primers with Tm 

within 1°C of the forward (FWD) and reverse (REV) primer were selected, 

and optimal GC percentage between 50 – 55%. Primers were able to be 

generated for 18 genes identified as contributing factors towards COPD 

pathogenesis, including those involved in inflammasome signalling 

Figure 3.3.13:- Western blotting and chemiluminescent test scans to 

determine antibody cross-reactivity with mouse samples. Western Blot and 

chemiluminescent staining techniques were first tested using an anti-alpha tubulin 

antibody and spleen samples (A) before numerous antibodies from a validated RPPA 

panel were tested to determine cross-reactivity though no signal was detected except 

from standards (B and C). The chemiluminescent staining method was then tested using 

slides with dots of streptavidin-HRP at different concentrations to determine any issues 

in staining techniques (D). After troubleshooting, it was determined that the panel was 

not cross-reactive and RPPA was dropped from the project. 
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(NLRP3 and NOX2), toll-like receptor (TLR) signalling (TLR2, TLR4, 

MyD88, TIRAP and IRF3), matrix metalloproteinases (MMP9, MMP12 

and MMP28), IL-6 receptor signalling (mTOR, IL6Ra and Akt1) in addition 

to genes involved in inflammation, oxidative stress or ECM alteration 

(Serpina1a, CYLD, NFKBIA, CRP and NRF2) (table 3.3.3). These 

primers were then generated by Eurofins and validated in-house. 

Table 3.3.3:- Primers designed as a substitute for the RPPA panel. Genes 

were selected after being identified using GWAS studies or as orthologues from markers 

in the RPPA panel. 

Gene 
Name 

Primer Primer Sequence 
Tm 
(°C) 

GC% 
Product 
Length 

NLRP3 
FWD CTCGCATTGGTTCTGAGCTC 58.99 55.00 

153 
REV AGTAAGGCCGGAATTCACCA 59.01 50.00 

NOX2 
FWD GATGATAGCACTGCACACCG 59.07 55.00 

222 
REV ATTCCTGTGATCCCAGCCAA 59.00 50.00 

TLR2 
FWD AAGGAGGTGCGGACTGTTTC 60.25 55.00 

177 
REV GAGCCAAAGAGCTCGTAGCA 60.11 55.00 

TLR4 
FWD CCTGACACCAGGAAGCTTGA 59.60 55.00 

142 
REV CTTCAAGGGGTTGAAGCTCAGA 60.22 50.00 

MyD88 
FWD GAGGCATCACCACCCTTGAT 59.74 55.00 

107 
REV CCGGATCATCTCCTGCACAA 59.82 55.00 

TIRAP 
FWD AGTTTGGAGGCCTGCACTAT 59.00 50.00 

233 
REV CTCTCCGGTGAACTGTGACT 59.04 55.00 

IRF3 
FWD TGGGTCAAGAGGCTTGTGAT 58.93 50.00 

182 
REV ATGTCCTCCACCAAGTCCTG 59.01 55.00 

MMP9 
FWD GAAAACCTCCAACCTCACGGA 60.20 52.38 

224 
REV TTTGGAATCGACCCACGTCT 59.32 50.00 

MMP12 
FWD GCTGCTCCCATGAATGACAG 58.98 55.00 

186 
REV TGCCAGAGTTGAGTTGTCCA 59.16 50.00 

MMP28 
FWD CAACTTGTTCGTGGTGCTGG 59.97 55.00 

354 
REV CGAGGCTCTGAAACATTGCC 59.55 55.00 

mTOR 
FWD ATCCGCTACTGTGTTTGGC 60.11 55.00 

239 
REV TTGATTCTCCCAATGCCGCT 60.03 50.00 

IL6Ra 
FWD TCACTGTGCGTTGCAAACAG 59.90 50.00 

102 
REV TACCACAAGGTTGGCAGGTG 60.18 55.00 

Akt1 
FWD CTGCCCTTCTACAACCAGGA 59.02 55.00 

214 
REV CATACACATCCTGCCACACG 58.99 55.00 

Serpina1a 
FWD ACTGCTGTCTTCCTTCTGCC 59.96 55.00 

210 
REV GAGGTCAGCCCCATTGTTGA 59.96 55.00 

CYLD 
FWD CCAGGTAGCAGGTTCGGC 60.13 66.67 

250 
REV TCCGTTCTTCCCAGTAGGGT 59.88 55.00 

NFKBIA 
(IkBa) 

FWD AGGACGAGGAGTACGAGCAA 60.32 55.00 
141 

REV CGTGGATGATTGCCAAGTGC 60.18 55.00 
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CRP 
FWD AGCTACTCTGGTGCCTTCTG 59.10 55.00 

208 
REV GAGAAGACACTGAAGCTGCG 58.93 55.00 

NRF2 
FWD ACATGGAGCAAGTTTGGCAG 59.04 50.00 

234 
REV TGGAGAGGATGCTGCTGAAA 59.01 50.00 

 

3.3.3.2. Melt curves 

As part of the primer validation process, RT-qPCR was performed 

on spleen samples using the primers shown in table 3.3.3. Melt curves 

were used to determine primer binding specificity and amplification of 

target gene sequence. Housekeeping genes (Hprt1, TBP, Tuba1 and 

SDHA) had previously been validated in-house and routinely used in 

other projects and published data, and so validation for these primers 

was not deemed necessary. The peak of a melt curve is expected to lie 

between 85 – 90°C, where double stranded DNA (dsDNA) denatures into 

single stranded DNA (ssDNA) and thus fluorescent signal from 

amplification is lost as a result of dissociation of intercalating dye (SYBR 

green). This provides an indication of the specificity of primers, as dsDNA 

amplified from nonspecific sites will likely have different melting 

temperatures and thus produce peaks at lower temperatures. The same 

can be observed in the case of primer dimers, where FWD and REV 

primers bind to each other due to complimentary sequences and cause 

shorter amplification than the target DNA sequence. 

Melt curves for generated primers largely showed a high degree of 

specificity. Although some primer dimers were observed for NLRP3, the 

majority of peaks fell in the expected position in comparison to negative 

controls (figure 3.3.14A). NOX2 primers displayed high specificity, with 

negative controls producing peaks indicative of nonspecific binding and 

primer dimers (figure 3.3.14B). 
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Some primer dimers for TLR2 and TLR4 were observed, likely due 

to these genes being variable in expression in an inflammation-

dependent manner (figure 3.3.15A and B). MyD88, TIRAP and IRF3 

displayed some evidence of primer dimers or nonspecific binding, but 

were shown to be highly specific in binding capacity in comparison to 

negative controls (figure 3.3.15C, D and E). 

  

Figure 3.3.14:- Melt curves for inflammasome genes for RT-qPCR panel. 

Curves were generated for NLRP3 (A.i (positivesample) and A.ii (negative controls 

(dH2O, no template control (NTC) and no reverse transcriptase (NRT))) and NOX2 (B.i 

(positivesample) and B.ii (negative controls (dH2O, NTC and NRT))). 
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MMP primer specificity was difficult to ascertain from melt curve 

analysis alone, as potential primer dimers and nonspecific binding were 

observed for all three genes (figure 3.3.16). In a similar way to TLR2 and 

TLR4, this is likely the result of such genes typically only being expressed 

to a high degree in the event of inflammation or ECM changes, to which 

originating samples had not been subjected. In particular, specificity for 

MMP28 could not be determined (figure 3.3.16C).  

  

Figure 3.3.15:- Melt curves for TLR signalling genes for RT-qPCR panel. 

Curves were generated for TLR2 (A.i (positivesample) and A.ii (negative controls (dH2O, 

no template control (NTC) and no reverse transcriptase (NRT))), TLR4 (B.i 

(positivesample) and B.ii (negative controls (dH2O, NTC and NRT))), MyD88 (C.i 

(positivesample) and C.ii (negative controls ((dH2O, NTC and NRT)), TIRAP (D.i 

(positivesample) and D.ii (negative controls (dH2O, NTC and NRT))) and IRF3 (E.i 

(positivesample) and E.ii (negative controls (dH2O, NTC and NRT))). 
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Primers for IL6R signalling showed similar trends to TLR signalling 

primers, with some primer dimers or nonspecific binding present for all 

three genes (figure 3.3.17). Despite this, significant specificity was 

observed to conclude effective primer binding to the desired amplicon. 

  

Figure 3.3.16:- Melt curves for matrix metalloproteinase genes for RT-qPCR 

panel. Curves were generated for MMP9 (A.i (positivesample) and A.ii (negative 

controls (dH2O, no template control (NTC) and no reverse transcriptase (NRT))), 

MMP12 (B.i (positivesample) and B.ii (negative controls (dH2O, NTC and NRT))) and 

MMP28 (C.i (positivesample) and C.ii (negative controls (dH2O, NTC and NRT))). 
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Primer specificity for remaining genes displayed notable evidence 

of nonspecific binding in many cases. In particular, primers for Serpina1a 

showed significant amplification at a nonspecific site, though this was 

likely due to generally low expression of Serpina1a in spleen (figure 

3.3.18A). Binding to CYLD displayed high specificity (figure 3.3.18B), 

though NFKBIA, CRP and NOX2 NRF2 showed evidence of nonspecific 

binding (figure 3.3.18C, D and E). The degree of nonspecific binding in 

these cases is likely due to these genes typically being involved in 

induction or resolution of inflammation, which in tissues in homeostatic 

conditions would neither be upregulated nor downregulated. Whilst some 

primers displayed evidence of nonspecific binding or primer dimers, 

these findings could be explained by the fact that their target amplicons 

are typically influenced by inflammatory conditions which were not 

present in the sample material. 

 

Figure 3.3.17:- Melt curves for IL6R signalling genes for RT-qPCR panel. 

Curves were generated for IL6RA (A.i (positivesample) and A.ii (negative controls 

(dH2O, no template control (NTC) and no reverse transcriptase (NRT))), Akt1 (B.i 

(positivesample) and B.ii (negative controls (dH2O, NTC and NRT))) and mTOR (C.i 

(positivesample) and C.ii (negative controls (dH2O, NTC and NRT))). 
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Figure 3.3.18:- Melt curves for other key inflammatory genes for RT-qPCR 

panel. Curves were generated for Serpina1a (A.i (positivesample) and A.ii (negative 

controls (dH2O, no template control (NTC) and no reverse transcriptase (NRT)))), CYLD 

(B.i (positivesample) and B.ii (negative controls (dH2O, NTC and NRT))), NFKBIA (C.i 

(positivesample) and C.ii (negative controls (dH2O, NTC and NRT))), CRP (D.i 

(positivesample) and D.ii (negative controls (dH2O, NTC and NRT))) and NRFOX2 (E.i 

(positivesample) and E.ii (negative controls (dH2O, NTC and NRT))). 
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3.3.3.3. Agarose gel electrophoresis 

To further validate the specificity of primers, a selection of amplified 

samples following RT-qPCR were subject to agarose gel electrophoresis 

to determine amplicon size. As most products fell into the range of 

between 150 – 250 bp, bands were anticipated within this region at the 

bottom of the gel once it had been run. As shown in figure 3.3.19, the 

majority of product bands can be observed within the 100 – 300 bp range 

of the DNA ladder, thus demonstrating amplification of the desired 

amplicon. Some primer dimers and nonspecific binding can be observed, 

particularly for MMP amplicons which was to be expected (figure 

3.3.19A), however given that clear bands were observed at the expected 

size, it was concluded that all primers within the panel were specific for 

their targets. 

 

  

Figure 3.3.19:- Agarose gels to determine size of resulting products 

following RT-qPCR to determine primer specificity. Product bands are identified and 

marked with blue arrows, several gels were run and only a selection of amplicon targets 

were used due to the large number of genes. One gel tested the products of 

inflammasome, TLR signalling and MMP primers (A) and the second testing the other 

genes and housekeeper primers (B). A GeneRuler 50 bp DNA ladder was used as a 

control to estimate the size of products. 



CHAPTER 3 – VALIDATION AND OPTIMISATION 

 

152 
 

3.4. DISCUSSION 

Reduction is one of the integral foundations of minimising the 

impact of animal use in science, typically achieved through collaborative 

efforts with other research groups or the use of high-throughput analytical 

techniques. Despite this, large-scale panels for mouse sample analysis 

are few and far between. Here, we have produced two panels that will 

allow the comprehensive identification and characterisation of peripheral 

immune cells in mice through spectral flow cytometry, and analysis of 

inflammatory gene alterations in mouse tissues. 

While mouse flow cytometry panels do exist, these are often 

designed for deep phenotyping of one cell type or split across multiple 

panels [368, 371]. Deep phenotyping allows for the full characterisation 

of cells and their effector functions, but also means that cells and effector 

functions outside of those targeted are not detected. For complex 

diseases with multiple mechanisms, and where immunopathogenic 

mechanisms are not fully understood, this results in failure to report 

potential mechanisms or abnormal cell phenotypes and behaviour. 

Although this panel does not provide the deep phenotyping other current 

panels possess, it allows for the identification of all major immune cells 

known to influence COPD pathogenesis, in addition to broad activation 

markers and cytokines. This will allow for the identification of potential 

cell types or markers that can be further characterised in future research 

using purpose-built deep phenotyping panels. Despite the widespread 

availability of anti-mouse reagents for scientific research, panel design is 

often still limited by these reagents. During panel design, once common 

fluorophores had been assigned to markers the availability of appropriate 

commercial antibody-fluorophore conjugates was severely diminished. 

As a result, a selection of these antibodies had to be conjugated in-house 

using purified antibodies and appropriate conjugation kits. Furthermore, 

addition of future markers to this panel is limited. 

The development of this flow cytometry panel has highlighted the 

challenges for the design of analytical techniques for mouse studies, and 

these are even more pronounced for less commonly used species, such 
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as rat, hamster and guinea pig. Additionally, the majority of high-

throughput flow cytometry panels for mouse are designed for the analysis 

of tissue samples as opposed to whole blood. As discussed in section 

3.3.1.1, immune cells vary in abundance dependent on the tissue type, 

and as such panels optimised and developed for specific tissue types 

may not have the same isolation efficiency if used in a different tissue 

type. For example, cells not typically found in high abundance in the 

peripheral blood, such as NK cells, are widely reported to be difficult to 

isolate and phenotype [377]. This was evident during the validation 

stages of our panel, as low populations of NK cells were reported even 

in murine spleen, such that we could not rely on standard methodology 

to calculate optimal dilutions for CD49b, our NK cell-specific marker 

(Appendix C figure C.9 and C.10). Although we were able to determine 

an optimal dilution factor for this marker’s antibody using a different 

strategy, the challenges of NK cell isolation in whole blood were 

highlighted in our multiplex validation. NK cells comprised only 0.69% of 

all CD3- immune cells found in peripheral blood (figure 3.3.5A), and had 

an alternate fluorophore or different dilution factor been selected that 

would have been more appropriate for tissues where NK cells are found 

in higher abundance (for example, the bone marrow, lymph nodes and 

uterus), this population may not have been able to have been isolated. In 

addition, other high-throughput panels show similar limitations in reagent 

availability and demonstrate the necessity of using in-house conjugation 

kits to maximise panel output [378]. Despite these challenges however, 

we have successfully designed, optimised and validated a novel high-

throughput flow cytometry panel for the identification and characterisation 

of murine peripheral immune cells in whole blood, making it the first of its 

kind, to the best of our knowledge. 

Although RPPA allows for the generation of large-scale datasets 

with minimal samples, this technique comes with its own challenges. 

Cross-reactivity is often considered to be an unwanted and impeding 

problem with regards to antibody-based immunoassays, and is often 

widely reported in the literature [379]. Here, we had anticipated to see 
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cross-reactivity between the anti-human antibodies and our murine 

samples, as the manufacturer specifications reported mouse cross-

reactivity. As this panel had previously been validated for human COPD 

patient samples, we had intended to translate this panel into mice to 

further bolster evidence of the translational ability of our mouse model 

design. However, as shown in figure 3.3.13, it was found that this panel 

did not bind to mouse samples, despite manufacturer specifications 

reporting mouse cross-reactivity. Although this panel could not be 

validated for murine samples, this nonetheless provides a prime example 

of the necessity of optimising and validating analytical techniques prior to 

a study’s start so as not to waste samples in short supply [380]. This is 

critical, particularly if a study involves the use of animals, as it minimises 

the potential risk of unnecessary animals being used. To further highlight 

this, all murine-derived samples used for the validation and optimisation 

of our analytical techniques were sourced from studies that had already 

been conducted or from animals on other studies where the source 

material would have otherwise gone to waste. 

Whilst the RPPA panel was dropped from the project and thus 

proteomic analysis of mouse samples would not be possible, we were 

able to design and validate an alternative RT-qPCR panel. This would 

allow us to examine the effects of cigarette smoke on the upregulation or 

downregulation of key inflammatory genes, in addition to genes identified 

as linked to COPD in GWAS studies. Although RT-qPCR is widely used 

in biomedical research, in addition for diagnostic purposes, there are 

concerns regarding the reproducibility of data obtained from this method. 

While the exact reasons for issues in reproducing published data are 

unknown, it is speculated that poor quality samples, inappropriate 

methodology or analysis techniques may contribute towards lack of 

reproducibility [381]. In recent years, one of the most prevalent uses of 

RT-qPCR has been for the diagnosis of SARS-CoV2 infection. Failure to 

validate the binding efficiency of primer-probe sets can lead to false 

positives or negatives, which in the case of diagnostics can lead to 

significant consequences. For example, in one study it was found that a 
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commercially available primer-probe set for diagnosis of SARS-CoV2 

infection had a mismatched reverse primer for circulating virus RNA, thus 

leading to low sensitivity and an increased possibility of false negative 

results [382]. Additionally, with no specified universal methodology, RT-

qPCR displays differing degrees of sensitivity and specificity, which 

proves to be a significant roadblock in the comparison of data both 

between and within research and diagnostic laboratories [383]. Lack of 

reproducibility has also been linked to the use of outdated methods to 

normalise gene expression [384] or use of unstable housekeeping genes 

for normalisation [385]. Genes are also heterogeneously expressed even 

in the same tissue type, as such samples taken from the same tissue, but 

different regions, may show differences in gene expression unrelated to 

tissue state (e.g. diseased vs control). This provides an explanation as to 

why for some genes melt curves displayed evidence of primer dimers or 

nonspecific amplification, as cDNA was generated from unspecified 

regions of the spleen. It also highlights why testing housekeeping genes 

for stability is pivotal to analysis, as different housekeeping genes may 

be more or less stable within different regions of the same tissue [386]. 

Whilst we did not conduct normalisation analysis on the genes and 

primers included in our panel, these are important factors to take note of 

for the analysis of RT-qPCR data. Common housekeeping genes were 

previously validated using the same methods to validate primers for the 

RT-qPCR panel, and therefore prior to any normalisation and expression 

analysis a selection of these housekeeping genes would be tested in lung 

tissues to identify the most stable housekeepers for normalisation. 

Additionally, cDNA would be generated from the same region of the lung 

in each sample and full details of RT-qPCR methodology including RNA 

quality for cDNA generation would be reported, thereby increasing 

reproducibility power of our analysis. Nonetheless, primers for TLR4, 

IRF3, MMP9, MMP28, Akt1, mTOR, Serpina1a, CYLD, NFKBIA, CRP 

and NRF2 were dropped, as data may not be reflective of actual gene 

expression due to the presence of consistent nonspecific binding during 

the validation process as shown by the presence of peaks outside of the 

expected melting temperature. Primers for NLRP3, NOX2, TLR2, 
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MyD88, TIRAP, MMP12 and IL6RA were used for analysis of samples as 

these displayed high specificity with minimal evidence of nonspecific 

binding which could be attributed to instances of human or experimental 

errors within repeats. 

Overall, these results demonstrate the challenges faced during 

optimisation and validation of high-throughput techniques. These findings 

provide an example of the considerations and steps needed for target 

selection and panel design, and also demonstrate the quality and quantity 

of data that can be obtained following validation. In all, these techniques 

and the resulting outputs highlight the necessity of building multiplexed 

and high-throughput panels for analysis of mouse samples, as large 

datasets can be obtained without having to increase the numbers of 

animals used or rapidly depleting sample stocks. 
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CHAPTER 4 – SYSTEMIC EFFECTS OF CSE 

EXPOSURE 

4.1. INTRODUCTION 

COPD is primarily a disease of the respiratory system, but it also 

displays a multitude of whole-body symptoms, including chronic fatigue 

and weight loss, as well as systemic inflammation. Given the prevalence 

of comorbidities in COPD patients, it is important to gain an 

understanding of whole-body mechanisms which may either contribute 

towards COPD itself or result in, or exacerbate, pre-existing comorbid 

conditions. Even within the lungs, while the presence of tissue-resident 

immune cells is generally considered to be a part of the normal 

pulmonary environment, an increased presence of both tissue-resident 

and circulatory immune cells within the airways is considered a hallmark 

of COPD. These cells are often trafficked into the lungs from other areas, 

such as the circulatory system, and thus alterations to immune cell 

profiles in systemic blood may provide insight into both pulmonary and 

whole-body aspects of COPD pathophysiology. 

Immune homeostasis in the blood and tissues is pivotal for the 

maintenance of healthy function, and altered populations or effector 

functions of otherwise normal conditions can lead to inflammation, tissue 

injury or disease. Skewed distribution of inflammatory to anti-

inflammatory cell types and effector functions in circulatory blood, for 

example, has been linked to poor outcomes in smokers and increased 

risk of cancer development due to reduced clearance of nascent tumour 

cells [387]. Th17/Treg imbalance is widely reported as a contributing 

factor to COPD pathophysiology, though this imbalance is typically 

reported within the pulmonary spaces. It has been shown that although 

peripheral Treg numbers and function do not appear to be affected by 

CS, impaired function is widely reported in the lungs [388]. In some 

instances, disproportion of CD4+ to CD8+ T cells in the periphery has 

been reported amongst COPD patients, though these findings are not 

universal [190, 389]. Despite this, altered effector functions of both CD4+ 
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and CD8+ T cells in COPD patients are widely reported, and these 

mechanisms are often considered abnormal and inflammatory in nature 

[389]. Understanding how cell function changes between the periphery 

and the pulmonary environment may provide insight as to how 

immunoregulatory function can be restored in COPD patients. 

Neutrophils are granulocytes of the innate immune system, and are 

well characterised in COPD, with pulmonary neutrophilia often used as a 

diagnostic criterion for COPD. Despite their presence in the lungs being 

well documented in COPD, neutrophils by nature are generally found in 

peripheral blood, and are trafficked into tissue systems in response to 

infection or inflammation. In the periphery, neutrophils are shown to 

overexpress PRRs which amplify neutrophil recruitment and migration, 

and can thus result in increased production of proinflammatory effector 

functions [180]. 

 Whilst macrophages are not typically found in peripheral blood, it 

has been demonstrated that macrophages derived from peripheral 

monocytes of COPD patients display impaired phagocytic function, and 

contribute towards risk or frequency of AECOPD [390]. Furthermore, 

peripheral monocytes are shown to display altered gene transcript 

profiles in COPD patients which suggested enhanced inflammatory 

mechanisms, and cessation of smoking was not found to correlate to the 

reversal of these findings unless cessation began at an early age [391]. 

 Deep phenotyping of NK cell populations has also demonstrated 

that the identification of NK cell subtypes can be used as a predictor of 

AECOPD, as certain phenotypes display significant associations with 

individuals who had previously experienced exacerbations [392]. Thus, 

not only is it important to understand the contribution of inflammatory/anti-

inflammatory cell type imbalances in COPD pathogenesis, but also their 

effector functions, as these are often indicative of disease severity and 

prognosis. 

To determine the systemic effects of CSE on immune cell 

populations and distributions, we examined the whole blood of mice 



CHAPTER 4 – SYSTEMIC EFFECTS OF CSE 

 

159 
 

exposed to CSE over a 12-week period. This would enable us to not only 

examine the effects of CSE on systemic immune cell phenotypes and 

effector functions, but also examine how CSE would affect immune cell 

populations over time. Once per week, tail vein bleeds were collected 

from each mouse and immune cell populations were examined via a 

comprehensive spectral flow cytometry panel. This panel enabled us to 

characterise populations of T cells (CD4+ and CD8+ subsets, including 

Tregs and Th17), NK cells, macrophages, neutrophils, monocytes, DCs 

and B cells. Effector functions including production of proinflammatory 

cytokines (IFN-γ, IL-6, IL-17A and TNF-α) were also examined. 

Clustering analysis was also performed as an unbiased analysis of 

specific cell types and distribution amongst groups according to sex, CSE 

dose, week or overall experimental group. Here, we present data 

gathered from analysis of whole-blood isolated from mice during our 

intranasal CSE model of COPD, to determine the potential peripheral 

immunopathogenic mechanisms of COPD. 

 

4.2. METHODS 

4.2.1. MURINE MODEL 

4.2.1.1. Home Office Licences 

Full details and methods of Home Office Licences are found in 

Section 2.1.1.1. Materials – Home Office Licences and welfare checks. 

Briefly, all procedures were performed under PEL, PPL and PILs 

registered with the University of Nottingham in accordance with ASPA 

guidelines. 

 

4.2.1.2. Animals and housing conditions 

Further details can be found in Section 2.1.1.2. Materials – Animals 

and housing conditions. Briefly, twenty-four 8-week-old male and female 

C57BL/6J mice (12 per sex) were supplied by Charles River 

Laboratories. Animals were housed in single-sex cages of 3 or 4 
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individuals under specific pathogen-free, temperature and air control 

conditions with a 12-hour light-dark cycle. Regulated procedures did not 

commence on animals until 11-weeks of age due to staff and spacing 

issues. Furthermore, a single male mouse was withdrawn prior to the 

study start as a result of injuries sustained from fighting with littermates 

making the total number of animals used on the study twenty-three. 

 

4.2.1.3. Monitoring of animal welfare 

In-depth methodology for all regulated procedures performed using 

animals can be found in Section 2.2.1. Methods – Murine COPD Model. 

Briefly, full welfare checks were performed three times per week prior to 

intranasal dosing to check for aberrations of normal health. This included 

recording of weight and scoring of behavioural and physical health 

indicators according to a predefined welfare score sheet (see Appendix 

B). In the event of signs of adverse effects, NACWOs were notified and 

veterinary intervention was sought as directed or necessary. 

 

4.2.1.4. Acclimatisation to restraint procedures 

Mice were acclimatised to restraint procedures over a week-long 

period, with positive reinforcement to handling and remaining in restraint 

tubes performed using sunflower hearts. This took place through 

repeated exposure to increasingly invasive handling and restraint 

methods to desensitise animals to stress of methods, commencing with 

basic handling at the beginning of the week and finishing acclimatisation 

by restraining mice in restraint tubes for up to 30 seconds. 

 

4.2.1.5. Generation of cigarette smoke extract 

Cigarette smoke extract was generated by expelling smoke from a 

single Marlboro Red cigarette with the filter broken off into 10 mL phenol 

red-free RPMI. The resulting media was sterile filtered through a 0.45 μm 

filter, and was used to generate 1% and 3% CSE in a total volume of 1 
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mL phenol red-free RPMI. 1 mL sterile phenol red-free RPMI containing 

no CSE was used as a control. All media was temperature and pH 

checked and maintained at room temperature and neutral pH in 

preparation for intranasal dosing. 

 

4.2.1.6. Intranasal dosing 

Full welfare checks were performed prior to intranasal dosing to 

check for signs of ill health or adverse welfare effects. Following this, 

mice were placed into an anaesthesia chamber on a cage-by-cage basis 

and exposed to 2.5% isoflurane mixed with O2. After sedation and loss of 

righting reflex, mice were placed onto their sides and isoflurane was 

increased to 3.5%. After observation of gasping mechanism, mice were 

individually removed from the chamber and held in an upright position 

with the head tilted back to open airways. 25 μL CSE or control media 

was administered into the nasal cavity, and after the dose had been 

inhaled and respiratory rate had stabilised mice were returned to their 

home cages. After all mice had regained consciousness, a brief welfare 

check was performed to check for signs of adverse effects following 

anaesthesia. 

 

4.2.1.7. Tail vein blood sampling 

Tail vein blood sampling was performed once per week. Mice were 

placed into restraint tubes and restrained at the base of the tail, the rest 

of the tail was then placed into a beaker of body temperature water 

containing hibiscrub to encourage vasodilation and sterilise the sampling 

area. After 30 seconds, the tail was wiped dry with a sterile gauze pad 

and the lateral caudal vein was located and punctured with a 25G needle. 

20 μL blood was collected using a heparinised capillary tube and then 

expelled into an Eppendorf tube. Pressure was applied to the puncture 

site using a sterile gauze pad until bleeding had stopped, after which mice 

were returned to their home cages and rewarded with sunflower hearts 

to reinforce acclimatisation to restraint and handling procedures. 
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4.2.2. SPECTRAL FLOW CYTOMETRY 

4.2.2.1. Whole blood staining 

Full details of spectral flow cytometry methods can be found in 

section 2.2.2. Methods – Spectral Flow Cytometry. Briefly, for whole 

blood staining, a protein transport inhibitor was added to 20 μL murine 

whole blood and incubated for 3.5 hours at 37°C. Fc block was then 

added and the blood was incubated for a further 30 minutes at 37°C. A 

RBC lysis buffer was added to each sample, and centrifuged following a 

5 minute incubation at room temperature. Supernatants were discarded 

and cells were resuspended in PBA before being centrifuged. After 

discarding the supernatant, cells were resuspended in an extracellular 

panel master mix (see section 2.2.2.5. Whole blood staining; table 2.2.1) 

and incubated at room temperature for 20 minutes in the dark. Cells were 

then washed once with PBA and were then resuspended in fix/perm 

working solution after discarding the supernatant. Following a 30-minute 

incubation at room temperature in the dark, cells were washed twice with 

perm wash buffer and resuspended in an intracellular panel master mix 

and left to incubate for 20 minutes at room temperature in the dark. 

Afterwards, cells were washed twice with perm wash buffer and 

resuspended in 500 μL fixation buffer, transferred to FACS tubes and 

analysed using a Sony ID7000. 

 

4.2.2.2. Conventional flow analysis 

Conventional gating and flow cytometry was performed in FlowJo. 

Gating strategies are shown along with results from flow cytometric 

analysis in section 4.3. Results. Statistical analysis was not performed 

due to low cell numbers. 
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4.2.2.3. Clustering analysis 

Multi-dimensional clustering analysis was performed on live, single 

immune cells isolated from whole blood using equal sampling. Analysis 

was performed in FlowJo using FlowSOM clustering and presented using 

t-distributed stochastic neighbour embedding (tSNE) plots. Statistical 

analysis was performed by 2way ANOVA. 

 

4.3. RESULTS 

4.3.1. ANIMAL WELFARE 

No adverse effects as a result of CSE exposure were reported 

throughout the 12-week exposure period, and any welfare concerns 

reported were as a result of typical mouse behaviour (e.g. overgrooming 

in females and fighting to establish social hierarchy in males). Changes 

in weight are typically used as the best indicator of poor health in mouse 

studies, as such, given the novelty of our study, animals were weighed 

three times per week prior to intranasal dosing. As shown in figure 4.3.1, 

both male and female mice consistently gained weight as expected over 

the 12-week period. At week 8, heavy-smoker males (figure 4.3.1A), light-

smoker females and heavy-smoker females (figure 4.3.1B) showed some 

weight loss, though this weight was regained in addition to an incremental 

amount reflective of weight gain from previous weeks. While it is 

uncertain whether this weight loss was a result of regulated procedures, 

this observation coincides with the period at which the mice were moved 

to a new holding room. Therefore, these weight changes may be a result 

Figure 4.3.1:- Average weight of male (A) and female (B) C57BL/6J mice per 

week during a 12-week exposure to CSE. (n = 3 – 4) 
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of stress from a change in environment or brief transportation to the new 

room. 

To determine if CSE dose impacted the rate of weight gain, the 

relative weight gain for each mouse was calculated. This was performed 

using the following calculation: 

𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑤𝑒𝑖𝑔ℎ𝑡 𝑔𝑎𝑖𝑛

= ((𝑒𝑛𝑑 𝑤𝑒𝑖𝑔ℎ𝑡 − 𝑠𝑡𝑎𝑟𝑡 𝑤𝑒𝑖𝑔ℎ𝑡) ÷ 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑤𝑒𝑒𝑘𝑠)

× 100 

Although no statistical differences were found by conducting a 2way 

ANOVA, small differences in relative weight gain were observed as a 

result of both dose group and sex. In particular, male mice displayed 

higher relative weight gain (≈24 – 29%) in comparison to female mice 

(≈12 – 14%), though this can be attributed to general mouse biology and 

characteristic sex differences based on predicted weight charts from 

suppliers (figure 4.3.2). Despite this, concentration of CSE appeared to 

have differing effects on relative weight gain dependent on sex. Male 

mice exposed to 3% CSE displayed higher relative weight gain (≈29%) 

in comparison to the never-smoker (0% CSE) control group (≈26%), 

whereas female mice exposed to 3% CSE showed lower relative weight 

gain (≈12%) by comparison to the control group (≈14%). Although not 

statistically significant, this data could suggest that females are more 

predisposed to reduction in relative weight gain than males, which may 

therefore contribute towards increased risk of weight loss amongst 

female COPD patients. 
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4.3.2. TOTAL PERIPHERAL IMMUNE CELLS 

Total peripheral immune cells were defined according to the gating 

strategy shown in figure 4.3.3A. Although minimal differences in total 

peripheral immune cells were detected between dose groups, overall 

alterations to percentage were observed over the 12-week exposure 

period (figure 4.3.3B and C). This is demonstrated by an initial slight 

increase in total peripheral immune cells at week 2 for all groups, followed 

by a second increase at week 5, and a third increase at week 8 for male 

mice (figure 4.3.3B) and week 7 for female mice (figure 4.3.3C). These 

trends appear to demonstrate two separate increases in peripheral 

immune cells at week 2 and again at week 5, followed by sustained or 

regulated immune cell populations beyond week 7/8. What is important 

to note is that these changes to total immune cell numbers occur 

approximately one week earlier in females than in males, suggesting that 

female mice may be more susceptible to earlier exacerbations as a result 

of CSE exposure than males. Given that these trends are also 

demonstrated in both control groups however, it cannot be concluded that 

Figure 4.3.2:- Relative weight gain in male and female C57BL/6J mice over 

a 12-week exposure to CSE. Data plotted as mean ± SEM, no statistical differences 

were identified via 2way ANOVA (n = 3 – 4)  



CHAPTER 4 – SYSTEMIC EFFECTS OF CSE 

 

166 
 

these trends are a result of CSE concentration itself, but instead possibly 

a change in immune function as a result of ageing (figure 4.3.3B and C). 

 

4.3.3. T CELLS 

Total CD3+ T cells were gated according to the strategy defined in 

figure 4.3.4A. CSE exposure did not appear to have any noticeable 

effects on percentage of peripheral T cells, as all groups displayed similar 

trends and profiles for CD3+ T cells over time (figure 4.3.4B and figure 

4.3.5A). However, data displayed a reduction in total peripheral T cells in 

all groups after week 2, with a gradual increase observed at week 5, 

followed by a second decrease in numbers after week 7. Whilst the exact 

Figure 4.3.3:- Total peripheral immune cells in whole blood of male and 

female C57BL/6J mice during 12-week exposure to CSE. Gating strategy for single, 

live, and CD45+ immune cells shown in A. Peripheral immune cells are displayed as a 

percentage of total live single cells in male (B) and female (C) C57BL/6J mice. (n = 3 – 

4; event count range = 22 – 9887 cells) 
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cause for these changes cannot be determined, it is possible that this 

trend further demonstrates two distinct increases in total T cell numbers, 

in a similar manner to that observed for total peripheral immune cells. 

Between weeks 1 and 2, total peripheral T cells increased, and in most 

groups (with the exception of never-smoker males) total peripheral T cells 

dropped below the baseline total recorded at week 1 (figure 4.3.4B and 

figure 4.3.5A). A second increase in total peripheral T cells at week 6/7 

was observed, as percentage of T cells in peripheral blood return to a 

level just below the week 1 baseline (figure 4.3.4B and figure 4.3.5A). 

Following this increase, T cell numbers decreased to similar levels 

observed between weeks 3 – 5. Given that these observations were 

present for all dose groups, it cannot be concluded that CSE is the 

causative factor for the separate increases in T cell numbers, and 

therefore these trends may be a result of ageing or general immune 

homeostasis regulation. 
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Figure 4.3.4:- Percentage of CD3+ and proportions of CD4+ and CD8+ T cells in peripheral blood of male C57BL/6J mice during 12 weeks of 

CSE exposure. Gating strategy is shown in A. Graphs show the total percentage of CD3+ T cells (B), CD4+ T cells (C) and CD8+ T cells (D). D ata shown as 

a percentage of total peripheral immune cells. (n = 3 -– 4; event count range = 0 – 1748) 
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Figure 4.3.5:- Percentage of CD3+ and proportions of CD4+ and CD8+ T cells in peripheral blood of female C57BL/6J mice during 12 weeks of 

CSE exposure. Graphs show the total percentage of CD3+ T cells (A), CD4+ T cells (B) and CD8+ T cells (C). Data shown as a percentage of total peripheral 

immune cells. (n = 4; event count range = 0 – 1993) 
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Although no differences in total T cell numbers were observed 

between groups, CSE exposure appeared to have an impact on the 

proportions of CD4+ and CD8+ T cells in the periphery. In male mice, 

exposure to 3% CSE appeared to have a negative impact on the ratio of 

CD4+ T cells to CD8+ T cells (figure 4.3.6C.i). For example, at week 9, 

the ratio of CD4+ T cells to CD8+ T cells for never-smoker and light-

smoker males was approximately 1.3:1, whereas for the heavy-smoker 

group this ratio was approximately 2:1. The same trend was observed in 

female mice, with CD4+ T cells found in higher abundance in comparison 

to CD8+ T cells in the heavy-smoker groups (figure 4.3.6C.ii). At week 9, 

the ratio of CD4+ T cells to CD8+ T cells in the heavy-smoker group was 

2.6:1, whereas these ratios were 1.9:1 for the never-smoker group and 

2.3:1 for the light-smoker group. This may suggest that CD8+ T cells are 

trafficking into the lungs. 

Figure 4.3.6:- Ratios of CD4+ and CD8+ T cells in male and female C57BL/6J 

mice over a 12-week exposure period to CSE. Graphs show distribution of CD4+ and 

CD8+ T cell populations in male (i) and female (ii) mice from never-smoker (A), light-

smoker (B) and heavy-smoker (C) groups throughout the 12-week exposure period. 

Data shown as a percentage stacked ratio of total CD4+/CD8+ T cell population as 

defined by CD3+CD4+ and CD3+CD8+ populations. (n = 3 - 4) 



CHAPTER 4 – SYSTEMIC EFFECTS OF CSE 

 

171 
 

CD4+ and CD8+ T cells were then further characterised based on 

effector functions and cytokine production. CD4+ T cells and their effector 

functions were gated according to the strategy defined in figure 4.3.7A 

and B. In both male and female mice, abundance of CCR7+ CD4+ T cells 

decreased over the course of the 12-week exposure period (figure 4.3.7C 

and figure 4.3.8A). This appeared to be the opposite for CD69+ CD4+ T 

cells, as CD69+ populations appeared to increase over the 12-week 

period in both male and female mice (figure 4.3.7D and figure 4.3.8B). 

Higher numbers of CD69+CD25+ CD4+ T cells were detected in the 

earlier weeks of the exposure period, but beyond week 3 these numbers 

dropped and remained at a relatively constant level (figure 4.3.7E and 

figure 4.3.8C). CD4+ T cells positively expressing CD25 in the absence 

of CD69 were defined as possible Treg subsets. Single positive CD25+ 

CD4+ T cells were found in higher abundance during the initial weeks of 

exposure (figure 4.3.7F and figure 4.3.8D). Beyond week 6, these 

numbers decreased and remained at similar levels for the remainder of 

the exposure period. Overall, this data suggests that over the course of 

model, the numbers of naïve CD4+ T cells (indicated by CCR7+ cells) are 

decreased, and early activated CD4+ T cells (indicated by CD69+ cells) 

which may contribute towards T cell differentiation are increased. No 

differences in these trends were observed between CSE dose groups. 
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Figure 4.3.7:- Percentage of activation marker-positive CD4+ T cells in 

peripheral blood of male C57BL/6J mice during 12 weeks of CSE exposure. Gating 

strategy is shown in A and B. Graphs show the percentage of CCR7+ (C), CD69+ (D), 

CD69+CD25+ (E) and CD25+ (F) expression by CD4+ T cells. Data shown as a 

percentage of total peripheral CD4+ T cells. (n = 3 -– 4; event count range = 0 – 402) 
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Cytokine positive CD4+ T cells were defined by the gating strategy 

shown in figure 4.3.9A and B. In both male and female mice, IFN-γ+ CD4+ 

T cells were increased in the early stages of the model for all groups, and 

minimal to no presence was detected beyond week 7 (figure 4.3.9C and 

figure 4.3.10A). IL-6+ CD4+ T cells showed a similar trend, with increased 

presence between weeks 1 – 6, with a second increase at week 10, 

suggesting two separate increases in IL-6+ CD4+ T cells (figure 4.3.9D 

and figure 4.3.10B). Both male and female mice demonstrated increased 

presence of IL-17A+ CD4+ T cells in earlier stages of the model, with 

these numbers decreasing around week 5 and 6 before increasing again 

to numbers similar to those between weeks 3 – 4 (figure 4.3.9E and figure 

4.3.10C). IL-17A was used as a marker for Th17 subsets of CD4+ T cells, 

and this trend therefore suggests increased differentiation into Th17 in 

the periphery, though this appeared to be more prevalent in the never-

smoker group and was therefore not linked to CSE exposure. TNF-α+ 

CD4+ T cells demonstrated a similar trend to IFN-γ and IL-6, in that 

increased prevalence was detected in the earlier weeks of the model 

before dropping to minimal or no production beyond week 7 (figure 4.3.9F 

Figure 4.3.8:- Percentage of activation marker-positive CD4+ T cells in 

peripheral blood of female C57BL/6J mice during 12 weeks of CSE exposure. 

Graphs show the percentage of CCR7+ (A), CD69+ (B), CD69+CD25+ (C) and CD25+ 

(D) expression by CD4+ T cells. Data shown as a percentage of total peripheral CD4+ 

T cells (n = 4; event count range = 0 – 568) 
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and figure 4.3.10D). No differences in these trends were observed 

between CSE dose groups, therefore changes may be reflective of age-

related changes in immune function. Despite this, high variation in 

percentages of cytokine positive CD4+ T cells was observed at week 1 

in male mice in comparison to females. It is unclear why this variation 

was observed, and may have simply been a result of blood sampling 

methodology.  

  

Figure 4.3.9:- Percentages of cytokine positive CD4+ T cells in peripheral 

blood of male C57BL/6J mice during 12 weeks of CSE exposure. Gating strategy is 

shown in A and B. Graphs show the percentage production of IFN-γ (C), IL-6 (D), IL-

17A (E) and TNFα (F) by CD4+ T cells. Data shown as a percentage of total peripheral 

CD4+ T cells. (n = 3 -– 4; event count range = 0 – 34) 
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Imbalance of proinflammatory and anti-inflammatory immune cell 

types is a known contributing mechanism of COPD pathophysiology. One 

such imbalance that is widely reported in the literature is an imbalance of 

proinflammatory Th17 cells and anti-inflammatory Tregs. To determine 

Th17/Treg imbalance, CD4+ T cell subsets were defined as Th17 by 

expression of IL-17A or as Tregs by expression of CD25 in the absence 

of CD69. Percentage distribution of these subsets was determined 

proportionally according to the total numbers of Th17 and Tregs isolated 

per week. As shown in figure 4.3.11, Th17/Treg balance is shifted 

towards Treg differentiation in the first 5 weeks of exposure in all groups, 

however this shifts to a predominantly Th17 population from week 6 

onwards. No differences in Th17/Treg ratios were observed between 

either sex or dose group throughout the 12-week exposure period, 

therefore these observed changes may be a result of ageing. 

  

Figure 4.3.10:- Percentages of cytokine positive CD4+ T cells in peripheral 

blood of female C57BL/6J mice during 12 weeks of CSE exposure. Graphs show 

the percentage IFN-γ+ (A), IL-6+ (B), IL-17A+ (C) and TNFα+ (D) CD4+ T cells. Data 

shown as a percentage of total peripheral CD4+ T cells. (n = 4; event count range = 0 

– 59) 
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CD8+ T cells and activation markers were defined according to the 

gating strategy shown in figure 4.3.12A and B. Activation markers for 

CD8+ T cells displayed similar trends to those observed for CD4+ T cells 

over the 12-week exposure period. For example, abundance of CCR7+ 

cells decreased over the 12-week period in both male and female mice 

(figure 4.3.12C and figure 4.3.13A). In contrast, the numbers of CD69+ 

CD8+ T cells increased, though remained at relatively constant levels 

beyond week 6 (figure 4.3.12D and figure 4.3.13B). Double positive 

CD69 and CD25 CD8+ T cells were higher in abundance during the early 

stages of the model, though these levels dropped considerably beyond 

week 3 and remained at low levels for the duration of the study (figure 

4.3.12E and figure 4.3.13C). CD25+ CD8+ T cells showed a similar trend, 

with higher abundance between weeks 1 – 4 and low levels for the 

Figure 4.3.11:- Ratios of Th17 and Tregs in male and female C57BL/6J mice 

over a 12-week exposure period to CSE. Graphs show distribution of Th17 and Treg 

populations in male (i) and female (ii) mice from never-smoker (A), light-smoker (B) and 

heavy-smoker (C) groups throughout the 12-week exposure period. Data shown as a 

percentage stacked ratio of total Th17/Treg population as defined by CD4+IL-17A+ 

(Th17) and CD4+CD25+CD69- (Treg) populations. (n = 3 - 4) 
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remainder of the model (figure 4.3.12F and 4.3.13D). Similar to the 

observations made for CD4+ T cells, this data could possibly indicate a 

decrease in the numbers of naïve CD8+ T cells (indicated by CCR7+ 

cells) and an increase in early activated CD8+ T cells (indicated by CD69+ 

cells) in the periphery over the course of the model. No differences in 

these trends were observed between CSE dose groups and the never-

smoker group. 

 

Figure 4.3.12:- Percentage of activation marker-positive CD8+ T cells in 

peripheral blood of male C57BL/6J mice during 12 weeks of CSE exposure. Gating 

strategy is shown in A and B. Graphs show the percentage of CCR7+ (C), CD69+ (D), 

CD69+CD25+ (E) and CD25+ (F) CD8+ T cells. Data shown as a percentage of total 

peripheral CD8+ T cells. (n = 3 -– 4; event count range = 0 – 345) 
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Cytokines expressed by CD8+ T cells were defined according to the 

gating strategy shown in figure 4.3.14A and B. Both male and female 

mice showed higher prevalence of IFN-γ+ CD8+ T cells in the later stages 

of the model in comparison to CD4+ T cells, suggesting increased 

activation of peripheral CD8+ T cells (figure 4.3.14C and 4.3.15A). IL-6+ 

CD8+ T cell prevalence was typically low, and did not appear to follow 

any trend over the 12-week exposure period, though an increase in IL-

6+ CD8+ T cells after week 10 was observed in both male and females 

(figure 4.3.14D and figure 4.3.15B). Surprisingly, presence of IL-17A+ 

cells was higher in CD8+ T cells in comparison to CD4+ T cells, 

particularly after week 6 (figure 4.3.14E and figure 4.3.15C). Although 

typically expressed by T helper subsets, particularly Th17, this data 

suggests that CD8+ T cells may pose as a large contributing source to IL-

17A levels in peripheral blood. However, this trend does not appear to be 

affected by proinflammatory agents such as CSE, therefore suggesting 

that this is a typical immune response as opposed to an 

immunopathogenic response. Presence of TNF-α+ CD8+ T cells was low 

beyond the first two weeks of exposure in both male and female mice 

Figure 4.3.13:- Percentage of activation marker-positive CD8+ T cells in 

peripheral blood of female C57BL/6J mice during 12 weeks of CSE exposure. 

Graphs show the percentage of CCR7+ (A), CD69+ (B), CD69+CD25+ (C) and CD25+ 

(D) CD8+ T cells. Data shown as a percentage of total peripheral CD8+ T cells (n = 4; 

event count range = 0 – 378) 
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(figure 4.3.14F and figure 4.3.15D). No differences in these trends were 

observed between CSE dose groups and the never-smoker group. 

  

Figure 4.3.14:- Percentage of cytokine positive CD8+ T cells in peripheral 

blood of male C57BL/6J mice during 12 weeks of CSE exposure. Gating strategy is 

shown in A and B. Graphs show the percentage of IFN-γ+ (C), IL-6+ (D), IL-17A+ (E) 

and TNFα+ (F) CD8+ T cells. Data shown as a percentage of total peripheral CD8+ T 

cells. (n = 3 -– 4; event count range = 0 – 70) 
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4.3.4. NK CELLS 

NK cells are typically found in low abundance in peripheral blood, 

making them difficult to analyse via flow cytometry. Nonetheless, using 

the gating strategy shown in figure 4.3.15A and B we were able to identify 

NK cells from CD3 negative populations and determine cytokine positive 

populations. In both male and female mice, numbers of peripheral NK 

cells increased over the exposure period, with increases in populations 

being more pronounced in the heavy-smoker and light-smoker groups 

particularly at week 6 and again at week 10 (figure 4.3.16C and figure 

4.3.17A). Due to low populations, determining trends in cytokine positive 

populations was challenging. This is exemplified by the fact that in both 

male and female mice, the percentage of IFN-γ+ NK cells appears to 

drastically change between highly and low between weeks 5 – 12 (figure 

4.3.16D and figure 4.3.17B). A similar trend was observed for IL-6, with 

numbers of IL-6+ NK cells fluctuating between high and low (figure 

4.3.16E), though percentage appeared to remain consistently high for 

heavy-smoker females between weeks 6 – 12 (figure 4.3.17C). IL-17A+ 

NK cell population was typically low or not expressed, though small 

Figure 4.3.15:- Percentage of cytokine positive CD8+ T cells in peripheral 

blood of female C57BL/6J mice during 12 weeks of CSE exposure. Graphs show 

the percentage of IFN-γ+ (A), IL-6+ (B), IL-17A+ (C) and TNFα+ (D) CD8+ T cells. Data 

shown as a percentage of total peripheral CD8+ T cells. (n = 4; event count range = 0 

– 26) 
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populations were detected in the early stages of the model (weeks 1 – 5) 

but this was highly variable depending on sex and dose group (figure 

4.3.16F and figure 4.3.17D). TNF-α displayed highly variable population 

percentages, though in heavy-smoker males TNF-α+ NK cell populations 

were relatively consistent over the 12-week period (figure 4.3.16G), 

though this was less consistent for the same dose group in females 

(figure 4.3.17E). As a result of low population numbers and highly 

variable data, no conclusions could be drawn as a result of the effects of 

CSE dose on cytokine expression by NK cells. 
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Figure 4.3.16:- Percentage of NK cells and cytokine positive NK cells in 

peripheral blood of male C57BL/6J mice during 12 weeks of CSE exposure. Gating 

strategy is shown in A and B. Graphs show the total percentage of CD49b+ NK cells 

(C) and percentage of IFN-γ (D), IL-6 (E), IL-17A (F) and TNFα (G) positive NK cells. 

Data shown as a percentage of total peripheral immune cells (C) or as a percentage of 

total peripheral NK cells (D - G). (n = 3 -– 4; event count range = 0 – 202) 
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4.3.5. MACROPHAGES 

Macrophages were defined according to the gating strategy defined 

in figure 4.3.18A, and cytokine positive populations were defined 

according to the gating strategy in figure 4.3.18B. Similar to NK cells, 

macrophages are found in low abundance in peripheral blood, 

unsurprising given that they are typically tissue-resident cells. As such, 

in both male and female mice low numbers of macrophages were found 

in peripheral blood, though detectible numbers could only be observed 

following week 4 of exposure in males (figure 4.3.18C) and week 3 in 

females (figure 4.3.19A). Interestingly, between weeks 8 – 12, 

macrophages were highest in the light-smoker group for males (figure 

4.3.18C) and typically in the never-smoker group for females (figure 

4.3.19A). This suggests that CSE exposure does not appear to impact 

Figure 4.3.17:- Percentage of NK cells and cytokine positive NK cells in 

peripheral blood of female C57BL/6J mice during 12 weeks of CSE exposure. 

Graphs show the total percentage of CD49b+ NK cells (A) and percentage production 

of IFN-γ (B), IL-6 (C), IL-17A (D) and TNFα (E) by NK cells. Data shown as a percentage 

of total peripheral immune cells (A) or as a percentage of total peripheral NK cells (B - 

E). (n = 4; event count range = 0 – 631) 
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the percentage of macrophages found in the periphery. Cytokine profiles 

of macrophages from these weeks also indicate that increased numbers 

of macrophages are expressing proinflammatory cytokines. For example, 

after week 7, between 50 – 100% of macrophages from both male and 

female mice were shown to be positive for IFN-γ (figure 4.3.18D and 

figure 4.3.19B). This trend was also observed for IL-6, with both male and 

female mice demonstrating increased percentage of IL-6+ macrophages 

in peripheral blood (figure 4.3.18E and figure 4.3.19C). For IL-17A, both 

male and female mice demonstrated variable percentage of IL-17A+ 

macrophages with no discernible trend, though a period of increased 

percentage between weeks 7 – 11 for males (figure 4.3.18F) and weeks 

6 – 10 for heavy-smoker females (figure 4.3.19D) was observed. 

Similarly, percentage of TNF-α+ macrophages was highly variable in both 

males and females, with numbers fluctuating between high and low 

between weeks 4 – 12 (figure 4.3.18G and figure 4.3.19E). Although 

neither sex nor CSE dose appeared to impact macrophage numbers or 

cytokine positive populations, a possible migration of IFN-γ and IL-6 

producing macrophages into the periphery was observed, and was thus 

considered a possible result of ageing. 
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Figure 4.3.18:- Percentage of macrophages and cytokine positive 

macrophages in peripheral blood of male C57BL/6J mice during 12 weeks of CSE 

exposure. Gating strategy is shown in A and B. Graphs show the total percentage of 

CD11b+I-A/I-E+CD80+CD86+CD163+ macrophages (C) and percentage production of 

IFN-γ (D), IL-6 (E), IL-17A (F) and TNFα (G) by macrophages. Data shown as a 

percentage of total peripheral immune cells (C) or as a percentage of total peripheral 

macrophages (D - G). (n = 3 -– 4; event count range = 0 – 56) 
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4.3.6. NEUTROPHILS 

Neutrophils were defined according to the gating strategy specified 

in figure 4.3.20A, and cytokine positive populations were defined 

according to the gating strategy in figure 4.3.20B. Peripheral neutrophil 

levels in both male and female mice demonstrated relative stability 

between weeks 1 – 7, though between weeks 8 – 12 percentage of 

peripheral neutrophils in both male and female heavy-smoker mice were 

shown to be slightly higher than those of never-smoker and light-smoker 

mice (figure 4.3.20C and figure 4.3.21A). Cytokine positive populations 

followed a similar trend to that observed for macrophages, with 

percentage of IFN-γ+ neutrophils increasing after week 4 of exposure in 

all groups and remaining at relatively consistent levels for the duration of 

Figure 4.3.19:- Percentage of macrophages and cytokine positive 

macrophages in peripheral blood of female C57BL/6J mice during 12 weeks of 

CSE exposure. Graphs show the total percentage of CD11b+I-A/I-

E+CD80+CD86+CD163+ macrophages (A) and percentage production of IFN-γ (B), IL-

6 (C), IL-17A (D) and TNFα (E) by macrophages. Data shown as a percentage of total 

peripheral immune cells (A) or as a percentage of total peripheral macrophages (B - E). 

(n = 4; event count range = 0 – 64) 
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the exposure period (figure 4.3.20D and figure 4.3.21B). IL-6 followed a 

similar trend, with an increase in the percentage of IL-6+ cells after week 

4, though this expression decreased until week 9, after which a second 

increase was observed (figure 4.3.20E and figure 4.3.21C). IL-17A+ 

neutrophils were highest in the early stages of the study irrespective of 

CSE dose (weeks 1 – 4) and decreased between weeks 5 – 6, after which 

a small increase in population was observed between weeks 7 – 9 (figure 

4.3.20F and figure 4.3.21D). Similarly, TNF-α+ neutrophils displayed no 

trends related to CSE dose exposure, and highest populations were 

observed at both the first week and between weeks 4 – 8 (figure 4.3.20G 

and figure 4.3.21E). It was therefore concluded that CSE did not appear 

to impact cytokine expression by neutrophils, though chronic exposure to 

3% CSE appeared to have a small impact on overall peripheral numbers 

of neutrophils. 
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Figure 4.3.20:- Percentage of neutrophils and cytokine positive neutrophils 

in peripheral blood of male C57BL/6J mice during 12 weeks of CSE exposure. 

Gating strategy is shown in A and B. Graphs show the total percentage of CD11b+Gr-

1hi neutrophils (C) and percentage production of IFN-γ (D), IL-6 (E), IL-17A (F) and 

TNFα (G) by neutrophils. Data shown as a percentage of total peripheral immune cells 

(C) or as a percentage of total peripheral neutrophils (D - G). (n = 3 -– 4; event count 

range = 0 – 2023) 
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4.3.7. MONOCYTES 

Monocytes were defined according to the gating strategy specified 

in figure 4.3.22A, and cytokine positive populations were further 

determined using the gating strategy in figure 4.3.22B. Numbers of total 

peripheral monocytes fluctuated in both male and female mice over the 

12-week exposure period, with no distinguishable differences between 

CSE dose groups (figure 4.3.22C and figure 4.3.23A). Cytokine positive 

populations demonstrated similar trends to those observed for 

neutrophils, though positive populations appeared to be less stable by 

comparison. IFN-γ+ monocytes were shown to be somewhat increased 

during the acute exposure stage (weeks 1 – 4) and was then consistently 

substantially increased between weeks 6 – 12 (figure 4.3.22D and figure 

4.3.23B) in all groups. Minimal to no IL-6+ monocytes were observed in 

Figure 4.3.21:- Percentage of neutrophils and cytokine positive neutrophils 

in peripheral blood of female C57BL/6J mice during 12 weeks of CSE exposure. 

Graphs show the total percentage of CD11b+Gr-1hi neutrophils (A) and percentage 

production of IFN-γ (B), IL-6 (C), IL-17A (D) and TNFα (E) by neutrophils. Data shown 

as a percentage of total peripheral immune cells (A) or as a percentage of total 

peripheral neutrophils (B - E). (n = 4; event count range = 0 – 2063) 
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both male and female mice between weeks 1 – 7, which was followed by 

a slight increase in the numbers of monocytes expressing IL-6 between 

weeks 8 – 12 (figure 4.3.22E and figure 4.3.23C). IL-17A displayed highly 

varied expression in monocytes during the acute exposure stages, 

though showed a slight consistent increase in expression between weeks 

6 – 12 (figure 4.3.22F and figure 4.3.23D). TNF-α+ monocytes were 

shown to be consistently low across the 12-week period, with no 

differences observed between males and females or between dose 

groups (figure 4.3.22G and figure 4.3.23E). CSE dose did not appear to 

have any effects on cytokine expression by monocytes, nor did it impact 

the total percentage of peripheral monocytes. 
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Figure 4.3.22:- Percentage of monocytes and cytokine positive monocytes 

in peripheral blood of male C57BL/6J mice during 12 weeks of CSE exposure. 

Gating strategy is shown in A and B. Graphs show the total percentage of CD11b+Gr-

1med monocytes (C) and percentage production of IFN-γ (D), IL-6 (E), IL-17A (F) and 

TNFα (G) by monocytes. Data shown as a percentage of total peripheral immune cells 

(C) or as a percentage of total peripheral monocytes (D - G). (n = 3 -– 4; event count 

range = 0 – 392) 
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4.3.8. DENDRITIC CELLS 

DCs were defined according to the gating strategy specified in 

figure 4.3.24A, and cytokine positive populations were defined according 

to the gating strategy in figure 4.3.24B. In both male and female mice, 

numbers of circulating DCs remained at similar levels between weeks 1 

– 10 before rapidly declining in abundance at weeks 11 and 12 (figure 

4.3.24C and figure 4.3.25A). Low numbers of cytokine-positive DCs were 

observed, and most demonstrated the highest numbers during the acute 

exposure period. IFN-γ+ DCs were most frequent during weeks 1 – 5 in 

both male and female mice, with minimal populations observed for the 

remainder of the exposure period (figure 4.3.24D and figure 4.3.25B). IL-

6+ DCs did not appear to be present, or were present at low levels 

between weeks 1 – 9 before a sudden increase in numbers at week 10 

Figure 4.3.23:- Percentage of monocytes and cytokine positive monocytes 

in peripheral blood of female C57BL/6J mice during 12 weeks of CSE exposure. 

Graphs show the total percentage of CD11b+Gr-1med monocytes (A) and percentage 

production of IFN-γ (B), IL-6 (C), IL-17A (D) and TNFα (E) by monocytes. Data shown 

as a percentage of total peripheral immune cells (A) or as a percentage of total 

peripheral monocytes (B - E). (n = 4; event count range = 0 – 478) 
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and again at week 12, this was more pronounced in heavy-smoker males 

(figure 4.3.24E) in comparison to all female dose groups (figure 4.3.25C). 

Expression of IL-17A by DCs appeared to gradually decrease between 

weeks 1 – 5, before slightly increasing over the remaining exposure 

period (figure 4.3.24F and figure 4.3.25D). TNF-α+ DCs did not appear 

to demonstrate any particular trends between weeks 1 – 11, showing 

minimal to no presence across all groups, however a sharp increase in 

TNF-α+ DCs was observed in never-smoker males (figure 4.3.234) and 

heavy-smoker females (figure 4.3.25E) at week 12. This data 

demonstrates that CSE exposure does not appear to have any impact on 

peripheral DCs, as total peripheral numbers did not appear to be 

impacted until weeks 11 and 12 of exposure and cytokine expression was 

consistently low across the 12-week exposure period. 
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Figure 4.3.24:- Percentage of dendritic cells and cytokine positive dendritic 

cells in peripheral blood of male C57BL/6J mice during 12 weeks of CSE 

exposure. Gating strategy is shown in A and B. Graphs show the total percentage of 

CD11b-I-A/I-E+CD38+CCR7+ dendritic cells (C) and percentage production of IFN-γ 

(D), IL-6 (E), IL-17A (F) and TNFα (G) by dendritic cells. Data shown as a percentage 

of total peripheral immune cells (C) or as a percentage of total peripheral dendritic cells 

(D - G). (n = 3 -– 4; event count range = 0 – 2743) 
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4.3.9. B CELLS 

B cells were defined according to the gating strategy specified in 

figure 4.3.26A, and cytokine positive populations were further defined 

according to the strategy in figure 4.3.26B. In both male and female mice, 

B cells were consistently observed to be the most abundant cell type in 

the periphery, with numbers drastically increasing after week 10 (figure 

4.3.26C and figure 4.3.27A). For male mice, peripheral B cells were more 

abundant in the heavy-smoker group in comparison to the never-smoker 

group across the majority of the exposure period (figure 4.3.26C), though 

this trend was only observed for female mice during the acute exposure 

period between weeks 1 – 4 (figure 4.3.27A). Similar to DCs, cytokine 

expression by B cells was low. IFN-γ+ B cells were highest during the 

acute exposure phase, with heavy-smoker male B cells expressing 

Figure 4.3.25:- Percentage of dendritic cells and cytokine positive dendritic 

cells in peripheral blood of female C57BL/6J mice during 12 weeks of CSE 

exposure. Graphs show the total percentage of CD11b-I-A/I-E+CD38+CCR7+ dendritic 

cells (A) and percentage production of IFN-γ (B), IL-6 (C), IL-17A (D) and TNFα (E) by 

dendritic cells. Data shown as a percentage of total peripheral immune cells (A) or as a 

percentage of total peripheral dendritic cells (B - E). (n = 4; event count range = 0 – 

1975) 
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higher levels of IFN-γ compared to never-smoker males (figure 4.3.26D), 

though no differences between dose groups was observed for females 

(figure 4.3.27B). IL-6+ B cells were not observed until week 10 in both 

male and female mice, though the numbers of B cells expressing IL-6 

was consistently low (figure 4.3.26E and figure 4.3.27C). Expression of 

IL-17A by B cells remained relatively consistent across the 12-week 

exposure period for male mice (figure 4.3.26F), though in females a 

potential acute increase of IL-17A+ B cells was observed between weeks 

1 – 5, followed by a second increase between weeks 7 – 8 (figure 

4.3.27D), but this was not dependent on CSE dose. Although expressed 

by a low percentage of B cells, numbers of TNF-α-positive B cells 

appeared to increase following week 6 of the exposure period, with this 

trend being more pronounced in heavy-smoker males in comparison to 

never-smoker males (figure 4.3.26G), though for females the heavy-

smoker group appeared to have a lower abundance of TNF-α+ B cells in 

comparison to the never-smoker group (figure 4.3.27E). This suggests 

that B cells may contribute towards increased TNF-α levels in the blood, 

though this may be a result of ageing as no differences were observed 

based on sex or CSE dose. 
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Figure 4.3.26:- Percentage of B cells and cytokine positive B cells in 

peripheral blood of male C57BL/6J mice during 12 weeks of CSE exposure. Gating 

strategy is shown in A and B. Graphs show the total percentage of CD11b-I-A/I-

E+CD38+CCR7- B cells (C) and percentage production of IFN-γ (D), IL-6 (E), IL-17A 

(F) and TNFα (G) by B cells. Data shown as a percentage of total peripheral immune 

cells (C) or as a percentage of total peripheral B cells (D - G). (n = 3 -– 4; event count 

range = 0 – 4819) 
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4.3.10. CLUSTERING ANALYSIS 

Clustering analysis was performed as a means to identify immune 

cell populations, or “clusters”, utilising an unbiased methodology. Single 

viable CD45+ immune cells were first gated and data from all 12 weeks 

was concatenated with equal sampling measures (n = 3 with 48 events 

per sample). FlowSOM analysis was first performed which identified 8 

unique meta-clusters which were then presented on a tSNE plot. From 

these clusters, the percentage distribution of each cluster between 

variables including sex, CSE dose, week sample was taken and disease 

group (e.g. never-smoker male/never-smoker female, light-smoker 

male/light-smoker female or heavy-smoker male/heavy-smoker female) 

was determined. Markers expressed by each meta-cluster were also 

examined to determine the possible cell type identified within each 

cluster. All markers (excluding CD45 and ZOMBIE-NIR) were included in 

Figure 4.3.27:- Percentage of B cells and cytokine positive B cells in 

peripheral blood of female C57BL/6J mice during 12 weeks of CSE exposure. 

Graphs show the total percentage of CD11b-I-A/I-E+CD38+CCR7- B cells (A) and 

percentage production of IFN-γ (B), IL-6 (C), IL-17A (D) and TNFα (E) by B cells. Data 

shown as a percentage of total peripheral immune cells (A) or as a percentage of total 

peripheral B cells (B - E). (n = 4; event count range = 0 – 5791) 
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the analysis, and RORγt was also later excluded due to nonspecific 

staining impacting meta-cluster differentiation and identification. 

Amongst the clusters identified, cluster 3 comprised the largest 

number of cells (figure 4.3.28A). This cluster was shown to highly express 

I-A/I-E and CD38, in addition to some expression of CCR7 (figure 

4.3.28B). The cluster was therefore identified as likely containing a 

combination of both B cells and DCs, which correlated to the findings 

from conventional gating strategies demonstrating B cells and DCs to be 

amongst the most abundant cell types in the periphery. 

 

Figure 4.3.28:- Cluster location and marker expression by Cluster 3. 

Diagrams show FlowSOM cluster by % of events (A.i) and FlowSOM cluster location 

(A.ii). Relative expression of markers within the cluster is shown in B.  (n = 3; total events 

analysed per sample = 48) 
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The second largest cluster, cluster 6, was shown to highly express 

CD4 in addition to CD3 and CCR7, thus identifying this cluster as 

containing CD4+ T cells (figure 4.3.29). 

 

Interestingly, the smallest cluster, cluster 7, expressed the highest 

amount of CD4 and was also shown to highly express CD3, CD25 and 

CCR7 (figure 4.3.30). Although it was suspected that this cluster 

contained Tregs, since CD69 was negatively expressed in this cluster, 

proinflammatory cytokines such as IFN-γ, TNF-α and IL-6 were shown to 

be highly expressed, in addition to the NK cell marker CD49b (figure 

4.3.30B). It was therefore concluded that this cluster potentially contained 

Figure 4.3.29:- Cluster location and marker expression by Cluster 6. 

Diagrams show FlowSOM cluster by % of events (A.i) and FlowSOM cluster location 

(A.ii). Relative expression of markers within the cluster is shown in B.  (n = 3; total events 

analysed per sample = 48) 
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a combination of activated CD4+ T cells, Tregs or CD4+ NKT cells, as 

Tregs are immunosuppressive in nature and expression of 

proinflammatory cytokines in this cluster was contradictory to Treg 

biology. 

 

Cluster 8 highly expressed CD8 in addition to CD3 and CCR7, and 

was therefore identified as containing CD8+ T cells (figure 4.3.31). 

  

Figure 4.3.30:- Cluster location and marker expression by Cluster 7. 

Diagrams show FlowSOM cluster by % of events (A.i) and FlowSOM cluster location 

(A.ii, circled). Relative expression of markers within the cluster is shown in B.  (n = 3; 

total events analysed per sample = 48) 
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Cluster 4 was speculated to contain monocytes, as CD11b was 

highly expressed and Ly6G/Ly6C was expressed in a moderate amount 

compared to other clusters, which either highly expressed Ly6G/Ly6C or 

did not express Ly6G/Ly6C (figure 4.3.32). This cluster was also shown 

to moderately express CCR7 and IFN-γ, and interestingly this cluster 

comprised a larger proportion of total immune cells in comparison to 

those observed from conventional gating strategies. Cluster 1 and cluster 

4 were shown to have similar expression profiles, both highly expressing 

Ly6G/Ly6C and CD11b (figure 4.3.32 and figure 4.3.33). However, both 

clusters demonstrated different cytokine expression profiles, with cluster 

Figure 4.3.31:- Cluster location and marker expression by Cluster 8. 

Diagrams show FlowSOM cluster by % of events (A.i) and FlowSOM cluster location 

(A.ii). Relative expression of markers within the cluster is shown in B.  (n = 3; total events 

analysed per sample = 48) 
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1 expressing moderate amounts of IFN-γ and IL-6, whilst cluster 4 

displayed moderate expression of TNF-α. Interestingly, cluster 4 showed 

an increased expression of CD8 and a slightly increased expression of 

F4/80, which would indicate a potential macrophage-like cell. Both 

clusters expressed costimulatory markers CD80 and CD86, though 

levels were slightly lower in cluster 1. Based on the markers expressed 

by these clusters, it was concluded that cluster 1 likely contained 

neutrophils and cluster 4 contained a mixture of macrophages and other 

granulocytic cells such as eosinophils, which may also express CD11b, 

F4/80 and Ly6G/Ly6C. 

 

Figure 4.3.32:- Cluster location and marker expression by Cluster 4. 

Diagrams show FlowSOM cluster by % of events (A.i) and FlowSOM cluster location 

(A.ii). Relative expression of markers within the cluster is shown in B.  (n = 3; total events 

analysed per sample = 48) 
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The final cluster, cluster 5, displayed the most diverse array of 

markers expressed, including CCR7, CD8, CD80, CD86, IL-17A, 

Ly6G/Ly6C and CD11b (figure 4.3.34). This cluster expressed the 

highest amount of F4/80 in comparison to all other clusters, and given 

the wide variety and types of markers expressed it was concluded that 

this cluster likely contained macrophages. Therefore, based on this 

analysis we were able to provide evidence for the ability to differentiate 

multiple different cell types and populations using our flow cytometry 

panel in an unbiased format. 

 

 

Figure 4.3.33:- Cluster location and marker expression by Cluster 1. 

Diagrams show FlowSOM cluster by % of events (A.i) and FlowSOM cluster location 

(A.ii). Relative expression of markers within the cluster is shown in B.  (n = 3; total events 

analysed per sample = 48) 
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Following the identification of possible cell types contained within 

each cluster, cluster distribution between study variables was examined. 

The impact of sex on cluster distribution was first examined, though no 

significant differences were identified by way of 2way ANOVA (figure 

4.3.35). All clusters appeared to have equal distribution between sexes, 

though cluster 4 (macrophages/eosinophils/other unidentified 

granulocytes) appeared to slightly more prevalent in females than males 

and cluster 6 (CD4+ T cells) were slightly more prevalent in males than 

females, though neither of these observations were statistically 

significant (figure 4.3.35E). Overall, this analysis demonstrates that sex 

Figure 4.3.34:- Cluster location and marker expression by Cluster 5. 

Diagrams show FlowSOM cluster by % of events (A.i) and FlowSOM cluster location 

(A.ii). Relative expression of markers within the cluster is shown in B.  (n = 3; total events 

analysed per sample = 48) 
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does not appear to impact the distribution and proportions of immune cell 

types in peripheral whole blood.  

 

Clusters were then further analysed to determine distribution by 

smoking status (CSE dose, e.g. 0%, 1% or 3% CSE). Similar to sex 

distribution, no statistical significances between cluster distribution and 

smoking status were detected by 2way ANOVA (figure 4.3.36). The 

majority of clusters appeared to be equally distributed, though cluster 5 

(macrophages) was shown to be slightly increased in the light-smoker 

Figure 4.3.35:- Total Immune Cell Clustering Analysis by sex. Diagrams show 

FlowSOM clusters from CSE exposed mice (A) and FlowSOM clusters by % of events 

(B), heatmap of clusters by marker expression (C), percentage of cluster occupied by 

male or female mice (D) and differences between clusters of male and female mice (E). 

No statistical significances were detected by way of 2way ANOVA analysis with p = < 

0.05. (n = 3; total events analysed per sample = 48) 
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groups in comparison to the never-smoker and heavy-smoker groups, 

and cluster 7 (activated CD4+ T cells/Tregs/NKT cells) was highest in the 

never-smoker group (figure 4.3.36E). Although neither of these 

observations were statistically significant, the higher distribution of cluster 

7 in the never-smoker groups suggests that this combination of cells is 

negatively impacted by CSE. 

 

 

Figure 4.3.36:- Total Immune Cell Clustering Analysis by smoking status. 

Diagrams show FlowSOM clusters from CSE exposed mice (A) and FlowSOM clusters 

by % of events (B), heatmap of clusters by marker expression (C), percentage of cluster 

occupied by never-smoker, light-smoker or heavy-smoker groups (D) and differences 

between clusters of never-smoker, light-smoker and heavy-smoker groups (E). No 

statistical significances were detected by way of 2way ANOVA analysis with p = < 0.05. 

(n = 3; total events analysed per sample = 48) 
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To determine the impact of time on cell profiles, cluster distribution 

was analysed by the week that each sample was taken. Since only small 

changes were detected on a weekly basis according to conventional 

gating strategies, cluster distribution was determined only for weeks 1, 4, 

8 and 12. This would allow for better detection of changes between 

baseline (week 1), acute exposure (week 4), chronic exposure (week 8) 

and endpoint (week 12). As shown in figure 4.3.37D, whilst clusters 2, 3, 

4 and 6 showed relatively equal distribution between the four timepoints, 

clusters 1, 5, 7 and 8 demonstrated skewed distribution depending on 

sample timepoint. Cluster 1 (neutrophils) showed the highest distribution 

at chronic exposure and endpoint, with no populations found at baseline 

and minimal at acute exposure (figure 4.3.37E). Conversely, cluster 5 

(macrophages) distribution was shown to decrease over time, with the 

highest distribution found at acute exposure and none found at endpoint 

(figure 4.3.37E). This could not only suggest the possibility of 

macrophage migration from the periphery into inflamed sites, but also 

suggest a negative correlation between the cell types found in cluster 1 

and cluster 5. Cluster 7 (activated CD4+ T cells/Tregs/NKT cells) was 

found in highest abundance at baseline, with no populations found at 

either chronic exposure or endpoint (figure 4.3.37E). Finally, differences 

in cluster 8 (CD8+ T cells) distribution were small, however as the 

timepoint increased the percentage distribution decreased, with endpoint 

showing the smallest distribution (figure 4.3.37E). However, as this 

differentiation does not account for either CSE dose or sex, it cannot be 

concluded that sex or CSE by itself is a contributing factor to any of these 

trends observed and there may be other extraneous variables that impact 

this data. 
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Although no significant differences in cluster distribution was 

determined between either sex or smoking status, cluster distribution was 

further analysed by disease group. This was to determine if both sex in 

combination with CSE dose would alter cluster distribution. As shown in 

figure 4.3.38D, the majority of clusters showed equal distribution between 

disease groups, though small differences in distribution in cluster 4, 

cluster 5 and cluster 7 were observed. For example, cluster 4 

(macrophages/eosinophils/unidentified granulocytes) was shown to have 

the highest distribution in never-smoker males (figure 4.3.38E). 

Figure 4.3.37:- Total Immune Cell Clustering Analysis by week. Diagrams 

show FlowSOM clusters from CSE exposed mice (A) and FlowSOM clusters by % of 

events (B), heatmap of clusters by marker expression (C), percentage of cluster 

occupied by data from week 1, 4, 8 or 12 (D) and differences between clusters of data 

from week 1, 4, 8 and 12 (E). Data in D and E is shown as a percentage of total pooled 

data from weeks 1, 4, 8 and 12. No statistical significances were detected by way of 

2way ANOVA analysis with p = < 0.05. (n = 3; total events analysed per sample = 48) 
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Additionally, cluster 5 (macrophages) was shown to have the lowest 

distributions in both never-smoker males and heavy-smoker females. 

Finally, cluster 7 (activated CD4+ T cells/Tregs/NKT cells) had the lowest 

distribution in light-smoker females and heavy-smoker males (figure 

4.3.38E). Despite this, no significant differences were detected by 2way 

ANOVA, and these changes in distribution did not appear to follow any 

particular trend. It was therefore concluded that CSE exposure did not 

appear to have significant impact on immune cell profiles in peripheral 

blood, as all changes observed did not yield statistical significance and 

any changes seen were only marginal. Nonetheless, as both 

conventional gating and clustering analysis displayed similar population 

profiles and trends across CSE groups and sexes, these findings 

demonstrate the reliability of our flow panel to identify immune cell types 

and their effector functions. 
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4.4. DISCUSSION 

Peripheral mechanisms of COPD are critical in the understanding 

of immunoregulation and migration of cells into the pulmonary spaces. 

Immune cells are typically more abundant in specific areas within the 

body, such as neutrophils being typically found in circulation and 

macrophages typically found in tissues. Furthermore, adaptive immune 

cells, such as T cells and B cells mature and differentiate within the 

Figure 4.3.38:- Total Immune Cell Clustering Analysis by disease group. 

Diagrams show FlowSOM clusters from CSE exposed mice (A) and FlowSOM clusters 

by % of events (B), heatmap of clusters by marker expression (C), percentage of cluster 

occupied by never-smoker male, never-smoker female, light-smoker male, light-smoker 

female, heavy-smoker male or heavy-smoker female mice (D) and differences between 

clusters of never-smoker male, never-smoker female, light-smoker male, light-smoker 

female, heavy-smoker male and heavy-smoker female mice (E). No statistical 

significances were detected by way of 2way ANOVA analysis with p = < 0.05. (n = 3; 

total events analysed per sample = 48) 
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lymphatic system, which includes the thymus, bone marrow and lymph 

nodes. Differentiation and maturation of adaptive immune cells is 

typically driven by APCs, which migrate from areas of inflammation to 

secondary lymphoid organs. Once T and B cells are activated and 

become effector cells, they leave the secondary lymphoid organs and 

enter the blood.  Thus, activation of the immune system is highly 

dependent on the circulatory system, as this is often one of the swiftest 

ways for cells to be transported in order to carry out their effector 

functions. Therefore, examining alterations to immune cell profiles in the 

periphery can provide insight into the onset and progression of 

inflammatory diseases such as COPD. 

Previous studies in both humans and mice have demonstrated that 

cytotoxic immune cells play a significant role in both COPD pathogenesis 

and in AECOPD. In the periphery, CD8+ T cells display diminished 

cytotoxic function as demonstrated by decreased expression of 

granzyme B and perforin, and although total numbers of peripheral CD8+ 

T cells were not different between healthy participants, smokers and 

COPD patients, an increased proportion of CD4+ T cells to CD8+ T cells 

in smokers and COPD patients was reported [190]. These findings are 

similar to those observed in our model system, as in both male and 

female mice the proportion of CD4+ T cells to CD8+ T cells increased over 

the exposure period, though this was observed across all dose groups 

and not specific to light-smoker or heavy-smoker groups (figure 4.3.6). It 

is hypothesised that imbalance in CD4+/CD8+ T cells is a result of CD8+ 

T cell migration into the airways and pulmonary spaces, where an 

increased cytotoxic function is widely reported [191, 204]. As such, 

investigating expression of trafficking and migration markers by cell types 

widely reported in the pulmonary spaces of COPD patients may provide 

further insight into peripheral mechanisms of COPD or effects of CSE on 

the peripheral immune system, and may show noticeable differences 

between healthy vs COPD samples. 

Across all cell types, there did not appear to be any noticeable 

differences in cytokine expression in relation to CSE dose. Despite this, 
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our findings demonstrated that IL-17A+ CD8+ T cells were more 

abundant than IL-17A+ CD4+ T cells, implicating them as a large 

contributor to sources of peripheral IL-17A (figure 4.3.7 – figure 4.3.10). 

Although no differences between dose groups were observed for this 

trend, studies suggest that CD8+ T cell-derived IL-17A contributes 

towards immune pathology in a number of inflammatory diseases, 

including COPD [393]. Low percentage cytokine producing B cells was 

also noted, though this was considered typical given that B cells are 

typically involved in humoral immune responses and do not typically 

produce cytokines to the same degree as other immune cells (figure 

4.3.26 and figure 4.3.27). Nonetheless, it has been shown that cytokine 

production by B cells is heavily influenced by their immune 

microenvironment, which can drive the differentiation of B cells into 

subtypes which have a multitude of effects on other cells of the immune 

system [394]. Although we demonstrated that B cells in the periphery did 

not appear to express cytokines regardless of CSE dose, this may be 

different in the pulmonary spaces, and identifying the differences 

between B cell subtypes in the periphery and pulmonary spaces may 

provide further insight into the contributions of B cells to COPD 

pathophysiology. 

Recent clustering analysis performed on human peripheral blood 

for a number of respiratory diseases has further provided insight into 

differences in distribution of peripheral immune cells, and identified areas 

for further analysis [395]. In this study, the predominant cell type found in 

the periphery of both COPD and AECOPD patients were neutrophils, 

closely followed by monocytes for COPD patients [395]. These findings 

do not appear to reflect the findings of our own clustering analysis, as it 

was suggested that B cells and DCs comprised the largest number of 

peripheral cells in mice (figure 4.3.28). However, it is important to note 

that the panel used for deep phenotyping in the aforementioned study is 

far more comprehensive than the one developed for our mouse model, 

and our data is taken over a 12-week period as opposed to a single 

timepoint. Additionally, while it is not specified in the study, it is likely that 
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a larger quantity of blood was taken from participants, thus allowing in a 

greater number of events to be analysed by comparison to our study. 

Although no statistical differences were observed between groups for all 

cell types and their effector functions, our data nonetheless demonstrates 

the ability of our flow cytometry panel to isolate and characterise a broad 

range of immune cell types. Clustering analysis demonstrated that 

markers were distinct enough to identify and isolate associated clusters 

with enough distinction to logically suggest the immune cell types 

contained within each cluster. Due to the low cell numbers and small 

group size, identifying trends and statistical differences over time and 

between groups was not possible, particularly when conventional gating 

strategies were used. Low cell numbers could be attributed to the 

limitations of blood sampling, as LASA guidelines for microsampling limit 

the amount of peripheral blood taken from a single animal to <10% total 

body volume (TBV) on a single instance in addition to <15% TBV over a 

28-day period. In mice, this roughly equates to 140 μL on a single 

instance, or 210 μL over a 28-day period. As such, we were limited to 

taking a maximum of 20 μL of whole blood per week, as concerns were 

raised regarding adverse welfare effects if higher volumes were taken 

particularly in the case of possible compromised respiratory function. 

This therefore resulted in low cell numbers available for analysis. 

Given that minimal differences were observed on a weekly basis in 

immune cell profiles, it may therefore be more pragmatic to take 

peripheral blood samples on a monthly basis. This would allow for an 

increased volume of blood to be taken in a given sample, and therefore 

result in an increased number of cells available for analysis which may 

lead to more noticeable trends or identification of statistical differences. 

Nonetheless, this data demonstrates that chronic exposure to CSE does 

not elicit adverse welfare effects, and C57BL/6J mice show consistent 

tolerance to repeated CSE exposure and anaesthesia, though analysis 

of pulmonary effects of CSE are necessary to confirm the presence of a 

COPD phenotype in order to conclude that the model system mimics 

human disease. 
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CHAPTER 5 – PULMONARY EFFECTS OF CSE 

EXPOSURE 

5.1. INTRODUCTION 

Alterations to the pulmonary environment are known to drive the 

pathogenesis and persistence of COPD and ultimately lead to significant 

respiratory complications, including shortness of breath, chronic cough 

and frequent infections. These presentations are frequently exacerbated 

in AECOPD and often require hospitalisation and treatment, which 

comprises the largest COPD-related global economic and healthcare 

burden [64]. As such, determining how these changes may contribute 

towards COPD pathology is paramount to disease understanding, 

allowing for the potential identification of novel targets for treatments 

which may reduce global burden. 

Although the genetic mechanisms of COPD are poorly understood, 

GWAS studies have frequently identified a variety of genes in the lungs 

as compounding factors in COPD pathogenesis, either through changes 

in expression or as a result of genetic variants. A1AT deficiency is the 

most highly characterised genetic association of COPD and is shown to 

result in increased airway remodelling due to reduced inhibition of ECM-

degrading proteases [135, 396]. Whilst this association is supported by a 

wealth of evidence, other genetic associations are speculative at best. 

For example, it has long been considered that the NLRP3 inflammasome 

contributes towards COPD pathogenesis through the production of IL-1-

like cytokines, though clinical data demonstrates that indirect inhibition of 

the inflammasome signalling pathway has no effect on pathophysiology 

[397]. Conversely, other mechanisms suggest either damaging or 

protective roles in COPD, though strong associations have yet to be 

made. This is evidenced by increased expression of CRP having a 

greater association with mortality [398], whilst knockout of NRF2 results 

in increased susceptibility to COPD through dysregulation of 

inflammation, protease/anti-protease balance and reactive oxygen 

species [399]. As such, understanding genetic changes in response to 
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CS exposure in the lungs is critical, as many genes associated with 

COPD are often involved in either the onset or resolution of inflammation, 

particularly in regard to the recruitment of immune cells and airway 

remodelling. 

Neutrophils are granulocytes typically found in peripheral blood, but 

are recruited to sites of infection or inflammation during the acute stages 

of the inflammatory response. Pulmonary neutrophilia is a widely 

reported phenotypic presentation of COPD in both humans and mice, and 

is known to drive the persistence of an inflammatory microenvironment 

within the lungs [182, 323, 400]. In particular, an increased presence of 

neutrophils and neutrophilic activation in the sputum and BALF of COPD 

patients is positively correlated to disease severity and increased risk of 

AECOPD [401]. Neutrophilic recruitment is driven by a number of 

immune mechanisms, including proinflammatory cytokines such as TNF-

α, which are detected by neutrophils by cell surface receptors such as 

CXCR1 and CXCR2. Studies have shown that such receptors are often 

highly expressed in COPD patients, thus leading to increased migration 

to sites of inflammation [402]. Much like neutrophils, mast cells are 

granulocytes though are typically associated with allergic responses and 

asthma pathophysiology. Since asthma and COPD have many 

overlapping phenotypes and pathophysiological presentations, mast 

cells and their recruitment to the airways have long been speculated to 

have a role in COPD pathogenesis, but this research is severely limited 

[259, 260, 403]. Persistent recruitment of immune cells such as 

neutrophils into the pulmonary spaces can lead to tissue damage and 

airway remodelling, often demonstrated by increased presence of scar 

tissue and alveolar destruction [163]. These changes in lung structure, 

particularly to the small airways such as alveoli, are often associated with 

decreased lung function [152]. 

Following 12 weeks of CSE exposure, we dissected the lungs from 

each mouse in our COPD study to perform genetic and histological 

analysis of immune pathways and morphometry. RT-qPCR was 

performed on the right inferior lung lobe to assess the impact of both CSE 
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dose and sex on expression of genes from inflammasome signalling, TLR 

signalling and IL6R signalling pathways, in addition to genes encoding 

MMPs and other inflammatory/anti-inflammatory proteins. Toluidine blue 

staining was performed on fixed sections and the remaining whole lungs 

and trachea was used to examine mast cell infiltration and activation. 

H&E staining was also performed to examine evidence of pulmonary 

neutrophilia and airway remodelling in both large and small airways. For 

small airways, the degree of morphometric changes was assessed by 

mean linear intercept (MLI) to determine alveolar destruction. The 

resulting data was further interrogated through statistical analysis to 

identify the impact of both CSE dose and sex on outcomes. 

 

5.2. METHODS 

5.2.1. MURINE MODEL 

5.2.1.1. S1 cull and dissection 

Full methodology for murine model work can be found in section 

2.2.1. Methods – Murine COPD Model. Briefly, following 12 weeks of 

CSE exposure, mice were culled by IP overdose of dolethal. After loss of 

pedal withdrawal reflex, detectible heartbeat and permanent cessation of 

respiration, death was confirmed via laceration of the femoral artery 

(cessation of blood circulation). Following confirmation of death, the 

lungs and other tissues of interest were excised. The right inferior lung 

lobe was frozen at -80°C for RNA isolation and RT-qPCR, whilst the 

remainder of the lungs was fixed for histological analysis. 

 

5.2.2. RT-QPCR 

5.2.2.1. RNA isolation and reverse transcription 

Full methods for RT-qPCR can be found in section 2.2.4. Methods 

– RT-qPCR. In brief, RNA was extracted from the right inferior lung lobe 

of mice using a Qiagen RNeasy mini kit according to the manufacturer’s 

protocol in addition to an optional on-column DNase digest step using a 
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Qiagen RNase-free DNase set. RNA concentrations and purity were 

determined using a NanoDrop spectrophotometer. 

For reverse transcription, 1 μg RNA was used for optimal cDNA 

synthesis. A TaqMan Reverse Transcription kit was used to generate 

cDNA in addition to controls (no reverse transcriptase (NRT) and no 

template control (NTC)). Samples containing reaction mixture were 

placed into a thermocycler to allow reverse transcription to take place, 

after which resulting cDNA was diluted to 5 ng and stored at -20°C until 

use. 

 

5.2.2.2. Polymerase chain reaction 

PCRs were performed in triplicate in 96-well PCR plates using a 

master mix of SYBR green reagents and FWD/REV primer mixes. Plates 

were sealed with an optical adhesive seal after addition of cDNA and run 

on an ABI Fast 7500 qPCR machine using a standard protocol for SYBR 

green reagents in a 10 μL volume reaction. Resulting ΔCt values were 

then exported for analysis of relative gene expression. 

 

5.2.2.3. Calculation of relative gene expression 

Relative gene expression was calculated using the ΔΔCt method 

(see section 2.2.4.6. Methods – Calculation of relative gene expression). 

Calibrator wells were assigned as A12, B1 and B2, and RefFinder was 

used to identify the most stable housekeeping genes for normalisation. 

Tuba1 and SDHA were selected for normalisation factor based on 

RefFinder results, and relative gene expression was calculated using 

normalised genes and rescale means from control groups (one per sex). 

Data was then plotted in GraphPad Prism and analysed by 2way ANOVA. 
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5.2.3. HISTOLOGY 

5.2.3.1. Tissue processing and microtomy 

Full methods for histology can be found in section 2.2.5. Methods – 

Histology. Briefly, dissected lungs were placed in 5 mL formalin overnight 

before being transferred to 70% EtOH. Tissues were then placed into 

cassettes and processed using a Leica TP1020 Tissue Processor 

overnight, after which tissues were embedded in paraffin wax using an 

embedding station. After wax blocks were solidified, 10 μm sections were 

cut using a microtome and three sections per slide were mounted and 

left to dry overnight, after which they were stored in a slide box until ready 

for staining. 

 

5.2.3.2. H&E staining 

For H&E staining, slides were deparaffinised and rehydrated before 

being washed in slow running water for 2 minutes. Slides were then 

stained with Harris haematoxylin for 5 minutes, after which they were 

washed and differentiated by submerging in 1% acid alcohol and Scott’s 

tap water. Slides were then placed into an eosin solution for 2 minutes, 

before being rinsed under running water and rehydrated. Slides were 

then mounted and left to dry overnight in preparation for imaging. 

 

5.2.3.3. Toluidine blue staining 

Consecutive sections from H&E staining were used for toluidine 

blue staining. Slides were deparaffinised and a 1% toluidine blue solution 

was added to each slide and left to stain for 2 minutes. Slides were then 

washed three times with dH2O and dehydrated before being mounted 

and left to dry overnight in preparation for imaging. 

 

5.2.3.4. Picrosirius red staining 

Consecutive sections from H&E and toluidine blue staining were 

used for picrosirius red staining. Slides were deparaffinised and 
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submerged in Weigert’s haematoxylin for 8 minutes, before being 

washed and submerged in picrosirius red solution for 1 hour. After 

staining, slides were washed twice with acidified water and dehydrated 

before being mounted and left to dry overnight in preparation for imaging. 

 

5.2.3.4.5.2.3.5. Image capture and analysis 

Slide images were captured at 20x objective using a Zeiss 

AxioScan 7 Slide Scanner and 200 x 200 μm or 500 x 500 μm regions of 

interest were exported from Zeiss ZenBlue software for analysis in 

ImageJ. Neutrophil cell counts were performed manually from images 

captured from the middle region of the left lung lobe. Mean linear 

intercept analysis was performed using five random regions containing 

only alveoli from across the left lung lobe, and measurements were taken 

using the mean linear intercept plugin for ImageJ. Average alveolus 

diameter was calculated from the resulting measurements and analysed 

by 2way ANOVA in Prism. 

 

5.3. RESULTS 

5.3.1. RNA PURITY FROM MURINE LUNG 

RNA quality is pivotal to ensuring the generation of cDNA and 

therefore RT-qPCR data is valid and can be replicated. Purity of RNA is 

measured by the 260/280 and 260/230 values, which provide an 

indication of potential contamination by organic compounds, such as 

proteins and phenol (260/280), or inorganic compounds, such as Trizol, 

guanidine HCl and guanidine thiocyanate (260/230). For RNA samples, 

a 260/280 value of 2.0 or higher is considered “pure”, whereas for 

260/230 the value should ideally be between 2.0 – 2.2. Following RNA 

isolation from the lungs, total RNA concentration and purity of each 

sample was assessed by NanoDrop spectrophotometer. As shown in 

table 5.3.1, all samples showed 260/280 values above 2.0, indicating all 

samples were free of contamination with organic compounds which may 

inhibit or affect the reverse transcription process to generate cDNA. For 
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many samples however, evidence of contamination with inorganic 

compounds was detected, with lower 260/230 values associated with an 

overall lower RNA concentration (table 5.3.1). Typically, such inorganic 

contamination is a result of carryover of reagents from the RNA extraction 

process. Given the fibrous nature of lung tissues, and the fact that the 

weight used for some extractions exceeded the recommended 30 mg, it 

is possible that the columns used for RNA extraction and for DNase 

digest were clogged. This would have caused less efficient extraction, 

resulting in lower RNA yield and increased likelihood of compound 

carryover from extraction. Whilst many samples could be considered 

impure as a result of 260/230 values, typically the 260/280 value provides 

the greatest indication of sample purity as these compounds would more 

typically interfere with the reverse transcription process [404]. It was 

therefore concluded that these samples would be suitable for cDNA 

generation and RT-qPCR analysis, despite possible contamination with 

inorganic compounds. 

 

Table 5.3.1:- RNA concentrations (ng/μL), 260/280 and 260/230 values from 

murine lungs following 12 weeks of CSE exposure. Abbreviations: NS – Never-

smoker; LS – Light-smoker; HS – Heavy-smoker; M or F indicates sex; number indicates 

individual within group. 

Sample ID 
RNA Conc 

(ng/μL) 
260/280 260/230 

NSM1 149.8 2.10 1.91 

NSM2 465.9 2.08 2.20 

NSM3 171.8 2.13 1.08 

NSF1 331.7 2.12 2.16 

NSF2 294.0 2.11 2.15 

NSF3 169.1 2.13 0.95 

NSF4 205.6 2.16 1.02 

LSM1 336.7 2.10 2.10 

LSM2 341.9 2.17 0.71 
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5.3.2. RELATIVE GENE EXPRESSION 

Relative gene expression was calculated by normalising genes to 

Tuba1 and SDHA housekeeping genes and using rescale means from 

control groups. To determine the impact of sex on changes in gene 

expression, disease groups were rescaled according to data obtained 

from the control group (i.e. no CSE) of the respective sex.  

To assess full gene expression profiles, heatmaps were generated 

to visualise overall gene expression across disease groups. In male mice, 

it was demonstrated that the majority of these genes were upregulated, 

with more pronounced differences in expression between the never-

smoker and light-smoker groups (figure 5.3.1A). This data possibly 

suggests a lower dose of CSE does not result in prominent immune 

dysfunction, as typically immunosuppressive genes are more highly 

expressed than inflammatory genes such as NLRP3, NOX2, TLR4 and 

IL6RA. Gene expression profiles in females displayed stark contrasts to 

LSM3 221.9 2.13 0.87 

LSM4 324.7 2.13 2.18 

LSF1 295.6 2.11 2.19 

LSF2 224.3 2.08 1.75 

LSF3 70.5 2.23 0.13 

LSF4 194.2 2.15 0.58 

HSM1 272.4 2.10 2.12 

HSM2 290.8 2.09 2.15 

HSM3 227.6 2.12 1.31 

HSM4 245.4 2.14 1.21 

HSF1 261.9 2.07 2.16 

HSF2 251.4 2.07 2.00 

HSF3 292.3 2.13 1.06 

HSF4 98.5 2.09 0.25 
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those observed in males, as the majority of genes analysed showed 

marked downregulation in the light-smoker and heavy-smoker groups in 

comparison to the never-smoker group (figure 5.3.2A). However, much 

like the trend observed in males, light-smoker females showed a more 

pronounced change in gene expression from never-smokers when 

compared to heavy-smokers. The overall profiles from heatmaps 

suggests that exposure to 1% CSE dampens both inflammatory and 

immunoregulatory gene expression, but does not have an effect on 

expression of PRRs and cytokine receptors such as TLR4 and IL6RA 

(figure 5.3.1A and 5.3.2A). In heavy-smoker mice, this profile is 

somewhat altered, as while most genes are downregulated, a few key 

inflammatory genes are highly upregulated. In particular, expression of 

MMP12 is increased almost 2-fold in female mice in comparison to the 

never-smoker group (figure 5.3.2A). 

For inflammasome signalling, data from female mice could not be 

obtained for NLRP3 due to low signal detection.  In males there was no 

significant changes in gene expression between disease groups (figure 

5.3.1B). Additionally, no statistical differences between disease groups 

were detected for NOX2 for both male and female mice, although a single 

outlier may have skewed data for the heavy-smoker female group (figure 

5.3.1C and 5.3.2B). No statistical significances as a result of sex were 

detected, suggesting neither CSE exposure nor sex impacts expression 

of genes in the inflammasome signalling pathway. 

Data for TLR2 could not be obtained for both males and females 

due to low signal detection. No significant differences in TLR4 (figure 

5.3.1D and 5.3.2C) or MyD88 (figure 5.3.1E and 5.3.2D) expression were 

observed between smoking groups or sexes. IL6RA expression did not 

show any sex or CSE-dependent differences, though it did appear that 

CSE differentially affected gene expression in a sex-specific manner 

(figure 5.3.1F and 5.3.1E). For MMP12, a significant difference between 

heavy-smoker males and heavy-smoker females was detected, with 

females showing an almost 2-fold increase in MMP12 expression (figure 

5.3.1G and 5.3.1F).
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Figure 5.3.1:- Relative gene expression and individual gene expressions in the right inferior lung lobe of male C57BL/6J mice following 12 

weeks of CSE exposure. Expression of genes between disease groups (light-smoker and heavy-smoker) were compared to a control group (never-smoker) 

to determine upregulation or downregulation of genes. Data plotted as a heat map (A), and individual genes expressions between male and females for 

NLRP3 (B), NOX2 (C), TLR4 (D), MyD88 (E), ILR6A (F) and MMP12 (G). Relative gene expression was calculated using the ΔΔCt method. Data performed 

in triplicate and statistics were performed using a 2way ANOVA. Data plotted as mean ± SEM * p = <0.05. n = 3 – 4 
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Figure 5.3.2:- Relative gene expression and individual gene expressions in the right inferior lung lobe of female C57BL/6J mice following 12 

weeks of CSE exposure. Expression of genes between disease groups (light-smoker and heavy-smoker) were compared to a control group (never-smoker) 

to determine upregulation or downregulation of genes. Data plotted as a heat map (A), and individual genes expressions between male and females for NOX2 

(B), TLR4 (C), MyD88 (D), ILR6A (E) and MMP12 (F). Relative gene expression was calculated using the ΔΔCt method. Data performed in triplicate and 

statistics were performed using a 2way ANOVA. Data plotted as mean ± SEM * p = <0.05. n = 4 
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5.3.3. MAST CELL IDENTIFICATION 

Toluidine blue staining was used to identify mast cells in lung 

sections, thymus and trachea. Mast cells can be easily identified through 

toluidine staining due to their cytoplasmic granules containing heparin, a 

polysaccharide which is stained violet with toluidine blue. Following 

image capture, mast cells were identified as dark blue/violet granular 

cells (figure 5.3.3, black arrowheads). Since heparin is a component of 

mast cell granules, toluidine blue staining can be used as an indicator of 

mast cell activity through the process of degranulation. As shown in figure 

5.3.3 (red circle), granules secreted by mast cells retain their dark 

blue/violet stain and can thus be visualised outside of the mast cell 

cytoplasm. As mast cells only degranulate following activation in 

response to allergens or foreign materials, the presence and degree of 

degranulation in the pulmonary spaces was used as an indicator of mast 

cell responses to CSE exposure. 

Figure 5.3.3:- Mast cell identification using toluidine blue staining. Mast cells 

were identified by dark blue staining (black arrowheads), whereas degranulating mast 

cells were identified as mast cells secreting small granules (red circle). Degranulating 

mast cells were used as an indication of activation. Scale bar = 10 μm 
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5.3.4. MAST CELL NUMBERS AND ACTIVITY 

Infiltration and activation of mast cells was assessed by toluidine 

staining using images taken in the middle region of the left lung lobe, 

thymus and trachea of male and female mice. Due to the positioning of 

the thymus and trachea during embedding, sections containing these 

organs were not present for every individual, and therefore mast cell 

analysis was conducted on only one individual per group. 

In male mice, mast cell infiltration was observed in the left lung and 

trachea across all CSE dose groups, though infiltration into the thymus 

was only observed in the light-smoker group (figure 5.3.4). Noticeably, 

mast cells in the left lung and thymus did not display signs of activation 

via degranulation, with the exception of the section taken from the left 

lung of the never-smoker male. Amongst the mast cells observed, one 

showed evidence of degranulation, and this was linked to the possible 

presence of an apoptotic body or iBALT (figure 5.3.4, red circle). While it 

cannot be concluded what the nature of this abnormality is without the 

use of immunohistochemistry, it appeared as though its presence was 

linked to increased presence of mast cells as few were detected outside 

of the captured region (data not shown). However, across all dose 

groups, mast cell presence in the lungs was most frequently observed in 

close proximity to either major airways (such as the bronchus or 

bronchioles) or blood vessels (figure 5.3.4). Despite this, no increased 

observation of mast cell degranulation was shown as a result of 

increased CSE dose exposure. Observations from the thymus similarly 

did not appear to show any differences, with mast cell presence in the 

light-smoker believed to simply be coincidental. The greatest difference 

in mast cell presence and activation were observed in the trachea. In the 

never-smoker, although mast cells were present these did not appear to 

possess any increased level of activity, however in both the light-smoker 

and heavy-smoker increased distribution and activation of mast cells was 

observed (figure 5.3.4). In particular, although the light-smoker had a 

greater number of overall mast cells, those found in the heavy-smoker 

section appeared to display a greater degree of degranulation. These 
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observations suggest that although CSE dose does not appear to have 

much of an impact on mast cell numbers and activity in the lungs or 

thymus, increased CSE dose may potentially elicit an allergic-type 

response by mast cells in the trachea. This response may be further 

exacerbated by higher concentrations of CSE, as demonstrated by the 

greater degranulation shown by male heavy-smoker mast cells in figure 

5.3.4. 

  

Figure 5.3.4:- Toluidine blue staining of left middle lung, thymus and 

trachea of male C57BL/6J mice following 12 weeks of CSE exposure. Mast cells 

are identified by black arrowheads, with mast cells displaying activation and effector 

functions (as demonstrated by degranulation) are identified with outlined arrowheads. 

Major airway identified by blue arrowhead and blood vessel identified with red 

arrowhead in the never-smoker lung section. A possible iBALT or apoptotic body is 

identified by a red circle in the never-smoker lung section. Scale bar = 50 μm; n = 1 
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Similar trends to those observed in male mice were shown in female 

mice, although presence and activation of mast cells was considerably 

more prevalent in the thymus by comparison (figure 5.3.5). Mast cells 

were present in sections from the left lung across all dose groups, though 

degranulation was only observed in the heavy-smoker. Furthermore, 

increased infiltration was shown in the heavy-smoker, and presence of 

mast cells was shown to be more frequent in regions closest to major 

airways or blood vessels (figure 5.3.5). These observations were similar 

to those observed for male mice, though degranulation in the lungs was 

only present in the female heavy-smoker sample. Unlike male mice 

however, mast cell profiles in the thymus of female mice demonstrated 

noticeable differences. Whilst the heavy-smoker female showed no signs 

of mast cell infiltration or activation, a large amount of infiltration and 

degranulation was observed in both the never-smoker female and light-

smoker female (figure 5.3.5). Lack of mast cell infiltration in the heavy-

smoker thymus could be attributed to the fact that only a small region of 

the thymus was present in stained sections, and therefore if the whole 

thymus was present differences between light and heavy-smoker may 

have been observed. Nonetheless, these mast cells appeared to be 

localised to specific areas within each thymus, with those observed in the 

never-smoker found roughly in the cortex or medulla, whilst those in the 

light-smoker remained confined to the capsule. While it is unclear what 

the function of these mast cells and their degranulation is, it is possible 

that these mast cells may be involved in typical thymic and thymocyte 

function as their presence and activation does not appear to be 

dependent on CSE dose. In the trachea however, although CSE did not 

appear to have an effect on mast cell numbers, mast cell activity is shown 

to be dose dependent, with a higher CSE dose showing more 

pronounced degranulation in comparison to a lower CSE dose or control 

vehicle (figure 5.3.5). These findings are similar to those demonstrated 

in male mice, suggesting a possible dose-dependent activation of mast 

cells in the trachea. Interestingly, in both male and female mice, 

increased presence or degranulation of mast cells as a result of CSE 

exposure was shown to be typically exclusive to mucosal sites, as the 
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thymus did not appear to show any differences in mast cell profiles 

dependent on dose group (figure 5.3.4 and figure 5.3.5). 

5.3.5. AIRWAY STRUCTURE, COLLAGEN DEPOSITION AND NEUTROPHIL 

IDENTIFICATION 

H&E staining was used to define and identify major and minor 

airway, as well as evidence of tissue injury in the form of scarring and 

neutrophil infiltration. Major airways, such as the bronchus and 

bronchioles, were defined as large airspaces surrounded by ciliated cells 

(figure 5.3.6, black arrowhead), which were also examined across CSE 

Figure 5.3.5:- Toluidine blue staining of left middle lung, thymus and 

trachea of female C57BL/6J mice following 12 weeks of CSE exposure. Mast cells 

are identified by black arrowheads, with mast cells displaying activation and effector 

functions (as demonstrated by degranulation) are identified with outlined arrowheads. 

Major airway identified by blue arrowhead and blood vessel identified with red 

arrowhead in the never-smoker lung section. Scale bar = 50 μm; n = 1 
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dose groups for evidence of morphological changes or remodelling, 

typically in the form of loss of ciliation. Blood vessels were also identified 

by open spaces, typically containing red blood cells and/or enucleated 

cells and surrounded by a dense epithelial layer (figure 5.3.6, red arrow). 

Blood vessels could be further separated into major vessels (arteries and 

veins) and minor vessels (capillaries) based on the size of the vessel and 

density of epithelial lining, with arteries and veins being considerably 

larger and having denser epithelial linings surrounded by additional cell 

layers as shown in figure 5.3.6. Capillaries were observed to be much 

smaller by comparison, and comprised of only a single epithelial layer. 

Finally, alveoli were defined as small airspaces with thin epithelial walls, 

though the thickness of these walls would provide an indication of airway 

remodelling (figure 5.3.6, blue arrow). 

Figure 5.3.6:- Airway structure and identification in mouse lung. Structures 

were identified according to their morphology and cellular components, with major 

airways comprising large ciliated cell linings (black arrow), blood vessels containing red 

blood cells and other enucleated cells surrounded by a dense epithelial layer (red 

arrow), and alveoli comprising air pockets surrounded by a thin epithelial layer (blue 

arrow). Scale bar = 50 μm 
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Neutrophils were defined according to the degree of staining and 

the morphology of their nuclei in H&E staining. Due to the eosin 

counterstain, a number of cell types retain the red/pink colouration 

differently depending on their cellular contents. Typically, eosinophils are 

stained the deepest red/pink, due to containing high contents of 

acidophilic granules within their cytoplasm. In the case of our staining, it 

was found that the eosin counterstain had overstained neutrophils, to the 

degree that these could have easily been misidentified as eosinophils 

(figure 5.3.13). Neutrophils were differentiated from eosinophils by the 

fact that the cytoplasm did not appear to contain acidophilic granules, 

which would have appeared a deeper shade of red/pink, and the nucleus 

contained at least 3 lobes connected by isthmuses (figure 5.3.13, black 

arrow). As eosinophils only contain two lobes as part of their nucleus 

structure, this would further prevent the misidentification of cell types. 

 

Figure 5.3.7:- Identification of neutrophils in mouse lung. Neutrophils were 

identified as bright pink cells of a similar size to other enucleated cells, but comprising 

of a granular appearance of the nucleus which overall gives the impression of 

possessing multiple nuclei (black arrow). Scale bar = 10 μm 
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Collagen deposition was determined via picrosirius red staining, 

with collagen fibres identified by bright red staining (figure 5.3.7 black 

arrow). Non-collagenous fibres such as muscle, cytoplasm and red blood 

cells were stained yellow (figure 5.3.7 blue arrow), nuclei were stained in 

black (figure 5.3.7 grey arrow). Degree of collagen deposition was 

defined by increased presence of red collagen fibres or red staining, 

which is considered a hallmark characteristic of COPD pathophysiology. 

  

 

5.3.6. PULMONARY NEUTROPHILIA 

Pulmonary neutrophilia was assessed in 500 x 500 μm regions 

selected from the middle region of the left lung lobe. Neutrophils were 

counted manually to determine the degree of infiltration into the lungs. In 

addition, morphometric changes in airways and blood vessels were 

examined within each section.  

Figure 5.3.8:- Picrosirius red staining identification of collagen 

deposition in the lung. Collagen fibres were identified as red stained fibres (black 

arrow), whilst cytoplasm, muscle fibre and red blood cells are stained in yellow (blue 

arrow). Nuclei may be visualised by black staining (grey arrow). Scale bar = 50 μm 
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In male mice, evidence of airway remodelling was observed in both 

the light-smoker and heavy-smoker groups, and this appeared to 

coincide with increased numbers of neutrophils within the airways (figure 

5.3.9). In never-smoker male mice, neutrophils appeared to be typically 

found close to or within the epithelial lining of the airways and blood 

vessels. It was noted that in both light-smokers and heavy-smokers, the 

presence of enucleated cells surrounding both major and minor airways 

were drastically increased, suggesting the presence of scar tissue or 

tissue damage. This observation was more pronounced in heavy-

smokers, and it was observed that neutrophils were frequently identified 

within these areas of potential scarring and damage (figure 5.3.9). Light-

smokers appeared to display an intermediary phenotype between never-

smokers and heavy-smokers, with neutrophils found in both epithelial 

linings and deeper within the lung tissue, though fewer neutrophils were 

observed in comparison to heavy-smokers. This therefore suggests 

neutrophils may drive persistent inflammation by migration and 

accumulation in sites of scarring and damage in response to CSE 

exposure in male mice. 
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Figure 5.3.9:- H&E staining of left middle lung sections containing alveoli, major airways and major or minor blood vessels of male 

C57BL/6J mice following 12 weeks of CSE exposure. Neutrophils are identified by black arrowheads. Scale bar = 50 μm; n = 3 - 4. 
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Female mice displayed similar phenotypes to male mice, though 

evidence of scarring and potential tissue damage were more pronounced 

in heavy-smoker females in comparison to males (figure 5.3.10). In 

never-smokers, neutrophils were largely localised to alveolar and 

bronchiole walls, or identified within and around blood vessels. This same 

observation was made for light-smokers, though some evidence of 

deeper infiltration was observed, as were increased numbers of overall 

neutrophils (figure 5.3.10). Much like male mice, female heavy-smokers 

displayed prominent evidence of airway remodelling as demonstrated by 

increased presence of enucleated cells surrounding airways. 

Additionally, these changes appeared to be more pronounced in females 

than males, with alveolar destruction appearing to be greater in females 

(figure 5.3.9 and figure 5.3.10). Additionally, neutrophils were more 

frequently identified within areas of possible scarring or tissue damage in 

comparison to never-smokers and light-smokers. These observations 

coincide with those shown in male mice, and further suggest increased 

migration of neutrophils to sites of scarring and tissue damage in 

response to higher doses of CSE, though this appears to be more 

pronounced in females. 
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Figure 5.3.10:- H&E staining of left middle lung sections containing alveoli, major airways and major or minor blood vessels of female 

C57BL/6J mice following 12 weeks of CSE exposure. Neutrophils are identified by black arrowheads. Scale bar = 50 μm; n = 4 
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Total neutrophil counts per field of view were analysed by 2way 

ANOVA to assess the influence of both sex and CSE dose on pulmonary 

neutrophilia. As shown in figure 5.3.11, in both male and female mice 

both 1% CSE and 3% CSE leads to a significant increase in neutrophils 

within the airways when compared to exposure to no CSE. In males, 

exposure to 1% CSE leads to almost double the number of neutrophils 

within the lungs, whilst the increase between 1% CSE and 3% CSE is 

shown to be comparably small but still significant. Female mice showed 

a similar increase between 1% CSE exposure and the control group, 

however the heavy-smoker group displayed a large significant increase 

in neutrophil counts between both the never-smoker and light-smoker 

groups (figure 5.3.11). Whilst males and females in the heavy-smoker 

and light-smoker groups showed comparable numbers of neutrophils, 

heavy-smoker females showed a significantly increased neutrophil count 

in comparison to heavy-smoker males (figure 5.3.11). These findings 

coincide with the observations made from H&E staining, where airway 

remodelling and presence of scar tissue or tissue damage appeared to 

be more pronounced in females than males. This data suggests that CSE 

exposure leads to an incremental increase in neutrophil infiltration into 

the pulmonary spaces based on dosage, and that females may be at 

higher risk of lung injury as a result of increased neutrophilia at high CSE 

doses in comparison to males. 
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5.3.7. COLLAGEN DEPOSITION 

Following observations made during neutrophil counts, 500 x 500 

μm picrosirius red stained images from the middle region of the left lung 

lobe were taken to determine collagen deposition as a result of CSE 

exposure. In male mice, increased CSE dose appeared to result in 

increased collagen deposition, particularly around the large airways and 

blood vessels (figure 5.3.12). This appeared to coincide with the 

appearance of small airway remodelling, suggesting a potential decrease 

in gas exchange efficiency as a result of increased collagen in the 

airways. 

 

Figure 5.3.11:- Total neutrophil counts in left middle lung sections of 

C57BL/6J mice following 12 weeks of CSE exposure. Total neutrophils were counted 

manually across a 500 x 500 μm section from the left middle lung lobe as an indication 

of pulmonary neutrophilia. Statistics were performed using a 2way ANOVA using 

multiple comparisons between CSE dose and sex. Data plotted as mean ± SEM * p = 

<0.05; *** p = <0.001; **** p = <0.0001; n = 3 - 4. 
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Figure 5.3.12:- Picrosirius staining of left middle lung sections of male C57BL/6J mice following 12 weeks of CSE exposure. Scale bar = 50 

μm; n = 3 - 4. 
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Female mice displayed similar degrees of collagen deposition to 

males, though this appeared to be more pronounced between never-

smoker mice and heavy-smoker mice in comparison to male mice (figure 

5.3.13). This increased collagen deposition appeared to be apparent 

surrounding the major airways and blood vessels, as well as within the 

lung parenchyma, as evidenced by increased red staining in areas where 

non-collagenous fibres should be abundant.
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Figure 5.3.13:- Picrosirius red staining of left middle lung sections of female C57BL/6J mice following 12 weeks of CSE exposure. Scale 

bar = 50 μm; n = 4. 
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5.3.7.5.3.8. SMALL AIRWAY AND ALVEOLAR REMODELLING 

Small airway remodelling was assessed using the mean linear 

intercept (MLI) method to assess free distance between alveolar 

airspaces as an indicator of lung injury and degree of emphysema. Five 

random sections from the left lung lobe containing only alveoli were 

selected for analysis which were used assess chord length both 

horizontally and vertically using the MLI plugin for ImageJ. As 

demonstrated by the resulting measurements, CSE exposure resulted in 

an incremental increase in estimated average alveolus diameter 

dependent on dose concentration (figure 5.3.14). In particular, both male 

and female heavy-smokers showed significant evidence of airway 

remodelling in comparison to never-smokers as demonstrated by 

increased average diameter of alveoli. Whilst no differences between 

sexes were observed, on average females were shown to have slightly 

larger alveoli in comparison to males across all dose groups. It is 

uncertain why this was observed, however it could suggest slight sexual 

dimorphism in terms of lung structure, given that even in the never-

smoker group females were shown to have somewhat larger alveoli 

(figure 5.3.14). Regardless, these findings demonstrate that chronic 

exposure to CSE at a high dose elicits an emphysematous phenotype in 

both male and female mice, as indicated by significantly increased small 

airway remodelling. 
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5.4. DISCUSSION 

Chronic exposure to CS is known to cause significant inflammation 

and morphological changes in the lungs, and is shown to be a direct 

cause in the development of a number of pulmonary diseases including 

COPD. Here, we have demonstrated that 12 weeks of exposure to CSE 

leads to significant changes in the lung microenvironment, and 

differentially affects gene expression dependent on sex. Furthermore, 

Figure 5.3.1:- Mean linear intercept (MLI) analysis of C57BL/6J mice 

following 12 weeks of CSE exposure. Five random 500 x 500 μm sections from the 

left lung lobe were taken and chord lengths of alveoli were measured horizontally and 

vertically using the MLI plugin for ImageJ. Average alveolus diameter was then 

calculated from the resulting data and statistics were performed using a 2way ANOVA 

using multiple comparisons between CSE dose and sex. Data plotted as mean ± SEM 

* p = <0.05; ** p = <0.01; n = 3 - 4. 
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increased degranulation of mast cells in the trachea and significantly 

increased pulmonary neutrophilia and small airway remodelling was 

observed in heavy-smoker groups, with these alterations more 

pronounced in females than males. 

Pulmonary neutrophilia is a hallmark characteristic of COPD, 

though given that this cell type is typically found in the circulatory system, 

understanding how neutrophils are trafficked and migrate into areas of 

inflammation is important in understanding COPD pathophysiology. 

Migration and trafficking of cells is typically regulated through receptor 

signalling pathways and production and release of cytokines and 

chemokines. Amongst these receptors are pattern recognition receptors 

(PRRs) which recognise signs of infection or tissue injury through 

detection of pathogen associated molecular patterns (PAMPs) or 

damage associated molecular patterns (DAMPs). It is widely reported 

that neutrophils of COPD patients express such PRRs, including TLRs, 

higher than individuals without COPD [180, 181, 405, 406]. This 

increased expression is shown to contribute towards COPD 

pathophysiology, as inhibition of the PRR receptor for advanced glycation 

end products (RAGE) in mice led to significantly reduced pulmonary 

neutrophilia and neutrophilic inflammation [407]. As shown in our results, 

increased presence of neutrophils in the airways is associated with 

increased CSE dose, and accumulation of neutrophils is significantly 

more pronounced in females than males (figure 5.3.11). Increased 

pulmonary neutrophilia may be related to severity of airway remodelling, 

as higher numbers of neutrophils in the pulmonary spaces appeared to 

coincide with increased airway remodelling (figure 5.3.14). Determining 

the impact of CS on gene expression and regulation of PRRs and their 

signalling pathways, particularly if a single cell type such as neutrophils 

are significant contributors to these changes, is thus critical in identifying 

mechanisms of COPD. Characterising these mechanisms and linking 

genetic alterations to cellular behaviours also opens avenues for future 

research into therapeutic targets in the treatment and management of 

COPD. 
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Whilst the role of genetics and mast cells in COPD pathophysiology 

is speculative at best, here we have demonstrated differences in gene 

profiles and mast cell activity as a result of CSE exposure. Gene 

regulation was shown to be subject to a degree of sexual dimorphism, 

with males typically showing upregulation of inflammatory genes whilst 

females displayed downregulation (figure 5.3.1 and figure 5.3.2). 

Although these differences were not statistically significant in relation to 

control groups, these findings highlight the importance of considering the 

role of sex in disease pathogenesis and pathophysiology. The role of sex 

as a risk factor for COPD is an ongoing debate in respiratory research, 

with some evidence suggesting an increased risk for women [126, 408], 

whilst others suggest no correlation between risk and sex [120]. Further 

defining these changes in gene expression and examining additional 

gene expressions from other pathways may provide further insight with 

regards to sex differences in gene expression in COPD. Understanding 

potential differences in pathology according to sex is important in disease 

treatment and management, as males and females may respond 

differently to the same treatment as a result of biological differences. 

Although no sex differences were observed in regards of mast cell 

accumulation or activity, it was nonetheless shown that increased CSE 

exposure resulted in increased presence and degranulation of mast cells 

in the trachea (figure 5.3.4 and figure 5.3.5). Previous studies have 

identified a role for mast cell tryptase in COPD pathogenesis, though 

these findings are from the lungs of mice as opposed to the trachea [296, 

403]. Although the contents of the granules secreted by these mast cells 

have not been determined, this could be an area for future research in 

order to determine the function of these cells and their overall impact on 

the tracheal microenvironment. In particular, determining whether these 

effector functions are similar or distinct to mast cell activity reported in 

asthma is important in differentiating the two diseases, as they often 

overlap and COPD is misdiagnosed as asthma, particularly in younger 

individuals [19]. 
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Despite findings suggesting airway remodelling based on MLI 

analysis of alveoli, it is important to note that MLI analysis should typically 

be conducted on inflated or insufflated lungs. Due to issues experienced 

during dissection, lungs from mice could not be inflated and hence the 

MLI analysis was conducted on collapsed alveoli. In order for MLI 

analysis to be considered biologically relevant, the lungs must be inflated 

so that the area being measured is reflective of the lung’s total volume, 

surface area and maximal inflation [409]. Importantly, the degree of 

inflation has been show to affect MLI measurements, meaning that 

results can vary significantly between collapsed alveoli and inflated 

alveoli [410]. Since this analysis was conducted on collapsed alveoli, it is 

likely that the true degree of remodelling as measured by free distance 

between alveolar walls is not being accurately estimated. In order to 

conclude that the findings from our MLI analysis are biologically relevant, 

these measurements should ideally be repeated in inflated or insufflated 

lungs, in order to ascertain the total average maximal volume of free air 

in the alveolar spaces. 

Although statistical significance is reported by a number of the 

findings in this chapter, it is important to consider the difference between 

biological relevance and statistical significance, particularly within the 

context of human disease. A statistically significant result must be 

interpreted with corresponding biological processes in mind in order to 

determine its biological relevance or significance. If the power of the 

statistically significant result is too small, or does not complement or 

correspond to known biological processes, then the result cannot be 

considered biologically significant [411]. Given the small group sizes of 

our model, although many of our results show statistical significance, it 

would be unwise to fully conclude the effectiveness of this model at 

generating COPD in mice without further repeats to increase the power 

of our findings in order to conclude biological relevance and significance. 

Our findings are also further compounded by the fact that MLI analysis 

was conducted on collapsed alveoli, which would not be reflective or 
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biologically relevant to the state in which alveoli may be naturally 

observed and measured. 

To summarise, here we have confirmation suggested presence of 

an emphysematous phenotype in both male and female mice chronically 

exposed to CSE, and thus have a confirmeddeveloped the groundwork 

for a novel model system of COPD. These findings open possibilities for 

future research in further characterising additional mechanisms of 

COPD, and provideing researchers in the UK with a 3Rs friendly mouse 

model of COPD to conduct their own research. 
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CHAPTER 6 – GENERAL DISCUSSION 

6.1. OVERVIEW 

COPD is an umbrella term for persistent and progressive 

inflammatory respiratory conditions including emphysema and chronic 

bronchitis. It is highly prevalent in both high-income countries and LMICs, 

though the age of onset and causative factors for COPD vary depending 

on sociodemographic backgrounds [80]. COPD presents itself as a 

significant global burden on both economic and healthcare resources, as 

frequent exacerbations typically require hospitalisation and significant 

intervention and respiratory support [60, 66]. The economic burden of 

COPD in LMICs is particularly severe, typically attributed to a lack of 

healthcare resources that are otherwise available in high-income 

countries [65]. In high-income countries, the primary aetiological factor of 

COPD is cigarette smoking [97], which is known to elicit a chronic 

inflammatory response in the lungs and lead to airway remodelling [137]. 

Despite its high prevalence and global burden, the pathogenesis of 

COPD, particularly in the context of inflammatory mechanisms, is poorly 

understood, and as a result treatment and therapeutic interventions 

largely revolve around symptom management and management of 

AECOPD. Although not fully characterised, it is believed that many 

different immune mechanisms are involved in COPD pathogenesis, and 

other factors, such as genetics and sex, may increase the risk of COPD 

development. A1AT deficiency has been widely reported as a risk factor 

in COPD pathogenesis [111], and although sex differences in COPD 

remains a topic of much debate, many studies indicate an increased 

susceptibility of disease development in women compared to men [122, 

126]. 

The immunopathogenic mechanisms of COPD consist of a number 

of cellular and molecular mechanisms across the innate and adaptive 

immune system, which contribute towards a proinflammatory 

environment in both the lungs and peripheral blood. Tissue-resident 

macrophages are well documented to contribute towards airway 
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remodelling in the lungs of COPD patients through the secretion of 

proinflammatory cytokines and production of MMPs, which cause the 

degradation of the ECM and lead to loss of elasticity in the pulmonary 

spaces [176, 177]. Similarly, neutrophils may also contribute towards 

airway remodelling by similar mechanisms to those of macrophages 

[182], though neutrophils are typically found in circulating blood as 

opposed to tissues. Pulmonary neutrophilia is considered a hallmark 

characteristic of COPD pathophysiology, and this has been linked to an 

overexpression of PRRs which facilitate neutrophil recruitment and 

activation between the peripheral blood and lungs [180]. Neutrophil 

recruitment into the lungs has also been shown to be driven by immature 

DCs [184], and these may also cause the differentiation of T cells into 

proinflammatory subtypes [187]. NK and NKT cells display markedly 

different abundance and functionality between the periphery and the 

lungs, where peripheral NK and NKT cells are shown to be in low 

abundance and exhibit blunted cytotoxic activity in COPD patients [190], 

whereas increased numbers are found in the pulmonary spaces and 

overexpress cytotoxic activity, resulting in tissue damage [191, 192]. 

These characteristics are also observed in CD8+ T cells, with peripheral 

CD8+ T cells showing limited cytotoxic function and pulmonary CD8+ T 

cells overexpressing cytotoxic compounds such as perforin and 

granzyme B [190, 198]. CD8+ T cells are also shown to be significant 

sources of the proinflammatory cytokine IL-17A, which is known to drive 

the differentiation of CD4+ T cells into proinflammatory Th17 subsets 

[203]. An imbalance of inflammatory Th17 subsets to anti-inflammatory 

Treg subsets is widely reported amongst COPD patients, leading to 

persistent inflammatory mechanisms and reduced immune regulation 

mechanisms [205, 216, 217]. T cell differentiation relies on antigen 

presentation, which can be mediated by B cells. Although their role in 

COPD is unclear, studies have demonstrated that B cells in COPD 

patients possess autoreactive characteristics and generate antibodies 

which can cause lung injury and fibrosis [221, 224]. Cell migration, 

differentiation and effector functions are all mediated by cytokines and 
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chemokines, a number of which, including IL-6, IL-17A, IFN-γ and TNF-

α have been associated with COPD pathophysiology [228]. 

Due to the complex nature of COPD, animal models have been 

frequently used to study its pathogenesis. Whilst many different species 

have been used in the past, mice are the favoured species of choice due 

to their low cost and ease of use [292]. CS-exposure mouse models of 

COPD typically follow one of two designs: WB or NHO exposure. Whilst 

each of these models are effective in generating a COPD phenotype, 

there are a number of limitations in regards to both their translational 

ability to human disease and the welfare concerns they cause. For 

example, whilst WB models are effective in exposing a large number of 

mice to CS at once, inflammatory responses to CS were shown to be a 

result of ingestion of particulate matter rather than inhalation [276, 306]. 

In contrast, the NHO system is considered to be more clinically 

representative of human COPD [313], though animals are often 

restrained for long periods of time without free access to food and water 

which causes significant stress, which may in turn impact the quality of 

data generated [308]. As a result of the poor translational ability of the 

WB system and the stress concerns of the NHO system, these model 

designs are not permitted for use in the UK under current laws protecting 

animals in scientific procedures. Animal research in the UK is 

underpinned by the 3Rs: replacement, refinement and reduction, and the 

welfare of animals involved in scientific research is highly protected. 

To address the lack of a murine model of COPD in the UK, we have 

designed a novel 3Rs friendly intranasal CSE-exposure model which 

reduces potential adverse welfare effects and better encapsulates the 

clinical presentations and exposure routes of human COPD. Using 

multiplexed and high-throughput analytical techniques including spectral 

flow cytometry and RT-qPCR, we have demonstrated that animal 

numbers can be reduced without impacting the quality and quantity of 

data generated. Furthermore, we have highlighted the necessity of 

including both sexes in disease research, as noticeable differences in 

gene expression and lung morphology were observed between male and 
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female mice. Although no differences in systemic immune cell profiles 

were detected over the 12-week exposure period, data from the 

pulmonary system of both male and female mice demonstrated 

significant evidence of alterations to gene expression, inflammation and 

airway remodelling. We have confirmedOur results suggest that 12 

weeks of exposure to 3% CSE elicits a moderate COPD phenotype in the 

lungs of male and female C57BL/6J mice, and demonstrated that refined 

dosing and sampling techniques are effective in creating a model system 

akin to those currently available in other countries, but is better reflective 

of human COPD as a whole. 

 

6.2. EFFECTS OF CSE EXPOSURE ON SYSTEMIC IMMUNE CELL 

PROFILES 

Across the 12-week exposure period, our model system did not 

demonstrate any differences in immune responses or cell profiles 

between dose groups. Nonetheless, as shown in Chapter 4, both 

conventional gating strategies and unbiased clustering analysis showed 

comparable systemic cell profiles, demonstrating the comprehensive 

nature of our flow cytometry panel. Furthermore, although no differences 

in cell profiles and effector functions were detected between control 

groups and disease groups, many observations made were reflective of 

trends typically seen in COPD patients. For example, imbalance of 

CD4+/CD8+ T cells has been shown to be linked to COPD 

pathophysiology, with decreased numbers of CD8+ T cells in the 

periphery as a result of migration into the lungs frequently observed [191, 

204]. All dose groups demonstrated a shift to a majority CD4+ T cell 

profile over the 12-week period, which although did not indicate that CSE 

exposure was responsible for the shift, potentially suggests that this is a 

natural progression of immune system changes in relation to age. It is 

therefore possible that whilst this shift may be observed regardless of 

exposure to disease-causing materials, it is exacerbated to a pathogenic 

extent in inflammatory diseases such as COPD, causing alterations to 
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cell function rather than population distribution. This could be further 

supported by evidence that demonstrates that cytotoxic cells such as NK, 

NKT and CD8+ T cells show highly increased cytotoxic function in the 

lungs [191], but limited function in the periphery [190]. Additionally, we 

identified that CD8+ T cells positive for IL-17A were more abundant than 

IL-17A+ CD4+ T cells, which although no differences between dose 

groups were observed, has been implicated in COPD pathophysiology 

[393]. Despite these associations however, we were not able to provide 

evidence of CSE having an impact on systemic immune cell profiles or 

mechanisms and the majority of the trends observed appeared to be 

more a result of ageing rather than CSE exposure. It is possible that, due 

to LASA guidelines for microsampling and the small blood volumes that 

were taken, differences in these profiles could not be determined due to 

low cell numbers available for analysis. 

 

6.3. ALTERATIONS TO GENE EXPRESSION FOLLOWING CSE 

EXPOSURE 

Although the majority of the genes investigated during our study 

showed no statistical differences between control groups and disease 

groups, with the exception of CRP expression in female mice, we 

demonstrated that gene expression is subject to a degree of sexual 

dimorphism. In male mice, inflammatory genes were shown to be 

upregulated, whilst females demonstrated downregulation of these 

genes. Some of these sex differences appeared to impact specific 

immune pathways. For example, in both the light-smoker and heavy-

smoker groups, IRF3 was significantly downregulated in females when 

compared to males, suggesting a possible sex-specific impairment of the 

TRIF-dependent TLR4 signalling pathway in response to CSE. Although 

many genes displayed significant differences between sexes, only CRP 

displayed a significant difference in expression dependent on CSE dose, 

and this was only observed in female mice. In comparison to both female 

never-smoker and light-smoker mice, female heavy-smoker mice 
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displayed significant upregulation of CRP. In COPD, increased levels of 

CRP are associated with poor outcomes and can be used to predict 

mortality [398], and is well documented as a biomarker to predict 

AECOPD [412-414]. Since CRP expression did not appear to be affected 

by CSE dose in male mice, this suggests that CRP expression in the 

context of COPD is a sex-related risk factor. Differences between both 

male and female mice in gene expressions provide areas for future 

research to not only further characterise genetic associations of COPD, 

but also sex differences in expression within COPD. 

 

6.4. INCREASED ACTIVITY OF MAST CELLS IN THE TRACHEA 

Mast cells in respiratory immunology are more typically associated 

with asthma and the allergic response, though due to the overlap 

between asthma and COPD it is theorised that mast cells may contribute 

in some manner to COPD pathogenesis. Nonetheless, increased 

numbers and activity of mast cells has been reported in the lungs and 

skin of smokers, suggesting a direct effect of CS on mast cell phenotypes 

[415]. Despite these findings however, mast cells remain a considerably 

overlooked cell type in COPD research, though recent research suggests 

that mast cells are a promising target for novel therapeutics [416]. Whilst 

our model did not demonstrate any distinctive changes in mast cell 

numbers in relation to CSE dose, increased concentrations of CSE 

resulted in a noticeable change in the degree of mast cell activity. This 

appeared to be localised within the trachea, suggesting CSE elicits an 

inflammatory or allergic-like response within the trachea. Furthermore, 

degranulation of mast cells appeared to be exacerbated in both male and 

female heavy-smoker mice in comparison to never-smoker and light-

smoker mice. Our findings appear to coincide with those of other studies, 

which have demonstrated that the total numbers of mast cells in COPD 

patients are neither increased nor decreased compared to healthy 

controls, but gene expression of mast cells is shifted towards an allergic-

type inflammatory response [417]. This inflammatory response has been 

linked to eosinophilic inflammation, and thus provides further evidence of 



CHAPTER 6 – GENERAL DISCUSSION 

 

 

a role for both mast cells and eosinophils in driving an allergic-type 

inflammatory response in COPD, particularly in mucosal airways [258]. 

Although the content of secreted granules by mast cells was not analysed 

in this study, these findings identify a potential area for further research 

to determine the effector functions of mast cells following CSE exposure. 

 

6.5. DOSE-DEPENDENT INCREASE IN PULMONARY NEUTROPHILIA 

AND AIRWAY REMODELLING 

Exposure to CSE was shown to lead to a dose-dependent increase 

in both pulmonary neutrophilia and airway remodelling, with some 

evidence of these phenotypes being exacerbated in females. 

Furthermore, increased presence of neutrophils was suggested to be 

associated with severity of airway remodelling, as higher neutrophil 

counts were found in groups with a greater MLI (Chapter 5). These 

findings appear to suggest that neutrophils may contribute towards 

airway remodelling, possibly as a result of the production of 

proinflammatory mediators which may drive recruitment of other immune 

cells or alterations to the ECM. This theory is supported by evidence that 

accumulated neutrophils in the lungs are hyperactivated, and produce 

large quantities of MMPs and neutrophil elastase which degrade the ECM 

and lead to reduced integrity and elasticity of the lungs [182, 400]. Of 

particular note, pulmonary neutrophilia was shown to be significantly 

increased in female heavy-smoker mice in comparison to all other 

groups, suggesting that women are possibly predisposed to 

accumulation of neutrophils in response to noxious particulate matter in 

the lungs. Further analysis of neutrophil-derived effector functions and 

gene expression profiles would be required to provide more evidence to 

support this. Given that neutrophilia, fibrosis and airway remodelling 

appeared to be somewhat exacerbated in female mice however, these 

findings highlight the importance of considering the biological impact of 

sex on disease pathogenesis. 
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6.6. IMPACT OF SEX ON COPD PATHOPHYSIOLOGY 

Across all our findings, both subtle and significant differences were 

observed between sexes in response to either CSE dose or as a possible 

consequence of ageing. From analysis of systemic immune profiles, it 

appeared as though female mice often displayed changes to cell profiles 

approximately one week earlier than male mice. Similarly, CSE appeared 

to differentially affect gene expression according to sex, with male mice 

typically displaying upregulation of inflammatory genes as opposed to 

female mice, where genes were often downregulated. Importantly, 

however, as previously discussed, female mice showed a greater degree 

of pulmonary neutrophilia and slightly more pronounced fibrosis and 

airway remodelling in comparison to male mice. These findings highlight 

the importance of including both sexes in an animal model as different 

sexes may demonstrate different phenotypic presentations or responses 

to the same stimuli. This is critical for diseases where an element of sex 

differences or sex as a risk factor is either proven or suggested, as is the 

case for COPD. For complex diseases such as COPD, applying a “one 

size fits all” approach is not appropriate, particularly given the possible 

implications of increased female susceptibility. Current research into 

COPD using mouse models often only makes use of one sex [276, 310, 

418], or fails to report the sex of animals involved at all [283, 296, 323], 

and very few are reported to use both sexes [419]. This issue overall 

reduces the integrity of reported findings from mouse models, as 

biological differences between males and females can be considerably 

dimorphic. Observed sex differences in COPD are believed to be a result 

of a combination of genetic, hormonal, metabolic, behavioural and 

environmental factors, though there is a significant lack of robust 

evidence to support these theories [120]. Here we have provided 

evidence of an increased susceptibility to immunopathogenic 

mechanisms that may drive COPD pathogenesis in female mice. 

Interestingly, our observations of earlier changes to systemic immune 

profiles in females in comparison to males may provide some insight to 

previously reported trends in COPD. It has been suggested that women 



CHAPTER 6 – GENERAL DISCUSSION 

 

 

are more likely to develop COPD earlier and after having smoked for less 

time than men, the reasons for which are unknown and the association 

is speculative at best [120, 121]. If there are sex-related influences on the 

maturation of the immune system, then this possibly provides supporting 

evidence of sex as a risk factor in the development of a number of 

inflammatory diseases such as COPD.  

 

6.7. MOUSE MODEL DESIGN 

Through a 12-week exposure to CSE, we have demonstrated that 

our model system is effective in generating an emphysematous COPD 

phenotype in both male and female mice. Although concerns were raised 

regarding the welfare of animals during the acquisition of Home Office 

Licences, particularly in regards to the use of anaesthesia on mice with 

compromised lung function for dosing methodology, we have 

demonstrated that the model system has minimal to no adverse welfare 

effects on animals involved. This was evidenced by the fact that all 

animals maintained stable weight gain over the 12-week exposure 

period, and any adverse welfare effects that were identified were as a 

result of general mouse behaviour such as fighting (resulting in superficial 

injury) or overgrooming (resulting in lack of fur in some places or skin 

irritation). All instances of these welfare concerns were addressed and 

treated immediately, with affected animals recovering swiftly following the 

appropriate interventions. Importantly, all animals regardless of dose 

group responded well to frequent exposure to anaesthesia, and no 

complications as a result of anaesthesia, dosing or respiratory distress 

were observed. Given that the most significant evidence of COPD was 

observed between the never-smoker groups and the heavy-smoker 

groups, it can be concluded that an optimal dosing regimen of 3% CSE 

3 x per week for 12 weeks is sufficient for the development of a moderate 

COPD phenotype. We have therefore demonstrated a robust and 3Rs 

friendly mouse model of COPD, that better reflects human COPD as a 

result of exposure methods used and can be applied in a number of 

research settings across the UK. 
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6.8. GENERAL LIMITATIONS 

Perhaps the greatest limitation of this study is a result of the 

restrictions of our PPL and legislations protecting animals used in 

scientific procedures. Given the novel nature of our model, only small 

group sizes were permitted for use to ensure that no unnecessary harm 

or suffering occurred to animals whilst the optimal dosing regimen was 

determined. Ultimately, this reduces the statistical robustness of our 

findings, as n = 3 – 4 naturally does not hold as much power as n = 8, for 

example. This limitation could not be avoided due to ethical and legal 

restrictions, nonetheless the most statistically powerful group size was 

used within the stipulations of our PPL and within ethical considerations 

in order to improve the integrity of our findings. Going forward, as the 

dosing regimen has been identified, further studies using this model 

system would have the freedom to use increased group sizes in order to 

improve integrity and robustness of findings. In addition to restrictions on 

group size, we were further limited by the volume of blood permitted to 

be taken each week under LASA and NC3Rs guidelines. Since we were 

taking samples once per week, we were only permitted to take up to 210 

μL over a 28-day period, an equivalent of just over 50 μL per week. Due 

to welfare concerns and the frequency samples were taken, we opted to 

take 20 μL per week to lower the risk of adverse welfare effects due to 

blood loss. This however resulted in low cell numbers available for 

analysis, and whilst some weeks over 1,000 live immune cell events were 

recorded from samples, at times as few as 50 events were recorded. 

These are staggeringly low event numbers for flow cytometry analysis, 

where 10,000 events is often considered the lower limit of acceptable. 

However, minimal differences were observed in immune cell profiles over 

a weekly basis, and it is therefore more appropriate to take peripheral 

blood samples less frequently from both a welfare and data integrity 

standpoint. Taking a single blood sample once per month, for example, 

would permit the use of LASA guidelines for blood sampling for infrequent 

microsampling, which would increase the blood volume limit to <10% 

TBV, or approximately 140 μL. A total volume of 100 μL whole blood 
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every 4 weeks would not only increase the numbers of cells available for 

analysis, but also allow differences in immune cell profiles to be more 

easily detected, and using a volume below the maximum suggested limit 

would minimise the risk of adverse welfare effects. 

Although the analytical techniques used in this model provide a 

wealth of information and are considered high-throughput, specific 

mechanisms were not investigated in greater detail. It was anticipated 

that proteomic analysis would take place through the use of an RPPA 

panel, though as shown in Chapter 3 this previously validated panel that 

had been used to analyse human COPD patient samples was not cross-

reactive with mouse samples despite manufacturer specifications and 

reports. This ultimately prevented us from performing proteomic analysis 

which would have provided a further additional aspect in regards to 

COPD pathogenesis. Furthermore, the spectral flow cytometry panel was 

designed to capture all major immune cell types, though due to the 

restrictions of both reagent availability and unmixing capabilities, this 

came at the cost of being able to characterise effector functions to a 

greater degree. Additionally, flow cytometry was not performed on lung 

samples, and thus critical information regarding immune cell profiles was 

not obtained. Acquisition of BALF had been intended for this study, 

though challenges in BALF retrieval were encountered and it was 

decided that BALF would not be collected in order to preserve tissue 

integrity for histological analysis. In future research, flow cytometry 

analysis should be performed on BALF or on immune cells isolated from 

the lungs through mechanical disruption in a similar manner to that used 

for spleens during the validation of our flow panel. Although histological 

analysis provided significant insight into the effects of CSE on mast cell 

activity, pulmonary neutrophilia and airway remodelling, further analysis 

using immunohistochemistry to identify presence of other immune cell 

types or altered functionality of structurally-related cells could have been 

performed. This would have allowed for the possible identification of 

additional immunopathogenic mechanisms. However, when it is 

considered that the basis of this project was to design a model system to 
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encapsulate human COPD in a 3Rs friendly manner, ensuring that a 

broad range of markers could be detected in order to demonstrate the 

applicability of the model itself was of greater importance. With the model 

system optimised and refined, these limiting factors now provide 

opportunities for areas of future research. 

Whilst all of these limiting factors can be easily addressed in future 

research, a limiting factor of age of mice used for the model system is 

somewhat more complex. Here, 11-week-old C57BL/6J mice were used 

for our study, which although considered mature adults in the context of 

mouse biology would be age-equivalent to a human in their 20s [294]. 

COPD as a result of CS exposure is typically presented as a disease of 

old age, particularly in high-income countries, and therefore the use of 

animals which are not age-equivalent to those typically affected by a 

disease limits a study’s translational ability. While COPD cannot be 

caused by the ageing process itself, there is evidence to suggest that 

natural biological processes that are altered and less efficient later in life 

contribute towards COPD pathogenesis [125]. Many of the hallmark 

characteristics of ageing and mechanisms of COPD pathogenesis 

overlap, as such ageing is often considered a significant risk factor in the 

development of COPD, especially when in combination with exposure-

type risk factors such as CS or air pollutant exposure. Physiologically, the 

elastic recoil of the lungs declines over time, in addition to decrease in 

chest wall compliance which overall reduces the gaseous exchange 

capabilities of the lungs [420]. These characteristics can in turn lead to 

the development of senile emphysema, which differs from the 

emphysematous phenotype associated with COPD in that it displays 

largely homogenous airspace enlargement within the lungs by 

comparison [421]. The ageing process is also associated with the 

shortening of telomeres, repetitive sequences located on the distal ends 

of chromosomes involved in maintaining chromosome stability. There is 

evidence to suggest a role for excessive telomere shortening, particularly 

in inflammatory and immune cells, in COPD pathogenesis, and an 

association between shorter telomeres and higher risk of mortality has 
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been observed [422, 423]. Cellular senescence, characterised by the 

cessation of cell division and replication, is also known to contribute 

towards the ageing phenotype. Senescent cells have a distinct 

morphology and phenotype, which includes the production and secretion 

of proinflammatory cytokines to promote chronic inflammation within a 

given environment [424]. Increased numbers of senescent cells, 

particularly alveolar epithelial cells, lead to a reduction in the regenerative 

capabilities of the lungs and put COPD patients at increased risk of 

irreparable lung damage and injury [425]. From the results of our flow 

cytometry analysis from peripheral blood, immune cell profiles were 

shown to change over a 12-week period, which was attributed towards 

ageing of mice as opposed to CSE exposure, given that no differences 

between dose groups were observed. Given that COPD is often 

considered a disease of old age, particularly in the context of CS 

exposure, had we used aged mice or utilised a longer exposure period to 

CSE we may have seen noticeable differences in immune profiles 

between disease groups and control groups. The use of aged mice in 

COPD research has been performed before, and it was found that 52-

week-old mice had increased susceptibility and accelerated development 

of pathophysiological characteristics of COPD in comparison to 8-week-

old mice [295]. The use of aged mice would improve the biological 

relevance of the model system to human disease, as 8-week-old mice 

are considered age-equivalent to human young adults and COPD in 

younger individuals is typically associated more with environmental and 

household air pollutants [3]. Therefore, older mice, commencing a dosing 

period between the ages of 10 – 14 months (middle age) would be more 

representative of the typical patients associated with CS-induced COPD, 

as these would be age-equivalent to a human in their late 40s and early 

50s where early onset of COPD may be observed. This does, however, 

lead to additional concerns with regards to the welfare of animals 

involved, as older mice would be at a higher risk of developing adverse 

welfare effects in response to CSE as a result of the biological effects of 

ageing. Beyond 18 – 24 months, the overall survival rate of mice begins 

to significantly decline as a result of biological ageing, and there is also 
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an increased risk of generation of misleading results due to presence of 

biomarkers of other age-associated diseases that may overlap with the 

disease of interest [294]. Furthermore, with a lower survival rate in 

general are potentially increased risks of poor survival following a similar 

CSE dosing regimen to the one used in our model system. Additionally, 

the use of aged mice would require the submission of an amendment to 

the PPL for this study, and likely require a small-scale pilot study to 

assess the risk of adverse welfare effects and refine the model system 

accordingly following the amendment’s approval. Nonetheless, the use 

of aged mice would only further improve the biological relevance and 

translational ability of the model, and may assist in identifying age-related 

immunopathogenic mechanisms of COPD. 

In all, while there are limitations to our model design, these can be 

easily rectified through further refinement of the model system itself and 

development of more comprehensive analytical panels and techniques. 

These limitations therefore do not significantly impact the integrity of the 

model design nor its potential application in future research. 

 

6.9. APPLICATIONS AND FUTURE DIRECTIONS 

We have now established the framework for a mouse model of 

COPD available for use under UK law and legislation, and are therefore 

able to provide researchers in the UK with an in vivo toolkit to further 

investigate COPD immunopathophysiology. In particular, the model can 

may be used for deep phenotyping to examine specific genetic, molecular 

or cellular mechanisms of COPD in greater detail. Based on our findings 

and that of previous research, this could include determining mast cell 

cargo in the trachea to ascertain its effect on COPD pathophysiology in 

the lower respiratory system, or performing single-cell RNA sequencing 

on neutrophils isolated from both peripheral blood and BALF to determine 

possible changes in PRR expression in response to CSE. Identification 

and further characterisation of pathogenic mechanisms could provide 

insight into novel targets for therapeutics, and therefore the model system 
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could in future be used in pre-clinical trials to assess the efficacy of novel 

therapeutics. In addition, the CSE used to induce COPD in mice could be 

modified to allow exposure to other noxious particulate matter. This 

includes various air pollutants and e-cigarette vape, which would allow 

for the examination of phenotypic differences between COPD as a result 

of CSE and other causative agents. 

Given the small group sizes and lack of power in this study as a 

result, it would be imperative to increase group number sizes in future 

experiments in order to ensure that statistically significant results can be 

obtained and identified. In order to determine this, a power calculation 

was performed using lung neutrophil count, mean linear intercept and 

total peripheral immune cell count data from this study. Based on these 

calculations, the effect size was 5.68 for neutrophil counts, 2.35 for mean 

linear intercept and -0.11 for peripheral immune cell counts (table 6.9.1). 

Estimated required sample size per group was determined to be 1 for 

neutrophil counts and 5 for mean linear intercept. For total peripheral 

immune cell counts, estimated required sample size was determined to 

be 1636 per group (table 6.9.1). Given that this number is considerably 

high and the effect size is so small, these results should not be taken into 

consideration for future experiments, especially as this would contradict 

the 3Rs principle of reduction. Similarly, with only one animal per group 

it would not be possible to perform statistical analysis, as such this would 

not be a logical choice in future experiments. As our study makes use of 

3 – 4 animals per group, and with minimal to no effect size detected for 

peripheral immune cell profiles, we recommended group size of between 

7 – 8 or 8 – 10 animals. This would allow for the effect sizes of both lung 

neutrophil counts and mean linear intercept to be detected in future 

experiments, and account for any variability or unforeseen issues that 

would result in a reduction in group sizes (e.g. removal from study due or 

early cull as a result of welfare issues or concerns). 
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Table 6.9.1:- Results of power calculation to determine effect size and 

required sample size per group for future experiments. Calculations were 

performed using data for lung neutrophil count, mean linear intercept and total 

peripheral immune cell count 

Dataset Effect Size Required Sample Size Per Group 

Lung Neutrophil 

Count 
5.68 1 

Mean Linear 

Intercept 
2.35 5 

Total Peripheral 

Immune Cells 
-0.11 1636 

 

Given thatSince our model system generates is suggested to 

generate a moderate COPD phenotype, it can in theory be used as an 

infection model system, whereby mice that have developed COPD are 

exposed to pathogens in order to simulate AECOPD. AECOPD is a 

significant contributor towards the healthcare and economic burden of 

COPD, with frequent infections considered one of the most common 

causes of AECOPD [249]. Understanding how these infections take hold 

and how the immune system responds to infection within a COPD 

microenvironment can provide insight into better treatment and 

therapeutic strategies in AECOPD, or potentially provide insight into 

areas where early detection or risk of AECOPD can be assessed. A 

possible mechanism of COPD pathology that has yet to be widely 

investigated is dysbiosis or reduced diversity of the respiratory 

microbiome. The majority of research into host-microbiome interactions 

has largely focused on the role of the gut, skin and vaginal microbiota in 

disease pathogenesis, and it is only recently that research has begun to 

investigate the respiratory microbiome [426]. Unlike the gut microbiome, 

the lower respiratory microbiome possesses a more “fluid” dynamic to 

maintain low numbers of microorganisms in order to facilitate optimal gas 

exchange processes and maintain immune homeostasis [427-429]. 

Formatted: Font: 10 pt

Formatted Table

Formatted: Font: 10 pt, Not Italic

Formatted: Font: 10 pt

Formatted: Font: 10 pt, Not Italic

Formatted: Font: 10 pt

Formatted: Font: 10 pt

Formatted: Font: 10 pt, Not Italic

Formatted: Font: 10 pt

Formatted: Font: 10 pt

Formatted: Font: 10 pt, Not Italic

Formatted: Font: 10 pt

Formatted: Font: 10 pt



CHAPTER 6 – GENERAL DISCUSSION 

 

 

Dysbiosis in COPD is often associated with colonisation of the lower 

respiratory microbiome with potentially pathogenic microbes (PPMs) 

including Haemophilus species, Streptococcus pneumoniae, 

Staphylococcus aureus and Pseudomonas aeruginosa, all of which are 

considered opportunistic pathogens that lead to the development of 

severe respiratory illness in individuals with compromised lung function  

[430]. However, the exact influence and mechanisms of lower respiratory 

microbiome dysbiosis on COPD pathophysiology is poorly understood, 

and is an area of much needed research. It is suspected that increased 

bacterial burden of PPMs results in immune dysregulation and 

exhaustion, overall leading to poor clearance of infections and promotion 

of a chronic inflammatory microenvironment [431, 432]. Whether or not 

these alterations in the lower respiratory microbiome lead directly to 

changes in immune and inflammatory functions or inflammation precedes 

dysbiosis is uncertain. However, there is enough evidence to suggest that 

homeostasis of the lower respiratory system is reliant on the careful 

balance of bacteria and microbes found within the airway and tissue-

resident immune cells [433]. As such, not only could this model system 

be used as an infection model for common pathogens associated with 

COPD, but also for microbiome analysis to determine how the pulmonary 

microbiome is altered following CSE exposure and how this may 

contribute towards both COPD pathogenesis and AECOPD. This again, 

could lead to the identification of novel therapeutic targets for both COPD 

and AECOPD, or identify biomarkers for early detection or increased risk 

of COPD and AECOPD. 

 

6.10. CONCLUDING REMARKS 

To summarise, we have developed the framework for a robust, 3Rs 

friendly in vivo system of COPD that allows will allow for the analysis and 

examination of possible immunopathogenic mechanisms in disease 

progression and persistence. Whilst our model system did not 

demonstrate any systemic dose-related differences between disease and 

control groups, we have shown that increased concentrations of CSE 
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elicit increased mast cell activity, pulmonary neutrophilia and airway 

remodelling in the lower respiratory system of male and female C57BL/6J 

mice. Furthermore, RT-qPCR analysis demonstrated a possible 

implication of sexual dimorphism in response to CSE, with male mice 

shown to upregulate inflammatory genes and female mice displaying 

downregulation by comparison. Evidence of sexual dimorphism was 

present in both pulmonary neutrophilia and degree of fibrosis and airway 

remodelling, with heavy-smoker females showing significantly increased 

numbers of neutrophils within the airways in comparison to both control 

groups and male heavy-smoker mice, and showing evidence of slightly 

more pronounced fibrosis and alveolar remodelling in comparison to 

male mice. These findings confirm suggest the presence of an 

emphysematous COPD phenotype in mice, and thus demonstrate that 

with further refinement and investigation, our model is ancould be an 

effective system to generate a moderate COPD phenotype within the 

ethical and legal scope of current UK laws and guidelines for animals in 

scientific research. Whilst the model system has a few limitations, 

including group size, sample volumes taken for analysis, broad nature of 

the panels used for analysis and age of mice used, these can all be easily 

rectified and addressed in future research and model refinement. Overall, 

we have developed the framework for an in vivo system for researchers 

in the field of respiratory immunology to use for the analysis and 

characterisation of immunopathogenic mechanisms of COPD. This will 

hopefully lead to a better understanding of COPD pathogenesis and 

persistence, and aid in the identification and development of novel 

therapeutic targets to reduce the global burden of COPD. 
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APPENDIX A: BSU STUDY PROTOCOL 

Study protocol (information required during covid-19 

pandemic in red) 

 
For use on a study-by-study basis to supplement Section E protocols of a 

PPL.  

 

• Please submit to BSU (via bsu@nottingham.ac.uk) before you place 

your order. 

• Information provided is used by BSU to facilitate collegial working, 

enable us to adapt to differing study requirements, and maintain high 

levels of animal care & welfare. 

• BSU do not formally authorise Study Protocols; in other words, 

submitting this protocol does not remove the individual responsibility 

of the PIL holder to check that appropriate authorities are in place 

before conducting a procedure.  

• Please keep a copy of the Study Protocol in animal holding 

areas together with other relevant animal records; these may be 

examined by the Inspector. Please remove once the study is over 

(initials instead of full names may be used on these versions). 

• Feel free to add in additional sections according to your research 

group requirements.  

 

General study information 

Title of study 

Establishing the pathophysiological impact of 

cigarette smoke extract in mice as a model for 

Chronic Obstructive Pulmonary Disease 

Study reference (yours) 
 

Include this on your cage card(s) AND in the 

‘Special Instructions box’ when ordering 
animals on LabTracks 

Protocol 1: pilot study 

Name of primary PILh Adam Watkins 

Names of other PILhs 

involved 
Laura Bartlett 

Grant number RS86JF 

Grant expiry date 30/09/23 

 

Home office licence details 

PPL holder & licence 

number 
Adam Watkins; PP5215372 

Section E protocol 

number(s) 
1 

Severity Limit Moderate 

Details of re-

use/continued use: 
None 

 

mailto:bsu@nottingham.ac.uk
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Brief aim(s) of the study  
Note that these must coincide with the PPL objectives described in Section D 

of the PPL 

 

The aim of this study is to examine the pathophysiological development of 

chronic obstructive pulmonary disease (COPD) in adult male and female 

mice in response to a cigarette smoke extract. Currently there is a paucity 

of data regarding an optimal dosing regimen, both duration and 

concentration of extract exposure, to create a phenotype representative 

of COPD in humans. Furthermore, there is limited data on potential sex-

specific differences in disease progression between males and females. In 

addition, few studies define the whole-body responses to cigarette smoke 

extract and the role of the peripheral immune system.  

 

 

In light of the lack of detailed information from existing mouse models, 

this study will take the form of a pilot study to define the minimal dosing 

regimen (concentration and duration) to mimic phenotypic changes (lung 

damage, vascular smooth muscle remodelling, immune cell activation) of 

moderate COPD in humans.  

 

 

 

Animal Details 

Species/str

ain 

Mouse; C57BL6/J Total 

number 

200 

Sex Males and females Age or 

weight 

Typically 8-week-old  

Arrival 

date 

From November 

2021 onwards 

Study 

duration 

Throughout the 

remainder of the project 

  

List any special requirements relating to husbandry and care 

 

Males and females will be group housed unless welfare conditions (i.e. 

over grooming, fighting) require individuals to be isolated. Animals will 

be monitored daily for signs of ill health.   
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Description of the experiment and any supporting 

justification 
Describe your experimental design (groups, treatments etc.) using the table 

below, if helpful. Please also describe your rationale for group sizes; for this 

you may copy relevant sections from the PPL Reduction section. 

 

 

To ensure our pilot study has the minimal impact on animal welfare, we 

will adopt a system in which mice (males and females) are initially 

exposed to the lowest concentration of extract (1%) and for the shortest 

duration (1 week) while under light anaesthesia. Animals will be exposed 

to the cigarette smoke extract three time a week via an intranasal route 

and will be compared against control (culture medium only) animals. Mice 

will be split into separate groups for blood collection, which will take place 

on days between dosing. We will collect a saphenous vein blood sample 

for the measurement of circulating inflammatory markers and immune 

cells, where saphenous vein sampling cannot be completed, tail vein 

sampling will be taken instead. Prior to commencing the pilot study, all 

mice will go through a 5-day conditioning regimen to acclimatise to 

restraint methods for blood sampling (see table 1 below). A maximal 

volume of typically 30 μL will be taken weekly from each mouse to ensure 

adherence to NC3Rs and LASA guidelines for blood sampling. For 

saphenous vein bleeds, leg used to take sample will be alternated on a 

weekly basis to allow full recovery from the previous sampling. Full 

welfare checks will be performed a minimum of once to twice per week 

to monitor for signs of adverse health effects. 

 

We anticipate an exposure period of approximately 12 weeks to simulate 

a moderate COPD phenotype, and will expose animals to either 0% 

(saline/culture medium vehicle alone), 1% or 3% cigarette smoke extract 

based upon findings from our human cell culture models and previous 

literature. All mice will be closely monitored throughout the duration of 

the study for adverse welfare effects, and the study will be ended no later 

than 12 weeks of exposure based on indications of COPD phenotype. 

Based on these parameters, we propose a maximal number of mice 

required under this pilot study to be 200 (100 males and 100 females). 

 

Mice (both males and females) will be used in groups of 8 animals and 

compared to a control group who are exposed to the saline/culture 

medium vehicle alone (see table 2 below).   The appropriate number of 

mice to be used has been determined through the use of the NC3R's 

online Experimental Design Assistant and existing published literature of 

mouse models of cigarette smoke extract. Pathophysiological data on 

lung morphology, circulating inflammatory markers and immune cell 

populations (all parameters that will be assessed under this Licence) have 

been taken from relevant publications (He et al, 2015, Tob Induc Dis. 

13(1):6; Tabata et al. 2015. Int Immunopharmacol. 25(2):511-7; Braber 

et al. 2011. Am J Respir Crit Care Med. 185(8):817-24).  

 

At specific time points, animals will be culled by overdose of anaesthetic 

via intraperitoneal injection for the isolation of tissues, bronchoalveolar 

lavage fluid and blood samples. These will be processed and analysed to 

determine the state of COPD disease progression. Typically, we will define 

tissue morphology, lung vascular smooth muscle cell remodelling, 

immune cell profiles and activation status and tissue gene/protein 

expression. If the desired COPD phenotype and no adverse welfare 
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effects are observed, the study will be repeated with new groups of mice 

using higher doses of cigarette smoke extract up to 10% over a 12-week 

period. 

 

Table 1: Schedule of conditioning regimen 

 

Day Details of conditioning or reward 

1 Reward placed in cages 

2 

Mice handled and shown restraints, allowed to 

freely enter restraint, reward placed in cages 

following handling 

3 

Mice handled and shown restraints, allowed to 

freely enter restraint, reward placed in cages 

following handling 

4 

Mice handled and placed into restraint, hind 

limb restrained, reward placed in cages 

following handling 

5 

Mice handled and placed into restraint, hind 

limb restrained, reward placed in cages 

following handling 

 

Table 2: Table of proposed experimental groups  

 

Experimental group ID Extract dose Number of mice 

Never-smoker Males 

(NSM) 

0% 4 

Never-smoker Females 

(NSF) 

0% 4 

Light-smoker Males 

(LSM) 

1% 4 

Light-smoker Females 

(LSF) 

1% 4 

Heavy-smoker Males 

(HSM) 

3% 4 

Heavy-smoker Females 

(HSF) 

3% 4 

 

 

Group Treatment Approx n = 

Adult males and 

females 

Animals will be exposed to cigarette 

smoke extract while under light 

anaesthesia. Following dosing,  

All animals will be allowed to recover in a 

warming chamber (typically for around 30 

minutes) and monitored before returning 

to their original cages.  

 

The dosing regimen (both duration and 

concentration) may be increased 

incrementally dependent on results 

observed. We anticipate starting at a 

concentration of 1% for 3 weeks and then 

increasing incrementally by 1% and one 

additional week to a maximum of 10% for 

12 weeks.  

200 (100 

males and 

100 

females) 
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Experimental procedures and sequence of events  
For example, surgical procedures, administration of compounds, 

behavioural tests, blood sampling. If these change during a study please 

amend this page and write your initials. 

 

Please also highlight where records/monitoring sheets will be used (e.g. 

post-op monitoring sheets, weight charts). These should be kept together 

with the Study Protocol in the holding room. 

 

ADDITIONAL REQUIREMENTS DURING THE COVID-19 PANDEMIC 

• Please provide dates and times you will need to access 

BSU 

• Highlight times when you’ll need to access holding rooms 

to do anything other than remove animals (e.g. health checks, 

weighing/monitoring, injections) 

• If the protocol is approved, book theatres, 

procedure/behaviour rooms straight away 

 

 

In light of the lack of detailed published literature on which to establish 

an optimal experimental set of concentration and dose parameters, we 

propose to conduct an initial pilot study. The aim of this pilot study will 

be to define the minimal dose necessary to observe pathophysiological 

changes in line with patients presenting with moderate COPD.  

 

Adult (8-10 week old) male and female C57BL6/J mice will be housed in 

single sex groups and assigned to one of 6 study groups (Table 2). Mice 

will be exposed to the different cigarette smoke extract concentrations 

via an intranasal route while under mild anaesthesia three times per week 

on Mondays, Wednesdays and Fridays between 10 am – 11 am (see 

figure 1 below, from 05/06/23 until 11/09/23). The cigarette smoke 

extract will be created regularly within our research lab, batch tested and 

sterile filtered and brought to the BSU diluted in RPMI culture medium. 

Each extract will be prepared fresh on the day of dosing a maximum of 3 

hours before use and will be adjusted to room temperature and neutral 

pH prior to administration. Animals will receive either a culture medium 

vehicle alone (control group) or the cigarette smoke extract at either 1% 

or 3% concentration based on findings from human cell culture models. 

Following exposure to the extract, all animals will be placed within a 

warming chamber and allowed to recover fully (typically for around 30 

minutes). During this time animals will be continuously monitored for 

signs of respiratory distress.  

 

In order to minimise workload on PIL holders, all animals will be allocated 

to an experimental group and dosing will begin in a staggered fashion. 

For this, 2 animals from each dose group (see table 2 above) will begin 

receiving doses of allocated cigarette smoke extract or culture medium 

from Monday 5th June 2023 for 12 weeks. This group will be designated 

Group 1 (n = 12). The remaining mice will begin the dosing period a week 

later on Monday 12th June 2023, and will be designated Group 2 (n = 12). 
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Animal health and welfare will be monitored daily for one to two weeks 

from the start of the experiment, with the measurement of body weight 

and overall appearance and demeanour checks (between 9 am – 10 am, 

from 05/06/23 until 16/06/23). Records of welfare checks will be taken 

physically and electronically through the use of score sheets and 

databases made available to PIL holders under the PPL. Full welfare 

checks will occur a minimum of once to twice per week prior to the 

administration of anaesthesia or blood sampling (typically Mondays and 

Saturdays between 9 am – 10 am, from 05/06/23 until 11/09/23). This 

will occur on the same day of each week and will only involve one member 

of our team entering the BSU to take these measurements. These 

activities will occur within the holding room or a designated procedure 

room if dosing or sampling is to take place following checks.  

 

Once per week, blood samples will be taken from each mouse to analyse 

peripheral immune cells and inflammation markers. This will occur in a 

staggered format in a procedure room, with samples taken weekly either 

on Tuesdays (9 am – 10 am) or Thursdays (9 am – 10 am) (see figure 1, 

maximum 12 mice per group from 05/06/23 - 11/09/23). Approximately 

20 μL blood (≥10 μL and ≤30 μL) will be taken typically via the saphenous 

vein or from the tail vein if saphenous blood sampling is not possible. For 

saphenous vein sampling, the back of the leg will be shaved and a local 

anaesthetic (e.g. EMLA cream) will be applied to the sampling area 30 

minutes prior to sampling. Mice will be restrained using a 50 mL falcon 

tube with 1/3 of the end cut off to allow ease of breathing without 

anaesthesia for the duration of this procedure. All mice will be 

acclimatised to the necessary restraint methods through a conditioning 

program prior to the start of the dosing period (see table 1 above). The 

area for sampling will be sterilised with an antiseptic wipe and wiped clean 

with dry gauze, after which a 25G needle will be inserted into the 

saphenous vein. Blood will be collected through the use of a Gilson pipette 

with heparinised P-100 tips and gentle pressure will be applied to the 

wound after correct amount has been collected. Cessation of bleeding, 

and the appearance of clotting will be confirmed before the animal is 

removed from restraint and returned to their cage. The leg used for 

sampling will be alternated on a weekly basis to allow for recovery from 

the previous week’s sampling. In the case of tail vein bleeds, mice will 

have a local anaesthetic (e.g. EMLA cream) applied approximately 30 

minutes prior to sampling, after which they will be transferred to a 

warming box (37°C) for approximately 10 minutes. Once the tail vein has 

been dilated mice will be restrained and the same sampling procedure as 

described above will take place using the tail vein. 

 

The overall exposure period is estimated to take no more than 12 weeks, 

though the study may be ended earlier if significant elevation of 

peripheral immune cell activation and inflammatory marker profiles 

indicative of moderate COPD phenotype are detected. Additionally, the 

study will be stopped at any point if investigators receive indication that 

continuation of the study would endanger the welfare of the animals or 

cause severity limit to exceed a moderate phenotype, either through 

welfare checks or through analysis of blood samples.  

 

At the end of the defined duration period (maximum 12 weeks), mice will 

be culled by overdose of anaesthetic via intraperitoneal injection, with 2 

members of our team required for rapid collections. This activity will take 

place in a designated procedure room. Tissues will be collected for the 
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analysis of established experimental endpoints typically consisting of; (i) 

elevated lung damage (as defined by significant increases in histological 

assessment of alveolar mean Linear Intercept (Li) and Destructive Index 

(Di) parameters); (ii) statistically significant remodelling and 

extracellular matrix deposition of the lung vasculature; (iii) decrease in 

blood oxygen saturation to 90%; (iv) significant infiltration of lung 

immune cell populations into the lung tissue and; (v) elevated peripheral 

immune cell activation and inflammatory mediator profiles. 

 

 

Figure 1: Weekly dosing and sampling schedule for duration of 

exposure period 

 
Please describe what provisions are in place to complete the study 

should anybody be required to self-isolate: 

 

Our team is comprised of two members, Laura Bartlett and Dr Adam 

Watkins, who are both capable of continuing/completing the study should 

the other member be required to self-isolate.   

 

If more than two people from the group need to be in BSU at any one 

time give reasons: 

 

On most occasions, it will not be necessary for both members of our team 

to be in the BSU at any one time. However, during periods of animal 

dissection, both members may be required to facilitate the collection, 

weighting and processing of the tissues in a timely manner.  
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Termination  
Choose from the options below 

Schedule 1 method 
Please specify 

Overdose of anaesthetic via an 

intraperitoneal injection  

Non-schedule 1 method 
Please specify 

 

Released from ASPA  
Needs NVS authorisation 

 

Animals to enter food 

chain  
Give withdrawal periods of any substances 

administered before slaughter (Sutton 

Bonington only) 

 

 

Specific health & safety or animal health risks 
Does your study require any of the following? (see links for further 

information and guidance) 

Designated containment facilities 
Please detail below the requirements for any work with infectious biological 

agents or genetically-modified micro-organisms that may require designated 

containment facilities. 
http://www.nottingham.ac.uk/safety/documents/bio-gm.pdf 

Required?  N 

Health & safety assessment (including COVID-19 RA) 
COSHH & risk assessment forms (additional to the BSU risk assessment for 

Laboratory Animal Allergy) must be attached and approved by the BSU 

Departmental Safety Officer before the study commences if work presents a 

hazard to health, e.g. use of potential carcinogens. This includes 

pathogens/toxins, especially those listed under Schedule 5 of the Anti-terrorism, 

Crime and Security Act 2001, such as tetrodotoxin. 
http://www.nottingham.ac.uk/safety/policies-and-guidance/hazardous-
substances/coshh/coshh.aspx 
https://www.nottingham.ac.uk/safety/documents/bio-security-pathogens.pdf  

Required?  N 

GA risk assessment 
GA risk assessment forms are required for work with genetically altered (GA) 

animals, GA micro-organisms or where modification of genetic material will 

occur, e.g. using viral vectors. Copies of approved and signed off forms must be 

attached to this proposal and provided to the BSU Biological Safety Officer 

before the study commences. 
http://www.nottingham.ac.uk/safety/policies-and-guidance/bio-gm/gm.aspx 

Required?  N 

Licence under the Specified Animal Pathogens Order 

(SAPO) regulations  
If specified animal pathogens are part of the study, copies of any SAPO Licences 

required for working with the pathogens must be forwarded to the BSU Named 

Veterinary Surgeon for approval of this work before the study commences.  
http://www.hse.gov.uk/biosafety/sapo.htm;  
http://www.hse.gov.uk/pubns/priced/hsg280.pdf 

Required?  N 

Licence to work with controlled drugs 
Separate licences are requires for work with controlled drugs listed under 

schedule 1 of the Misuse of Drugs Act (e.g. cannabis, LSD). Note that the 

University does not hold a generic licence and a separate licence will need to be 
obtained by any research group that wishes to use such drugs. The relevant 

licence must be in place, and a copy lodged with BSU, before work commences. 

http://www.nottingham.ac.uk/safety/documents/bio-gm.pdf
http://www.nottingham.ac.uk/safety/policies-and-guidance/hazardous-substances/coshh/coshh.aspx
http://www.nottingham.ac.uk/safety/policies-and-guidance/hazardous-substances/coshh/coshh.aspx
https://www.nottingham.ac.uk/safety/documents/bio-security-pathogens.pdf
http://www.nottingham.ac.uk/safety/policies-and-guidance/bio-gm/gm.aspx
http://www.hse.gov.uk/biosafety/sapo.htm
http://www.hse.gov.uk/pubns/priced/hsg280.pdf
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Note that University research departments generally do not require a licence to 

possess drugs in schedules 2-5.  
https://www.gov.uk/guidance/controlled-drugs-licences-fees-and-returns  

Required?  N 

 

 

Experimental protocol approval 
I confirm, on the basis of re-examination of the appropriate project licence 

authority, that the purpose of the experiment is as described in Section D 

of the project licence detailed above.  

 

The species and proposed techniques are specifically authorised in the 

Section E protocol(s) and authority is in place with respect to the personal 

licenses of individuals conducting the procedures.  

 

Humane killing will be in accordance with Schedule 1 (revised 1st Jan 2013) 

or by methods listed in the appropriate licences and will only be conducted 

by competent individuals named on the University of Nottingham Schedule 

1 register.   
 

 

Name of PPL holder: Adam Watkins Signature:

 Date: 31/05/2023                      

 

 

 

 

Name of PIL holder: Laura Bartlett  Signature: 

Date: 31/05/2023  

 

https://www.gov.uk/guidance/controlled-drugs-licences-fees-and-returns
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APPENDIX C: STAIN INDEXES 

For all markers selected for phenotyping, splenocytes were not 

subjected to activation and stained immediately following isolation or 

defrosting. CD45 (APC-Fire810) had the highest stain index at 1:160, but 

to ensure consistency across the panel a final concentration of 2 μg/mL 

per test (i.e. 1:100 dilution) was selected for future work (figure C.1). 

Due to difficulties presented in determining ideal concentration for 

CD3 (BUV496), both histograms and dot plots were created to determine 

location of positive and negative populations. As shown in figure C.2A, 

histograms appear to show nonspecific binding and lack of distinction 

between positive and negative populations, although the stain index 

curve follows a standard curve trend (figure C.2B). To confirm that gates 

were in the correct positions to capture positive and negative populations, 

Figure C.1:- Stain index histograms and curve for CD45 (APC Fire810). Cells 

were gated according to the lymphocyte gating strategy defined in figure 3.2.1A. 

Histogram overlays were prepared for each dilution factor comprising of negative 

population (dark blue peak) and positive population (light blue peak). Dilutions were 

prepared in a doubling series ranging from 1:10 (A.i) to 1:1280 (A.viii). Median and 

standard deviation data was exported to excel and stain indexes were calculated and 

plotted as a standard curve in GraphPad Prism (B). 
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the same data was examined on SSC-A dot plots. As shown in figure 

C.3A, there is little distinction between the positive and negative CD3 

populations, with overstaining being observed at the lowest dilutions (A.i 

and A.ii). However, as dilution factor increased a positively stained 

population could be observed (A.iv and A.v), though this distinction was 

lost at the highest dilution factors (A.vii and A.viii). These trends followed 

the same staining pattern as observed on histograms in figure C.2A, and 

it was therefore concluded that the stain index curves were accurate for 

staining efficiency (figure C.2B and C.3B). As for CD45, 2 μg/mL per test 

(i.e. 1:100 dilution) was selected for CD3. 

 

 

Figure C.2:- Stain index histograms and curve for CD3 (BUV496). Cells were 

gated according to the lymphocyte gating strategy defined in figure 3.2.1A. Histogram 

overlays were prepared for each dilution factor comprising of negative population (dark 

blue peak) and positive population (light blue peak). Dilutions were prepared in a 

doubling series ranging from 1:10 (A.i) to 1:1280 (A.viii). Median and standard deviation 

data was exported to excel and stain indexes were calculated and plotted as a standard 

curve in GraphPad Prism (B). Stain index for 1:10 dilution was excluded due to value 

exceeding limits of the curve. 
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CD4 (FITC) provides an ideal example of typical stain index profiles, 

where negative and positive populations can be clearly defined and 

separation occurs as dilution factor increases (figure C.4). Based on 

these results a concentration of 0.5 μg/mL per test (i.e. 1:1000 dilution) 

was determined for CD4. 

  

Figure C.3:- Dot plots and stain index curve for CD3 (BUV496). Cells were 

gated according to the lymphocyte gating strategy defined in figure 3.2.1A. Dot plot 

overlays were prepared for each dilution factor comprising of negative population (dark 

blue) and positive population (light blue) to ascertain population distinctions due to 

difficulties identifying populations via histograms. These plots confirmed the accuracy 

of stain index values and ensured the correct populations were gated for. Stain index 

for 1:10 dilution was excluded due to value exceeding limits of the curve, and dot plots 

confirmed overstaining. 
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Similar profiles were observed for CD8a (APC/Cy5.5), though as 

dilution factor exceeded 1:160 the separation between positive and 

negative peaks began to decrease (figure C.5). As a result, a 

concentration of 1 μg/mL per test (i.e. 1:100 dilution) was determined.  

  

Figure C.4:- Stain index histograms and curve for CD4 (FITC). Cells were 

gated according to the lymphocyte gating strategy defined in figure 3.2.1A. Histogram 

overlays were prepared for each dilution factor comprising of negative population (dark 

blue peak) and positive population (light blue peak). Dilutions were prepared in a 

doubling series ranging from 1:10 (A.i) to 1:1280 (A.viii). Median and standard deviation 

data was exported to excel and stain indexes were calculated and plotted as a standard 

curve in GraphPad Prism (B). 
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Ideal concentration for RORγt (PE/Cy5.5) was determined to be 5 

μg/mL per test (i.e. 1:100 dilution) (figure C.6).  Stain indexes for FOXP3 

were also generated (figure C.7), but it was later determined that much 

of the positive staining was a result of nonspecific binding. Following 

advice from suppliers of the conjugation kit used to generate this 

antibody, we were made aware that the conjugate was not suitable for 

intracellular staining and thus FOXP3 was dropped from the panel (figure 

C.7). 

  

Figure C.5:- Stain index histograms and curve for CD8 (APC-Cy5.5). Cells 

were gated according to the lymphocyte gating strategy defined in figure 3.2.1A. 

Histogram overlays were prepared for each dilution factor comprising of negative 

population (dark blue peak) and positive population (light blue peak). Dilutions were 

prepared in a doubling series ranging from 1:10 (A.i) to 1:1280 (A.viii). Median and 

standard deviation data was exported to excel and stain indexes were calculated and 

plotted as a standard curve in GraphPad Prism (B). 
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Figure C.6:- Stain index histograms and curve for RORγt (PE-Cy5.5). Cells 

were gated according to the lymphocyte gating strategy defined in figure 3.2.1A. 

Histogram overlays were prepared for each dilution factor comprising of negative 

population (dark blue peak) and positive population (light blue peak). Dilutions were 

prepared in a doubling series ranging from 1:10 (A.i) to 1:1280 (A.viii). Median and 

standard deviation data was exported to excel and stain indexes were calculated and 

plotted as a standard curve in GraphPad Prism (B).
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In order to isolate Treg populations, CD25 (BV510) was added to 

the panel and validated at a concentration of 5 μg/mL per test (i.e. 1:100 

dilution) according to stain index results as higher dilutions resulted in an 

inability to discern negative populations from positive (figure C.8). 

  

Figure C.7:- Stain index histograms and curve for FOXP3 

(NovaFluorBlue610). Cells were gated according to the lymphocyte gating strategy 

defined in figure 3.2.1A. Histogram overlays were prepared for each dilution factor 

comprising of negative population (dark blue peak) and positive population (light blue 

peak). Dilutions were prepared in a doubling series ranging from 1:10 (A.i) to 1:1280 

(A.viii). Median and standard deviation data was exported to excel and stain indexes 

were calculated and plotted as a standard curve in GraphPad Prism (B). Following 

conversations with fluorophore suppliers, this antibody and conjugate was dropped from 

the panel as it was advised that the fluorophore was not suited to intracellular staining. 

CD25 was added into the panel as a substitute. 
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Due to low numbers of NK cells in spleen, stain indexes could not 

be obtained for CD49b (PerCP/Cy5.5) using the conventional method as 

positive populations could not be visualised through histograms (figure 

C.9). As a result, populations were examined using SSC-A and the 

median of positive and negative populations were used to calculate the 

degree of separation, as defined by a greater difference between the 

median fluorescence intensity (MFI) of the positive and negative 

populations. Using this method, it was determined that 2 μg/mL per test 

(i.e.1:100 dilution) concentration would be used for CD49b (figure C.10). 

  

Figure C.8:- Stain index histograms and curve for CD25 (BV510). Cells were 

gated according to the lymphocyte gating strategy defined in figure 3.2.1A. Histogram 

overlays were prepared for each dilution factor comprising of negative population (dark 

blue peak) and positive population (light blue peak). Dilutions were prepared in a 

doubling series ranging from 1:10 (A.i) to 1:1280 (A.viii). Median and standard deviation 

data was exported to excel and stain indexes were calculated and plotted as a standard 

curve in GraphPad Prism (B). 
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Figure C.9:- Stain index histograms and curve for CD49b (PerCP-Cy5.5). 

Cells were gated according to the lymphocyte gating strategy defined in figure 3.2.1A. 

Histogram overlays were prepared for each dilution factor comprising of negative 

population (dark blue peak) and positive population (light blue peak). Dilutions were 

prepared in a doubling series ranging from 1:10 (A.i) to 1:1280 (A.viii). Due to low 

populations only the medians for each peak were exported and the stain index was 

determined by the difference between median alone, this was plotted as a standard 

curve in GraphPad Prism (B). 
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The ideal concentration for CD11b was determined to be between 

1:640 and 1:1280, so 0.5 μg/mL per test (i.e. 1:1000 dilution) was 

selected. Although signal from the positive population was low this was 

attributed to low frequencies of cells expressing this marker in spleen, 

and positive and negative populations could still be clearly defined at 

higher dilution factors (figure C.11). 

  

Figure C.10:- Dot plots and stain index curve for CD49b (PerCP-Cy5.5). Cells 

were gated according to the lymphocyte gating strategy defined in figure 3.2.1A. Dot 

plot overlays were prepared for each dilution factor comprising of negative population 

(dark blue) and positive population (dark pink) to ascertain population distinctions due 

to difficulties identifying positive peaks in histograms. This is due to low numbers of NK 

cells in the spleen. These plots confirmed the accuracy of stain index values and 

ensured the correct populations were gated for. 
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Due to the variable staining capacity of Ly6G/Ly6C (PE/Cy5) 

depending on cell and marker type, histograms for this antibody 

displayed two positive population peaks (figure C.12). Since the antibody 

binds with a higher affinity to Ly6G than Ly6C, the peak furthest to the 

right along the X axis was defined as the Ly6G positive population and 

the middle peak between this and the negative population were defined 

as Ly6C positive. Both positive population peaks were included in the 

total positive population in order to ensure that all three populations could 

be distinctly defined from one another. Using this strategy, ideal 

concentration was determined to be 2 μg/mL per test (i.e. 1:100 dilution) 

as higher dilutions resulted in poor separation between the negative 

population and the Ly6C positive population. 

 

Figure C.11:- Stain index histograms and curve for CD11b (Pacific Blue). 

Cells were gated according to the macrophage and granulocyte gating strategy defined 

in figure 3.2.1B. Histogram overlays were prepared for each dilution factor comprising 

of negative population (dark blue peak) and positive population (light blue peak). 

Dilutions were prepared in a doubling series ranging from 1:10 (A.i) to 1:1280 (A.viii). 

Median and standard deviation data was exported to excel and stain indexes were 

calculated and plotted as a standard curve in GraphPad Prism (B). 
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Ideal concentration of I-A/I-E (PE/Cy7) could be easily determined 

as a result of clearly defined positive and negative populations, likely due 

to B cells being the most abundant cell type in spleen (figure C.13). 

Although the stain index curve peaked at a dilution of 1:40, clear 

separation was evident at the highest dilution factor and it was possible 

that lower dilutions may have resulted in nonspecific binding. Therefore, 

the ideal concentration of I-A/I-E was concluded to be 0.2 μL per test (i.e. 

1:1000 dilution). 

  

Figure C.12:- Stain index histograms and curve for Ly6G/Ly6C (PE-Cy5). 

Cells were gated according to the macrophage and granulocyte gating strategy defined 

in figure 3.2.1B. Histogram overlays were prepared for each dilution factor comprising 

of negative population (dark blue peak) and positive population (light blue peak). The 

positive populations display two peaks due to staining intensity of monocytes (first light 

blue peaks from the left) and neutrophils (second light blue peaks from the left). Dilutions 

were prepared in a doubling series ranging from 1:10 (A.i) to 1:1280 (A.viii). Median and 

standard deviation data was exported to excel and stain indexes were calculated and 

plotted as a standard curve in GraphPad Prism (B). 
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Stain index curves for macrophage markers typically did not align 

with the general appearance of positive and negative populations 

according to histograms. Despite this, ideal concentration for F4/80 

(CF568) was selected at 5 μg/mL per test (i.e. 1:100 dilution) due to poor 

separation of populations at higher dilution factors (figure C.14). 

  

Figure C.13:- Stain index histograms and curve for I-A/I-E (PE-Cy7). Cells 

were gated according to the macrophage and granulocyte gating strategy defined in 

figure 3.2.1B. Histogram overlays were prepared for each dilution factor comprising of 

negative population (dark blue peak) and positive population (light blue peak). Dilutions 

were prepared in a doubling series ranging from 1:10 (A.i) to 1:1280 (A.viii). Median and 

standard deviation data was exported to excel and stain indexes were calculated and 

plotted as a standard curve in GraphPad Prism (B). 
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Although stain index curves indicated that 1:1000 were ideal dilution 

factors for both CD163 (PE) (figure C.15B) and CD169 (BV605) (figure 

C.16B), histograms suggested that ideal dilutions were in the region of 

1:10 to 1:20 due to clearly defined separation of positive and negative 

peaks (figure C.15A and C.16A). However, examination of the same 

populations in dot plot format demonstrates that the majority of cells 

stained positive at these lower dilution factors are less granular and 

therefore cannot be classified as macrophages (figure C.17 and C.18). 

Based on these plots, macrophages can be clearly defined from the 

negative population at the highest dilutions and thus the stain index curve 

is reflective of antibody staining efficiency for the desired cell population. 

Based on these results, ideal concentrations for CD163 and CD169 were 

determined to be 0.2 μg/mL per test each (i.e. 1:1000 dilution). 

 

Figure C.14:- Stain index histograms and curve for F4/80 (CF568). Cells were 

gated according to the macrophage and granulocyte gating strategy defined in figure 

3.2.1B. Histogram overlays were prepared for each dilution factor comprising of 

negative population (dark blue peak) and positive population (light blue peak). Dilutions 

were prepared in a doubling series ranging from 1:10 (A.i) to 1:1280 (A.viii). Median and 

standard deviation data was exported to excel and stain indexes were calculated and 

plotted as a standard curve in GraphPad Prism (B). 
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Figure C.15:- Stain index histograms and curve for CD163 (PE). Cells were 

gated according to the macrophage and granulocyte gating strategy defined in figure 

3.2.1B. Histogram overlays were prepared for each dilution factor comprising of 

negative population (dark blue peak) and positive population (light blue peak). Dilutions 

were prepared in a doubling series ranging from 1:10 (A.i) to 1:1280 (A.viii). Median and 

standard deviation data was exported to excel and stain indexes were calculated and 

plotted as a standard curve in GraphPad Prism (B). 
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Figure C.16:- Stain index histograms and curve for CD169 (BV605). Cells 

were gated according to the macrophage and granulocyte gating strategy defined in 

figure 3.2.1B. Histogram overlays were prepared for each dilution factor comprising of 

negative population (dark blue peak) and positive population (light blue peak). Dilutions 

were prepared in a doubling series ranging from 1:10 (A.i) to 1:1280 (A.viii). Median and 

standard deviation data was exported to excel and stain indexes were calculated and 

plotted as a standard curve in GraphPad Prism (B).



APPENDICES 

 

333 
 

  

Figure C.17:- Dot plots and stain index curve for CD163 (PE). Cells were 

gated according to the macrophage and granulocyte gating strategy defined in figure 

3.2.1B. Dot plot overlays were prepared for each dilution factor comprising of negative 

population (dark blue) and positive population (light blue) to ascertain population 

distinctions due to histograms appearing to misalign with stain index curves. This was 

found to be due to overstaining at lower dilutions, resulting in non-macrophage or 

granulocytic cells being positively stained for this marker. Therefore, although the 

histograms suggest a lower dilution factor should be used, the stain index is correct and 

a higher dilution factor should be used to avoid non-specific staining.
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CD80 (BUV661) and CD86 (BV650) showed similar staining 

patterns, with both determined to have a staining concentration of 2 

μg/mL per test (i.e. 1:100 dilution) (figure C.19 and figure C.20). Clear 

separation of positive and negative populations for CD38 (PE/Dazzle 

594) were observed at all dilutions, as such ideal antibody concentration 

was determined to be 0.5 μg/mL per test (i.e. 1:1000 dilution) based on 

stain index curve (figure C.21). 

  

Figure C.18:- Dot plots and stain index curve for CD169 (BV605). Cells were 

gated according to the macrophage and granulocyte gating strategy defined in figure 

3.2.1B. Dot plot overlays were prepared for each dilution factor comprising of negative 

population (dark blue) and positive population (light blue) to ascertain population 

distinctions due to histograms appearing to misalign with stain index curves. This was 

found to be due to overstaining at lower dilutions, resulting in non-macrophage or 

granulocytic cells being positively stained for this marker. Therefore, although the 

histograms suggest a lower dilution factor should be used, the stain index is correct and 

a higher dilution factor should be used to avoid non-specific staining.



APPENDICES 

 

335 
 

  

Figure C.19:- Stain index histograms and curve for CD80 (BUV661). Cells 

were gated according to the macrophage and granulocyte gating strategy defined in 

figure 3.2.1B. Histogram overlays were prepared for each dilution factor comprising of 

negative population (dark blue peak) and positive population (light blue peak). Dilutions 

were prepared in a doubling series ranging from 1:10 (A.i) to 1:1280 (A.viii). Median and 

standard deviation data was exported to excel and stain indexes were calculated and 

plotted as a standard curve in GraphPad Prism (B).
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Figure C.20:- Stain index histograms and curve for CD86 (BV650). Cells were 

gated according to the macrophage and granulocyte gating strategy defined in figure 

3.2.1B. Histogram overlays were prepared for each dilution factor comprising of 

negative population (dark blue peak) and positive population (light blue peak). Dilutions 

were prepared in a doubling series ranging from 1:10 (A.i) to 1:1280 (A.viii). Median and 

standard deviation data was exported to excel and stain indexes were calculated and 

plotted as a standard curve in GraphPad Prism (B).
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For T cell activation markers, splenocytes were exposed to 

PMA/ionomycin for 6 hours, a 0-hour control was also used to generate 

stain indexes for comparison. At 0 hours, CD69 (BV785) displayed 

minimal staining and an accurate stain index could not be obtained (figure 

C.22 A and B). Following activation however, staining was observed and 

a stain index could be obtained (figure C.22 C and D). Based on the 

results, a concentration of 4 μg/mL per test (i.e. 1:50 dilution) for CD69 

was determined. 

  

Figure C.21:- Stain index histograms and curve for CD38 (PE-Dazzle594). 

Cells were gated according to the lymphocyte gating strategy defined in figure 3.2.1A. 

Histogram overlays were prepared for each dilution factor comprising of negative 

population (dark blue peak) and positive population (light blue peak). Dilutions were 

prepared in a doubling series ranging from 1:10 (A.i) to 1:1280 (A.viii). Due to low 

populations only the medians for each peak were exported and the stain index was 

determined by the difference between median alone, this was plotted as a standard 

curve in GraphPad Prism (B).
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Figure C.22:- Stain index histograms and curve for CD69 (BV785). Cells were 

gated according to the lymphocyte gating strategy defined in figure 3.2.1A and stained 

either without activation (A and B) or after activation for 6 hours with PMA/Ionomycin (C 

and D). Histogram overlays were prepared for each dilution factor comprising of 

negative population (dark blue peak) and positive population (light blue peak). Dilutions 

were prepared in a doubling series ranging from 1:10 (A.i and C.i) to 1:1280 (A.viii and 

C.viii). Median and standard deviation data was exported to excel and stain indexes 

were calculated and plotted as a standard curve in GraphPad Prism (B (0h) and D (6h)). 
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Staining for CCR7 (AF647) was observed at both 0 hours and 6 

hours and stain index curves displayed a similar trend (figure C.23). 

Although the curves indicated that a dilution factor around 1:1000 was 

ideal, histograms demonstrated that clear separation of positive and 

negative populations was more evident at lower dilutions. Based on these 

observations, CCR7 concentration was determined to be 10 μg/mL per 

test (i.e. 1:50 dilution). 

  

Figure C.23:- Stain index histograms and curve for CCR7 (AF647). Cells were 

gated according to the lymphocyte gating strategy defined in figure 3.2.1A and stained 

either without activation (A and B) or after activation for 6 hours with PMA/Ionomycin (C 

and D). Histogram overlays were prepared for each dilution factor comprising of 

negative population (dark blue peak) and positive population (light blue peak). Dilutions 

were prepared in a doubling series ranging from 1:10 (A.i and C.i) to 1:1280 (A.viii and 

C.viii). Median and standard deviation data was exported to excel and stain indexes 

were calculated and plotted as a standard curve in GraphPad Prism (B (0h) and D (6h)). 
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Stain indexes for cytokines could not be obtained for 0 hours or 6 

hours due to minimal staining, therefore splenocytes were activated with 

LPS for 24 and 48 hours to elicit cytokine production by macrophages 

and granulocytes. Due to low populations of macrophages and 

granulocytes within the spleen, there was some difficulty in determining 

the ideal concentrations for each antibody. Nonetheless, similar staining 

patterns were observed for each marker at both 24 and 48 hours. Since 

stain index curves demonstrated generally atypical appearance, 

histograms were used to determine ideal antibody concentrations. 

Histograms for IFN-γ (BV421) showed clear distinction between positive 

and negative populations at dilution factors between 1:10 to 1:160, but 

beyond this separation was not observed (figure C.24). As a result, ideal 

concentration was determined to be 2 μg/mL per test (i.e. 1:100 dilution).  
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Figure C.24:- Stain index histograms and curve for IFN-γ (BV421). Cells were 

gated according to the macrophage and granulocyte gating strategy defined in figure 

3.2.1B and activated with LPS and stained at either 24 hours (A and B) or 48 hours (C 

and D). Histogram overlays were prepared for each dilution factor comprising of 

negative population (dark blue peak) and positive population (light blue peak), negative 

control peaks were excluded from overlays due to poor visualisation of stained 

populations. Dilutions were prepared in a doubling series ranging from 1:10 (A.i and C.i) 

to 1:1280 (A.viii and C.viii). Median and standard deviation data was exported to excel 

and stain indexes were calculated and plotted as a standard curve in GraphPad Prism 

(B (24h) and D (48h)). Stain indexes for 1:10 to 1:20 dilutions were excluded due to 

values exceeding limits of the curve. Data for 0H not shown due to inability to generate 

stain index curves as a result of low staining. 
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The same trend was observed for IL-6 (PerCP-efluor 710) but only 

after 24 hours of activation, at 48 hours no discernible separation was 

observed between positive and negative populations (figure C.25). Since 

some degree of separation could be seen at lower antibody dilutions after 

48 hours, ideal concentration for IL-6 was chosen to be 2 μg/mL per test 

(i.e. 1:100 dilution) as higher dilution factors at 48 hours activation 

resulted in no staining of IL-6. 

  

Figure C.25:- Stain index histograms and curve for IL-6 (PerCP-eFluor710). 

Cells were gated according to the macrophage and granulocyte gating strategy defined 

in figure 3.2.1B and activated with LPS and stained at either 24 hours (A and B) or 48 

hours (C and D). Histogram overlays were prepared for each dilution factor comprising 

of negative population (dark blue peak) and positive population (light blue peak), 

negative control peaks were excluded from overlays due to poor visualisation of stained 

populations. Dilutions were prepared in a doubling series ranging from 1:10 (A.i and C.i) 

to 1:1280 (A.viii and C.viii). Median and standard deviation data was exported to excel 

and stain indexes were calculated and plotted as a standard curve in GraphPad Prism 

(B (24h) and D (48h)). Stain indexes for 1:10 to 1:40 dilutions were excluded due to 

values exceeding limits of the curve. Data for 0H not shown due to inability to generate 

stain index curves as a result of low staining. 
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 Clear separation between positive and negative populations were 

observed at both 24 and 48 hours for IL-17A (figure C.26). Above 

dilutions of 1:160, distinction between positive and negative populations 

became less clear, and therefore a concentration of 2 μg/mL per test (i.e. 

1:100 dilution) was determined to be ideal. 

  

Figure C.26:- Stain index histograms and curve for IL-17A (BV711). Cells 

were gated according to the macrophage and granulocyte gating strategy defined in 

figure 3.2.1B and activated with LPS and stained at either 24 hours (A and B) or 48 

hours (C and D). Histogram overlays were prepared for each dilution factor comprising 

of negative population (dark blue peak) and positive population (light blue peak), 

negative control peaks were excluded from overlays due to poor visualisation of stained 

populations. Dilutions were prepared in a doubling series ranging from 1:10 (A.i and C.i) 

to 1:1280 (A.viii and C.viii). Median and standard deviation data was exported to excel 

and stain indexes were calculated and plotted as a standard curve in GraphPad Prism 

(B (24h) and D (48h)). Stain indexes for 1:10 to 1:20 dilutions were excluded due to 

values exceeding limits of the curve. Data for 0H not shown due to inability to generate 

stain index curves as a result of low staining. 
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 Staining of TNF-α did not produce clear separation of positive and 

negative peaks beyond a 1:20 dilution, and much of this positive staining 

was attributed to antibody saturation (figure C.27). Since populations 

could not be determined, a logical approach was taken based upon the 

results obtained from other cytokines. As all three previous cytokines 

were determined to have the same ideal staining concentration, it was 

concluded that 2 μg/mL per test (i.e. 1:100 dilution) would likely be ideal. 

This would then be tested during multiplexing and adjusted accordingly if 

the concentration resulted in poor staining or oversaturation. 
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Figure C.27:- Stain index histograms and curve for TNF-α (BV750). Cells 

were gated according to the macrophage and granulocyte gating strategy defined in 

figure 3.2.1B and activated with LPS and stained at either 24 hours (A and B) or 48 

hours (C and D). Histogram overlays were prepared for each dilution factor comprising 

of negative population (dark blue peak) and positive population (light blue peak), 

negative control peaks were excluded from overlays due to poor visualisation of stained 

populations. Dilutions were prepared in a doubling series ranging from 1:10 (A.i and C.i) 

to 1:1280 (A.viii and C.viii). Median and standard deviation data was exported to excel 

and stain indexes were calculated and plotted as a standard curve in GraphPad Prism 

(B (24h) and D (48h)). Stain indexes for 1:10 to 1:20 dilutions were excluded due to 

values exceeding limits of the curve. Data for 0H not shown due to inability to generate 

stain index curves as a result of low staining. 
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APPENDIX D: PIPS REFLECTIVE STATEMENT 

NOTE TO EXAMINERS: 

This statement is included as an appendix to the thesis in order that 

the thesis accurately captures the PhD training experienced by the 

candidate as a BBSRC Doctoral Training Partnership student. 

The Professional Internship for PhD Students is a compulsory 3-

month placement which must be undertaken by DTP students. It is 

usually centred on a specific project and must not be related to the PhD 

project. This reflective statement is designed to capture the skills 

development which has taken place during the student’s placement and 

the impact on their career plans it has had. 

Due to the impact of COVID-19 on the student, the PIP was 

shortened to 1-month as approved by the DTP team and the BBSRC. 

 

PLACEMENT OUTLINE 

Ethical consent and approval are paramount to all scientific studies 

involving the use of both humans and animals to ensure that all 

necessary steps and precautions are taken to prevent misconduct by 

researchers, protect those participating in research, and maintain the 

integrity of science as a whole. As my PhD project has involved the use 

of mice as a model for COPD, I have a sound understanding of the ethical 

considerations within animal research, and am highly familiar with the 

process of the ethical review process for animal studies. However, the 

processes for the use of human participants, or patient data and samples, 

take a rather different approach in comparison to animals. In order to gain 

a well-rounded understanding and expertise of research ethics, I 

completed a placement from 1st October 2023 to 31st October 2023 with 

the University of Nottingham’s Research Governance and Integrity Team 

to gain a deeper understanding of the ethical review, application and 

authorisation process from the human perspective. Across the month-

long placement, I shadowed the Head of Research Integrity, Risk and 
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Compliance, and Head of Research Governance and performed tasks 

including reviewing previously submitted documentation for missing or 

incorrect information, generating example IRAS forms, attending lectures 

and training seminars, and at the end of the placement I gave a lecture 

to Master’s students on the background and essentials of research ethics 

and integrity. 

 

PLACEMENT AIMS 

During the placement my aims were to: 

1. Understand the processes and procedures behind Health 

Research Authority, NHS research and University Research 

Ethics approval 

2. Understand the ethical considerations of designing human 

studies and provide solutions to areas where risk of ethical 

misconduct is high 

3. Be able to identify mistakes or missing information in ethical 

application documents 

4. Be able to effectively communicate and guide others through 

the ethics application and ethical review processes 

 

PERSONAL AND PROFESSIONAL DEVELOPMENT 

As part of my PIPS placement, I aimed to gain a full understanding 

of research governance and integrity. Due to the nature of the placement, 

the first items I discussed with my supervisor were the confidentiality 

agreements I would need to adhere by throughout and beyond the 

placement. As a result of this, specific details regarding patient and study 

information cannot be shared in this reflective report. In the beginning of 

my placement, my supervisor and I covered the principles of research 

ethics from a human perspective and we covered cases where research 

ethics had failed to be applied, such as the Tuskegee syphilis experiment. 

We further discussed scenarios where requiring ethical approval would 

and wouldn’t be needed and discussed suggestions to researchers for 
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studies where the risk of ethical misconduct is high. This included studies 

involving vulnerable individuals, such as children, pregnant women, and 

those with impaired or limited mental capacity, as well as dangerous 

individuals such as those with criminal convictions, currently in prison, or 

those considered dangerous due to their political, religious or extremist 

associations. I believe that these discussions gave me a greater 

understanding of the considerations that need to be made when 

designing studies involving human participants, and I met my aims of 

understanding ethical considerations and providing solutions to 

scenarios where ethical misconduct is of high risk. 

Having previously been involved in a study using NHS patient 

samples, I wanted to gain an understanding of how approval for such 

studies is given. I believe that I achieved this aim, as I worked with my 

supervisor on how to submit studies using the Integrated Research 

Application System (IRAS) and later reviewed an application submitted 

to the Research Governance and Integrity Team for mistakes or missing 

information. I was able to identify errors within the documentation and 

provide suggestions for areas where I felt the ethics of the research 

hadn’t been considered, and thus gained confidence in my understanding 

of research ethics and met my first and third aims as a result. For the final 

part of my placement, I attended a seminar where I discussed solutions 

and scenarios regarding research ethics and integrity with both staff and 

students within the university, and gave a lecture on the same topic to 

Master’s students. Following this lecture, I was given praise for my ability 

to communicate complex ethical scenarios in a clear manner, and 

opened up debate with the students. I therefore believe I met all aims of 

my placement, and as a result have gained the skills and understanding 

necessary to design studies involving both humans and animals of my 

own and consider and answer all ethical questions within said studies. 

This placement has given me further interest in the field of research 

governance and integrity, and I am seeking to further these skills through 

any opportunities to write grant applications, ethical approvals or patents 

as part of a Postdoctoral program. 


