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Abstract 

Introduction 

Interstitial lung disease (ILD) is used to describe a heterogeneous group of 

disorders, characterised by inflammation and fibrosis of the pulmonary 

interstitium. Previous work has shown alveolar macrophage (AM) CD71 

expression, which is also known as the transferrin receptor 1 (Tfr1), was able 

to stratify lung fibrosis patients into progressors (CD71high) and non-

progressors (CD71low), implying a role for iron metabolism in fibrotic ILDs.  

This led to the initial hypothesis that the labile iron in AM is associated with 

lung fibrosis and progression of disease.  

The overall thesis aim was to investigate iron metabolism and ferroptosis 

pathways in relevant cell lines and bronchoalveolar lavage cells from patients 

with lung fibrosis.   

Methods 

Alveolar macrophages derived from bronchoalveolar lavages were assayed 

for iron through Prussian blue staining (Golde Score), ICP-MS and two 

fluorescent probes. The phenotype of alveolar macrophages was 

characterised through qPCR and flow cytometry. Clinical samples were 

derived from patients diagnosed with IPF, unclassifiable ILD (UNC) with or 

without fibrosis and unexplained cough with or without haemoptysis. Multiple 

regression analysis was performed to assess association of Golde score and 

other clinical variable on fibrosis and progression of disease in ILD. The BAL 

cell transcriptome, through RNAseq, was compared in patients with 

progressive versus non-progressive fibrotic ILD. Ferroptosis was assessed 

through RSL3 and ferrous ammonium sulphate (FAS) treatment in 

macrophages (RAW 264.7, THP1 and AM) and epithelial cells (HT29). 

Results 

Iron accumulation in AM was significantly increased in patients with fibrosis 

(IPF and UNC with fibrosis) compared to those without fibrosis. Higher levels 

of iron were shown to be associated with fibrosis and IPF diagnosis. Patients 
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with IPF had a comparatively higher level of the genes encoding the iron export 

protein ferroportin, and the iron transporter DMT1, compared to UNC with 

fibrosis patients, perhaps reflecting a cellular response to high iron content. 

Higher Golde score was not associated with progression of ILD (defined as 

>10% decline in FVC over 12 months) and indeed high Golde score was 

associated with slightly lower risk of progression. RNAseq was performed on 

a cohort of progressors (N=4) and non-progressors (N=6). No differentially 

expressed genes (DEGs) were identified having a false-discovery rate (FDR)-

adjusted P-value of <0.1. When a more relaxed threshold of unadjusted 

P<0.05 was considered, 215 genes were upregulated and 400 downregulated 

in progressors compared to non-progressors. None of the genes encoding the 

iron and macrophage polarisation proteins previously discussed were 

statistically different. 

Due to the increased iron level of the alveolar macrophages of fibrotic ILD 

patients, their ability to undergo ferroptosis, an iron regulated form of cell 

death, was tested. The susceptibility of macrophages to ferroptosis was 

assessed using a murine macrophage cell line (RAW), and a human monocytic 

cell line differentiated to macrophages (THP-1), and compared to HT29, a 

human colon cancer cell line known to undergo ferroptosis. Macrophages were 

less sensitive to drugs that induce and rescue ferroptosis compared to HT29 

cells. RAW and THP1 cells were however more sensitive to iron loading as 

shown by increased reactive oxygen species (ROS) compared to HT29. 

Limited study on alveolar macrophages, suggested similar results to THP1 

when using pharmacological induction of ferroptosis. Iron-loading significantly 

reduced viability in all cell lines, but not proportionate to the ROS increase 

suggesting macrophages are relatively resistant to iron loading and 

ferroptosis.  

Conclusions 

In this single centre study, Golde score was independently associated with the 

presence of fibrosis in ILD. At the gene expression level, the phenotype of 

these cells was not significantly different between IPF, UNC with fibrosis and 
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UNC without fibrosis, but some differences were shown between the UNC with 

fibrosis and IPF groups when looking at the macrophage inflammatory 

phenotype. Golde score was not associated with disease progression and 

indeed higher Golde score was associated with a slightly lower risk of 

progression. BAL cell transcriptome of patients with progressive versus non-

progressive fibrotic ILD was not significantly different but the sample size was 

small. Macrophages (RAW, THP1 and alveolar macrophages) were relatively 

insensitive to pharmacologically induced ferroptosis compared to an epithelial 

cell line (HT29). In contrast to HT29 cells, RSL3 induced significant apoptosis 

as well as ferroptosis in human macrophages. Macrophages produced a 

higher level of ROS upon iron-loading, but their viability was relatively 

maintained compared to the HT29 cell line. These findings suggest that 

macrophages were relatively insensitive to iron loading and was consistent 

with the observation that alveolar macrophages remain viable even if they 

have high iron levels. Future studies could elucidate whether iron loading in 

macrophages leads to a protective or injurious phenotype, thus leading to 

potential treatments. 
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Lay Summary 

Interstitial Lung Disease (ILD) is an umbrella term for multiple diseases. The 

most common one is Idiopathic Pulmonary Fibrosis (IPF), a disease with no 

known cause that affects about 6000 people every year in the UK and leads to 

scarring of the lungs. It is a progressive disease which leads to a continuous 

worsening of the lungs. The average survival time is of 3-5 years and there are 

no drugs that can cure it. The available treatments are often not well tolerated 

and only some patients with specific characteristics can use them. ILDs are 

diagnosed through a multidisciplinary team that takes into consideration 

multiple clinical characteristics of the patient such as CT scans and lung 

washing, which involve collecting cells directly from the lungs. Sometimes a 

clear diagnosis cannot be made and therefore patients are given an 

unclassifiable disease diagnosis. However, the most important aspect of the 

disease is to determine if fibrosis is present or not, as this changes treatment 

options and survival. 

Although we do not know what causes ILD, we know that an immune cell called 

macrophage plays a role in the development of disease. In this study, we found 

that the macrophages from lung washings from patients with fibrosis (scarring) 

contained more iron than patients without fibrosis. This high iron did not seem 

to be associated with gender, age or smoking so we think iron and fibrosis are 

directly linked. Although we tried to understand why this occurs, no clear 

cellular characteristics were identified.  

Cells are usually very good at keeping a normal level of iron. When an iron 

accumulation occurs, cells die. We therefore hypothesised that the 

macrophages from the fibrotic patients are less sensitive to this form of cell 

death and therefore remain alive but malfunction, leading to scarring in the 

lungs. We compared these cells to other cells that are known to be sensitive 

to ferroptosis and determined that they are indeed less susceptible to this form 

of cell death. We do not know yet whether this leads to malfunctioning. Future 

work could focus on understanding why these cells are less sensitive to 

ferroptosis and what the effect is in the lungs of the patients. 
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Chapter 1 - Introduction 

Interstitial Lung Disease (ILD) is used to describe a heterogeneous group of 

pulmonary disorders, characterised by inflammation and fibrosis of the 

pulmonary interstitium1. Under this umbrella term, idiopathic interstitial 

pneumonia (IIP) describes another cohort of diseases with unknown aetiology, 

where Idiopathic Pulmonary Fibrosis (IPF) is the most prevalent. One of the 

key cellular players in IPF is the alveolar macrophage. Different macrophage 

phenotypes have been implicated in the pathophysiology but mechanisms of 

injury (and repair) remain unclear2. Iron metabolism in macrophages, but also 

in specific organs, has been implicated in the pathogenesis of diseases such 

as neurodegenerative disorders, cancer and pulmonary diseases3–5. In 

particular, the concept of ferroptosis, an iron-dependent non-apoptotic form of 

regulated cell-death (RCD), has been shown to play both protective and 

injurious roles in various diseases6–9, as well as some pulmonary disorders 

such as Chronic Obstructive Pulmonary Disease (COPD)10.  This thesis aims 

to investigate the presence of iron in macrophages and the potential role of 

ferroptosis and iron metabolism in ILDs including IPF. In this chapter the 

clinical and cellular aspects of IPF with a focus on iron metabolism and 

ferroptosis are introduced. 

1.1 Interstitial Lung Disease  

Some ILDs are considered idiopathic and termed Idiopathic Interstitial 

Pneumonias (IIP). The most common interstitial pneumonia is usual interstitial 

pneumonia (UIP) and in its idiopathic form is equivalent to IPF. Other less 

common IIPs are non-specific interstitial pneumonia (NSIP), cryptogenic 

organising pneumonia (COP) and respiratory bronchiolitis-ILD (RB-ILD). A 

common differential diagnosis of IIPs is hypersensitivity pneumonitis. All ILDs 

should be diagnosed by specialist multidisciplinary teams (MDT) according to 

consensus guideline criteria. For  IPF, the criteria have evolved over time and 
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are based on high-resolution computed tomography (HRCT) patterns and/or 

lung pathology if available (Figure 1.2.1.1)11–14. 

‘Definite’ IPF and ‘probable’ IPF are accepted terms based on consensus 

criteria and in this thesis the term ‘IPF’ is applied to include subjects with 

definite or probable disease. Many idiopathic ILDs require a lung biopsy to 

make a confident diagnosis. However, this procedure has a 2% mortality risk 

and sometimes does not lead to a definitive diagnosis. Hence historically 

biopsy rates in Edinburgh and in the UK have been low. Bronchoalveolar 

lavage is a relatively safe procedure, and a differential cell count may aid 

diagnosis, but this may not be sufficient to provide a definite or confident 

diagnosis. Therefore most ILD centres including Edinburgh frequently make 

an MDT diagnosis of ‘unclassifiable’ (UNC) disease’ where a diagnosis cannot 

be made with high confidence despite clinical, HRCT and if available 

histological data12,15. A summary of the key clinical presentations of these 

diseases, as defined through clinical classification per guidelines and per 

Royal Infirmary Edinburgh (RIE) are listed in Table 1.2.1-1.  

 

 

 

Figure 1.2.1.1 - Axial (A) and coronal (B) images of high-resolution computed tomography 
(HRCT) showing Usual Interstitial Pneumonia (UIP) patterns. (Adapted from the 
ATS/ERS/JRS/ALAT clinical practice guideline (2011)). Adapted with permission of the 
American Thoracic Society. Copyright © 2022 American Thoracic Society. All rights reserved. 
The American Journal of Respiratory and Critical Care Medicine is an official journal of the 
American Thoracic Society. Readers are encouraged to read the entire article for the correct 
context at https://www.ers-education.org/sdi/media/showMedia.aspx. The authors, editors, 
and The American Thoracic Society are not responsible for errors or omissions in adaptations. 

https://www.ers-education.org/sdi/media/showMedia.aspx
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Regardless of the specific diagnosis, it is known that the presence of fibrosis 

on HRCT or biopsy has prognostic significance. In the Edinburgh ILD MDT, in 

addition to the diagnosis (IPF, NSIP, unclassifiable) all subjects are classified 

according to the presence or absence of fibrosis based on HRCT appearance 

that incudes honeycombing and/or traction bronchiectasis with or without 

volume loss. By definition all patients with IPF have fibrosis. Other interstitial 

pneumonia, including unclassifiable disease, may be either fibrotic or non-

fibrotic.  

Previous analysis from the Hirani lab (unpublished) (Figure 1.2.1.2), shows the 

survival of patients from diagnosis (first CT scan) with IPF, UNC with fibrosis 

and UNC no fibrosis (median survival 4.12, 7.26 and 9.86 years respectively). 

Therefore, investigating the mechanisms that drive fibrotic versus 

Table 1.2.1-1 - Classification guidelines for diagnosis of IPF and IIP. 

MDT Diagnosis HRCT and LUNG HISTOLOGY pattern* 

Definite IPF^ 

Definite UIP pattern on HRCT OR probable UIP 

pattern on CT and a UIP, probable UIP or 

possible UIP pattern on lung biopsy 

PROBABLE IPF^ Probable UIP, not biopsied 

UNCLASSIFIABLE 

idiopathic ILD with fibrosis# 

HCRT pattern indeterminate for UIP, fibrotic 

pattern, no alternative diagnosis made with 

confidence either with or without biopsy 

UNCLASSIFIABLE 

idiopathic ILD without 

fibrosis#
 

As above but no fibrosis on biopsy and/or HRCT  

*HRCT and biopsy patterns based on 2011/2018 ATS/ERS consensus guidelines 

^Definite and Probable IPF grouped as ‘IPF’ in studies herein 
#Fibrosis based on HRCT traction bronchiectasis or honeycombing with or without volume loss and/or 

histological fibrosis according to expert pathologist 
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inflammatory ILDs may be helpful in identifying novel biomarkers and 

therapies.    

 

1.2 Idiopathic Pulmonary Fibrosis (IPF)  

IPF is the most common fibrotic-ILD and it is a life-threatening, progressive 

disease. The median survival time is estimated to be of approximately 3-4 

years and affects men (62 per 100,000) more than women (40 per 100,000). 

Deaths occur more often during winter, even when excluding infections. In the 

UK, in 2012, about 32,500 people had IPF and approximately 12 people for 

every 100,000 were diagnosed with the disease every year16.  IPF outside of 

clinical trials, does not have well described rates of progression and the 

mechanisms that drive progression are unclear14,15,17. This progression is 

characterised by a deterioration of lung function and associated symptoms, 

Figure 1.2.1.2 - Survival curves for IPF, unclassifiable disease with fibrosis and unclassifiable 
disease without fibrosis. Log-rank (Mantel-Cox) test shows a P value of <0.0001. IPF N=462; 
UNC with fibrosis N=155; UNC with no fibrosis N=85. IPF v UNC no fibrosis HR = 2.621 (CI 
1.988 to 3.456, P<0.0001); UNC with fibrosis v UNC no fibrosis HR = 2.177 (CI 1.335 to 
3.548, P=0.0018). UNC with fibrosis v IPF HR = 1.834 (CI 1.447 to 2.325, P<0.0001). 
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due to progressive worsening of gas exchange in the lung caused by fibrosis17. 

Fibrogenesis involves the continuous deposition of extracellular matrix (ECM) 

and collagen in the pulmonary interstitium by the coordinated efforts of 

fibroblasts and inflammatory stimuli.  

1.2.1 Risk Factors 

By definition IPF is of unknown cause. However risk factors for developing IPF 

include increased age (rare under 50yrs), male sex, smoking, environmental 

exposure to metal or wood dust and possibly microbial agents17,18. Additionally 

both genome-wide associated studies (GWAS) and deep sequencing have 

implicated single nucleotide variants (SNVs) of the mucin 5B gene (MUC5B), 

MUC5AC and AKAP13 as susceptibility genes for IPF19,20,21. 

1.2.2 Presentation, Diagnosis and Treatments 

The diagnosis of IPF requires a multidisciplinary team, with specialist 

respiratory physicians, radiologists and pathologists and follows international 

guidelines11,22. The main symptoms are breathlessness, dry cough, general 

malaise and on examination, inspiratory lung crackles are a key feature23. 

However, these symptoms and signs are not exclusive to IPF, as they are 

associated to many ILDs. The first step for diagnosis is the exclusion of any 

known causes of ILD, such as environmental exposure (for example to 

asbestos causing asbestosis, or avian proteins, leading to bird fancier’s lung), 

connective tissue disease (ILD associated to Rheumatoid Arthritis), or any 

drug toxicity. A pattern of definite or probable UIP, as defined in the 2018 

guidelines, should then be identified on HRCT11 (Figure 1.2.1.1). A probable 

or possible UIP pattern on HRCT may necessitate a lung biopsy to obtain a 

definite diagnosis. In large clinical trials, both definite and probable IPF 

subjects are eligible for recruitment, so most clinicians treat and manage both 

groups of patients in the same way. 

Treatments to IPF are very limited. The only two pharmaceutical options for 

patients with IPF are Nintedanib and Pirfenidone, both acting as anti-fibrotic 

drugs, and the former has recently been licensed for non-IPF progressive-

fibrotic ILD (PF-ILD). Nintedanib is a tyrosine kinase inhibitor which blocks 
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various growth factor receptors, such as PDGFR, VEGFR1/2 and fibroblast 

growth factor. These are involved in signalling pathways implicated in fibrosis 

progression, including fibroblast migration and ECM deposition. Pirfenidone 

leads to the inhibition of TGF1-stimulated collagen synthesis and 

downregulates pro-inflammatory cytokines such as TNF. Additionally, it acts 

as a free-radical scavenger, therefore playing an additional antioxidant 

role24,25. Due to the relative non-specificity of these compounds and the 

multitudes of roles of kinases and TGF1-pathways, these drugs often lead to 

significant side effects. With both Pirfenidone and Nintedanib the most 

common and predominant adverse events identified in a real world study are 

of gastrointestinal nature but can mostly be effectively managed. With 

pirfenidone the most common side effect was appetite loss (17%), followed by 

nausea and vomiting (15%), but also lightsensitivity. With Nintedanib, 24% of 

patients experienced diarrhoea and 13% experienced nausea. In 19% of 

patients the drug was discontinued permanently26. 

Arguably, the main limiting factors to the development of new drugs for IPF 

(and other ILDs) are the unclear pathophysiology and the lack of a mouse 

model which shows progressive fibrotic lung disease. 

1.2.3 Progression 

IPF is a progressive lethal disease but the rate of progression in individuals is 

variable. Some patients progress faster than other, leading to worse prognosis. 

Other non-IPF fibrotic ILD, including unclassifiable ILD also show variable 

rates of progression. In a study looking at non-IPF fibrosing ILD, 25% of 

patients were identified as having a progressive phenotype, with rest 

progressing at a significantly lower rate27. 

1.2.3.1 Conventional Biomarkers 

Prediction tools or scores have been shown to be useful in estimating 

prognosis in ILD. However, these are not widely used in routine clinical 

practice. For example the GAP score is a multidimensional prognostic staging 

system which takes into consideration gender, age and physiology through two 

pulmonary function tests (PFT): forced vital capacity (FVC) and diffusing 
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capacity of the lung for carbon monoxide (TLCO)28. The Composite 

Physiologic Index (CPI) is another model used to assess disease extent and 

predicting mortality as observed by computed tomography scans29.  

However, in the clinic a validated and widely used measure of progression is 

change in FVC over a 12-month period. Many studies have shown that a 10% 

or greater reduction in FVC over 12 months is associated with increased risk 

of death13,30 and declining FVC is used as a primary outcome measure in most 

mid and late stage IPF clinical trials31.  

1.2.3.2 Novel diagnostic and prognostic biomarkers 

Peripheral blood biomarkers have been identified to selectively identify IPF 

patients over controls and some markers have been shown to have prognostic 

abilities. For example CCL18 concentration was found to predict outcome, high 

levels of serum surfactant protein A and YKL-40 levels both predict early 

mortality and survival respectively32–34. Additionally, high levels of KL-6 and 

SP-D were also shown to be associated with a higher rate of progression35,36. 

In contrast, high levels of MMP-7 were shown to be negatively correlated with 

lung function and survival37–39. However currently biomarkers do not exhibit 

drug induced changes and are not robust enough to be used in clinical settings. 

Some studies have shown that telomere length is associated with poorer 

survival and some genetic mutations in genes related to telomere 

maintenance, such as TERT, have been identified in IPF patients40–42. In 

particular telomere-associated foci are increased in IPF and p16 expression is 

increased with disease severity43. Both these biomarkers are associated with 

cellular senescence, which has been shown to be associated with IPF. Indeed, 

key markers of senescence have been shown in both IPF lung tissue derived 

fibroblasts and epithelial cells, as well as in the bleomycin model44–46. More 

Both genetic and pharmacological elimination of senescent cells, was shown 

to restore lung elasticity and improve pulmonary function in the bleomycin 

model in both aged mice and at disease onset43,47. 

Thus some markers and molecular mechanisms have been shown to 

contribute to development or progression of the disease. These studies have 
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mostly been carried out on blood samples, but differences at the cellular level 

are unclear. A good animal model would be beneficial.  

1.2.4 Studying IPF through the murine bleomycin model  

To study IPF, the bleomycin-induced lung fibrosis rodent model is the most 

established and well characterised animal model48–50. Other models of 

pulmonary fibrosis involve the use of silica and radiation but are less well 

characterised, and to a certain extent, do not represent human disease as 

well51. Bleomycin was a clinically relevant anti-cancer chemotherapy drug 

which acts on oncogenic cells, by producing reactive oxygen species (ROS) in 

the presence of iron and oxygen, thus causing oxidative damage and inhibiting 

replication52,53. Side effects associated to this therapy were commonly seen in 

lungs, skin and mucous membranes, as the bleomycin-inactivating enzyme, 

bleomycin hydrolase, is found at very low levels in these tissues. Lung fibrosis 

is one of the better-known side effects of this drug. When bleomycin is instilled 

in murine lungs, either endo-tracheally, trans-orally, subcutaneously, 

intraperitoneally or intranasally, it causes lung injury through oxidative stress, 

leading to an inflammatory response and consequent fibrosis49.   

The initial acute injury, characterised by an influx of inflammatory cells leads 

to production and activation of pro-inflammatory cytokines and mediators, and 

occurs in the first week after instillation50. The following week is characterised 

by an increase in fibroproliferation and activation of collagen genes, assessed 

by myofibroblasts markers such as -SMA. The third week is considered the 

“chronic stage” of fibrosis, where alveolar fibrosis becomes evident, with an 

increased deposition of ECM, peaking around day 2850,54. Although this is how 

IPF pathophysiology is now thought to occur - through a lung insult, albeit of 

unknown origin, possibly resulting in an inflammatory response and following 

aberrant repair causing fibrosis - the following phase in the bleomycin model 

does not represent human disease. Known as the resolution phase, the mice 

lungs show reduced inflammation and, in some reports, showed complete 

resolution of fibrosis as well50,55. Although this is useful to study the 

characteristics of fibrotic resolution, it remains controversial as other studies 
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do not observe a complete resolution even after 6 months. However, this 

seems to be somewhat related with the protocol of administration of bleomycin, 

thus varying concentrations and number of repeated insults56–58. 

This model therefore presents some limitations, such as this resolution 

pathway or the exogenous induction, whereas it occurs idiopathically in 

human. Nevertheless, most of the knowledge regarding the pathophysiology 

of IPF and the development of the current therapeutics used clinically, 

Pirfenidone and Nintedanib, were characterised through the bleomycin model.  

1.3 Cellular characterisation of IPF 

IPF is a complex disease involving a combination of aberrant processes and 

cellular pathways. Due to its unknown aetiology, it is unclear but unlikely that 

there is a single cell type that is responsible for the pathology, leading to a 

cascade of aberrant responses. The current paradigm of IPF pathophysiology 

is of epithelial injury (wounding) followed by an aberrant healing process. 

Historically IPF was treated with corticosteroid therapy, however a more recent 

randomised, double-blind, placebo-controlled (PANTHER) study, showed that 

using a combination of corticosteroids and azathioprine (an 

immunosuppressant) showed an increased risk of hospitalisation and death59. 

Thus the role of inflammation was uncertain60.   

The IPF lung is characterised by a pro-fibrotic environment, enriched with 

TGF and TNF, stimulating and activating fibroblasts, and downregulated 

fibrinolytic pathways, such as reduction of collagenases. One of the key 

players implicated in this inflammatory phenotype are pulmonary 

macrophages, both alveolar and interstitial61. Indeed it was demonstrated that 

macrophages are involved with the production of TGF and with fibroblast 

collagen synthesis through the bleomycin model62,63.    

The accepted paradigm for IPF pathogenesis involves a repeated insult of 

unknown origin to the alveolar epithelium which becomes damaged, leading to 

aberrant repair pathways, characterised by resulting fibrosis. This involves 

ECM and collagen deposition, epithelial endoplasmic reticulum (ER) stress 
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and apoptosis in alveolar epithelial cells type II (AECII), and increased reactive 

oxygen species (ROS) production64,65. Although the cause of this erroneous 

repair is still unclear, different studies have tried to elucidate these 

mechanisms.  

A simplified model of the processes involved with IPF pathogenesis therefore 

should include three main cell types recognised to be key: epithelial cells, 

fibroblasts and macrophages.  

1.3.1 Epithelial cells and fibroblasts 

Epithelial cells are thought to not only be the initially damaged cell type, leading 

to a vicious cycle of further injury and ROS production, but also involved in the 

production and activation of fibroblasts. Following initial injury to the AECII, 

these undergo either regulated cell-death through apoptosis, or begin a 

process called epithelial-mesenchymal transition (EMT), a still somewhat 

controversial mechanism as discussed later. Interestingly, through familial IPF 

studies, mutations in surfactant proteins were identified, which caused 

apoptosis and chronic injury to these cells through chronic ER stress65,66.  

Different single cell RNAseq (scRNAseq) studies, showed an increased 

proportion of airway epithelial cells and a decrease in alveolar epithelial 

cells67,68. Additionally, studies showed an indeterminate state of differentiation 

of these epithelial cells with aberrant activation of signalling pathways such as 

TGFβ and Hippo-Yap/Taz68. In a later study, this population was defined as an 

aberrant basaloid cell, as they express both epithelial and basal cells 

markers67. The latter population is normally key in lung development and 

represent a progenitor cell, able to differentiate in any type of airway cell during 

development. Interestingly, these cells were seen at the edge of myofibroblast 

foci, the areas of fibrosis remodelling, and were not seen in healthy controls or 

in COPD patients, thus being specific to IPF.  Their intermediate phenotype 

suggests that they are undergoing EMT, as they have also lost the gatekeeper 

gene against EMT (mir-205)67. 

EMT and the location of these intermediate progenitor-like basal cells, 

suggests that the epithelial cells may become fibroblasts and play a direct role 
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in fibrosis. As aforementioned, this remains controversial due to contrasting 

lineage tracing studies. The high plasticity of these cells when cultured, leads 

to changes in phenotype, losing the specificity needed for these experiments. 

Animal studies have shown EMT occurring in vivo, and implicating the 

extracellular matrix mediators as a key regulator69. In a recent scRNAseq 

paper, fibroblasts involved in IPF are not a discrete population but are part of 

a continuum, thus do not transdifferentiate from a single population67. 

The same epithelial cells from IPF patients have been shown to preferentially 

undergo apoptosis over EMT when exposed in vitro to active TGFβ169. Further 

studies in TGFβ Receptor 2 lung epithelial deficiency had an improved survival 

(compared to more apoptotic epithelial cells) and an overall decrease in the 

population of lung fibroblasts in murine models. This led to a protection from 

bleomycin-induced fibrosis57. 

Both apoptosis and EMT lead to recruitment of inflammatory cells such as 

macrophages, which initiate an inflammatory cascade leading to fibrosis. 

Fibroblast activation and fibrosis progression indeed occurs as a result of anti-

inflammatory macrophages (which will discussed in the next section) activating 

the TGF/Smad2 signalling pathway. This creates a fibrotic niche which leads 

to the characteristic phenotype of IPF65,70–74. 

1.3.2 Macrophages 

Macrophages are immunomodulatory cells which are present in all tissues and 

their roles range from host defence to tissue repair and remodelling. They are 

a heterogeneous cell population, which regulate processes ranging from 

infection to fibrosis. Pulmonary macrophages can be alveolar (AM), positioned 

in the airways, or interstitial macrophages (IM), located in the parenchymal 

tissue of the lungs75.  The latter are mostly monocyte-derived and play key 

roles in lung immune homeostasis, for example through the production of the 

cytokine IL10. Different populations of IM are being identified which may play 

a role in disease76. 

Alveolar macrophages are the main inflammatory cell in the lungs of IPF 

patients and can be collected through bronchoalveolar lavages (BALs) in 
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patients, a procedure routinely carried out at the RIE. This makes them an 

interesting and useful cell that can be studied to understand IPF further and 

will therefore be the focus herein. 

AMs are initially differentiated from foetal monocytes and then are mostly 

maintained by self-renewal77,78. They play a dual role of developing 

inflammation to fight disease, but also limiting inflammation caused by 

infections, thus protecting the tissue79,80. Evidence shows that this regulation 

may involve AM recognition of pulmonary epithelial cell death, which fits well 

with the current paradigm of IPF pathogenesis as discussed previously81. 

These multiple roles and the fact that they are of foetal origin, also implies an 

underlying plasticity of this cell population.  

This plasticity was initially dichotomously stratified as pro-inflammatory (M1) – 

involved with injury and death -  and anti-inflammatory (M2) – characterised by 

dysregulated repair pathways - macrophages, representing a simplistic but 

useful method of characterisation82,83.  The M2 group was then expanded to 

encompass different anti-inflammatory phenotypes, namely M2a, M2b and 

M2c. These have different inducers, IL4 or IL10, different functions, such as 

Th2 responses, allergy or immunoregulation, and different levels of protein 

expression. Therefore, different heterogeneous cohorts of macrophages can 

be thought to play a role in different diseases. Further characterisation, through 

scRNAseq has identified further heterogeneity with a spectrum of 

immunomodulatory macrophages and will be discussed later. These and 

previous studies helped understanding the role of macrophages in the 

pathogenesis of IPF.  

The pathogenesis of IPF is thought to involve an aberrant response by 

macrophages, with a production of TGF and consequent collagen synthesis, 

leading to fibrosis62. This is thought to involve anti-inflammatory (M2-like) AM, 

which activation leads to acute exacerbations of IPF84. Acute exacerbations 

are defined as an unexplained worsening or development of dyspnoea and/or 

consolidation of a UIP pattern on HRCT, while excluding infections85,86. In 

particular high levels of the mannose receptor Mrc1 (CD206) and increased 
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production of cytokines such as TGF, CCL18 and IL8 are all characteristics 

of this macrophage phenotype and also correlate to worse clinical parameters 

of IPF87. M2-like macrophages are also involved in the ECM remodelling 

through a mannose receptor-dependent pathway which degrades collagen 

through secretion of metalloproteinases88,89. Another receptor, CD163, which 

is upregulated by IL10 and involved in scavenging haptoglobin-hemoglobin 

complexes from plasma, has been implicated in worse IPF prognosis in 

combination with CD20490–92. These environmental stimuli therefore have 

been shown to affect the polarisation and function of these cells at different 

stages of disease. Conversely, in IPF, macrophages with an M1-like pro-

inflammatory phenotype, characterised by high CD80 and CD86, are less 

abundant. They have however been shown to be expressed at higher levels in 

the excessive insults, characterised by a pro-inflammatory environment, of 

acute pneumonia. This might be linked as well to respiratory infections, to 

which M1-like macrophages would react to93,94. AM have been shown to 

acquire these receptors (CD80 and CD86) as a result of early or late acute 

rejection episodes. These receptors are often co-stimulated and are part of the 

pro-inflammatory axis. Most recently, inhibition of these receptors by a drug 

that blocks co-stimulation (abatacept), has been shown to antagonise the 

excessive pro-inflammatory response observed in COVID-19, highlighting 

their involvement with these key M1-roles95. 

The characterisation of this population may aid in not only understanding the 

disease further, but also identifying possible therapeutic targets. A graphical 

summary of the known role of macrophages in promoting pathogenesis of IPF 

is shown in Figure 1.3.2.1. 
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Macrophages involved with lung injury and fibrosis in the murine bleomycin 

model, were identified and characterised through flow cytometry96. This study 

confirmed the plasticity of the macrophages involved, as the markers 

expression changed throughout the different phases of the bleomycin model 

(previously discussed)96. Moreover, through genetic lineage tracing systems 

and genetic deletion, it was identified that monocyte-derived AM seem to 

contribute to fibrosis more, compared to tissue resident AM97.  In a 

monocyte/macrophage depletion model of pulmonary fibrosis, it was shown 

that this led to a reduced collagen deposition and consequent reduced 

inflammatory phenotype63. Additionally studies such as Aran et al., (2019) 

aforementioned98, identified transitional macrophages which localised to 

activated fibroblasts and were necessary for their migration and proliferation 

during fibrosis. Concurrently of their role as drivers of fibrosis, macrophages 

have also been identified as having a resolution-promoting role during the late 

resolution stage in the bleomycin model99. However, limitations of using these 

murine models need to be considered when assessing its translation to human 

disease. 

Figure 1.3.2.1 - Roles of alveolar macrophages in the pathogenesis of IPF. Following 
alveolar epithelial injury, alveolar macrophages become activated and lead to the activation 
of fibroblasts and collagen deposition as a result of the production of pro-fibrotic cytokines 

such as TGF. Macrophages also can carry out efferocytosis, phagocytosis of apoptotic 
bodies, and erythrophagocytosis, phagocytosis of red blood cells which may result following 
injury. This process, which has been shown to be decreased in IPF AMs, may increase iron 
accumulation intracellularly and may cause increase in reactive oxygen species production. 
This may also affect the response of macrophages to injury, leading to aberrant wound 
response with increased fibrosis. Figure made with Biorender.com. 
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Efferocytosis is another key role of macrophages and as aforementioned, 

apoptotic cell recognition resulting phagocytosis, may be a key mechanism of 

the immunoregulation in pulmonary fibrosis. In other fibrotic syndromes, it has 

been shown that alveolar epithelial cell (AEC) dysfunction and apoptosis 

underlies the pathogenesis of fibrosis through the recruitment of TGF-

producing macrophages, and changes in this, affect the susceptibility to 

fibrosis100. TGF then stimulates fibroblasts activation and collagen deposition, 

thus promoting fibrosis further101,102. An interesting study in small cohorts of 

patients showed that efferocytosis in alveolar macrophages is significantly 

lower in IPF compared to other interstitial pneumonias. This could also 

contribute to the pathogenesis of disease as the lack of clearance of apoptotic 

bodies is likely to create a pro-inflammatory environment, leading to further 

injury103. IL37,  a protein expressed both in AECs and AMs, has been shown 

to inhibit oxidative-stress induced cell death in AECs and to downregulate the 

TGF pathway in murine and in vitro work by promoting autophagy104. IL37 

administration also significantly decreased inflammatory infiltration and 

collagen deposition, thus fibrosis, in the bleomycin model105. The expression 

of this protein was also shown to be reduced in IPF patients’ AECs and AMs, 

compared to healthy controls104. The protective role that this cytokine seems 

to have on lung fibrosis could be therefore linked to the reduced AEC death 

and aberrant macrophages, thus highlighting a possible therapeutic strategy. 

Recent work has generated a single-cell atlas of pulmonary fibrosis patients-

derived AM compared to controls. This identified four macrophage clusters of 

which one was associated with homeostatic tissue-resident AMs and was 

enriched in the healthy donor population, and the others were distinctively 

associated with disease and pro-fibrotic mechanisms. They also observed no 

differences in clustering in patients with IPF compared to other pulmonary 

fibrosis diseases, such as hypersensitivity pneumonitis and systemic sclerosis-

associated ILD, but this was attributed to current computational approaches 

limitations106.  Another study using single-cell sequencing in a bleomycin 

model showed a disease associated subgroup with a transitional gene 

expression profile, which phenotype was in between monocyte-derived 



 

16   

macrophage and the AM. These macrophages during fibrogenesis localise to 

fibroblasts and their deletion led to decreased total lung collagen and specific 

fibroblasts98.  

In a mouse model that develops fatal chronic pulmonary fibrosis, early loss of 

vascular integrity was identified which resulted in microinjuries107. 

Macrophages were observed to clear the lung space from the extravasated 

red blood cells in a process called erythrophagocytosis, thus accumulating 

iron. These microinjuries led to the deposition of fibrin, thus playing a role in 

fibrosis. No assessment of TGF was carried out, and therefore it is not clear 

if these macrophages play a role in fibrin deposition through the production of 

TGF. Although some IPF patients have been shown to have pulmonary 

vascular lesions, it is not determined whether this has an effect108. 

Whether patients with IPF are more prone to, or the repeated epithelial 

damage leads to these microinjuries, thus leading to the accumulation of iron 

in macrophages and aberrant healing, remains unclear107.  Interestingly when 

looking at IPF patients, it was found that CD163, the haemoglobin-haptoglobin 

complex scavenger receptor, was significantly more expressed in AM of IPF 

patients, compared to age-matched healthy controls99. It is unclear why this 

receptor is upregulated in IPF, but its role in the uptake of haemoglobin from 

the alveolar space could be linked to the microhaemorrhages and to 

dysregulated iron metabolism in macrophages. Other studies, discussed in 

further sections, have shown an involvement of dysregulated iron metabolism 

in lung disease pathogenesis5,109. These, together with other observations 

from our lab about iron mediators in IPF patients’ alveolar macrophages, 

suggest a role of these two components in the pathogenesis of IPF. 

1.4 Iron metabolism  

Iron metabolism has been suggested to play an important role in alveolar 

macrophages of IPF patients110–112. In recent years the effect of iron on the 

polarisation of macrophages and its effect on the pathogenesis of disease has 

been focus of study. During infections, thus in a pro-inflammatory state, 
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macrophages show changes in gene expression, favouring iron sequestration 

in the case of extracellular pathogens, limiting the iron resources available to 

be used for proliferation. An opposite phenotype is observed in the case of 

intracellular pathogens, with a reduced heme-iron content. Additionally, the 

production of ROS by macrophages is also used by macrophages to directly 

target pathogens in phagolysosomes113,114. In some in vitro studies, iron 

accumulation in macrophages has been shown to impair bacterial killing115. 

Conversely, an M2-like phenotype similar to the macrophages in IPF, has been 

shown to have a more iron-recycling phenotype, with high ferroportin, the only 

known gate for iron to exit the cell, and downregulation of ferritin, the iron 

storage protein116,117. Iron metabolism is a complex, but well-studied and 

thoroughly reviewed mechanism with a multiplicity of players involved. It is 

continuously used by living organisms in multiple processes, ranging from 

oxygen transport and respiration, to DNA synthesis, to electron transport 

through Fe-S clusters and activation of a plethora of enzymes118,119.   The 

cellular and systemic handling of iron is hereby discussed.  

1.4.1 Systemic iron  

Systemically, iron is mostly found bound to haemoglobin in red blood cells 

(RBC) (or erythrocytes), which are thought to represent nearly 85% of all our 

cells. In a healthy steady state 20-25mg/day of iron is needed to regenerate 

this cellular pool in the bone marrow120. However, dietary iron absorption by 

the intestine only accounts for about 1-2mg of iron, and overall there is a loss 

of iron mostly associated with desquamation and menstrual bleeding121. This 

occurs through the divalent metal transporter 1 (DMT1) on the apical 

membrane, identified in 1997 as DCT1122. The uptake (through DMT1) and 

iron passage through enterocytes is stimulated transcriptionally by the 

hypoxia-inducible factor 2 (HIF2). 

The export of iron is negatively controlled by hepcidin, a hormone secreted by 

hepatocytes following detection of elevated levels of circulating iron or 

inflammatory mediators. An increase in hepcidin expression was observed, 

both in human and mouse, concurrently with an increase in iron levels; 
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consequent genetic mouse models, showed severe iron overload when 

hepcidin was deleted, and iron deficiency in over-expression models123–128. 

Hepcidin binds directly to ferroportin (FPN1), which is the only cellular efflux 

protein for ionic iron on the basolateral membrane of enterocytes (and all other 

cells), leading to its internalisation and degradation129.  

Enterocytic export through ferroportin, requires oxidation of Fe2+ to Fe3+ for 

loading onto transferrin. In the intestine this is carried out by hephaestin, a 

multicopper oxidase homologue of ceruloplasmin (CP), a ferroxidase used for 

the same purpose ubiquitously130–132.  Once iron enters the bloodstream, it is 

oxidised, and two iron ions are bound to transferrin (Tf) or act as the central 

cation of haemoglobin and other heme-containing proteins. This dampens its 

possible pro-oxidative role, mostly defined by the production of reactive 

oxygen species (ROS) via Fenton chemistry, thus activating damaging 

pathways in the bloodstream and beyond133. 

In turn hepcidin is controlled by the hfe gene and the HFE protein is mostly 

found in hepatocytes. HFE competes with transferrin-bound iron (TBI) for 

binding to the same site of the transferrin receptor (TfR1), involved in the 

uptake of TBI in all cells. Transferrin however has a much higher affinity for 

TfR1, compared to Apo-Tf, its iron-free form. The competition between the 

HFE and Tf therefore depends on the latter’s occupancy by iron.  In the 

presence of low iron, thus in the presence of Apo-Tf, HFE binds to Tfr1. In high 

iron, TBI displaces HFE from TfR1, and the latter interacts with TfR2, a liver 

specific homolog of TfR1. This forms a signalling complex involved with the 

upregulation of hepcidin, thus with the inactivation of ferroportin and 

consequent decreased iron absorption and accumulation of iron in 

macrophages134,135.  Mutations in hfe leading to improper activation of 

hepcidin, results in physiological low levels of HFE expression135. 

Consequently, ferroportin is not inactivated, thus causing an increased iron 

absorption by enterocytes and release into circulation by macrophages. This 

causes a clinically relevant pathology, hemochromatosis, where cells and 

organs present with iron overload135.  Ferroportin global knockouts develop 

embryonic lethality, and the selective inactivation has shown iron accumulation 
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in enterocytes, hepatocytes and macrophages. These experiments highlight 

the importance of ferroportin in some clinically relevant diseases, such as 

hemochromatosis, and patients with autosomal dominant ferroportin 

disease136.  Variants in the hfe gene, but not TfR2 or ferroportin, were identified 

in IPF patients compared to a control population. This variant did not correlate 

to iron accumulation or overall lipid peroxidation, but labile iron-dependent 

ROS generation was significantly greater in the IPF patients carrying this 

genetic characteristic137.  

Since the levels of dietary iron absorption are so low, but the demand for iron 

is comparatively high, iron recycling is essential for maintaining appropriate 

levels of iron systemically. This is mostly carried out by red pulp macrophages 

in the spleen, which are supported in high levels of iron by liver macrophages, 

Kupffer cells138. However, macrophages present in other organs, such as 

alveolar and interstitial macrophages in the lungs, can also recycle iron from 

their organs due to extravasation following injury or during inflammation107,139. 

Senescent erythrocytes are identified by macrophages and phagocytosed, 

through a process called erythrophagocytosis. Here heme oxygenase 1 

(Hmox1), the heme catabolism enzyme, plays a key role in releasing the iron 

from the protoporphyrin ring present in heme. Mouse models where Hmox1 is 

knocked out, lose recycling ability and suffer from anaemia and other iron 

deficiency complications140. From this stage, the iron is either stored within the 

cell bound to ferritin, thus lowering iron concentration in the serum and 

preventing iron overload, or it exits the cell through ferroportin, which as 

aforementioned, is associated with the ferroxidase ceruloplasmin128,132.  

If this mechanism is disrupted at any stage it can lead to diseases associated 

with either iron overload, such as haemochromatosis, or iron deficiency such 

as anaemia.  
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1.4.2 Transferrin-dependent cellular iron metabolism 

Generally, iron is tightly regulated and controlled by a plethora of proteins. The 

principal iron-route into the cell is through transferrin and its receptor, Tfr1 (or 

CD71). A graphical summary of the pathway is shown in Figure 1.4.2.1. This 

receptor’s transcription is activated in iron-deprived cells by hypoxia-inducible 

factors (HIF2) and its mRNA is transcriptionally regulated by Iron Regulatory 

Proteins IRP1 and IRP2141,142. 

 

Figure 1.4.2.1 - Transferrin-dependent iron metabolism in cells. Two ions of Fe3+ bind 
transferrin, which then binds the transferrin receptor. This is internalised by the cell in an 
endosome, where the low pH dissociates the iron from transferrin and through STEAP3 it 
is reduced to Fe2. Iron(II) exits the endosome through DMT1 into the cytoplasm, where it 
forms the labile iron pool. The cargo protein PCBP2 can take it to metalloproteins and 
enzymes that require iron to function or to ferritin, where it is stored, or to ferroportin, which 
leads to its exit from the cell. Ferroportin, which expression is regulated by hepcidin, is 
closely associated to ceruloplasmin, a ferroxidase that leads to the oxidation back to Fe3+ 
outside the cell. If the iron needs to be stored intracellularly, the multimeric protein ferritin 
assembles. If the cell needs more iron ferritin is targeted to the lysosome by NCOA4, 
leading to ferritinophagy and release of iron. Free iron in the cell can cause Reactive 
Oxygen Species (ROS) development as a result of Fenton reactions.  
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Apo-transferrin (Apo-Tf) binds two ions of Fe3+ and it is up taken by the cell in 

its differric form (Tf) bound to the high-affinity transferrin receptor (Tfr1), 

through clathrin-dependent endocytosis requiring the adaptor protein AP2143. 

Accumulating evidence from spontaneous mutations and mouse models, 

shows the involvement of vesicular trafficking protein complexes such as 

EXOC6, part of the exocyst, or SNX3, as key players in this recycling 

mechanism144–146. Once within the endosome, the lower pH triggers 

conformational changes in both Tfr1 and Tf, leading to release of iron147. The 

Fe3+ ions are reduced to Fe2+ by STEAP, a metalloreductase148. Here DMT1, 

previously mentioned as an enterocytic apical membrane protein, plays a key 

role as the iron transfer protein from the endosome to the cytosol. Tfr1 and 

Apo-Tf are recycled back to the membrane. Fe2+ in the cytosol forms the labile 

iron pool, which, if not tightly regulated leads to reactive oxygen species, 

cellular damage and ferroptosis. PCBP1 and PCBP2 are chaperone proteins 

identified to deliver iron to metalloenzymes and to the iron storage protein 

ferritin149–151.  Ferritin is a multimeric protein with 24 subunits of heavy (FTH1) 

and light (FTL) chains, which ratio depends on the state of inflammation and 

infection.  Fe2+ binds to FTH in the ferroxidase centre. Iron is oxidised to Fe3+, 

migrates and, with the aid of the FTL, it nucleates forming the iron core152. 

Depending on the levels of intra- and extra-cellular iron, ferritin can be 

degraded through a mechanism called ferritinophagy. This is mediated by 

NCOA4, a cargo receptor, which interacts selectively with FTH1, leading to the 

delivery of ferritin to the lysosome via autophagosomes153,154. From here the 

iron returns to form the labile iron pool and it can be used by the cell 

accordingly.  

If iron needs to be exported from the cell, PCBP2 alone carries it to ferroportin, 

the only known iron exit protein155. As aforementioned, FPN is tightly regulated 

by hepcidin expression, binding to which leads to its internalisation and 

degradation129. Recent studies in cell lines have shown that treatment with 

iron, thus provoking iron overload, leads to a decrease in TfR1 molecules at 

the cell surface and increased transferrin endocytic rate. TfR1 was 
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endocytosed independently of Tf, thus identifying an additional post-

translational control to prevent iron overload156.  

1.4.3 Transferrin-independent route 

The transferrin receptor is required for erythropoiesis and neurologic 

development. Embryos with a complete Tfr1 knockout develop organs 

normally, but develop a lethal phenotype at day 12.5 associated with 

anaemia157. These early studies, reinforced by consequent ones where Tfr1 

was preferentially disrupted in selected organs, supported the notion of 

transferrin-independent routes of iron uptake. ZIP14, a zinc transporter was 

identified as a possible candidate and studies in cardiomyocytes and neuronal 

cells implicated calcium channels in this as well130,158,159.  

Another route that occurs exclusively in monocytes and macrophages, is 

through CD163, a haemoglobin-haptoglobin scavenger receptor. Following 

intravascular haemolysis due to injury or inflammation, haemoglobin binds to 

acute phase protein haptoglobin (Hb-Hp). From here CD163 mediates the 

endocytosis of the complexes inside the macrophage, where the haemoglobin 

is cleared. Interestingly, the inflammatory interleukin IL6 upregulates this 

receptor and haptoglobin expression, as well as HMOX1, key for haemoglobin 

degradation160.  IL10, an anti-inflammatory cytokine, is also produced as a 

result of Hb-Hp binding. Its binding has therefore been shown to skew the 

polarisation of the macrophage population and high levels of CD163 (and 

CD204) positive macrophages have been associated with the clinical course 

of IPF90,161. This highlights the importance of iron metabolism for the 

expression and characterisation of macrophages in an inflammatory context. 

1.4.4 Regulation of iron metabolism 

Systemically iron metabolism, as mentioned before, is regulated by hepcidin, 

a hormone produced by the liver, which binds to ferroportin and leads to its 

degradation. Hepcidin itself has been shown to be regulated only at the 

transcriptional level. Its expression is inhibited by anaemia and hypoxia; and 

stimulated by iron loading and inflammation162. It is regulated by the 

BMP/SMAD signalling pathway and IL6, an important inflammatory cytokine, 
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can regulate it through the JAK1/2-STAT3 pathway163,164. This is reviewed by 

Schmidt (2015)128.  

The tight regulation of iron metabolism in a cellular context is regulated post 

transcriptionally by iron regulatory protein 1 and 2 (IRP1 and IRP2). Through 

insights from murine models, the two proteins have been found to be largely 

redundant, but at least one is essential. Indeed a full knockout murine model 

is not viable, but Irp1-/- mice develop polycythemia and pulmonary 

hypertension, while Irp2-/- mice present with microcytic anaemia and iron 

overload of selected organs165. These iron-responsive RNA-binding proteins 

bind to a conserved cis-regulatory hairpin structure, known as iron-responsive 

elements (IREs). This is present in the untranslated region (UTR) of the target 

mRNA of proteins involved in iron uptake, export and storage. IRPs are iron-

sulphur proteins which lose one of their iron ions when there are low iron levels 

in the cells. This leads to increased affinity to the IREs in the target mRNA. 

Depending on what end of the mRNA it binds to, it leads to either translational 

control if bound on the 5’ UTR IRE, or to mRNA stability control, if bound to the 

3’ UTR IRE. In the case of TfR1 and DMT1, the IRP binds to the 3’ UTR IRE, 

where it leads to increased translation and thus increased iron intracellularly. 

Conversely, in the case of ferritin and ferroportin, IRP binds to the 5’ UTR and 

inhibits translation, thus reducing levels of these storage and export proteins. 

When the iron starts to increase intracellularly, an iron ion is incorporated in 

the IRP and it loses its affinity to the mRNA, thus reducing its stability or 

translational control, and reversing the prior mechanism130,166. 

IRE and IRP defects have been causatively linked to clinically relevant human 

disorders, such as sideroblastic-like anaemia with iron overload167. GWAS 

studies have also implicated mutations in the IRPs genes to be associated with 

diseases like Chronic Obstructive Pulmonary Disease (COPD), lung cancer 

and Alzheimer’s disease168–170. Interestingly IRP can also be activated by other 

factors, such as oxidative stress, as initially demonstrated in vitro, by causing 

disassembly of the Fe/S clusters171. 
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1.4.5 Iron metabolism disruption in lung disease 

Alveolar macrophages have been shown to accumulate iron intracellularly in 

IPF when compared to healthy controls and this was also observed in murine 

pulmonary fibrosis models110,172,173. A recent study showed, through knockout 

mouse models, that this accumulation plays a key role in both the 

pathogenesis of pulmonary fibrosis and the lung function decline174.  However, 

in human disease, it is unclear whether this is due to dysfunctional alveolar 

macrophages, or due to microhaemorrhages/microinjuries leading to release 

of excessive erythrocytes in the lung space and consequent 

erythrophagocytosis, or a combination of both. Nevertheless, it implies a 

dysregulated iron metabolism which is likely to lead to excessive ROS 

production, possibly causing further inflammation and injury through a pro-

inflammatory phenotype110.  

Recent studies have shown seemingly different results when observing 

expression levels of the transferrin receptor (CD71 or TfR1), the gate for 

transferrin-bound iron into the cell, on AM in the IPF lung.  Allden et al. (2019), 

showed an increase in proportion of AM lacking CD71 (CD71-) in IPF patients 

compared to healthy controls. These CD71- AMs had impaired phagocytosis 

and transferrin uptake abilities, even if the transferrin concentration in BAL fluid 

was increased. A higher proportion of CD71 negative macrophages were also 

independently associated with worse survival112.  These macrophages also 

showed a pro-fibrotic phenotype with high levels of metalloproteinases (MMP2, 

MMP8), vascular endothelial growth factor (VEGF) and other mediators that 

can increase the activation of TGF. It is however unclear if these low 

expressing CD71 macrophages are recently recruited, immature, monocyte-

derived AM which have been shown to persist in the fibrotic lung97. More 

sophisticated scRNAseq studies may be able to show the origin and 

persistence of these macrophages over the progression of disease, if using a 

murine model. However, in murine bleomycin-induced pulmonary fibrosis 

studies, an increase in CD71+ AM was observed, and this was suppressed by 

the use of an iron chelator, DFO (deferoxamine)174. This may highlight 

significant differences between human disease and the bleomycin model, 
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limiting its use in understanding progression of disease. Previous unpublished 

work from the Hirani lab identified CD71 through flow cytometry on BAL-

derived alveolar macrophages of IPF patients as a prognostic marker for 

progressors and non-progressors (Figure 1.4.5.1)175. Patients with a higher 

expression of CD71 had a worse survival compared to low CD71 expression, 

thus supporting the murine study174 previously discussed and not the one 

based on IPF patients112. These differences could be down to the gating 

strategy used in each study. Indeed, the resident pulmonary monocyte-like 

cells (rPMLC), previously characterised by a CD14+CD16+ phenotype176, are 

excluded from this CD71 characterisation by our lab. Additionally, CD71 

negative cells may just not have been considered in the other studies. 

A study comparing IPF patients with controls, identified a significant increase 

in macrophage iron accumulation and iron-dependent ROS in the BAL fluid 

and cells of the fibrotic patients. This iron dysregulation was then also 

associated with an allelic variant of HFE137. As described earlier, HFE is an 

iron-induced gene, which can cause hemochromatosis, a disease of iron 

accumulation.  

Therefore, increasing evidence implicates dysregulated iron metabolism, with 

an accumulation of iron in alveolar macrophages, in pulmonary fibrotic 

Figure 1.4.5.1 - Kapler-Meier curve comparing survival of patients based on high and low 
CD71 expression dichotomised according to median CD71 expression by flow cytometry. 
Lisa Nicol data (unpublished) 
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disease.  This dysregulated iron accumulation may lead to an increased ROS 

production in alveolar macrophages and in the pulmonary interstitium. This 

may consequently lead to an aberrant wound response due to dysfunctional 

macrophages, but also to an increase in injury due to the increased oxidative 

stress.  Recent studies have started implicating ferroptosis, a form of iron-

dependent cell death, in diseases ranging from cancers to other pulmonary 

disorders such as asthma and COPD. Elucidating the role of this pathway in 

pulmonary fibrosis may be of help in understanding its progression and 

pathogenesis.  

1.4.6 Iron detection 

The level of iron in cells can be assessed in different ways through iron-

sensitive probes, immunohistochemical stains such as Prussian blue, and 

through analytical methods such as Ion-Coupled Plasma Mass Spectrometry 

(ICP-MS). 

Many iron-sensitive probes have been developed over the years but have 

various limitations in different cell types, according to the basal iron levels and 

proliferation of the cells177. Two probes will be discussed here as they were 

available through collaborations. TRX-puro is a highly selective reactivity-

based probe which involves the intracellular unmasking of puromycin following 

a Fenton-type reaction with Fe2+. Puromycin can then be detected and imaged 

with high throughput microscopy178. FRET Iron Probe 1 (FIP-1) is a reactivity 

based Fe2+ -sensitive fluorescent probe. FIP1 links two fluorophores through 

an Fe2+-cleavable endoperoxide bond. This bond is broken when the probe 

interacts with Fe2+, leading to a decrease in fluorescence resonance energy 

transfer (FRET) and to a significant excitation of fluorescein. This can be 

detected through imaging, flow cytometry, or as plate reader assessment179. 

A long established method of detecting iron is Prussian blue, a histochemical 

stain that detects Fe3+. Hydrochloric acid splits iron from any proteins 

(including ferritin) and this allows potassium ferrocyanide to combine with ferric 

iron, forming ferric ferrocyanide, or Prussian blue. The levels of iron are then 

assessed through a semiquantitative method termed Golde Score, which 
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involves visually assessing cells based on blue colour intensity and an average 

score, between 0 and 400, allocated180.  

Finally, ICP-MS is an analytical method to detect trace levels of metal ions, 

such as iron. This is carried out by full decomposition of the sample into its 

elements through addition of pure Nitric Acid and subsequent ionisation and 

detection. Fe56, the most common iron isotope, is then detected and 

normalised accordingly. 

As part of this study, these four methods of detection are compared and 

discussed further in the context of alveolar macrophages. 

1.5 Ferroptosis 

Ferroptosis is an iron-dependent form of nonapoptotic regulated cell death181. 

It was identified following the characterisation of two small molecules, erastin 

and RSL3, that were defined as RAS-selective lethal (RSL) compounds, as 

they were shown to be selectively lethal to oncogenic RAS mutant cell lines181. 

This family of small GTPases are mutated in 30% of all cancers and therefore 

were thought to be a possible oncogenic treatment target182. Dixon et al., 

(2012) hypothesised that erastin and RSL3 caused a distinct form of cell death 

compared to apoptosis, necrosis and other forms of well characterised 

regulated cell death181. Ferroptosis shows different biochemical, 

morphological, and genetic features, and over time this has been further 

characterised. A summary of the changes in morphology and biochemical 

features, compared to other form of cell deaths, is shown in Table 1.4.6-1. 
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Ferroptosis remains a relatively new pathway with many unclear mechanisms, 

especially in relation to disease pathogenesis. Recent evidence has implicated 

ferroptosis in respiratory diseases, such as asthma, as described in the next 

section.                                             

Cellular metabolism, redox, iron homeostasis and various signalling pathways 

all impinge on ferroptosis. A summary of the ferroptosis KEGG pathway, 

representing lipid peroxidation, iron, and glutamate metabolism, is shown in 

Figure 1.4.6.1.  

 Morphological 

Features 

Biochemical 

Features 
Inhibitors 

Ferroptosis 

• Small 
mitochondria 

• Higher 
mitochondrial 
membrane 
densities 

• Cell swelling 

• Iron 
accumulation  

• Lipid 
peroxidation  

• Protein 
upregulation – 
TFRC, ACSL4 

• Lipophilic 
antioxidants (e.g. 
Ferrostatin 1) 

• Iron chelators 
(e.g. DFO) 

Apoptosis 

• Reduction of cell 
and nucleus size 

• Nuclear 
fragmentation 
(chromatin 
condensation) 

• Apoptotic bodies 

• DNA 
fragmentation 

• Caspase and 
endonuclease 
activation 

• Caspase 
inhibitors 

Necrosis 

• Plasma 
membrane 
permeabilisation  

• Generalised 
swelling  

• Drop in ATP 
levels 

• Death ligand 

(e.g. Fas, TNFα) 

binding to TNF 
receptor in 
caspase-
inhibited cells 

• Necrostatins 

Table 1.4.6-1 - Summary of the morphological and biochemical features with some inhibitors 
of ferroptosis, apoptosis and necrosis. Adapted from Cao and Dixon (2016) and Li et al., 
(2020)183,184 
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Iron-dependent lethal accumulation of reactive oxygen species (ROS) can be 

considered one of the major aspects of ferroptosis known thus far. Particularly 

relevant to ferroptosis is lipid peroxidation, which involves ROS-induced 

damage to polyunsaturated fatty acids (PUFAs). This ROS production is 

promoted by iron and its ability to change between its Fe2+ and Fe3+ forms. 

When Fe2+ reacts with hydrogen peroxide it becomes Fe3+ through Fenton 

reactions and produces a hydroxyl radical and a hydroxyl. On the other hand, 

when Fe3+ reacts with hydrogen peroxide, it becomes Fe2+ and forms 

Figure 1.4.6.1 - Key pathways leading to ferroptosis which are described in text. Lipid 
peroxidation is the main hallmark of ferroptosis where PUFAs become phospholipid 
hydroperoxide as a result of ROS which are either catalysed through iron-dependent Fenton 
Reactions or LOX-catalysed oxidation. Both of these auto-oxidations are fuelled directly or 
indirectly by iron and its metabolism. In contrast glutamate metabolism dampens ferroptosis 
through GPX4 which transforms the damaging hydroperoxides into non-toxic alcohols. If 
something occurs leading to impaired glutamate metabolism, this protective effect is lost and 
ferroptosis occurs. 
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hydroperoxyl and a proton, through a reaction called Haber-Weiss (Equation 

1). Whether this ROS accumulation leads to consequent signalling pathways 

or leads to the breakdown of the phospholipid-rich plasma membrane causing 

death, remains unclear. This iron-dependent peroxidation is dampened by 

known proteins, such as GPX4 which will be discussed further in the next 

section, but also through iron chelation, for example with deferoxamine (DFO), 

and other drugs and compounds, such as Ferrostatin-1 (Fer-1), Liproxstatin 1 

(LIP1) and other radical-trapping antioxidants.  

𝑭𝒆𝟑+ +  𝑶𝟐
∙− ⟷  𝑭𝒆𝟐+ +  𝑶𝟐                 

𝑭𝒆𝟐+ +  𝑯𝟐𝑶𝟐 ⟶  𝑭𝒆𝟑+ + 𝑯𝑶∙ +  𝑶𝑯−         (𝑭𝒆𝒏𝒕𝒐𝒏 𝒓𝒆𝒂𝒄𝒕𝒊𝒐𝒏) 

 𝑶𝟐
∙− +  𝑯𝟐𝑶𝟐 ⟷   𝑶𝟐 + 𝑯𝑶∙ +  𝑶𝑯−    (𝑯𝒂𝒃𝒆𝒓 − 𝑾𝒆𝒊𝒔𝒔 𝒓𝒆𝒂𝒄𝒕𝒊𝒐𝒏) 

Equation 1. Fenton and Haber-Weiss reaction which involve iron and the development of 

reactive oxygen species. 

 

Another key player in the peroxidation of PUFAs is the lipoxygenase enzymes 

(LOX) family. In particular ALOX15, arachidonic acid being its most prominent 

substrate, can drive ferroptosis. Although it remains unclear which other 

members of the LOX family are important for ferroptosis, double-knockout 

studies have suggested that multiple LOX enzymes fuel this peroxidation185–

187. In turn, LOX enzymes, which contains a Fe3+-containing active site, is 

regulated by the control of iron availability by the phosphorylase kinase G2 

(PHKG2)188.  

The generation of phospholipid peroxides also depends on the initial 

availability of the substrate. It consists of polyunsaturated fatty acids (PUFAs), 

which are much more reactive than monosaturated and unsaturated fatty 

acids. Through knockout studies, ACSL4 was identified as essential to 

influence the lipid composition leading to ferroptosis, and in certain models 

even predictive of sensitivity to ferroptosis189. Indeed, it is responsible for the 

esterification of CoA to free fatty acids, in particular arachidonic acid, thus 

consequently activating fatty acid oxidation or lipid biosynthesis189. 
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1.5.1 Glutamate metabolism inhibition causes ferroptosis. 

Ferroptosis was initially identified as a result of an inhibition through the 

compound erastin of the so-called System Xc- a disulphide-linked heterodimer 

composed of SLC7A11 and SLC3A2 acting as a cysteine/glutamate 

antiporter190. This leads to cysteine starvation and thus depletion of the 

intracellular pools of glutathione in both its reduced form, GSH, and oxidised 

form, GSSG. One of the key roles of glutathione is as an anti-oxidant and the 

ratio between its reduced and oxidised form is often used to measure cellular 

oxidative stress191,192. GSH is key for the correct functioning of the essential 

phospholipid hydroperoxidase, glutathione peroxidase 4 (GPX4). GPX4 

normally suppresses the synthesis of phospholipid hydroperoxides by 

converting them to non-toxic alcohols193,194.  Therefore, if GSH is depleted 

there is an increase in reactive oxygen species (ROS), which is likely to induce 

cell death, assessed by triggering serum-dependent necrosis195.  

However, GPX4 inhibition, both indirectly by System Xc- inhibition through 

erastin, or through direct GPX4 inhibitors such as RSL3 and consequent 

accumulation of lipid peroxides, is not sufficient to cause ferroptosis190,196. 

Indeed, it has been shown that lipid peroxidation is strictly regulated by multiple 

players, such as iron and iron-related proteins, as previously discussed.  

When the antiporter is blocked by erastin, not only does it cause the cell to be 

starved of cysteine, but it also leads to an accumulation of glutamine. L-

glutamine specifically was found to be linked to ferroptosis195. Being the most 

abundant amino acid in the body, it plays multiple roles and acts as an 

important carbon source for the tricarboxylic acid (TCA) cycle within the 

mitochondria, following glutaminolysis195,197. As a result many enzymes 

involved in this degradation, such as glutaminase2,  have been shown to play 

important roles in ferroptosis, particularly in cancer where ferroptotic cell death 

is a protective mechanism through tumour suppression, regulated by p53198. 

Moreover, L-glutamine degradation plays an important role in lipid 

biosynthesis, through the citrate pyruvate cycle, providing CoA to 

ACSL4181,199,. This latter enzyme helps channel arachidonic acid and adrenic 
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acid to this oxidisable pool, preferentially used in ferroptosis189,200.  

Mitochondria are therefore implicated in ferroptosis and are thought to play a 

pivotal role particularly in cysteine-deprivation-induced ferroptosis.  

Additionally, ferroptosis can be identified through morphological changes in 

mitochondria. Indeed following erastin-induced ferroptosis mitochondria 

appear to have an increased membrane density, volume reduction and 

increased mitochondrial potential, distinguishable from other forms of cell 

death181,199. Erastin also inhibited cellular GPX enzymes through GSH 

depletion, their substrate derived from cysteine201,202. 

RSL3 is able to inactivate GPX4 directly, via alkylation of the catalytic 

selenocysteine203. A reduction of GSH was not observed in these studies, 

suggesting that it is not linked to the deprivation of cysteine or changes in the 

System Xc-. Other studies, however, have implicated the importance of iron in 

this lethality. Indeed, iron chelators such as DFO were able to significantly 

inhibit RSL3 activity. Moreover, the intrinsic signalling following RSL3 

treatment was shown to upregulate TfR1, while downregulating FTH1 and 

FTL, thus increasing the labile iron pool within the cell196. 

1.5.2 Iron metabolism  

As the name suggests, ferroptosis was initially identified as dependent on iron 

accumulation and its metabolism. It was later clarified that it is often iron-

dependent lipoxygenases (LOX) that initiate ferroptosis by causing lipid 

peroxidation, and the labile iron pool acts as fuel for the resulting lipid 

peroxides, thus fuelling these oxidative species production through Fenton 

reactions204,205. However other proteins involved in iron metabolism, described 

previously, have been shown to play a role in ferroptosis. 

Recently, TfR1 (or CD71) has been identified as one of the key markers of 

ferroptosis and fluorescent antibodies have been used to selectively stain this 

mechanism over other forms of regulated cell death206. Interestingly, it was 

noticed that TfR1 seems to accumulate over time on the cell surface of 

ferroptotic cells, but its mRNA levels, measured through qPCR, remain 

unchanged. Since the autophagic pathway involved in the internalisation of the 
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receptor was shown to be working correctly, it was hypothesised that this 

accumulation was related to altered iron metabolism and a possible positive 

feedback loop between ferroptosis and iron uptake206. The role of altered iron 

metabolism’ proteins in ferroptosis still needs to be understood. Therefore, 

whether the accumulation of iron in AM discussed above may be linked to the 

increased levels of TfR1 on the surface due to ferroptosis is yet to be studied. 

Ferritin levels have been shown to indicate sensitivity to ferroptosis, as high 

levels of ferritin lead to a lower level of free iron, thus less oxidative stress. 

Conversely, ferritinophagy has been shown to promote ferroptosis through the 

consequent increase of LIP207,208. Nevertheless, a recent study has identified 

another method to limit ferroptosis by exporting ferritin-bound iron out of the 

cells through exosomes, promoted by a protein called Prominin2. This 

increased resistance to ferroptosis was observed in mammary epithelial and 

breast cancer cells, where following a pro-ferroptotic stimulus, the gene of 

interest was increased209. Whether this applies to other cell types and in vivo 

needs to be observed. 

IRPs have also been shown to be activated by oxidative stress, as initially 

demonstrated in vitro, by causing disassembly of the Fe/S clusters171. Recently 

a cancer drug called dihydroartemisinin (DAT) was shown to sensitise cancer 

cells to ferroptosis as a result of increased iron intracellularly and impinging on 

IRP/IRE-controlled iron homeostasis210. However, the role of ROS in this 

context was not discussed or assessed.  Another study assessed levels of both 

mRNA and protein expression of TfR1 during pharmacological induction of 

ferroptosis, and only found an increase over time of TfR1 protein, but no 

change in TfR1 mRNA. Whether this is due to increased translation – possibly 

by the stabilisation of the TfR1 IRE by IRP - or decreased degradation of the 

protein, remains unclear206.  

1.5.3 Ferroptosis inhibitors 

There are two main classes of known ferroptosis inhibitors: radical trapping 

antioxidants (RTA) and lipoxygenase inhibitors. 
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RTAs are used to reduce the accumulation of ROS by breaking the 

autoxidation chain reaction. The main natural RTA is Vitamin E which 

possesses the greatest biological activity in vitro and has been shown to 

suppress ferroptosis. In some genetic studies, where GPX4 was knocked-out 

in murine endothelial cells, these did not function correctly if the mouse was 

fed a low vitamin E diet211; in another study Vitamin E supplementation was 

able to restore antiviral and antiparasitic T cell responses212. Liproxstatins and 

ferrostatins were identified through high-throughput screening following RSL3 

and erastin ferroptosis induction, respectively. Although they also have some 

lipoxygenase inhibitor functions, their ability to slow lipid hydroperoxides 

accumulation was shown to be associated with their RTA ability. Although they 

were shown to react approximately 10-fold more slowly than vitamin E with 

peroxyl radicals, they were significantly more reactive in lipid bilayers, thus 

explaining the higher potency for ferroptosis inhibition213. The highest potency 

is thought to be associated with their transformation to nitroxides, another 

class of potent RTAs214,215. In this thesis project, ferroptosis was induced with 

RSL3 and therefore liproxstatin-1 (LIP1) was used.  

ACSL4 inhibitors on the other hand work by inhibiting this enzyme, which as 

discussed previously is involved in the preferential oxidisation of arachidonic 

and adrenic acid rich phospholipids, by enriching cellular membranes with 

these fatty acids. ACSL4-deficient cells were also shown to be less sensitive 

to GPX4 inhibition induced ferroptosis189. Administration of ACSL4 inhibitor 

Rosiglitazone before ischaemia was also shown to reduce the ferroptotic 

damage in lung ischemia-reperfusion injury216. Another recent study showed a 

similar effect with the same inhibitor but in a model of murine stroke, where it 

was shown to promote neurological function217. 

Iron chelators are also considered ferroptosis inhibitors as they block the iron-

dependent increase of ROS by either removing iron from the labile iron pool, 

or directly removing iron ions from the active site of enzymes such as ALOX, 

thus inactivating them. They have been shown to block ferroptosis both in vitro 

and in vivo through these different mechanisms181. In a model of spinal cord 
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injury, it was suggested that deferoxamine (DFO), an iron chelator, can 

promote repair spinal cord injury218. 

1.5.4 Detection of ferroptosis 

There is no single marker for ferroptosis. In the literature detection of 

ferroptosis is carried out through confirming two or more biomarkers’ changes, 

following induction or inhibition of ferroptosis. Chen et al., 2021 have 

summarised the key biomarkers of ferroptosis in a review, but below is a further 

summary of some of the most relevant ones that can be used to detect 

ferroptosis in vitro219. 

Reactive oxygen species (ROS) increase, which then results in lipid oxidation, 

is one of the main hallmarks of ferroptosis. To measure ROS fluorescent 

probes like H2DCFDA or C11-bodipy can be used and can be detected either 

through a plate reader or flow-cytometry, or through high-throughput imaging. 

Readily available lipid peroxidation kits (such as the MDA kit) can be used to 

assess the resultant oxidation of lipid following ferroptosis induction.  

The other main hallmark of this regulated form of cell death is, indeed, 

reduction of viability. This can be assessed in some cell types through an MTT 

assay; however, this is not always possible for some cell types that have low 

metabolism rate. Propidium Iodide staining assessed through flow cytometry 

is more accurate and can be used in conjunction with AnnexinV to exclude that 

the cell death observed is apoptosis.  

Accumulation of iron is another key hallmark following ferroptosis induction. 

This can be measured through Prussian blue, iron-sensitive probes and ion-

coupled plasma mass spectrometry, methods discussed in a previous section. 

GPX4 inhibition through RSL3 has been shown to lead to a decreased protein 

levels of this enzyme through Western Blot, which are rescued if liproxstatin-1 

is used as well220. Its activity can be detected through commercially available 

kits either measuring its decreased activity, or by measuring the substrate 

levels (glutathione – GSH). Some experimental evidence showed that GSH 
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levels are not as affected with RSL3 as with erastin, which leads to cysteine 

starvation, thus inhibiting the synthesis of GSH indirectly203. 

Finally, CD71 has been recently shown to be a marker of ferroptosis and 

therefore raised levels of this iron-related receptors are associated with 

ferroptosis induction206. 

As aforementioned, these markers are often used in combination to assess 

ferroptosis. Additionally, correct controls considering induction and inhibition 

of this pathway need to be clearly used to assess whether the cells are 

undergoing this form of regulated cell death. 

1.5.5 Ferroptosis in lung disease 

Ferroptosis has recently been implicated in the pathogenesis of lung diseases, 

however the role it plays in ILD remains unclear. 

In a study using a radiation-induced lung fibrosis model, it was shown that 

ferroptosis inhibitor liproxstatin-1 alleviated fibrosis by reducing collagen 

deposition in lung tissue. This was shown to occur through downregulation of 

TGF-1 by the inhibitor activating the Nrf2 pathway, thus reducing ROS 

production221.  

Another study suggested that cigarette smoke induced epithelial cell 

ferroptosis in a model of COPD through GPX4 modulation as seen in the 

genetic mouse models. This group observed an increase in NCOA4, a 

selective cargo receptor for ferritinophagy, leading to release of free iron and 

increase lipid peroxidation during cigarette smoke exposure10. They observed 

the increase in NCOA4 in COPD lung tissues compared to control and 

negatively correlated it with lung function, supporting a link between 

ferritinophagy and prognosis. This is in contrast with other studies that showed 

degradation of ferritin promotes ferroptosis207.  

In asthma, an iron-loading phenotype was observed in BAL cells and 

decreased non-heme bound iron levels in the BAL fluid and this was correlated 

with severity of disease5.  Moreover, they found that both TFR1 and DMT1 

were elevated in airways and negatively correlated with lung function, thus 
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confirming this iron accumulation phenotype. However, this study did not 

investigate ROS levels, thus the role of ferroptosis and asthma remains 

unclear. Nevertheless, evidence from bronchoscopic brushing of patients with 

controlled asthma showed co-localisation of a scaffolding protein which was 

found to regulate ferroptosis, PEBP1,  with a type of lipoxygenase, ALOX15, 

which together leads to the generation of lipid peroxidation205.  

It is unclear whether ferroptosis acts as a protective mechanism in lung 

disease or leads to further injury through the activation of pro-inflammatory 

pathways. ROS-induced damage is one of the critical inflammatory events in 

many diseases, such as fibrosis, and it is also one of the major triggers of 

ferroptosis. However, ferroptosis being a regulated-form of cell death, may be 

involved with the disposal of this ROS-producing dysfunctional cells. Whether 

this is then managed correctly by the tissue, dampening further damage from 

these oxidative species or whether it causes a pro-inflammatory cascade 

remains unclear. Studies have shown that both iron and ROS are increased in 

IPF compared to controls172,222.  Whether ferroptosis is impaired in IPF is one 

of the questions that this thesis attempts to answer. 
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1.6 Hypothesis and aims 

The main goal of this study was to further understand and characterise the role 

of iron metabolism and ferroptosis in alveolar macrophages of fibrotic ILD 

patients and to elucidate its potential role in progression and pathogenesis of 

disease. 

The overarching hypothesis is that iron accumulates in AM of fibrotic lungs, 

but these cells are resistant to ferroptosis and therefore remain viable and 

acquire a pro-fibrotic phenotype.  

The main three hypotheses in this study are: 

1. Iron accumulates in alveolar macrophages of fibrotic ILD patients. 

2. Iron regulatory pathways are altered in alveolar macrophages of 

progressive ILD. 

3. Macrophages are resistant to ferroptosis compared to other cells. 
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Chapter 2 - Materials and Methods 

2.1 Ethical Approvals 

The study is part of the Edinburgh Lung Fibrosis Molecular Endotyping 

(ELFMEN) study (which is registered (NCT04016181) and has been approved 

by University of Edinburgh/NHS Ethics Committee (REC 17/ES/0075). All 

patients that participated in this study had been fully informed and consented.  

The phlebotomy of healthy volunteers was approved by the Lothian Local 

Research Ethics committee AMREC Reference number 20-HV-069. 

Volunteers gave full informed consent to participate. 

2.2 Bronchoalveolar lavage procedure and processing 

Bronchoalveolar lavage was collected by a standardised clinical protocol. 

Briefly 160- 240ml saline was instilled into the right middle lobe in 40ml aliquots 

and aspirated via suction.  BAL fluid was transferred to a sterile Teflon pot and 

kept on ice and processed within 2 hours of collection. The fluid was strained 

through a CorningTM 40um cell strainer, collected into 50ml BD falcon tubes 

and centrifuged for 10mins at 400xg at 4oC. The total volume was recorded, 

and the cells counted using a Chemometec nucleocounter. If the fluid was 

blood-tinged, red blood cells were lysed by resuspending cells in 2ml of 

Biolegend Red Blood Cell Lysis buffer for 10 minutes at room temperature. 

DPBS without Magnesium or Calcium (DPBS-/- ; Gibco, 14190250) was then 

added to wash the cells. The wash was performed with a centrifugation at 400g 

for 10 minutes. The cells were resuspended in IMDM w/o phenol red (GIBCO, 

Ref: 21056-023) at appropriate concentration (5x106/ml). The cellular yield 

varied between patients but was on average 16.5x106 cells. 

2.2.1 Cytospins  

Cytospins were carried out with 1x105 cells per slide (10 slides total) with a 

ThermoScientific Shandon Cytospin 4 at 300g for 3 minutes. Cells were fixed 

with methanol (VWR Chemicals). The slides were left to air dry. One slide for 

each patient was used for differential counting and stained with the Wright’s 

stain technique involving eosin and methylene blue dyes. Over 200 cells were 
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then counted and differentiated it according to morphology. Some slides were 

also stained for Prussian blue as described below. 

2.2.2 Alveolar macrophage culture 

Cells were plated in a standard 24 well plate (flat bottom with low evaporation 

lid, tissue culture treated, polystyrene) at 5x105 cells per well and left to adhere 

for 1 hour in IMDM w/o phenol red. The supernatant was then removed, and 

the cells washed with DPBS -/- through pipetting, to ensure non-adherent cells 

were removed.  

2.2.3  Gene expression quantification 

For gene expression assessment cells (at least 1x106 cells depending on 

availability) were prepared as alveolar macrophage culture protocol (above). 

The RNA isolation step below was then performed within the wells. 

2.2.3.1 RNA isolation 

Surfaces and instruments were cleaned and sprayed with RNAzap 

(RNaseZap™ RNase Decontamination Solution; Catalog number: AM9780). If 

cells were used, an appropriate volume of -mercaptoethanol (-ME – 2-

Mercaptoethanol (M3148-100ml), Sigma LifeSciences) was added to RLT 

buffer from a QIAGEN RNeasy mini kit (10l of -ME to 1ml of RLT) (Cat 

No./ID: 74106 - QIAGEN). The solution was directly added to the culture well 

and pipetted to ensure lysis of cells. The same volume of 70% ethanol was 

added to the well, given a quick mix and the whole volume loaded onto RNA 

columns from the kit. The columns were then spun for 30 seconds at 10’000 

RPM. The volume collected at the bottom was discarded and 700l of RW1 

wash buffer added back to the column, followed by a centrifugation for 30 

seconds at 10’000 RPM. The collected liquid was discarded and 500l of RPE 

buffer (which contains 70% ethanol) added back to the column, to fix the RNA 

to the column. Following a spin at 30secs at 10’000 RPM and removal of 

solution from column, the previous step with RPE was repeated and the 

column spun at 10’000 for 2 minutes. The bottom tube was emptied, and the 

column spun for another 2 minutes with no solution added to ensure complete 

removal of ethanol. The bottom tube was discarded, and the column placed in 
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a clean collection tube or Eppendorf.  A small amount of RNase free water was 

decanted to ensure no contaminations and 30l of it was added to column. A 

spin for 30 seconds at 10’000 RPM was carried out, the bottom tube closed, 

labelled and placed on ice and the column discarded. The sample containing 

the RNA was taken immediately to the ThermoFisher Nanodrop™ 2000 and 

RNA concentration measured at 260/280.  The machine was blanked with 2l 

RNase water ensuring the correct settings; then 2l of RNA sample was added 

and both concentration and quality recorded. The RNA was then placed back 

on ice if cDNA synthesis was carried out immediately after or frozen on dry ice, 

stored at -20°C overnight and then brought to -80oC.  

2.2.3.2 cDNA synthesis 

The QIAGEN QuantiTect Reverse Transcription Kit (ID: 205311, QIAGEN) 

was used to make cDNA from 1g of RNA. The quantity was calculated from 

the nanodrop readings and the volume made up to 12l with RNase-free water 

in a 200l Eppendorf. If 1g was not present in the sample, 12l of RNA was 

used directly. The buffers were defrosted on ice and 2l of gDNA wipeout 

buffer added to the tube. Using a C1000 Touch™ Thermal Cycler an initial 

incubation at 42°C (lid temperature of 110°C) for 5 minutes was carried out. A 

master mix was created with 1l of RT, 4l of Quantiscript RT buffer and 1l 

RT primer mix per sample. Following the previous incubation, 6l of master 

mix was added to the 200l Eppendorf and the PCR machine set to the 

following cycle: 42°C for 30 minutes, 95oC for 3 minutes and 4°C infinite time. 

The cDNA was then stored at -20°C.  

2.2.3.3 qPCR  

The cDNA was diluted 1:10 in nuclease-free water (to 20l of cDNA, 180l of 

nuclease-free water). Using genes of interest and -actin as a housekeeping 

gene, primer-containing master mixes were prepared. These contained 5l of 

SYBR green (which contains buffer, dNTPs, thermostable DNA polymerase 

and the SYBR green dye) (SYBR® Green PCR Master Mix Ref:4309155, 

Applied Biosystems by ThermoFisher Scientific) and 1l of primer of gene of 

interest (0.5l forward and 0.5l reverse primer (Pre-designed primers from 
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Sigma-Aldrich)). Primers of interest are shown in the table below (Table 

2.2.3-1) . In a 384 well plate, 6l of primer mix was added, followed by 4l of 

diluted cDNA. Once completed the plate was securely sealed with a microamp 

optical adhesion film and spun at 200G for 2 minutes to ensure removal of air 

bubbles. Using the ABI7900 384-well qPCR machine the program was set to 

SYBR green detection and a dissociation stage added to the cycles. The Ct 

values were transferred to an excel file and average between duplicates 

calculated. The -dCt was then calculated by subtracting the Ct of the gene of 

interest from the housekeeping gene (Actin-) Ct. The gene expression was 

then calculated as the 2−𝑑𝐶𝑇. 

Table 2.2.3-1 - Pre-designed primers for gene of interest from Sigma-Aldrich 

Primer Code Sequence 

ACTB 
SY190821288-018; 

SY190821288-017 

5’-ATGATCTGGGTCATCTTCTC; 

5’-GACGACATGGAGAAAATCTG 

MRC1 
SY180833543-093; 

SY180833543-094; 

5’ -AAATTTGAGGGCAGTGAAA-G;  

5’-GGATTTGGAGTTTATCTGG-TAG 

CD163 
SY190719392-016; 

SY190719392-015 

5’-TCCTTCTGGAATAGATTGGGG; 

5’-AGTCTGCTCACGATACATAG 

CD80 
SY180828760 – 044; 

SY180828760 - 045 

5’-AGGAGGAATGAGAGATTGA-G 

5’-AGACCTTCAGATCTTTTCAGC 

CD86 
SY180828760-046; 

SY180828760-047 

5’-CCCACTGAATTTTGTGTACC;  

5’-CTCTAGAGCATAGTAATCA-CAC 

FTH1 
SY180438804-059; 

SY180438804-060; 

5’-CAGGATATCAAGAAACCAG-AC;  

5’-AGTTCCAGTAGTGACTGAT-TC 

SLC11A2 
SY180438804-064; 

SY180438804-065 

5’-GACTTGACTAAGGCAGAATG; 

5’GAGTATGTTACAGTGAAAC-CC 

SLC40 
SY180438804-062; 

SY180438804-061 

5’-GTTGTAGTAGGAGACCCATC;  

5’-AAAGATACTGAGCCAAAACC 

TFRC 
SY190108094-024; 

SY190108094-025 

5’-AAGATTCAGGTCAAAGACA;  

5’-CTTACTATACGCCACATAA-CC 

 

2.3 Cell lines 

Three different cell lines were cultured for different experiments. All cells were 

routinely tested for mycoplasma infection. 
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2.3.1 HT29 

HT29 is a human cell line with epithelial morphology, derived from colorectal 

carcinoma (ATCC HTB-38). They were cultured in DMEM (DMEM + 4.5g/L D-

Glucose, 0.11g/l Sodium Pyruvate, Ref: 21969-035, Gibco) with 10% FBS 

(Fetal Bovine Serum, Ref:35-015-CV, Corning), 1% L-Glutamine (L-glutamine 

200mM; Ref: 25030-024, Gibco) and 1% Pen/Strep (Penicillin Stremptomycin; 

Ref:15140-122, Gibco). They were passaged every 2-3 days according to 

confluency. To do so the supernatant was first discarded from the flask (T-75, 

Corning® 75cm² U-Shaped Canted Neck Cell Culture Flask with Vent Cap, 

number: 430641U). DPBS was added to cover the bottom of the flask and 

wash the cells. Following a couple of agitations of the flask with DPBS, this 

was discarded and 10ml of trypsin (0.05% Trypsin-EDTA, Ref:25300-054, 

Gibco) added. The flask was then placed in the incubator for 5 minutes (37°C; 

5% CO2). The cells were then inspected under the microscope to observe any 

detachment. The flask was vigorously hit with a hand to ensure resuspension. 

Trypsin was then neutralised by addition of 10ml of full media (DMEM with 

FBS, L-glutamine and Pen/Strep as above). The cells were then centrifuged at 

300g for 5 minutes and resuspended in 10ml of media. 2ml of cell in 

suspension was added to 18 ml of media inside a new sterile flask. 

2.3.2 THP1 

THP1 is a human monocytic cell line, derived from acute monocytic leukaemia 

(ATCC TIB-202). They were cultured in RPMI (RPMI Medium 1640, Ref: 

31870-025, Gibco) with 10% FBS (Fetal Bovine Serum, Ref:35-015-CV, 

Corning), 1% L-Glutamine (L-glutamine 200mM; Ref: 25030-024, Gibco) and 

1% Pen/Strep (Penicillin Stremptomycin; Ref:15140-122, Gibco). They were 

passaged every 4 days according to confluency. To do so the cells in 

suspension were transferred from the flask (T-75, Corning® 75cm² U-Shaped 

Canted Neck Cell Culture Flask with Vent Cap, number: 430641U) to a 50ml 

BD Falcon Tube and spun down at 300g for 5 minutes. The supernatant was 

then discarded, and cells resuspended in 10ml of fresh complete media. 2ml 

of cells were added to 23ml of full media in a new sterile flask. 
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For experiments, THP1 were differentiated from monocyte to macrophage by 

resuspending the monocytes in a 100nM solution of PMA (Phrobol 12-

myristate 13-acetate, P8139y, Sigma) in full RPMI media for 24 hours. The 

cells acquired an elongated morphology. All THP1 cells used in this thesis 

have been differentiated by PMA. 

2.3.3 RAW 264.7 

RAW 264.7 is a mouse macrophage cell line, derived from Abelson murine 

leukemia virus-induced tumour (ATCC TIB-71). They were cultured in RPMI 

(RPMI Medium 1640, Ref: 31870-025, Gibco) with 10% FBS (Fetal Bovine 

Serum, Ref:35-015-CV, Corning), 1% L-Glutamine (L-glutamine 200mM; Ref: 

25030-024, Gibco) and 1% Pen/Strep (Penicillin Stremptomycin; Ref:15140-

122, Gibco). They were passaged every 4 days according to confluency. To 

do so the supernatants from the flask (T-75, Corning® 75cm² U-Shaped 

Canted Neck Cell Culture Flask with Vent Cap, number: 430641U) were 

discarded and 10ml of fresh full media was added. The cells were then scraped 

from the bottom of the flask and collected in a 50ml BD Falcon Tube and spun 

down at 300g for 5 minutes. The supernatant was then discarded, and cells 

resuspended in 10ml of fresh complete media. 2ml of cells were added to 18ml 

of full media in a new sterile flask. 

2.4 Monocyte-derived macrophages 

2.4.1 Isolation of human monocytes 

Whole blood (40ml) from a healthy donor was collected into a falcon tube with 

4ml of 3.8% sodium citrate to prevent coagulation. The blood was then 

centrifuged (350g, 20 minutes, 0 brake and 1 acceleration) to separate platelet 

rich plasma – which was collected and stored in glass vials with calcium 

chloride at 37°C - from the cells at the bottom. To the bottom layer 6ml of 6% 

dextran (T500, 5510 0500 8007) was added per 50ml and topped up to 50ml 

with 0.9% sodium chloride (UKF7124, Gibco Life Technologies). The 

erythrocytes were allowed to sediment for 20 minutes and the top layer 

containing the rest of the cells was collected, without disturbing the buffy coat 

layer, in a separate tube. This was then topped up with sodium chloride and 
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centrifuged (350g, 6 minutes, full acceleration, full brake) to form pellet. A 

Percoll (GE Healthcare) gradient is prepared by adding 3mls of 10X PBS to 

27ml of Percoll to create Percoll stock. The 81% layer was prepared with 8.1 

ml of Percoll stock and making it up to 10ml with PBS; the 68% layer was 

prepared with 6.8ml of Percoll stock and making it up to 10ml with PBS; the 

55% layer was prepared with 6.8ml of Percoll stock and making it up to 10ml 

with PBS. They were then layered by taking 4ml of 81% Percoll and adding 

3ml delicately in a 15ml BD Falcon tube. The next 68% Percoll gradient (3ml) 

was added delicately on top of the 81% layer by using a needle or a strippette, 

ensuring no disturbance or mixing occurred with the layer below. Once the 

cells were spun down, the supernatant was discarded, and the pellet gently 

flicked and resuspended by adding 3ml of the 55% Percoll gradient and mixing 

delicately. The final layer was then delicately added on top of the 68% gradient, 

ensuring no mixing. The cells on the gradient were then centrifuged at 720G 

for 20 minutes (no brake, no acceleration).  This ensures separation of PBMC, 

neutrophils and red blood cells. The PBMCs were collected, washed with 

DPBS w/o Mg,Ca (Gibco) and further purification to monocytes was carried 

out using a Pan Monocyte Isolation Kit (Miltenyi Biotec). Cells were 

resuspended in 4μl of macs buffer (20ml of DPBS with 80μl EDTA (Sigma-

Aldrich, E8008) and 100μl of autologous serum) per 107 total cells. 10μl of FcR 

Blocking Reagent per 107 total cells is added, followed by 10μl of Biotin-

Antibody Cocktail per 107 total cells. It was then mixed well and incubated in 

the fridge for 5 minutes. 30μl of macs buffer was added per 107 total cells and 

then 20μl of Anti-Biotin MicroBeads per 107 total cells. This was mixed well 

and incubated for 10 minutes in the fridge. LS positive selection columns 

(Order No: 130-042-401; Miltenyibiotec) were used on a MidiMACS™ 

Separator (Order No: 130-042-302). The column was positioned on the 

magnetic field of the separator and 3ml of Macs buffer added to it to prime it. 

Once the buffer run through it was discarded and a fresh 15ml falcon tube 

positioned underneath. The cell suspension was added onto the column and 

the flow-through collected. This represents the enriched monocyte fraction. 

The column was then washed 3 times with 3ml Macs buffer and the flow 
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through collected with the cells. The cells were then spun down at 300g for 5 

minutes and resuspended in full media (IMDM (Lot: 12440053), with 10% FBS 

(Fetal Bovine Serum, Ref:35-015-CV, Corning), 1% L-Glutamine (L-glutamine 

200mM; Ref: 25030-024, Gibco) and 1% Pen/Strep (Penicillin Stremptomycin; 

Ref:15140-122, Gibco). 

2.4.2 Macrophage stimulation  

The purified monocytes were then plated in low adherence 24 well plates – 

0.5x106 per well – and treated with MCSF or GMCSF (R&D, 216-MC/CF) at a 

concentration of 100ng/ml. The cells were cultured for 5 days. On day 5 the 

supernatant was removed and then treated with IL4 (20ng/ml; R&D, 204-IL) 

and IL10 (20ng/ml; R&D, 217-IL) or IFN (50ng/ml; Abcam, ab192085) and 

LPS (100ng/ml; Sigma) for another 2 days. Following stimulation, the cells 

were then used for different applications, such as qPCR or flow cytometry, 

described below. 

2.5 Flow Cytometry 

Cells were collected, washed with Gibco DPBS and resuspended accordingly 

in FACS buffer (Gibco DPBS with 0.5% BSA (Bovine Serum Albumin, 

No:A8806, SigmaAldrich). If the cells were adherent they were detached 

depending on the cell type: HT29 were left for 5 minutes in trypsin (0.05% 

Trypsin-EDTA, Ref:25300-054, Gibco) in the incubator at 37°C (5% CO2); 

THP1 and primary macrophages for 10 minutes in trypsin in the incubator at 

37°C (5% CO2); RAW were resuspended by vigorous pipetting. The stained 

sample had 2x106 cells, 2x105 for single stain or isotype and 5x105 for 

unstained, all resuspended in 50µl of FACS buffer.  2.5l of Fc Receptor 

Blocking Solution (Human TruStain FcX) was added to each tube and 

incubated for 10 minutes at 4°C. 1l of relevant antibodies or isotypes was 

added to each tube and incubated for 30 minutes at 4°C. Antibodies used are 

shown in Table 2.5-1 below. Cells were washed with DPBS (400g 4°C). They 

were then resuspended in 500l of FACS lyse solution (Biolegend RBC 

Lysis/Fixation solution diluted 1:10 with deionised water) and incubated for 10 

minutes at room temperature. The FACS lyse was washed off with FACS 
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buffer and the samples centrifuged at 1200 RPM for 5 minutes. The samples 

were then resuspended in 250l of FACS lyse and stored in the dark at 4°C 

until flow cytometry processing. Samples were analysed within 24 hours. Prior 

to analysis, the cells were washed with DPBS at 1200   RPM for 5 minutes and 

resuspended in 300l of FACS buffer. The samples were processed on the BD 

LSRFortessa™ Cell Analyzer and analysed on FlowJo v10, where 

compensation was carried out on either single stains or on Invitrogen™ 

UltraComp eBeads™ Plus Compensation Beads. Gating strategy was initially 

carried out by selecting for cells (excluding debris), and then by selecting 

singlets (SSC-FSC plot). Details of each gating strategy is shown in relevant 

chapters. 

Table 2.5-2.4.2-1 - Antibodies used in flow cytometry 

Antibody/Isotype Clones Brand 

Alexa Fluor 700 anti-

human HLA-DR 

Clone: L243; Isotype: 

Mouse IgG2α,k 
BioLegend 

APC Anti-human CD71 
Clone: CY1G4; 

Mouse IgG2α K 
BioLegend 

APC Mouse IgG2a, K 

isotype control 
Clone: MOPC-173 BioLegend 

APC anti-human CD163 Clone: GHI/61 BioLegend 

PE anti-human CD206 

(MMR)  
Clone 15-2 BioLegend 

APC/Cy7 anti-human 

CD163 
Clone GHI/61  BioLegend 

APC/Cyanine7 Mouse 

IgG1, κ Isotype 

Clone:  

MOPC-21 
Biolegend 

APC Anti-mouse CD71 
Clone RI7217 

Isotype: Rat IgG2α K 
BioLegend 

 

2.6 Iron quantification 

2.6.1 Prussian Blue and the Golde Score 

Cytospins were placed in a deionized water soaked sequenza rack and 

adherence ensured. Two washes with deionized water were performed and a 
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working solution of Prussian blue (Abcam Iron Stain Kit) was prepared. Equal 

parts of 2% hydrochloric acid and potassium ferrocyanide solution. 120l of 

working solution was added to each slide for 1 hour at room temperature. The 

slides were then washed three times for 5 minutes with 120l of deionised 

water. Using the nuclear fast red solution provided in the kit, the slides were 

counterstained for 5 minutes and then washed three times with deionised 

water. The slides were allowed to air dry for 20 minutes and then a coverslip 

was mounted with DPX (SigmaAldrich, 44581). The slides were then imaged 

on Invitrogen™ EVOS™ XL Digital Inverted Brightfield and Phase Contrast 

Microscope and analysed with ImageJ. The Golde Score was calculated 

according to Golde et al180. For BAL cells, alveolar macrophages were 

identified based on nuclear morphology and size. Approximately 300 cells per 

slide were counted and scored according to the scoring system below. The 

weighted score of the cells, was divided by the total number of cells and 

multiplied by 100, to calculate the Golde Score for 100 cells, with 0 being the 

minimum score and 400 being the maximum.  

2.6.2 Staining fixed BAL cells for iron with TRX-Puro 

Cells were plated in a 96 well clear, flat bottom, black plate and treated with 

deferoxamine (DFO – 250μM) (iron chelator) (Deferoxamine Mesylate, 

Ab120727, Abcam) or ferric ammonium sulphate (FAS – 200μM) (Ammonium 

Iron(II) sulphate hexahydrate, ACS reagent, Code:423721000)  accordingly. 

Trx-puro or puromycin (positive control) (Puromycin Dihydrochloride, 

A1113803, ThermoFisher) were added at 1M to selected wells and incubated 

at 37°C for 4 hours. Wells were then washed twice with DPBS and once with 
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DPBS with 0.1% triton (Triton ® X-100; Sigma Ultra, SigmaAldrich). Anti-

puromycin antibody (1:500 – Anti-puromycin, clone 12D10 mouse monoclonal, 

EMD Millipore Corp) in 10% FBS (Fetal Bovine Serum, Ref:35-015-CV, 

Corning) in DPBS with 0.1% Triton was added for 30 minutes at 37°C. It was 

then washed off with the DPBS with 0.1% Triton and then stained with anti-

mouse secondary (1:200) (Goat anti-Mouse IgG (H+L) Cross-Adsorbed 

Secondary Antibody, Alexa Fluor 568, ThermoFisher Scientific), Hoechst 

(10g/ml – Hoechst 33342 20mM Prod#62248, Thermo Scientific) and HCS 

CellMask™ Green Stain (1:10000 – Ref: H32714, Invitrogen by ThermoFisher 

Scientific) in 10% FBS in DBPS with 0.1% triton for 30 minutes at 37°C. The 

cells were then washed with DPBS and stored in DPBS at 4°C. The plate was 

then processed with the PerkinElmer High Content Imaging System Operetta 

and analysed with the companion software Columbus following the protocol 

hereby described 

Through the Columbus software, specific features can be selected and either 

excluded or included for assessment. Through the next steps, cells were 

selected based on their nuclei and cytoplasm, and TRX-Puro fluorescent 

intensity assessed solely in the cytoplasm. 

1. 13 non-consecutive fields were selected per well - Hoechst 

(blue), Cell Mask (green), TRX-Puro (red) 

 

2. Nuclei selected based on Hoechst 
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3. Exclude nuclei with intensity of >14000 and nuclei roundedness 

(>0.7)  

 

4. Selected cytoplasm with AF488 (excluding intensities >2000) 

 

5. Calculate AF568 fluorescence intensity of cytoplasm (cell – 

nucleus) 
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2.6.3 Staining live BAL cells for iron with FIP1 

Following processing, BAL cells were washed with DPBS without magnesium 

and calcium (Gibco, 14190250). They were then incubated in phenol red-free 

IMDM + 0.2% BSA, Pen/Strep (Penicillin Streptomycin; Ref:15140-122, Gibco) 

and L-glutamine (L-glutamine 200mM; Ref: 25030-024, Gibco) for 45 minutes 

to select for macrophages by adhesion and washed to remove non-adherent 

cells. This was carried out in black imaging plates (Tissue Culture treated 

microplate, black, µClear, with lid. (Greiner Bio-One Inc.; 655090) IMDM was 

added and incubated overnight. For chelation experiments the cells were 

incubated overnight in 240µM DFO (deferoxamine) (Deferoxamine Mesylate, 

Ab120727, Abcam). Fe2+ supplementation experiments through the addition of 

200µM of FAS (Ammonium Iron(II) sulphate hexahydrate, ACS reagent, 

Code:423721000) were incubated for 90 minutes. Cells were washed twice 

with DPBS and FIP1 (1μM) was incubated with the cells for 30 minutes at 37°C. 

Cells were either imaged directly on a Leica Confocal SP5 Microscope on an 

8-well plate or analysed on the 5LSR Fortessa flow cytometer, at emission of 

515nm. For flow cytometry the cells were removed from the wells by adding a 

2mM EDTA solution (with 0.1% BSA in DPBS -/- and left on ice for 10 minutes, 

prior to resuspension in DPBS -/-. DAPI (1:1000) was added as a live stain and 

cells were immediately analysed. 

FIP1 activation was tested previously with 10µM and 100µM FAS at 37°C over 

time in a 96well plate on a plate reader (Cytation3 Imaging Reader, Biotek) at 

515 and 556nm. FIP1 was added to the wells containing the two different 

concentrations of iron (FAS) and immediately imaged over 90 minutes. 

2.6.4 Iron level assessment of BAL cells through ICP-MS 

ICP-MS is a mass spectrometry method used to detect trace levels of ions. It 

uses inductively coupled plasma to ionise the samples and then detected. 

Cells were resuspended in 250µl of pure Nitric Acid and were processed by Dr 

Lorna Eades at the Mass Spectrometry facility in King’s Buildings.  The 

samples were left to sit for about 30 minutes and then they were sonicated for 
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1 minute and let to sit for another minute to ensure that all iron was in 

suspension. The samples were then spun down and 100μl removed. This was 

then diluted with 2.9ml of further acid to increase the counts detected by the 

ICP-MS. The counts were then averaged per 1x106 cells. 

2.7 RNAseq 

Total RNA was extracted from 4 Progressors and 6 Non-Progressor using 

RNeasy mini columns. Full demographics in relevant chapter (Chapter 4). 

Progressors were defined as the patients who had a greater than or equal to 

10% decline in lung function (FVC) or death within 12 months from BAL. The 

non-progressors were the patients who had less than 10% change in their FVC 

in 12 months.  Libraries were prepared using Illumina Ribo-Zero and then the 

RNA converted into sequencing-ready libraries for Illumina sequencing 

systems using TruSeq Stranded by Oxford Genomics Centre. 

The analysis was carried out by FIOS Genomics. The quality of the sequencing 

reads was assessed using FastQC. Reads were aligned to human 

transcriptome build GRCh38 using STAR aligner and the number of mapped 

read-pairs were counted based on the GENCODE v36 annotation. Outliers 

were excluded if they failed 2 or more of the 4 objective statistical tests. A 

summary of the sample’s alignment showing the percentage count of the input 

read-pairs that either mapped uniquely to the genome (% Uniquely mapped), 

mapped more than once to the genome (% Multimapped) or did not map to the 

genome (% Unmapped), are shown in Figure 2.7.1A. Figure 2.7.1B shows the 

summary of percentage of read-pairs that mapped uniquely to the genome 

either by mapping unambiguously to a single gene (% gene), or mapped to 

more than one gene (% ambiguous) or did not overlap any gene models in the 

genome annotation (% no features).  

For the association tests, the subset filtered raw data of the ten samples of 

interest were processed by normalising the count data using trimmed mean of 

M-values normalisation. To facilitate investigation of overlapping changes in 

gene expression across the contrasts, a relaxed statistical threshold of 

unadjusted P < 0.05 was selected to identify differentially expressed genes 
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(DEGs). The results show unadjusted P-value threshold meaning that the 

proportion of potentially false discoveries are not accounted for. Functional 

enrichment analysis was performed in order to identify Reactome pathways 

(www.reactome.org) or Gene Ontology (GO) terms that were enriched in 

differentially expressed genes (DEGs). Significant enriched genes were 

identified as over-represented in the Reactome or in the Gene Ontology terms 

through a conditional hypergeometric test with a P<0.05. This test allows to 

identify the enriched genes even if the child-terms are removed, thus 

assessing for a loss in enrichment independently.  

Figure 2.7.1 – Summary of (A) alignment to human transcriptome GRCh38 using STAR 
aligner and (B) mapping of the pair reads to GENCODE v36 annotation. 
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2.8 Ferroptosis assays 

Cells were plated in sterile flat 96 well plates (96 well cell culture plate, flat 

bottom with low evaporation lid, tissue culture treated, polystyrene) (RAW and 

HT29 – 2x104 cells, THP1 with PMA (Phorbol 12-myristate 13-acetate, P8139, 

Sigma) (100ng/ml) 5x104) overnight in duplicates. The cells were then washed 

with DPBS and in some experiments they were pre-treated with FAS at 100µM 

for 2 hours in the incubator (37°C; 5% CO2). Ferroptosis was then induced 

with RSL3 (Merck Life Sciences, SML2234-5Mg) in DMEM for HT29 cells 

(DMEM + 4.5g/L D-Glucose, 0.11g/l Sodium Pyruvate, Ref: 21969-035, 

Gibxco) or RPMI for RAW/THP1 cells (RPMI Medium 1640, Ref: 31870-025, 

Gibco) for different lengths of time (2, 4, 6, 12, 18, 24 hours) and at different 

concentrations (10 µM; 5 µM; 1µM). Liproxstatin 1 (LIP1) (Merck Life Sciences, 

SML1414-5MG) was also used as a ferroptosis inhibitor in some conditions at 

1µM.  

2.8.1 ROS Assay 

Reactive oxygen species were measured through DCFDA (2’7’ 

Dichlorofluorescein Diacetate) (Sigma-Aldrich, Lot 287810). The cells were 

treated with iron, RSL3 or LIP1 (concentrations and times as above) and then 

washed with PBS. DCFDA (20µM) and added to relevant wells for 30 minutes 

at 37°C. Without washing, the cells were read with the Cytation 3 Imaging 

reader with excitation/emission 485/535nm.  

2.8.2 Flow cytometry on the AttuneNxt for viability and CD71 
staining 

Following induction of ferroptosis as described above, the plates were 

centrifuged at 400g for 4 minutes at 4°C to collect all cells. The supernatants 

were discarded, and cells washed with PBS. Following another centrifugation 

at 400g for 4 minutes at 4°C, RAW cells were pipetted up and down to ensure 

resuspension of cells and then transferred to a round bottom 96 well plate. For 

HT29 and PMA-polarised THP-1, 50µl of trypsin (0.05% Trypsin-EDTA, 

Ref:25300-054, Gibco), which had been warmed up to 37°C, was added to 

each well and left in the incubator for 5 and 10 minutes respectively. Following 
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this incubation, 50µl of media (DMEM for HT29, RPMI for THP1) with 10% 

FBS was added to each well to neutralise the trypsin and pipetting up and 

down was carried out to ensure cells were in suspension. At this stage cells, 

were transferred to a new round bottom 96 well plate and spun down. The cells 

were then washed with DPBS (400g for 4 minutes) and stained as explained 

below. The cells were analysed on the Attune flow cytometer. 

2.8.2.1 Viability assay with AnxV/PI 

Following this wash, cells were resuspended in 100µl of Annexin V (Annexin 

V, Alexa Fluor™ 647 conjugate, Ref: A23204, Invitrogen by ThermoFisher 

Scientific; or Annexin-V-FLUOS; Ref:11828681001, Roche Diagnostics 

GMbH) solution (1:500 dilution in HBSS (Hanks’ Balanced Salt 

Solution+CaCl2+MgCl2; Ref:14025-050; Gibco) with 0.3% CaCl2 (Calcium 

Chloride, Code: 21097, SigmaUltra, Sigma). The cells were stained for 20 

minutes on ice in the dark. Just prior to flow cytometry, 0.5µl of PI (Propidium 

Iodide Solution, PC code: 1002957359, SigmaAldrich) was added to each well 

(except AnxV single stain and unstained samples). The Attune Flowcytometer 

plate function was used to analyse all wells. The analysis was carried out 

through FlowJo v10 through quadrants. Any PI+ cell (both AnxV-PI+ and 

AnxV+PI+) were considered late-stage death cells, AnxV+PI- cells were 

considered apoptotic and the double negative population (AnxV-PI-) was 

considered live. 

2.8.2.2 CD71 staining 

Following the previous explained wash, HT29s and RAWs were resuspended 

in 50µl of DPBS with 1:200 CD71 (APC) antibody or relevant isotype (for 

information about antibody see Table 2.5-2.4.2-1). Cells were stained for 

30minutes on ice in the dark, then washed with DPBS and fixed in 50µl of lysis 

buffer (1x RBX Lysis/Fixation solution (Cat. No. 422401 Biolegend UK)) for 10 

minutes in the dark. The cells were then spun down at 400g for 4 minutes at 

4°C, resuspended in fresh lysis buffer and kept at 4°C in the dark until flow 

cytometry. Prior to analysis cells were centrifuged and resuspended in DPBS.  
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2.8.3 Prussian blue 

To assess whether any changes in iron were detectable through Prussian blue 

staining following ferroptosis induction, the cells were treated with relevant 

treatments as above and then fixed with methanol in the wells for 10 minutes 

at room temperature. The methanol was then removed, and the wells were left 

to air dry. Two washes of deionized water were performed and working solution 

of Prussian blue was prepared according to manual (Abcam Iron Stain Kit): 

equal parts of 2% hydrochloric acid and potassium ferrocyanide solution. 50µl 

of the working solution was added to each well and incubated at room 

temperature for 1 hour. The solution was then removed, and the wells washed 

with deionised water. 50µl of nuclear fast red solution was added to each well 

and stained for 5 minutes at room temperature. The wells were then washed 

with deionised water and left to air dry. They were then imaged on the 

Invitrogen™ EVOS™ XL Digital Inverted Brightfield and Phase Contrast 

Microscope and analysed with ImageJ. The Golde Score was calculated as 

described in section 2.6.1. 

2.8.4 GSH Assay 

The cells were treated with RSL3, iron or LIP1 and then lifted from the well as 

described previously. At least 1x106 cells per condition were used. They were 

collected in eppendorfs and washed with ice cold DPBS (No Ca, No Mg) and 

analysed according to the ThermoFisher (Invitrogen™) Scientific Glutathione 

Colorimetric Detection Kit (EIAGSHC). The cells were resuspended in 250µl 

5% SSA (1g of aqueous 5-sulfo-salicylic acid dehydrate to 20ml of distilled 

H2O. The samples were frozen on dry ice and stored at -20°C. The cells were 

lysed by vigorous vortexing or by freeze-thaw cycling. They were then 

incubated at 4°C for 10 minutes, and then centrifuged at 14000G for 10 

minutes at 4°C. The supernatants were collected for analysis. The cell lysate 

samples were diluted by adding 4 volumes of assay buffer and then diluted 1:4 

with sample diluent (5% SSA diluted 1:5 in assay buffer).  

Standards were prepared in eppendorfs labelled 1 to 6 for a concentration 

range of 25 μM to 0μM of GSH. 
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The colorimetric detection reagent was prepared according to instructions with 

the detection reagent concentrate and assay buffer and depending on number 

of samples.  

The reaction mixture was also prepared according to instructions with NADPH 

concentrate, Glutathione Reductase Concentrate and Assay buffer. Samples 

and standards were added to a 96 well plate in excess. With a multichannel 

50µl of standards or samples were transferred to new 96 well plate in 

duplicates. Using a multichannel and another 96-well plate 25µl of colorimetric 

detection reagent were added to each well containing the samples or 

standards. Finally, 25µl of the reaction mixture was added to each sample and 

standard well in the same way. The sides of the plate were tapped to ensure 

mixing. The plate was then incubated for 20 minutes at room temperature and 

then the absorbance was read on the plate reader at 405nm. A standard curve 

was generated from the standards with a four-parameter algorithm and the 

concentrations for unknown samples derived taking into account dilution. 

2.9 Statistical Analysis 

Data are presented as mean ± SD unless otherwise stated. Statistical analysis 

was performed with GraphPad Prism v9 (GraphPad Software, La Jolla, CA, 

USA). Data were tested for normality and analysis carried out accordingly 

using one-way ANOVA with Tukey’s Multiple Comparison Test, or student t-

test, or two-way ANOVA as indicated. Statistical significance was taken at 

p≤0.05.  Multiple linear regression and multiple logistic regression analysis 

were carried out with Graphpad Prism v9 as well and are described in more 

detail in relevant chapters. Sample size for experiments with clinical samples 

were based on number of available samples and not based on power 

calculations. Statistical advice was given by Alex Przybylski and Margaret 

Horne (Statistician, Usher Institute, University of Edinburgh).  
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Chapter 3 - Iron content in Alveolar 
Macrophages of IPF compared to non-fibrotic 
and fibrotic UNC disease. 

3.1 Introduction 

The presence of iron in alveolar macrophages in interstitial lung disease has 

not been comprehensively studied. A previous study in IPF patients showed 

iron accumulation and speculated possible occult pulmonary haemorrhage172. 

Another study in IPF showed increased iron loading and a likely-associated 

“unrestrained” activation pattern in alveolar macrophages110. In this chapter, 

iron load in macrophages was assessed in patients with IPF, other fibrotic 

unclassifiable (UNC) and non-fibrotic UNC disease, as determined by a 

multidisciplinary team (MDT) at diagnosis. A multiple linear regression analysis 

was performed to determine the association of iron loading with clinical 

variables (presence of fibrosis, age, sex, smoking etc). 

Iron was primarily assessed with the Golde Score180, an established semi-

quantitative measure of iron through Prussian blue staining (see methods). 

Alveolar macrophages in BAL cytospins were identified based on classical 

morphology. Although this semiquantitative score is now nearly 50 years old, 

it is still commonly used in the literature, due to its simplicity and applicability 

in historical fixed samples110,137,172,173. This technique was also compared to 

three more recent techniques that are more suited to non-fixed or live cells: 

ICP-MS, TRX-Puro, a reactivity-based probe that can detect Fe2+, and FIP-1, 

a fluorescent probe sensitive to Fe2+179,223.  

Inductively Coupled Plasma Mass Spectrometry (ICP-MS) can be used to 

measure elements at trace levels224. The technology involves full 

decomposition of the sample into its core elements and subsequent ionisation 

and detection. To assess iron in the clinical samples, unfixed 1x106 BAL cells 

were diluted in nitric acid and the abundance of Fe56, the most common isotope 

of iron, was detected through ICP-MS.  
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TRX-Puro (kindly provided by Dr Adam Renslo, UCSF)  (Figure 3.1.1) is a 

highly selective reactivity-based probe which reacts with intracellular labile 

Fe2+ 223. Probe reaction with iron, leads to a dose-dependent unmasking of 

intracellular puromycin that can be detected by immunochemistry and thereby 

acts as an indirect measurement of iron. Stained fixed cells were assessed by 

a high-throughput imaging microscope (Operetta CLS High-Content Analysis 

System, PerkinElmer).  

TRX-puro provides a snapshot of iron levels in live cells before fixation, but 

cannot be used to assess iron changes in live cells. The FRET Iron Probe 1 

(FIP-1, kindly provided by Dr Chang, UC Berkeley) is a reactivity based probe 

which links two fluorophores through an Fe2+-cleavable endoperoxide bond179. 

Cleavage leads to a decrease in fluorescence resonance energy transfer 

(FRET) from the fluorescein to Cy3, by splitting them apart and increasing the 

Figure 3.1.2 - FIP-1 structure and decrease in FRET following Fe2+ cleavage of the 
endoperoxide bond.  

Figure 3.1.1 - Structure of TRX-Puro, developed by Spangler et al., 2016. When iron is 
detected by this probe, the trioxolane ring is fragmented and the ketone intermediate is 
formed. Puromycin is therefore exposed (through a spontaneous retro-Michael reaction) 
and it can be detected by immunohistochemistry. 
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emission from the fluorescein (Figure 3.1.2). This can be used in live cells and 

therefore can assess the dynamic changes in cellular iron. 

Macrophages play an important role in inflammatory responses and fibrosis in 

lung disease225. Both classically (M1-like) and alternatively activated 

macrophages (M2-like) are present in the lungs and play important roles in 

maintaining homeostasis. The latter are thought to be directly implicated in 

aberrant wound healing226. Anti-inflammatory M2-like and pro-inflammatory 

M1-like macrophages exist on a phenotypic spectrum, displaying a 

combination of receptors dependent on the cytokines present that 

conventionally are used to describe phenotype83,227,228. CD206 is known to be 

expressed on alveolar macrophages, especially in an alternatively activated 

context229. CD163, another M2-like phenotype associated receptor, has also 

been implicated in worse IPF prognosis, and interestingly plays a role in iron 

metabolism91,92,230. IL10, together with IL4, have been shown to polarise  

macrophages towards anti-inflammatory phenotype, favouring high CD163 

and epithelial repair through further production of IL10231,232. Many other 

markers for alternatively activated macrophages have been identified, such as 

CCL18, CCL7, CCL22, CD204, but were not prioritised in this study. CD80 and 

CD86 on the other hand are two prototypical M1-like pro-inflammatory markers 

and they have been shown to play a role in the excessive initially pro-

inflammatory insult in models of acute pneumonia93,94. 

Macrophages have been shown to handle iron differently depending on 

polarisation state116,233.  M1-like macrophages have been shown to favour a 

phenotype with low ferroportin, the sole protein known to export iron from the 

cell, and high ferritin, the iron storing protein116. This implies an iron 

sequestration phenotype, thus concealing it from pathogens which would use 

iron to replicate. In contrast, M2-like macrophages tend to have an iron-

recycling phenotype, characterised by high ferroportin and low ferritin116.  

Therefore, the study of alveolar macrophage iron loading and phenotype may 

provide insights into the pathogenesis of lung fibrosis.  
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Aims and Hypothesis 

The overarching aim of this chapter was to determine iron content in alveolar 

macrophages in patients with fibrotic and non-fibrotic ILD. 

Aim 1 – To determine iron loading in macrophages of patients with IPF, UNC 

with fibrosis and UNC without fibrosis through Prussian blue staining  

Hypothesis 1 – Iron loading is a feature of fibrotic lung disease. 

Aim 2 – To determine the role of clinical variables including age, smoking and 

sex in iron loading. 

Hypothesis 2 – Iron loading is associated with the presence of fibrosis 

independently other clinical variables. 

Aim 3 – To characterise macrophage polarisation and iron phenotypes in 

different ILDs. 

Hypothesis 3 – There are distinct alveolar macrophage phenotypes 

that are associated with IPF, UNC with fibrosis and UNC without fibrosis 

Aim 4 – To optimise an in vitro monocyte-derived macrophage model 

mimicking IPF patient-derived alveolar macrophages 

Hypothesis 4 – A M2-like polarisation is able to mimic IPF patients’ 

derived alveolar macrophages 
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3.2 Results  

3.2.1 Validation of iron detection methods in THP1 cells and 
patient BAL cells  

To initially validate the Prussian blue stain and the scoring system, THP1 cells 

were differentiated with PMA and treated with different concentrations of iron 

(FAS) and then quantified (Figure 3.2.1.1A-B). This showed that Prussian blue 

Figure 3.2.1.1 – (A) Prussian blue staining on PMA-differentiated THP1 cells with different 
concentrations of FAS and (B) Iron quantification by Golde score. (C) Two separate 
cytospins from n=9 patients were stained for Prussian blue and their Golde Score 
calculated. This was carried out blind. They were tested for normality and a Wilcoxon test 
was performed on Graphpad Prism. No statistically significant difference was observed 
between the two Golde Score measurements (P=0.437). 
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was able to stain iron at different concentrations and the Golde Score correctly 

used to assess these. 

 

Figure 3.2.1.2  – (A) Imaging of TRX-puro on PMA-differentiated IL10 polarised THP1 
showing cell mask and Hoechst staining (green and blue respectively) and anti-puromycin 
staining in red. (B) Mean fluorescence intensity of AF658 anti-puromycin antibody on PMA-
differentiated IL10 polarised THP1 following TRX-puro incubation. Following addition of 
100uM Ferric Ammonium Sulphate, the mean fluorescence intensity was increased 
significantly both compared to untreated cells and to cells treated with iron chelator. 
Different concentrations of FAS give a concentration-dependent response. There is no 
statistically significant difference between the untreated sample and the iron chelated one. 
Samples were tested for normality with a Shapiro-Wilk test and a Kruskal-Wallis test was 
performed. * p<0.05, ** p<0.01, *** p<0.001. Error bars = SD. (C) Comparison of three 
different methods assessing iron levels (ICP-MS, TRX puro and Prussian blue), between 
two patients. All three techniques showed a higher level of iron in Patient 1 compared to 
Patient 2. 
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To assess intra-observer variation in Golde Score derived from these stains 

on the patient’s cytospins, two slides from the same patients (n=9) were 

Figure 3.2.1.3 - FIP-1 to detect iron in live alveolar 
macrophages. (A) Cell free test of FIP-1 with 100uM FAS on 
the plate reader to assess emission spectra over time, showing 
that the probe is stable over 90 minutes, requiring less than 15 
minutes to reach maximum emission. (B) Emission spectra 
showing that FIP-1’s fluorescence was concentration-
dependent. These spectra were taken at 30 minutes. (C) 
Images showing BAL cells unstained and stained with FIP-1 
with or without DFO. Brightfield image included to show overall 
staining across cell. Scale bar 50um. (D) Flow cytometry was 
performed with FIP-1 on BAL cells by selecting macrophages 
based on their forward and side scatters. Treatment with DFO 
showed a significant decrease in fluorescence indicating that 
FIP-1 was able to detect changes in iron levels when a chelator 
was used. Samples were tested for normality with a Shapiro-
Wilk test and a Paired T-test was performed. * p<0.05, ** 
p<0.01, *** p<0.001. Error bars = SEM. 
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stained and counted on different days. The samples were blinded for 

diagnosis. No statistically significant difference was observed between the two 

stains (Figure 3.2.1.1C).  

Another method to detect iron, the TRX-puro probe, was used on PMA-

differentiated THP1 cells (Figure 3.2.1.2A). The full protocol used for analysis 

is shown in the methods section. The cells were treated with an iron chelator, 

deferoxamine and exogenous iron (FAS). Although the difference with the 

addition of DFO was not significant compared to untreated, when comparing 

the iron treated cells the mean fluorescence intensity was significantly higher 

than both the untreated and DFO treated cells (Figure 3.2.1.2B). Two ILD 

patients (Patient 1 with IPF and Patient 2 with UNC with fibrosis) were tested 

across Prussian blue, TRX-puro and ICP-MS. Across the three different 

methods a similar pattern is maintained, with patient 2 having a lower level of 

iron compared to patient 1 (Figure 3.2.1.2C). 

To overcome some limitations of TRX-puro, such as the use on fixed samples, 

the iron-specific fluorescent probe FIP-1 was tested. The probe was tested 

cell-free with either FAS at 10uM or 100uM. The change in spectral emission 

was assessed over 90 minutes and normalised to blank. The FIP-1 probe was 

rapid, stable over time (Figure 3.2.1.3A) and could discern between the 

concentrations of FAS (Figure 3.2.1.3B). 

The probe was also tested on alveolar macrophages from patients in the 

presence or absence of the iron chelator DFO. Figure 3.2.1.3C shows that FIP-

1 entered the cells, but no striking visual change was observed with DFO 

treatment. When repeating the experiments on BAL derived macrophages 

through flow cytometry, a significant change was observed when DFO was 

added compared to no treatment (Figure 3.2.1.3D)  

3.2.2 Alveolar macrophages from IPF patients contain more 
iron compared to non-fibrotic unclassifiable disease. 

A cohort of archived patient cytospins was identified across five diagnostic 

groups and their bronchoalveolar lavage cells stained with Prussian blue. The 

five groups of patients were those with unexplained chronic cough without 
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haemoptysis, unexplained chronic cough with haemoptysis, UNC with no 

fibrosis, UNC with fibrosis and IPF. Patient with unexplained cough by 

definition had normal chest CT images and normal lung function. Further 

information on the diagnosis of the UNC patients is shown in Appendix 3.6.1. 

Table 3.2.2-1 - Clinical characteristics and BAL diferential cell counts the five groups of 
patients subsequenty assayed for Prussian Blue staining. Statistical differences are discussed 
in Appendix 3.6.2. 

The demographics and the differential counting of BALs of these patients are 

in Table 3.2.2-1. Since occult haemorrhage is speculated to be associated with 

increased macrophage iron, the proportion of patients prescribed 

anticoagulants at the time BAL may be relevant and shown in Table 3.2.2-1. 

Anticoagulant drug treatment was defined as warfarin, novel oral 

anticoagulants (NOACs), therapeutic dose heparin or clopidogrel for at least 1 

 Controls 
with 
haemoptysis 

Controls 
with no 
haemoptysis 

UNC 
with no 
fibrosis 

UNC 
with 
fibrosis 

IPF 

N 6 3 18 35 40 

Age (mean±SD) 
59.83 
±10.83 

59.67 
±7.02 

63.50 
±10.62 

70.74 
±7.68 

71.82 
±9.21 

Sex (M/F) 4/2 2/1 10/7 21/14 25/15 

BMI (mean±SD) 
32.75 
±6.19 

36.00 
±2.83 

29.47 
±5.86 

27.18 
±4.59 

29.17 
±5.79 

Current/Ex/ 
Never smoker 

3/3/0 0/3/0 4/9/4 8/15/12 14/19/7 

Anticoagulant 
(Y/N) 

3/6 0/3 2/16 3/32 2/38 

Haemoptysis 
(Y/N) 

6/6 0/3 0/18 0/35 0/40 

Macrophage (%) 
90.00 
±6.75 

69.00 
±19.08 

84.67 
±14.43 

88.46 
±10.82 

76.58 
±20.20 

Neutrophils (%) 
4.83 

±3.60 
16.00 

±18.52 
4.78 
±5.77 

6.09 
±9.56 

14.58 
±17.57 

Lymphocytes (%) 
10.17 
±16.95 

3.00 
±3.00 

7.17 
±9.75 

3.20 
±3.10 

4.48  
±3.84 

Eosinophils (%) 
0.50 

±0.84 
0.67 
±0.57 

3.05 
±4.69 

2.14 
±3.05 

3.40  
±4.82 
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month prior to BAL. Patients were required to stop anticoagulation at least 72 

hours prior to BAL as per local BAL guidelines.   

At least 70% of cells on patient cytospins were macrophages (Table 3.2.2-1). 

Non-macrophage cells were not counted, although they were observed to stain 

for iron. Statistical analysis and graphs comparing the different groups are 

shown in Appendix 3.6.2. 

Patients with unexplained cough with haemoptysis had a trending higher 

(P=0.0731) Golde Score compared those with unexplained cough without 

haemoptysis (Mean ± SD: 136.4 ± 50.44 vs 21.74 ± 6.56) (3.2.2.1A). The 

Golde score from the ILD patient groups also did not significantly differ from 

the control group with no haemoptysis. This lack of statistical significance is 

likely to be associated with the limited number of patients in the no 

haemoptysis group 

Figure 3.2.2.1 – Golde score of BAL derived alveolar macrophages in control groups that 
presented with or without haemoptysis, UNC with no fibrosis, UNC with fibrosis, IPF patients 
Open labels indicate patients on anticoagulants. Data were tested for normality with a 
Shapiro-Wilk test and a Kruskal-Wallis test was performed with Dunn’s multiple comparisons 
between the disease groups and the more relevant control with no haemoptysis. * p<0.05, 
** p<0.01, *** p<0.001. Error bars = SD.  
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Alveolar macrophages from IPF patients contain a significant higher amount 

of iron compared to macrophages of patients with UNC with no fibrosis (Mean 

± SD: 66.62 ± 44.84 vs 23.81 ± 25.25 p= 0.0006). There was no significant 

difference between UNC with fibrosis and UNC with no fibrosis (Mean ± SD: 

40.01 ± 32.00, P= 0.2612) or with IPF (P=0.0572).  Only 7 ILD patients across 

all groups received anticoagulants.  

To support the Prussian blue scoring data on BAL macrophages, both TRX-

puro (Figure 3.2.2.2A) and the FIP-1 probe (Figure 3.2.2.2B) were tested in 

available cohorts of patients. No statistical analysis could be carried out in 

either technique, but both showed similar trends as Prussian blue: IPF patients 

having the highest level of iron compared to UNC with fibrosis and no fibrosis. 

3.2.3 Iron loading is independently associated with the 
presence of fibrosis.  

To determine whether Golde Score is associated with fibrosis, independent of 

other plausibly relevant patient variables, a multiple linear regression analysis 

was performed on the data sets. The model used was: 

Figure 3.2.2.2 – (A) TRX-puro and (B) FIP-1 assessment of iron levels in BAL-cells, showing 
a similar trend compared to Prussian blue. No statistical analysis was carried out due to the 
limited number of patients assessed in the diagnostic groups. 
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𝐺𝑜𝑙𝑑𝑒 𝑆𝑐𝑜𝑟𝑒 ~ 𝐼𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡 +  𝐼𝐼𝑃𝑣𝑠𝐼𝑃𝐹 +  𝐹𝑖𝑏𝑟𝑜𝑠𝑖𝑠  +  𝐵𝑀𝐼 

+  𝐴𝑔𝑒 𝑎𝑡 𝑡𝑖𝑚𝑒 𝑜𝑓 𝐵𝐴𝐿 +  % 𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 𝑉𝐶 𝑎𝑡 𝑡𝑖𝑚𝑒 𝑜𝑓 𝐵𝐴𝐿 

+  𝑠𝑒𝑥 + 𝑠𝑚𝑜𝑘𝑖𝑛𝑔 (3𝑐𝑎𝑡) +  % 𝑚𝑎𝑐𝑟𝑜𝑝ℎ𝑎𝑔𝑒𝑠 + 𝑎𝑛𝑡𝑖𝑐𝑜𝑎𝑔𝑢𝑙𝑎𝑛𝑡𝑠 

However, because Golde score was not normally distributed, the score was 

log-transformed, and a log-level regression model was constructed as follows: 

𝑙𝑜𝑔2(𝐺𝑜𝑙𝑑𝑒 𝑠𝑐𝑜𝑟𝑒)

= 𝛽0(𝐼𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡) +  𝛽1(𝐼𝐼𝑃𝑣𝑠𝐼𝑃𝐹) +  𝛽2(𝐹𝑖𝑏𝑟𝑜𝑠𝑖𝑠) + 𝛽3(𝐵𝑀𝐼)

+ 𝛽4(𝐴𝑔𝑒 𝑎𝑡 𝑡𝑖𝑚𝑒 𝑜𝑓 𝐵𝐴𝐿) +  𝛽5(%𝑝𝑟𝑒𝑑 𝑉𝐶 𝑎𝑡 𝑡𝑖𝑚𝑒 𝑜𝑓 𝐵𝐴𝐿)

+ 𝛽6(𝑠𝑒𝑥) + 𝛽7 (𝑆𝑚𝑜𝑘𝑖𝑛𝑔 (3𝑐𝑎𝑡) [3]) +  𝛽8 (𝑆𝑚𝑜𝑘𝑖𝑛𝑔 (3𝑐𝑎𝑡) [2])

+ 𝛽9(% 𝑚𝑎𝑐𝑟𝑜𝑝ℎ𝑎𝑔𝑒𝑠) + 𝛽10(𝑎𝑛𝑡𝑖𝑐𝑜𝑎𝑔𝑢𝑙𝑎𝑛𝑡𝑠)  

𝑤ℎ𝑒𝑟𝑒 𝛽𝑛 𝑖𝑠 𝑡ℎ𝑒 𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒 𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑 𝑏𝑦 𝑡ℎ𝑒 𝑚𝑜𝑑𝑒𝑙 𝑎𝑛𝑑 𝑟𝑎𝑖𝑠𝑒𝑑 𝑡𝑜 𝑡ℎ𝑒 𝑒  

Table 3.2.3-1 - Summary of the parameter estimates of the variables, the percentage change 
of Golde Score and the relevant p values. 

Variable Estimate 95% CI 

Fold 

change 

(𝟐𝜷𝟏) 

P 

value 

P value 

summary 

UNC vs IPF[1] 0.92 0.17 to 1.66 1.89 0.02 * 

Fibrosis [1] 1.19 0.21 to 2.16 2.28 0.02 * 

BMI 0.02 -0.04 to 0.08 1.02 0.45 ns 

Age -0.02 -0.06 to 0.02 0.99 0.34 ns 

%Pred FVC 0.02 -0.01 to 0.03 1.01 0.06 ns 

Sex [0] -0.06 -0.73 to 0.61 0.96 0.86 ns 

Smoking (Never) -0.20 -1.05 to 0.66 0.87 0.65 ns 

Smoking (Current) -0.27 -1.04 to 0.50 0.83 0.49 ns 

%Macrophages 0.82 -1.20 to 2.83 1.76 0.42 ns 

Anticoagulants [1] -0.65 -1.87 to 0.56 0.64 0.29 ns 
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Table 3.2.3-1 shows the details of the estimates and P-values of this model, 

graphically shown in the accompanying forest plot (Figure 3.2.3.1B). Figure 

3.2.3.1A shows the residual plot of the predicted Golde score, showing a 

random scattering, thus validating the model.  

Of the variables tested, the presence of fibrosis had the largest significant 

association with log Golde score, with a 2.3 fold-change increase. The 

diagnosis of IPF over UNC (fibrotic and non-fibrotic) was also shown to have 

Figure 3.2.3.1 - (A) Residual plot showing points being randomly scattered around the x-
axis. This showed that a multiple linear regression model was appropriate for this set of 
data. (B) Forest plots showing the estimates and 95% confidence intervals of the variables 
considered in this model. Fibrosis and IPF diagnosis were the only variables that are 
significantly associated with changes in Prussian blue. 
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a significant association with increased Golde Score, (1.9 fold-change). Age, 

sex, smoking status, % predicted FVC or BMI were not associated with Golde 

score. This result suggests that presence of fibrosis is associated with iron 

loading independently of other plausible patient variables.  

3.2.4 Alveolar Macrophage M1/M2 gene expression in IPF, 
UNC with fibrosis and UNC no fibrosis 

The alveolar macrophage phenotypes from the different patient groups were 

assessed by qPCR. BAL macrophages were selected by adhesion. The four 

genes assessed were CD80 (Figure 3.2.4.1A) and CD86 (Figure 3.2.4.1B), 

receptors associated with a pro-inflammatory M1-like macrophage, and 

CD206 (Figure 3.2.4.1C) and CD163 (Figure 3.2.4.1D), representing a more 

anti-inflammatory M2-like macrophage. The results suggest that UNC with 

fibrosis and IPF may be different based on this small selection of cell receptor 

transcripts.  
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Flow cytometry characterisation was also carried out. Figure 3.2.4.2A-C shows 

the histograms comparing unstained, stained and isotype of single cells. 

Although there was no unspecific staining observed for the CD206 isotype 

(Figure 3.2.4.2C), some was present with the CD163 isotype (Figure 3.2.4.2A), 

Figure 3.2.4.1  – Levels of gene expression measured through qPCR normalised to actin 
in the three different diseases. In the first-row markers of a pro-inflammatory phenotype are 
shown: CD80 (A) was significantly higher in IPF compared to UNC with no fibrosis; CD86 
gene expression was not different between diseases (B). In the second-row anti-
inflammatory markers, CD163 (C) and CD206 (D) were shown and do not show statistically 
significant differences between diseases. Samples were tested for normality with a Shapiro-
Wilk test and a Kruskal-Wallis test was performed. * p<0.05, ** p<0.01, *** p<0.001. Error 
bars = SEM. UNC with no fibrosis: N=4; UNC with fibrosis N=13; IPF N=8. 
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suggesting the antibody was binding non-specifically. The geometric mean of 

these antibodies was assessed on single HLA-DR positive cells (gating 

strategy in Appendix 3.6.3). Although no statistical analysis was performed due 

to the limited numbers of patients in the UNC with no fibrosis group, 

qualitatively there was no difference in CD163 (Figure 3.2.4.2B) or CD206 

expression (Figure 3.2.4.2D). However, the trend observed in the qPCR 

results (Figure 3.2.4.2C-D) was confirmed for CD163, where IPF had the 

Figure 3.2.4.2 - Flow cytometry results assessing CD163 and CD206 levels in HLA-DR 
positive macrophages. (A) Histogram plot showing some unspecific binding for the isotype 
antibody used for CD163. (B) Geometric mean for the CD163 antibody on HLA-DR positive 
cells was assessed. (C) Histogram plots showing no unspecific binding for the CD206 
isotype. (D) Geometric mean for the CD206 antibody on HLA-DR positive cells was 
assessed. No statistical analysis was performed due to the limited numbers of samples. 
UNC with no fibrosis: N=2; UNC with fibrosis N=12; IPF N=7. 
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highest levels of expression, followed by UNC with no fibrosis and UNC with 

fibrosis. On the other hand, CD206 was the highest in the IPF patient group 

through flow, compared to the UNC with fibrosis group when assessed through 

qPCR.  

Although not conclusive, this data suggests that IPF may have an increased 

pro-inflammatory (CD80) phenotype with, in contrast to UNC with fibrosis 

having a more anti-inflammatory (CD206) phenotype.  

3.2.5 Alveolar macrophages from IPF patients have an iron 
exporting phenotype compared to UNC with fibrosis and 
with no fibrosis.  

A selection of iron receptors, previously discussed in the introduction, were 

assessed through qPCR on the adherent cells retrieved from BALs. There was 

no significant difference in level of mRNA expression of the Ferritin Heavy 

Chain 1 (fth1) (Figure 3.2.5.1A) or transferrin receptor 1 (Tfr1 - tfrc) (Figure 

3.2.5.1B). FTh1, an iron storage protein, showed no differences between 

diagnosis, with IPF having a slightly higher mean. Conversely IPF patients had 

a low level of the transferrin receptor mRNA. There were some statistically 

significant differences between IPF and UNC with fibrosis when looking at the 

divalent metal transporter 1 (DMT1 – slc11) (Figure 3.2.5.1C) and the only 

known cellular outward gate for iron, ferroportin (FPN - slc40) (Figure 

3.2.5.1D). These are both significantly higher in IPF compared to UNC with 

fibrosis and not-significantly higher than UNC with no fibrosis. These data 

whilst not conclusive suggest that alveolar macrophages from IPF patients 

may have an ‘iron export’ phenotype. The subtle increase in ferritin may also 

be part of this mechanism, as it may be storing the increased cellular iron. 
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However, these hypotheses would need to be tested by functional studies and 

other methods of assessment. This will be discussed further in the discussion.  

Figure 3.2.5.1  - Levels of gene expression measured through qPCR normalised to actin in 
the three different diseases. (A) Ferritin heavy chain levels showing no significant 
differences between the three diseases, with IPF patients having the highest level. (B) 
Transferrin receptor levels showing no significant differences between diseases, with UNC 
with fibrosis having the highest level. (C) SLC11, or DMT1, levels showing a significant 
difference between IPF and UNC with fibrosis. (D) SLC40, or ferroportin, levels showing a 
significant difference between IPF and UNC with fibrosis. Samples were tested for normality 
with a Shapiro-Wilk test and a Kruskal-Wallis test was performed. * p<0.05, ** p<0.01, *** 
p<0.001. Error bars = SEM.  UNC with no fibrosis: N=3; UNC with fibrosis N=13; IPF N=5/8 
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3.2.6 Iron regulatory genes and macrophage markers in 
healthy peripheral monocyte-derived macrophages 
(MDM) and IPF alveolar macrophages 

Due to the limited availability of patient alveolar macrophages due to the Covid-

19 pandemic, healthy human peripheral blood monocytes were polarised with 

GM-CSF and LPS+IFNγ or M-CSF and IL4 and/or IL10 to derive 

macrophages, in order to optimise a more relevant model.  The latter cytokines 

are known to generate M2-like polarisation that more closely resembles IPF 

Figure 3.2.6.1 – Peripheral blood MDM from healthy volunteers. qPCR results 
normalised to actin. (A) Mrc1 was not significantly different in any of the treatments (B) 
CD163 was significantly increased in IL10 compared to IL4. (C) CD80 and (D) CD86 
were not significantly different between treatments. Samples were tested for normality 
with a Shapiro-Wilk test and a Kruskal-Wallis test was performed. * p<0.05, ** p<0.01, 
*** p<0.001. Error bars = SEM. N=7 
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alveolar macrophages. This is in contrast LPS+IFNγ normally associated with 

a more pro-inflammatory M1-like phenotype. Although CD206 (Mrc1) (Figure 

3.2.6.1A) is not statistically different between the groups, CD163 (Figure 

3.2.6.1B) is significantly increased in IL10, compared to IL4 and LPS/IFN. The 

results suggests that IL10 drives this increase as IL4 levels are not significantly 

Figure 3.2.6.2 - Peripheral blood MDM from healthy volunteers. qPCR results normalised 
to actin and MCSF/GMCSF. (A) FTH1 was not significantly different between groups but 
showed a trend for being higher in LPS+IFNy. (B) Tfrc was not significantly different 
between groups. (C) SLC11 (DMT1) was not significantly different between groups but 
showed a trend for being higher in the M1-like group. (D)  SLC40 (ferroportin) was not 
significantly different between groups but show a trend for being higher in the M1-like group. 
Samples were tested for normality with a Shapiro-Wilk test and a Kruskal-Wallis test was 
performed. * p<0.05, ** p<0.01, *** p<0.001. Error bars = SEM. N=8 
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different from LPS+IFN. CD80 and CD86 (Figure 3.2.6.1C-D) are considered 

M1-like markers but no significant differences could be observed between the 

different cytokine-treated groups. A trend for these two receptors being higher 

in the LPS+IFNy group was observed. 

Figure 3.2.6.3 – Graphs comparing the phenotype of IPF derived alveolar macrophages 
(blue) with the phenotype of MDMs treated with IL10 (red). (A) M1/M2 markers showed 
similar trends in both cells, with CD163 being higher compared to the other receptors gene 
expression. (B) The iron phenotype in MDMs resembled the IPF alveolar macrophages. Both 
MDMs and AMs  had a high level of FTH1 gene expression. Error bars = SEM. 
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Gene expression of iron receptors showed a non-significant increase in FTH 

(Figure 3.2.6.2A), with M1-like polarised cells. However no significant 

differences were observed in any of the iron genes (Figure 3.2.6.2) 

IL10 treatment of MDM appeared to induce a polarisation state that most 

resembled IPF alveolar macrophages. Overall, IL10-polarised monocyte-

derived macrophages show a similar macrophage-phenotype and a similar 

iron phenotype to patient derived alveolar macrophages. The M1/M2 markers 

(Figure 3.2.6.3A) show in both the in vitro model and the primary macrophages 

an increase in CD163 compared to the other markers which remain low. The 

iron protein gene expression followed a similar pattern in both IPF and IL10 

polarised macrophages, with ferritin expression (FTH1) being increased in 

both (Figure 3.2.6.3B). 

3.3 Discussion 

Iron loading has previously been observed in IPF137,172,174. The overarching 

aim of this chapter has been to address whether alveolar macrophage iron 

content was increased in IPF and other fibrotic disease compared with non-

fibrotic ILD. Additionally, the clinical characteristics including anticoagulation 

and presence of haemoptysis were assessed to discriminate whether these 

differences influenced iron loading.  

3.3.1 Choice of patients 

Although the primary aim was to measure alveolar macrophage iron in patients 

with fibrotic ILD versus non-fibrotic ILD, ideally age and sex match controls 

healthy controls would be included in these studies. The control patients in this 

study were restricted to small numbers and have unexplained chronic cough 

with or without haemoptysis. The final clinical diagnosis of patients with cough 

with haemoptysis was bleeding from the bronchial tree due to cough-induced 

trauma. The observation that the alveolar macrophages of these patients, 

particularly those on anticoagulants, had amongst the highest Golde scores 

suggests that blood in the alveolar space, via the bronchial tree or directly via 

the lung parenchyma, may be one of the mechanisms that could increase 
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macrophage iron content. This is likely to be linked to erythrophagocytosis by 

the alveolar macrophages. Whether this microinjuries is what happens in the 

IPF group as well, remains unclear, especially as the control patients are not 

seen to then progress into a fibrotic ILD phenotype. Moreover, the 

inflammation present in the lungs of the control group is probably of acute and 

pro-inflammatory nature, in contrast to the more chronic and anti-inflammatory 

one in the ILD cohorts. Overall, these groups of control patients are not 

significantly different from the disease groups. The lack of statistical difference, 

especially in the no haemoptysis group, is likely to be linked to the small 

number of patients assessed in this group. This kind of characterisation within 

the control group in comparison with the ILD groups had never been carried 

out before. 

All patients with ILD were diagnosed according to a local MDT that used 

consensus guideline criteria. Patients with IPF were either definite or probable 

IPF based on MDT consensus. The diagnosis of unclassifiable ILD was based 

on an MDT decision that patients had idiopathic disease, did not meet criteria 

to make a single confident diagnosis but rather had a differential diagnosis that 

included at least two diseases (Appendix 3.6.1). Patients with suspected 

idiopathic unclassifiable disease are more likely to undergo a BAL for clinical 

reasons compared to patients that are confidently diagnosed with alternative 

ILDs (e.g. asbestosis, hypersensitivity pneumonitis due to known antigens, 

connective-tissue disease associated ILD etc). BAL samples for patients with 

alternative ILDs were available but in far fewer numbers than unclassifiable 

cases and therefore not studied. None of the patients with ILD had 

haemoptysis at the time of BAL suggesting overt bleeding was not the cause 

of high Golde score. Micro-alveolar haemorrhage is a potential mechanism 

that would increase alveolar macrophage iron, but Golde score was not 

associated with the presence of anticoagulant treatment in patients with ILD. 

Although this suggests this is not the primary mechanism, it does not exclude 

it.   
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3.3.2 Iron loading is a feature of IPF and is associated with 
fibrosis. 

Prussian blue staining was used to assess iron levels of BAL derived 

macrophages. This was then quantified by Golde Score, a semi-quantitative 

method to detect labile iron inside cells, which involves a manual qualitative 

assessment of the intensity of blue stain within the cells. This specific 

technique has been previously used in clinical studies and can be said to be 

the gold standard for semi-quantitative intracellular iron assay110,173. It can 

therefore be used as a reliable and robust measurement of iron, especially 

when fresh samples are not available. Other techniques are used in the 

literature, and some were optimised in samples in this study179,223. Choice of 

iron detection method will be further discussed in Chapter 6. 

The Prussian blue results showed that IPF macrophages had a statistically 

significantly higher level of iron compared to UNC with no fibrosis. The UNC 

with fibrosis patient tended to have lower Golde scores than IPF but higher 

than UNC without fibrosis. The differences between these groups were 

however not significant. These trends were confirmed by TRX-puro and FIP-1 

assessment.  

A multiple linear regression showed that the diagnosis of IPF and the presence 

of fibrosis were both independently associated with higher Golde score. The 

presence of fibrosis or an IPF diagnosis was associated with a 2.3-fold 

increase and the diagnosis of IPF was associated with a 1.9-fold increase in 

Golde score respectively. 

Iron loading in macrophages has previously been observed in IPF patients 

through Golde Score. The range of Golde Score was similar to the one 

observed in this study, with IPF patients having an average score of 

approximately 70 and these studies did not identify an association with 

relevant variables, such as smoking and age110,172. This is in contrast to studies 

showing iron accumulation in epithelial lining fluid of the lung and ferritin 

increase in alveolar macrophages being associated with smoking234,235. No 

study had previously shown the relationship between iron loading in 
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macrophages and presence of fibrosis while comparing ILDs. Some studies 

using murine models of iron accumulation and pulmonary fibrosis, showed 

increased iron in lung tissue either through tissue homogenisation and 

commercially available iron assay or Prussian blue on fixed tissue slices. In 

the latter observations, iron staining was mainly associated with macrophages, 

with some evidence of loading in airway epithelium111,236. 

A study showed that hfe allelic variants were more common in IPF patients 

over controls; their macrophage iron loading and iron-dependent ROS 

production were significantly increased compared to controls137. hfe is a gene 

that is involved in homeostatic iron regulation and is mutated in 

haemochromatosis, a hereditary disease of iron overload237,238. The patients 

often have a gene polymorphism in hfe or other mutations in other iron 

genes239. These patients have an increased iron loading and present with liver 

fibrosis, but not with lung fibrosis239,240. This is likely to be associated to the 

liver’s role in iron metabolism. Indeed, hepcidin and associated proteins, such 

as HFE, are mostly produced by the liver and play an important role in iron 

homeostasis.   

HFE-deficient mice however showed an increased in iron levels in the lungs 

and this was associated with increased airway fibrosis and reduced lung 

function, independently of substantial changes in inflammatory response111. 

The bleomycin model was also shown to lead to iron loading in lung tissue, 

which was associated with macrophage iron loading111. In another study, 

increased lung iron overload did not exacerbate fibrosis in the bleomycin 

model when fibrosis was assessed as whole lung236. Although iron loading is 

involved in fibrosis, the effects that it has on its cause remain unclear. 

3.3.3 Alveolar Macrophage phenotype is similar between 
diseases  

The different iron loading in these alveolar cells could also be linked to the 

macrophages being phenotypically different between diseases. Indeed 

increased iron in IPF alveolar macrophages has been shown to be associated 

with a pro-inflammatory and tissue remodelling phenotype110. To assess 
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macrophage phenotype in the three disease groups, some key macrophage 

and iron-related receptors were assayed by qPCR and/or flow cytometry.  

The gene expression of some common pro-inflammatory (CD80 and CD86) 

and anti-inflammatory (CD206 and CD163) receptors showed only some 

differences, CD80 being significantly higher in IPF compared to UNC with 

fibrosis and the opposite for CD206, which is significantly higher in UNC with 

fibrosis in contrast to IPF. No differences were observed with the UNC with no 

fibrosis group which is associated to the standard deviation of the results and 

the small sample number. For each disease indeed there is a large variance 

and some outliers. Interestingly these outliers are not the same patients across 

receptors, suggesting that these results are showing the extent of the 

heterogeneity in these samples. Flow cytometry was attempted to confirm this 

data but the limited number of data and some unspecific staining with the 

CD163 antibody, made it inconclusive. Additionally, the flow cytometry trends 

observed between the IPF and UNC with fibrosis group, are also inconsistent 

with the ones observed through qPCR. Western blots for these receptors may 

have helped clarifying this relationship, but it could also be linked to post-

transcriptional changes affecting translation.  

Although the alveolar space in pulmonary fibrosis is often associated with an 

M2-like anti-inflammatory phenotype, the increase in CD80 expression in IPF 

patients compared to UNC with fibrosis is striking. This could be linked to the 

two outliers present. However, three distinct populations seem to be identified 

within the IPF group. One with very low CD80 expression similar to the UNC 

groups, and the other two groups having medium or high expression. CD80 is 

a co-stimulatory molecule known for its role in T cells activation and B cell 

activity241 and is considered a prototypical M1-like receptor. This could suggest 

that these three subgroups may have had different pro-inflammatory insults 

which affected their phenotype, potentially affecting pathology.    

CD206 and CD163 are important receptors involved in the anti-inflammatory 

phenotype of macrophages. Interestingly CD163 is a monocyte-macrophage 

specific receptor involved in the removal of haemoglobin-haptoglobin 
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complexes during intravascular hemolysis160,242. Although no significant 

change between diseases was observed, it could have been interesting to test 

this receptor in the control patient’s group. Due to their coughing, haemolysis 

is likely to have occurred in their lungs leading to an upregulation of CD163 in 

their alveolar macrophages. This was not possible as they are historical 

samples which have been frozen and no other control BALs were performed. 

A more readily available MDMs model was attempted for this reason and will 

be discussed further in the next section.  

Phagocytosis assays could have been carried out to test effective functional 

changes between alveolar macrophages of the different diseases. However, 

these cells (especially in contrast with their interstitial counterpart) have been 

shown to have overall poor phagocytic activity and therefore no or very small 

differences may have been observed75.  To complete this inflammatory 

phenotype analysis, cytokines could have also been assessed both at the 

gene expression through qPCR or at the protein level, through ELISA’s and 

Western Blots. Cytokines like IL10, CCL18, TNFα or IL-1β are produced by 

alveolar macrophages and could have been measured both at the cellular level 

but also in the BAL fluid32,75,84,96,110,243,244. This would have had to be 

normalised to the number of cells or to the total volume collected. 

To elucidate the macrophage phenotype further, their iron proteins were 

assessed. The only two proteins that changed significantly between UNC with 

fibrosis and IPF were SLC11 (or DMT1) and SLC40 (or ferroportin). This may 

suggest a more iron exporting phenotype of the IPF macrophages compared 

to UNC with fibrosis. However, these results may be skewed by the outliers 

present, but also by the very low levels observed. For both genes indeed the 

values observed were below 0.1 units in all cases, meaning that the levels in 

these cells may be low. The levels of FTH1 (ferritin heavy chain) are 

conversely very high, but not significantly different between diseases. The 

range of results observed and the fact that the outliers are not always the same 

patients, seem to suggest like for the macrophage markers, that this is a 

patient and cell specific characteristic.  
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This iron-exporting phenotype is in contrast to the high CD80 and low CD206 

in IPF patients compared with the UNC with fibrosis group. Macrophages with 

a pro-inflammatory M1-like phenotype have indeed been shown to have a 

more iron storage phenotype to decrease iron available to pathogens, with 

high ferritin but low ferroportin (SLC40). Interestingly the transferrin receptor 

gene is not significantly changed across diseases, although a trend, once 

again driven by the outliers, suggests a higher level of expression in the UNC 

with fibrosis group compared to the IPF group. Flow cytometry data would have 

established whether this is true at the protein level as well, but some issues 

with the CD71 antibody (discussed further in Chapter 5) and then lack of new 

samples availability limited this.  

Handling of iron metabolism could be tested by using iron chelators and 

exogenous iron. Some optimisation using FAS as a source of exogenous iron 

are discussed in Chapter 5 in macrophages from cell lines. This chapter will 

focus on ferroptosis, an iron-mediated form of cell death, and whether 

macrophages are susceptible to it.  

The macrophage characterisation observed in this study has mostly 

demonstrated differences between UNC with fibrosis and IPF, but not with 

UNC with no fibrosis. This is in contrast with the iron loading results where 

UNC with fibrosis acted as an intermediate between the two other diseases. 

This highlights how both the small number of UNC with no fibrosis samples 

and the incomplete characterisation of these macrophages may skew the 

results significantly. To assess the effect of the gene expression on iron 

loading, thus, to understand why no difference was observed, a multiple linear 

regression analysis was attempted. This was to understand how the Golde 

Score would have changed based on the changes in genes. However due to 

the limited number of patients with qPCR data, this model was not possible 

and a very low degrees of freedom was achieved. A full gene expression 

assessment, such as RNAseq, may have elucidated this further and helped 

understanding the differences observed between datasets. 
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Rate of proliferation of the alveolar macrophages may have an impact on iron 

loading and should be tested. Indeed high-proliferating cells require more 

labile iron and this has been studied thoroughly within cancer and its 

therapeutic options245–248. Whether the iron loading is linked to a high 

proliferating rate of the alveolar macrophages is not something that was 

explored within this project. Markers like Ki67 or BrdU could have been used 

to determine this possible correlation. Interestingly, the transferrin receptor 

(CD71) has been shown to correlate with Ki67 (in cancer and T cells) and 

therefore act as a proliferation marker, highlighting further the link between the 

two249,250. 

3.3.4 Alveolar macrophage phenotype is only partially 
mimicked by MDMs 

Due to the limited availability of the patient’s alveolar macrophage samples, an 

in vitro monocyte-derived macrophage model (MDMs) was developed using 

blood from healthy volunteers. The monocytes were then plated and treated 

with cytokines that are known to polarise their phenotype.  

An M1- and M2-like phenotype were induced in this in vitro model by using 

either LPS+IFNγ or IL4 and IL10, singularly or in combination, respectively. 

Although no significant differences were observed across all the genes 

observed, CD163 was significantly higher in the IL10 treatment group 

compared to both LPS+IFNγ and IL4. The lack of differences observed for 

CD80 and CD86 is likely associated with the limited number of samples in the 

M1-like group and the high variation observed. When comparing these 

phenotypes with what was observed at the RNA level in IPF patients, IL10 

treatment showed the most similar trends compared to the primary alveolar 

macrophages. This is especially characterized by an increased CD163 level 

compared to the other proteins.  

The iron proteins previously discussed in the context of the alveolar 

macrophages were tested for this model as well. The groups were not 

significantly different for any of these proteins’ expression. Previous studies 

had shown that M1-like phenotypes are normally associated with an iron 
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storing phenotype, in contrast with an iron recycling phenotype in M2-like 

polarised cells116. The iron phenotype observed in IPF patients is somewhat 

replicated in IL10-polarised MDMs, with high CD163 and high FTH1. The high 

level of ferritin observed in IPF is likely to be associated with the high level of 

iron as discussed previously. However, the ferritin level of IPF patients was not 

significantly different compared to UNC with no fibrosis patients that have 

significantly lower levels of iron as shown through Prussian blue. Thus, the 

high ferritin level may be associated to disease in different, unclear ways.  

3.3.5 Iron-loading association with fibrosis 

It is unclear why the macrophages have an increased iron loading and how 

this leads to the development of fibrosis. 

The macrophages may be dysfunctional and release pro-fibrogenic cytokines, 

increasing the probability of fibrosis. Experiments testing the effect of 

selectively chelating macrophage’ iron loading, and assessing their functional 

cytokine release, may explain this relationship further. The use of an iron 

chelator, has been previously shown to lead to a reduction in ROS from 

alveolar macrophages with a pro-fibrotic phenotype110. In a murine study, 

using a chelator like DFO or Deferiprone in vivo, prevented renal interstitial 

fibrosis caused by unilateral ureteral obstruction. The transferrin receptor 

expression was lower, while DMT1, ferroportin and ferritin were increased. 

Additionally, macrophage infiltration was also reduced compared to control251.  

Iron-laden macrophages have been identified in multiple conditions that have 

occult-pulmonary haemorrhage and vascular abnormalities, such as patients 

with diffuse alveolar damage or pulmonary veno-occlusive disease, and some 

of these have been associated with IPF108,173,252. The Golde score observed in 

the alveolar macrophages of the control patients with haemoptysis suggests 

that presence of erythrocytes in the alveolar space is associated with iron 

loading. As aforementioned, the control patients are not seen to progress into 

fibrosis and therefore further underlying differences that may be associated 

with macrophage phenotype should be assessed. Nevertheless, possible 

vascular damage may lead to erythrophagocytosis by the macrophages as 
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previously discussed. This could lead to a skewing of their phenotype, which 

could result in pro-fibrotic chemokines being released233. The cytokine level in 

the BAL fluid of both groups may aid in this characterisation.  

3.4 Limitations 

There are a number of limitations with these studies.  

The absence of healthy age and sex match controls is a limitation. However, 

the inclusion of patients without ILD and with unexplained chronic cough with 

haemoptysis is novel and informative. Additionally, age and sex do not appear 

to be associated with Golde score. The overall sample size is small especially 

the control patients with chronic cough. Patients were allocated as fibrotic and 

non-fibrotic ILD based on expert radiology assessment at MDT but the amount 

of fibrosis was not quantified. Blinded intra-observer Golde score was 

consistent but ideally Golde scores should be assigned by at least 2 observers 

and inter-observer variation measured.  

The identification and selection of alveolar macrophages varied between 

experiments. In BAL cytospins, macrophages were identified through 

morphology.  For fresh alveolar macrophages used in TRX-puro and some 

Prussian blue experiments, cells were positively selected by adhesion. For the 

FIP-1 studies, macrophages were selected based on FACS through 

conventional forward and side scatter properties. For ICP-MS studies, bulk-

cell frozen pellets (i.e. all BAL cells) were used. Further studies should aim to 

consistently sort alveolar macrophages if possible. 

All ILD patients that were included in the study by definition were fit enough to 

undergo BAL, which exclude patients with the most severe disease.  Study of 

ILD subgroups e.g. asbestosis or Rheumatoid Arthritis ILD would be 

informative to address if highest Golde scores are most likely in IPF rather than 

other fibrotic ILDs.  

When assessing the macrophage phenotype only small and inconclusive 

differences were observed. Similarly, when looking at iron specific proteins, 

small but significant differences suggest that IPF-derived macrophages may 
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have a more iron exporting phenotype compared to the other two diagnosis. 

However, both these conclusions would gain from an increased sample 

number and for other assessments of these proteins. This could be done 

through flow cytometry or western blots to assess these levels. Other 

functional assays for macrophages, such as phagocytosis ones, may have 

helped identifying other differences between these macrophages. 

Attempts were carried out to characterise other proteins involved in cellular 

iron metabolism that have been identified as key in the literature, such as heme 

oxygenase 1 (HMOX-1), ceruloplasmin (CP) or NCOA4, but these were not 

successful233,253. Aside from expanding the characterisation of the proteins on 

these cells, functional iron-related assays might have clarified these 

inconsistencies and furthered the understanding of iron metabolism.  Chapter 

5 will introduce the topic of ferroptosis and how that is influenced by the iron 

metabolism of these cells and how it may aid in characterising these cells 

further. Other assays that could have been carried out are the assessment of 

free labile iron in the BAL fluid or plasma through ICP-MS or commercial 

assays, or the assessment of other soluble markers like transferrin and the 

transferrin receptor, ferritin or CD163. Additionally, these experiments would 

be supported further by cytokine assessments in both the supernatant 

following alveolar macrophage culturing, but also in the BAL fluid directly.  

Development of an in vitro MDMs model to mimic the patient samples was 

attempted for this reason. However, its optimisation was limited to RNA levels 

and the model was not able to mimic fully IPF patients’ alveolar macrophage 

phenotypes. Addition of exogenous iron, through ferric ammonium sulphate, 

could have attempted to mimic the iron loading observed in IPF patients. 

However, very small and limited gene expression differences were observed 

between diseases and therefore this MDM model could have been used, 

following further characterisation, for ILD patients in general, rather than IPF 

alone. This limits its use in the context of substituting primary alveolar 

macrophages. 
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3.5 Conclusions 

This chapter demonstrated an increased iron loading in alveolar macrophages 

of IPF patients compared to patients with an unclassifiable disease with no 

fibrosis. Further analysis showed that this increase in iron is significantly 

associated with the presence of fibrosis and with an IPF diagnosis over an 

UNC one. The alveolar macrophages phenotype was different between 

disease, but further validation and characterisation is needed. Finally in control 

patients that had underlying unexplained cough, the alveolar macrophages of 

the group with haemoptysis showed increased iron levels, especially if treated 

with anti-coagulants. 
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3.6 Appendix 

3.6.1 Appendix 3.6.1 

Out of the 52 patients that were defined as UNC (both with and without 

fibrosis), the multi-disciplinary diagnostic team (MDT) had a greater than 70% 

confidence for two or more pathological entities for 17 of them. Out of this 

group 15 were thought to possibly have either NonSpecific Interstitial 

Pneumonia (NSIP) or hypersensitivity pneumonitis (HP), and 2 of them either 

NSIP or Desquamative interstitial pneumonia (DIP). The other 36 patients in 

the UNC group were defined as unclassifiable on CT as the MDT had less than 

70% confidence in the disease being subacute interstitial pneumonia (SIP), 

Cryptogenic organising pneumonia (COP), Usual Interstitial Pneumonia (UIP), 

HP or sarcoidosis.  
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3.6.2 Appendix 3.6.2  

Clinical characteristics for the patients and the control groups used in the 

Prussian blue study. The UNC with no fibrosis group is significantly younger 

compared to IPF (A). However, there are no differences in BMI and predicted 

FVC percentage at time of BAL between the groups (B and C). The differential 

counting from the BAL-derived cells, show that IPF has a significant less 

macrophages compared to UNC with fibrosis (D), No statistically significant 

differences are shown between the three diseases and the controls for 

neutrophils, lymphocytes and eosinophils, which present at very low levels. 

This confirms the macrophagic nature of these diseases. Samples were tested 

for normality with a Shapiro-Wilk test and a Kruskal-Wallis test was performed, 

with multiple comparisons between the no haemoptysis control group and the 

disease groups. (* p<0.05, ** p<0.01, *** p<0.001). Error bars = SD; Con with 

Haemoptysis N=6; Control with no haemoptysis N=3; UNC with no fibrosis 

N=18; UNC with fibrosis N=35; IPF N=40).  

When the control group is separated into the group that had haemoptysis and 

the one that didn’t no statistically significant difference is observed between 

the two groups or the other pathological groups 
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3.6.3 Appendix 3.6.3 

Single cells were selected from all cells following exclusion of debris (A-B). 

HLA-DR gating shown correctly identifying larger cells, thus the macrophages, 

and not the monocyte or other cells (C). Histogram for isotype control (red) 

compared to fully stained (blue) and unstained (orange) shown as well (D). 
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Chapter 4 - The association of macrophage 
iron and disease progression  

4.1 Introduction 

Although IPF is most commonly associated with disease progression, other 

fibrotic ILDs also show progression and the concept of progressive fibrotic ILD 

(PF-ILD) is now established in clinical practice254 . Progression can be defined 

in various ways but change in lung function measurements are routinely used 

in the clinic. Patients in this study were stratified according to relative change 

forced vital capacity (FVC) or death over 12 months. If there was 10% 

reduction in FVC or death within a year of BAL, the patient was classified as a 

‘progressor’.  

It is not yet known if the molecular mechanisms that drive progression are the 

same across IPF and other PF-ILDs. Studies carried out in Hirani lab by Dr 

Lisa Nicol (published in abstract form175) showed that alveolar macrophages 

CD71 (transferrin receptor) expression through flow cytometry, is associated 

with disease progression in patients with IPF with high CD71+ expression 

(dichotomised according to the median) leading to worse survival compared to 

having a low CD71+ expression (Figure 1.4.5.1). This suggests a role of iron 

and macrophages in the progression of disease. The importance of CD71 in 

this context has been shown by other groups in murine and patient 

samples111,112. In a murine study using the bleomycin model, increased iron 

was observed and associated with small airway fibrosis and decline in lung 

function111. Allden et al., (2019) showed the proportion of CD71 positive 

alveolar macrophages were higher in IPF patients than controls, but higher 

CD71 negative macrophages, which exhibit impaired iron-uptake, were 

associated with worse survival112. CD71 negative cells were not specifically 

analysed by Nicol et al. Thus CD71 expressing macrophages are abundant in 

lung fibrosis and iron content in these cells is associated with fibrosis. The 

association between fibrotic disease progression, macrophage CD71 

expression (the main gate for iron-uptake into the cell) and macrophage-iron 
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content, is not certain. Additionally, the role of iron-regulatory pathways and 

fibrosis progression is not known.  

To understand these relationships further, multiple logistic regression was 

performed to identify the association between progression and Golde score 

and other clinical variables known to be associated with progression in fibrotic 

ILD (IPF or unclassifiable ILD). Moreover, to interrogate the association 

between the macrophage phenotype and progression, the transcriptome of 

BAL cell pellets of patients with fibrotic ILD, grouped into progressor versus 

non-progressors, was analysed. The RNAseq data was analysed by 

FiosGenomics as described in the methods and materials chapter.  
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Aims and Hypothesis 

The overarching aim of this chapter was to characterise the association 

between disease progression in fibrotic ILD (IPF and unclassifiable fibrotic ILD) 

and macrophage iron content and BAL cell transcriptome, particularly iron-

regulatory pathways in patients with progressive and non-progressive fibrotic 

ILD: 

Aim 1 – To determine iron content (Golde score) in alveolar macrophages of 

patients with progressive versus non-progressive ILD 

Hypothesis 1 – Patients with progressive fibrosis have higher Golde 

score than those with non-progressive disease.  

Aim 2 – To determine the effect of Golde score and other clinical variables 

including age, smoking, lung function and sex on progression. 

Hypothesis 2 – Golde score independently associated with disease 

progression  

Aim 3 – To characterise BAL cell transcriptome of progressive and non-

progressive fibrotic ILD 

Hypothesis 3 – The BAL cell iron-regulatory pathway transcriptome is 

significantly different in progressive disease versus non-progressive disease   
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4.2 Results 

4.2.1 Iron loading is increased in non-progressive patients 
with fibrotic ILD 

In the previous chapter it was established that iron content was higher in the 

alveolar macrophages of fibrotic versus non-fibrotic patients. Patients with 

fibrotic ILD (IPF and unclassifiable fibrotic ILD) were allocated into progressors 

and non-progressors groups according to lung function decline or death. 

These two groups had a significantly different percentage predicted FVC at 

time of BAL (Table 4.2.1-1 and Appendix 4.6.1).  

Table 4.2.1-1 - Patient demographics of progressors and non-progressors. No statistical 
differences were observed between the two groups (Mann-Whitney test) 

 

Kaplan-Meier survival curves were constructed and showed the median 

survival in progressors was of 5.57 years compared to 6.12 years for non-

progressors (HR=2.804; 95% CI 1.206 to 6.520; P=0.0003) (Figure 4.2.1.1A). 

The curves remained significantly different if the 4 patients that died within 12 

 
Non-

progressors 
Progressors 

P 

value 

P value 

summary 

N (UNC with 

fib/IPF) 
47 (22/26) 28 (14/14)   

Age (mean±SD) 70.20±7.99 73.57±6.52 0.08 ns 

SEX 

(males/Females) 
15/26 8/15   

BMI 28.66±4.49 29.01±6.59 0.97 ns 

Death within 12 

months of BAL 
0 4   

Current/Ex/Never 

smoker 
12/18/11 6/11/6   

Macrophage (%) 82.67 (±18.93%) 82.18 (±15.23%) 0.37 ns 

Neutrophils (%) 10.29 (±16.23%) 9.86 (±12.69%) 0.30 ns 

Lymphocytes (%) 3.71 (±3.29%) 4.89 (±4.99%) 0.55 ns 

Eosinophils (%) 8.89 (±4.34%) 2.25 (±3.46%) 0.89 ns 

% Predicted FVC 

at BAL 
97.40 (±17.05%) 87.81 (±22.54%) 0.04 * 
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months were excluded (HR=1.878; 95% CI 0.747 to 4.719; P=0.03) (Appendix 

4.6.2). Survival was determined from date of first relevant CT and date of death 

or census date (31/12/19). 

Contrary to the hypothesis, the Golde score was significantly higher in the 

alveolar macrophages of non-progressors compared to progressors (Mean 

Golde Score 59.62 ± 43.00 versus 38.71 ± 34.57) (Figure 4.2.1.1B). 

Figure 4.2.1.1 – (A) Survival curves of the progressor and non-progressor cohorts, 
considering diagnosis date as start and 31/12/2019 as the census date. Median survival 
non-progressors = 6.12 years; progressors = 5.58 years). Log-rank (Mantel-Cox) test 
HR=2.804; 95% CI of ratio 1.206 to 6.520; P=0.0166; (B) Alveolar macrophages of non-
progressors had significantly higher Golde scores compared to progressors. Samples were 
tested for normality with a Shapiro-Wilk test and a Mann Whitney test was performed. * 
p<0.05, Error bars = SD. Non-progressors N=47; Progressors N=28 
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4.2.2 Lower iron loading is independently associated with 
greater progression in fibrotic ILD 

To assess the likelihood of any associations of the clinical variables with the 

progression status, a multiple logistic regression was performed. The model 

used was: 

𝑃𝑟𝑜𝑔𝑟𝑒𝑠𝑠𝑖𝑜𝑛 (1) ~ 𝐼𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡 + 𝐺𝑜𝑙𝑑𝑒 𝑆𝑐𝑜𝑟𝑒 + 𝑈𝑁𝐶𝑣𝑠𝐼𝑃𝐹 

+  𝐴𝑔𝑒 𝑎𝑡 𝑡𝑖𝑚𝑒 𝑜𝑓 𝐵𝐴𝐿 +  % 𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 𝑉𝐶 𝑎𝑡 𝑡𝑖𝑚𝑒 𝑜𝑓 𝐵𝐴𝐿 

+  𝑠𝑒𝑥 + 𝑠𝑚𝑜𝑘𝑖𝑛𝑔 (3𝑐𝑎𝑡) 

Table 4.2.2-1 - Summary of the parameter estimates of the variables and the relevant p values. 

Variable 
Estimate 

(Odds ratio) 

95% CI (profile 

likelihood) 
P value 

P value 

summary 

UNCvsIPF [1] 1.19 0.39 to 3.70 0.76 ns 

Age 1.11 1.03 to 1.22 0.02 * 

Golde Score 0.98 0.97 to 0.99 0.04 * 

% predicted FVC 0.98 0.95 to 1.0 0.28 ns 

Sex [1] 0.94 0.31 to 2.88 0.91 ns 

Smoking (Ex) 0.54 0.12 to 2.19 0.40 ns 

Smoking (Current) 0.30 0.05 to 1.57 0.17 ns 

 

Table 4.2.2-1 shows the summary of the estimates and statistical analysis from 

the multiple logistic regression. Lower Golde score had a very small but 

significant estimated higher risk of disease progression. Higher age also had 

small but significant estimated higher risk. The percentage predicted FVC at 

time of BAL, which was shown to be statistically different between these 

cohorts, did not significantly associate to increased risk of progression in 

multivariate analysis. Figure 4.2.2.1 displays these results in a forest plot form. 
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4.2.3 RNAseq analysis of progressors vs non-progressors 

RNAseq was performed in archived whole BAL cell pellets for fibrotic ILD 

progressors (N=4) and non-progressors (N=6).  When comparing these two 

groups with a statistical threshold adjusted for multiple testing using the false 

discovery rate of FDR-adjusted P<0.1, no differentially expressed genes were 

identified suggesting no significant differences between transcriptomes. 

Adopting a more relaxed statistical approach such as unadjusted p-value 

threshold of P<0.05 greatly increases the risks of false discoveries. The next 

three subsections discuss the differentially expressed genes (DEGs) between 

these two groups with this unadjusted P-value threshold, recognising the need 

for caution when interpreting individual gene expression differences.  

Figure 4.2.2.1 – Forest plot showing odds ratio estimates and 95% confidence intervals for 
each variable. The only significant associations with progression were age and Golde Score. 
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4.2.3.1 Differentially Expressed Genes and their effect  

Out of 18716 genes identified, 615 genes had an unadjusted P-value of 

P<0.05. A volcano plot (as -log10 transformed p-values) against the magnitude 

of fold change (log2(fold change)) is shown in Figure 4.2.3.1. Overall, 215 

genes were upregulated in progressors compared to non-progressors (188 

genes above 1.3x; 57 genes above 2x) and 400 were downregulated in the 

same comparison (383 gene by at least 1.3x; 290 genes by at least 2x). In the 

volcano plot 3 genes with both a significant P-value and a larger fold change 

were arbitrarily selected, based on a literature search.  

gstm1 encodes the Glutathione S-Transferase enzyme that enables the 

addition of glutathione, a potent antioxidant, to compounds that could cause 

oxidative stress. In this cohort of patients, gstm1is down-regulated in 

Figure 4.2.3.1 - Volcano plot showing significant (-log10 transformed p-values) against 
magnitude (log2(fold change)). Genes that are significant are above the orange line and 
are in blue if downregulated and red if they are upregulated in progressors over non-
progressors. 
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progressors (FC=-27.56; P=0.036). No other genes in the same family had a 

P-value <0.05. 

serpine1 is downregulated in progressors (FC=-2.425; P=0.011). It encodes 

the plasminogen activator inhibitor 1 (PAI-1). This protein has been shown to 

be increased in lung fibrotic diseases and relevant murine models, as it inhibits 

the plasminogen activators (in particular t-PA and uPA) which degrade ECM, 

and its inhibition supresses pulmonary fibrosis255,256. 

Figure 4.2.3.2 – Heatmap showing gene intensity per sample relative to the average level 
across the comparison of progressors and non-progressors samples. Individual genes 
were shown on the y-axis, and samples on the X-axis. Red and blue corresponds to the 
mean-centered expression levels, high and low respectively. A maximum of 1000 features 
were shown and chosen at random. An overall good clustering based on progression was 
shown, except for two patients’ samples that are grouped incorrectly. When considering 
feature clusters, 2 clusters are upregulated, and 3 clusters of genes are downregulated 
in progressors over non-progressors. 



 

104   

Finally, muc2 is a gene encoding a secreted gel-forming mucin in the lungs 

and it was shown to be downregulated in progressors compared to non-

progressors by fold-change (FC) = -13.30 (P=0.0091). muc21, a gene 

encoding a transmembrane mucin, was shown to be downregulated in 

progressors (FC = -4.77; P=0.041) compared to non-progressors and was the 

only other mucin with a P<0.05 in this comparison257. muc1, gene encoding 

KL-6 which serum expression has been associated with progression of 

disease35, is not significantly downregulated at the transcriptome level in 

progressors with a P=0.054 (FC=-2.88).  

The heatmap (Figure 4.2.3.2) shows some clustering between the progressors 

and non-progressors genes. There is one patient from each group that 

incorrectly clustered with the other progression status. The progressor that 

clusters with the non-progressors had a very different transcriptome that does 

not group well with either, making it an outlier. The fingerprint of progression 

through the dendograms suggests that there are 3 main separate clusters of 

genes that are downregulated and 2 that are upregulated in progressors over 

non-progressors. Although this heatmap clusters progression well, samples 

based on their diagnosis are not well separated. This suggests that IPF and 

UNC fibrotic disease, when clustered based on progression, are not stratified 

well. 
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4.2.3.2 Functional analysis: Reactome pathways and Gene Ontology 
terms 

Functional analysis was performed to identify any Reactome pathways or 

Gene Ontology (GO) terms that were enriched in DEGs. For the Reactome 

pathways a bubble plot of enriched pathways is shown in Figure 4.2.3.3. The 

signal transduction pathway was significantly enriched in non-progressors over 

progressors (Z=-0.4068; P=4.52x10-5). Oppositely, the interferon α/β signalling 

is enriched in the progressors compared to the non-progressors (Z-

score=0.7293; P= 0.0155). Many of the pathways significantly enriched in the 

non-progressors are related to erythrocytes, suggesting a possible infiltration 

of erythrocytes in the samples, further discussed later.  Table 4.2.3-3 

summarises the top 10 pathways. 

Figure 4.2.3.3 – Bubble plot of enriched Reactome pathways with enrichment Z-score, 
which considers number of significantly up- and down-regulated genes in the pathway, 
on the X-axis and -log10(p-value) on the y-axis. Only the top 50 pathways are displayed, 
and all enriched pathways have a p-value of P<0.05. The size of the bubble represents 
size of pathway and colour represents the fraction of genes that were significant. 
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Table 4.2.3-1 – Details of the top 10 Reactome pathways identified as significantly different in 
progressors compared to non-progressors. S is the number of significantly differentially 
expressed genes within than the pathway; N is the total number of genes in that pathway; 
odds ratio (OR) is calculated as the number of significant genes observed over what was 
expected. P value was calculated through a hypergeometric test and then corrected for tests 
over multiple pathways through a Benjamin-Hochberg procedure to reach a P-adjusted value. 
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When analysing the GO terms enrichment, “oxygen transport” terms, 

associated with genes involved with haemoglobin directly, were significantly 

enriched in the same non-progressive group (Z-score=-1.225; P=6.603x104) 

(Figure 4.2.3.4). The main genes involved in these pathways are HBA1, HBA2 

and SLC4A4.  

The most significant GO term that is enriched in this group, shown to be down-

regulated in progressors over non-progressors, is the “bitter taste receptor 

activity” term (Z-score=-1.512; P=3.346x105 and with an adjusted P-

value=0.062). They will be discussed further in the discussion section. The top 

10 GO-terms that were identified through the analysis are in Table 4.2.3-2. 

Figure 4.2.3.4 - Bubble plot of enriched GO Terms with enrichment Z-score, which considers 
number of significantly up- and down-regulated genes in the pathway, on the X-axis and -
log10(p-value) on the y-axis. Only the top 50 pathways are displayed which have at least 2 
significant genes, and all enriched pathways have a p-value of P<0.05. The size of the bubble 
represents size of GO term and colour represents the fraction of genes that were significant. 



 

108   

Table 4.2.3-2 – Details of the top 10 GO terms identified as significantly different in progressors 
compared to non-progressors. S is the number of significantly differentially expressed genes 
within than the pathway; N is the total number of genes in that pathway; odds ratio (OR) is 
calculated as the number of significant genes observed over what was expected. P value was 
calculated through a hypergeometric test and then corrected for tests over multiple pathways 
through a Benjamini-Hochberg procedure to reach a P-adjusted value. Ontology 
abbreviations: BP – biological process; CC – cellular component; MF – molecular function. 
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4.2.3.3 Iron and macrophage genes 

In the previous chapter, some genes associated with iron or macrophage 

polarisation were assessed through qPCR. These genes were therefore pulled 

Figure 4.2.3.5 – Box plots of relevant genes expression (log2 expression) previously tested by 
qPCR in different cohorts, showing no differences across these genes between these patients. 
In particular (A) TFRC (transferrin receptor); (B) FTH1 (ferritin heavy chain; (C) SLC11A2 
(divalent metal transporter 1 – DMT1); (D) SLC40 (ferroportin); (E) MRC1 (CD206); (F) CD163; 
(G) CD80; (H) CD86. Relevant p value and fold changes are shown in the next table.  
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out of the RNAseq results to assess any differences in progression. None of 

these genes resulted significant with the unadjusted P<0.05 value. This 

suggests there were no differences at the transcriptomic level for these genes. 

This was summarised in Figure 4.2.3.5, showing box-plots with these genes. 

Table 4.2.3-3 shows the fold changes and p-values for these genes. The only 

gene that nearly reached significance (with an unadjusted p-value of 0.0526) 

was FTH1, encoding the ferritin heavy chain. Expression of this gene was 

1.672 times higher in progressors over non-progressors.  

Table 4.2.3-3 – Summary of fold changes and P-values of the genes of interest previously 
analysed 

Fig. Label Gene FC Log2(FC) P P(adj) 

A TFRC 1.556 0.638 0.252 0.999 

B FTH1 1.672 0.742 0.053 0.790 

C SLC11A2 -1.140 -0.190 0.477 0.999 

D SLC40 2.693 1.429 0.075 0.863 

E Mrc1 1.444 0.530 0.221 0.999 

F CD163 1.903 0.928 0.110 0.946 

G CD80 -1.140 -0.189 0.748 0.999 

H CD86 1.319 0.399 0.286 0.999 

 

4.3 Discussion 

Research on fibrotic ILD progression and macrophages is limited. Previous 

studies have implicated the iron receptor CD71 on alveolar macrophages with 

progression with higher CD71 expression were associated with reduced 

survival175. High levels of CD71 are normally associated with highly 

proliferating cells, such as cancer cells, and this is associated with the role of 

iron in DNA synthesis and general metabolism246–248. 

The overall aim of this chapter was therefore to characterise further alveolar 

macrophages from fibrotic ILD patients with the hypothesis that higher Golde 
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score was associated with progression and expression of iron-regulatory 

genes were differential expressed between progressors and non-progressors.  

4.3.1 Macrophage and iron phenotype in progression 

In this cohort of fibrotic ILD patients, Golde score was shown to be significantly 

higher in alveolar macrophages of non-progressors patients compared to 

progressors, thus rejecting the hypothesis. This suggests that the iron loading 

observed through Prussian blue was likely to not be linked to the observation 

of high CD71 in progressors. Analysis of the proportion of CD71 negative cells 

in these two groups may have aided in understanding the underlying 

mechanism112. Through RNAseq, the genes that were shown in the previous 

chapter to be different between diseases, were assessed singularly between 

the two groups. However, none were significantly different, even at the FRD-

unadjusted P-value. Similarly, when looking at the genes involved in the 

transcription of some established M1-like and M2-like markers, no differences 

were observed. These results suggest that the alveolar macrophages of these 

two groups are similar and that the increase in iron is unlikely to be associated 

with changes in transcriptome levels of relevant genes.  

When analysing the functional pathways and terms enriched through RNAseq, 

although no pathways are differentially enriched with an adjusted P value, 

some pathways are significantly enriched in one group over the other when 

using an unadjusted P<0.05. Interestingly some of the ones enriched in non-

progressors were related with erythrocyte and haemoglobin. The cell pellets 

were red blood cell lysed before RNA extraction so either this step was not 

thorough enough, or the macrophages may be expressing these receptors due 

to erythrophagocytosis which has been shown previously258. This could also 

suggest that the iron loading is due to this pathway occurring in the alveolar 

space. However, differences in this pathway are not observed in all genes 

involved, such as HMOX1 or HBB. One of the associated enriched GO terms 

was “oxygen transport”, which has previously shown to implicate hypoxia in 

the pathogenesis of pulmonary fibrosis259. However, none of the other genes 

involved in the hypoxic pathway were differentially expressed in this cohort. 
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The lack of overall pathways changes and the fact that an unadjusted P-value 

is used throughout this analysis, suggests that these changes are merely a 

speculation and overall inconclusive.  

A multiple logistic regression was carried out to identify any variables that could 

be associated with the likelihood of progression. The only two variables that 

were shown to be associated significantly with progression were older age and 

a lower iron level. However, their effect, especially Golde score, was very small 

and likely to not have a significant impact at the clinical level. 

4.3.2 Transcriptome phenotype associated with progression 

Overall, no significant differences were observed between the two small 

groups when considering a FDR adjusted P-value>0.1. When using more 

relaxed statistical threshold of unadjusted P<0.05 was used and 615 genes 

fitting this lower threshold were identified. Out of these genes, 215 were 

upregulated and 400 downregulated in progressors.  

Selected genes were highlighted based on their fold-change, unadjusted P-

value and through a literature search. The use of a relaxed unadjusted P-value 

means that the changes observed are speculative and hypothesis-generating, 

requiring validation.  

GSMT1 was shown to be downregulated in the non-progressors group in this 

cohort, however the link with lung fibrosis is not clear. Previous studies have 

shown that this enzyme is upregulated in fibrosis and its inhibition leads to 

attenuation of fibrosis in mice and in cellular models260,261. This is in contrast 

to the idea that antioxidant effects are positive in an inflammatory context. 

Noticeably the rest of the gene family was not differentially expressed 

suggesting that this observed fold change may be due to false-discovery rate.  

SERPINE1, which is downregulated in progressors, encodes PAI-1, which has 

been shown to be upregulated in lung fibrosis. It inhibits proteins that are 

involved in the degradation of ECM, thus fibrosis255,256,262,263. Its transcriptome 

upregulation in non-progressors compared to progressors is therefore 
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surprising as the opposite would have been expected, with the latter group 

having a worse outcome. 

The mucin family has previously been implicated in IPF. In particular a 

promoter polymorphism in MUC5B, a secreted mucin, has been shown to be 

associated with IPF risk19. In this study, MUC2 and MUC21 were both shown 

to be downregulated in progressors compared to non-progressors with an 

unadjusted P-value <0.05. The functions of these mucins in the fibrotic lungs 

is unknown.  

Studies assessing progression in ILD from multiple aetiologies, identified pro-

fibrotic factors that are associated with progressive PF, such as PDGFα/β, 

MMP-2, MMP-7 and IFNα/β39,264,265. These were not significantly different 

between the two cohorts here discussed, by themselves. However, when 

assessing the data through functional analysis, thus through identifying 

relevant Reactome pathways enriched, the interferon α/β signalling pathway, 

was significantly enriched in progressors over non-progressors. No genes 

involved in the telomere shortening pathways, a factor known to increase risk 

of IPF,  were shown to be different between these two groups42. 

A heatmap was able to cluster the two progression groups quite well, except 

for one patient in each group clustering with the wrong group. This suggests 

some outliers that could be skewing the results significance. The diagnosis 

was not well clustered in this heatmap. This could suggest that fibrotic UNC 

and IPF are not significantly different at the transcriptome level. It cannot be 

excluded that the heterogeneity of these diseases will however influence the 

observed differences within the groups. 

The main pathways and GO Terms identified through functional analysis were 

related to erythrocytes as discussed previously. Another GO-term that seems 

to be enriched in non-progressors is the bitter taste receptor activity. Although 

they have not been identified in IPF, these receptors have been previously 

studied in the context of other respiratory diseases, such as in asthma, where 

agonists have been shown to act as potent bronchodilators with therapeutic 

effects266,267. Although the relationship with IPF is unclear, the increase levels 
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of the transcriptome for these receptors in non-progressors may suggest a link 

with improved lung function tests. 

As aforementioned these are speculation on these observations and care 

needs to be taken when thinking at future experiments and significance in 

disease. RNAseq on alveolar macrophages may be appropriate at identifying 

new targets for IPF but requires a larger dataset and further validation. 

4.4 Limitations  

The sample sizes were small and were determined by the availability of 

adequate samples and not by predetermined power calculation. The lack of 

significance could be linked to the small number of samples tested in a 

heterogeneous group of patients from different diagnostic groups. A 

comparison with control patients may have identified differences between the 

two groups compared to healthy state, possibly highlighting key components 

of disease progression. The RNAseq was performed on whole BAL cell pellets 

and not sorted alveolar macrophage which is a significant limitation when 

interpreting AM-specific gene expression. Further work could aim at isolating 

alveolar macrophages specifically through FACS sorting and sequencing. The 

classification of progressors versus non-progressors (mainly according to FVC 

decline) was based on validated data but it is still an insensitive measure of 

‘progression’.  

Further studies, both by increasing the number of patients involved, but also 

by validating these findings and inquiring on possible changes between 

timepoints, may help improving the current characterisation of progressive 

fibrosis. In particular, efforts could focus on other types of cells, such as 

epithelial cells or fibroblasts, or on characterisation of BAL fluid, as cytokines 

signatures may identify differences between groups. It is also possible that the 

alveolar macrophages exist in a very heterogeneous population that therefore 

skews the result by producing noise. FACS sorting specific populations and 

assessing them singularly may identify key players in progression. 
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4.5 Conclusions  

This study shows that lower Golde score and older age are independently 

associated with progression, but the effect is very weak. The RNAseq analysis 

showed that there are no significant differences between progressors and non-

progressors when considering an FDR-adjusted P<0.01 value.  
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4.6 Appendix 

4.6.1 Appendix 4.6.1 

Demographics of the non-progressors and progressors. No statistical 

differences were observed between the two groups. The samples were tested 

for normality and a Mann-Whitney test performed. 
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4.6.2 Appendix 4.6.2 

The Kaplan Meier curves of progressor and non-progressor cohorts if the 4 

patients that died were excluded showed still significant stratification based on 

definition of progression >10% decrease in FVC within a year. Median Survival 

for progressors was of 5.78 years; non-progressors for 6.21 years; (HR=1.878; 

95% CI 0.747 to 4.719; P=0.03) 
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Chapter 5 - Ferroptosis in Macrophages 

5.1 Introduction 

Ferroptosis is an iron-dependent regulated form of cell death that is caused by 

an increase in ROS associated with lipid peroxidation and changes in iron and 

glutamate metabolism. In Chapter 3, iron loading was found to be associated 

with the presence of lung fibrosis independent of other clinical variables. 

Despite high iron content, these cells remain viable leading to the overarching 

hypothesis of this chapter that macrophages are less sensitive to ferroptosis 

than other cell types.  

To study this, GPX4 inhibition through RSL3 and iron-loading studies were 

performed to induce ferroptosis in two macrophage-like cell lines and the 

cancerous epithelial cell line HT29 that has previously been shown to be 

sensitive to ferroptosis220. HT29 cells are epithelial-like cells derived from colon 

adenocarcinoma. RAW 264.7 are a murine macrophage-like cell line. THP1 

cells are a human monocytic cell line that grows in suspension which can then 

be differentiated into macrophages by the addition of PMA.  

There is no single marker that is known to identify ferroptosis: cell viability (and 

exclusion of other causes of cell death), generation of ROS, inhibition of GPX4 

and CD71 upregulation have been described as markers of 

ferroptosis183,206,268.   

The hallmark of ferroptosis is a reduction in viability caused by known 

ferroptosis inducers such as RSL3. To study viability Propidium Iodide (PI), a 

red-fluorescent nuclear counterstain, which is not permeable to live cells and 

binds non-specifically to DNA, was used as a marker of late-stage cell death. 

This was used in combination with Annexin V (AnxV), a protein that binds to 

phosphatidylserine in a Ca2+-dependent manner and is a conventional marker 

of apoptosis.  

The ferroptosis-associated increase in reactive oxygen species is caused by 

either the inhibition of GPX4, leading to the peroxidation of polyunsaturated 

fatty acids (PUFA), or by Fenton reactions fuelled by the increase in iron. Many 
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compounds can be used to detect ROS in live cells including 

dichlorodihydrofluorescein diacetate (H2DCFDA or DCFDA), which is a 

reduced form of fluorescein. Upon interaction with ROS, the acetate groups  

are cleaved, and the non-fluorescent form (H2DCFDA) is converted to the 

highly fluorescent 2’7’-dichlorofluorescein (DCF)269. The intensity of 

fluorescence can be tracked through flow cytometry, plate readers or imaging. 

Liproxstatin-1 is an antioxidant that quenches ROS and is conventionally used 

to rescue viability in ferroptosis assays.  

A more recently described potential marker of ferroptosis is the transferrin 

receptor (CD71). CD71 antibodies were shown to stain ferroptotic cells, 

preferentially over apoptotic cells, and this was reduced by the co-treatment 

with ferrostatin-1, another radical-trapping antioxidant206. As discussed in 

previous chapters, CD71 protein expression was also upregulated in the 

progressor group of IPF patients studied previously which provides a plausible 

link between ferroptosis and IPF. 

In the studies herein, ferroptosis was induced in cells through i) GPX4 inhibition 

by RSL3 and ii) pre-treatment with iron in the form of Ferric Ammonium 

Sulphate (FAS).  
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Aims and Hypothesis 

The overarching hypothesis of this chapter is that macrophages are relatively 

resistant to ferroptosis compared to HT29 cells. 

Aim 1 – To induce and rescue ferroptosis through RSL3 and LIP-1 respectively 

in macrophage- and HT29 cell lines 

Hypothesis 1 – Macrophage-like cell lines are relatively resistant to 

induction and rescue of ferroptosis compared to HT29 

Aim 2 – To determine the relative contribution of ferroptotic versus apoptotic 

cell death with RSL3 treatment. 

Hypothesis 2 – RSL3 induced cell death is not through apoptosis  

Aim 3 – To assay ROS, CD71 and GPX4 in macrophages and HT29 cells 

treated with RSL3 and LIP-1 

Hypothesis 3 – ROS, CD71 and GPX4 are differentially modulated in 

macrophages treated with RSL3 and LIP1 compared with HT29 cells  

Aim 4 – To induced ferroptosis with iron-loading in macrophages and HT29 

cells  

Hypothesis 4 – Iron loading is better tolerated in the macrophage-like 

cell line compared with HT29 cells 
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5.2 Results 

5.2.1 Macrophage-like cell lines are relatively resistant to 

RSL3 induction and rescue of ferroptosis compared 

with HT29 

HT29 have been shown to be sensitive to RSL3-induced ferroptosis with LIP1 

rescue220. Through flow cytometry single cells were gated and viability was 

assessed using different concentrations of RSL3, with and without LIP1, and 

at different timepoints. PI staining was used to measure cytotoxicity in single 

cells. As shown in Figure 5.2.1.1, LIP1 alone did not affect media-treated cells 

viability at any timepoint. When RSL3 is added at 10μM a PI positive HT29 

population was formed (Figure 5.2.1.2A).  

HT29 cells were then treated at different timepoints with RSL3 at different 

concentrations and in the presence of LIP1 at 1μM (Figure 5.2.1.2B-C). There 

was a significant reduction in viability with RSL3 treatment at all concentrations  

Figure 5.2.1.1  - Cell viability is not affected by LIP1 treatment over time in (A) HT29, (B) 
RAW and (C) THP1 cells. Samples were tested for normality with a Shapiro-Wilk test and 
a 2-way Anova with a Sidak’s multiple comparisons test was performed. * p<0.05, ** p<0.01, 
*** p<0.001. Error bars = SD. N=8 
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Figure 5.2.1.2 - Induction and rescue of ferroptosis in HT29 cells. A – Flow histograms showing 
difference between unstained samples, media and a RSL3 10μM sample stained with PI. B – 
Time course of the viability showing the samples treated with media compared to samples 
treated with RSL3. C– Time course of the viability showing the samples treated with media 
compared to samples treated with RSL3 together with LIP1 at 1μM, showing a rescue in viability. 
D –Viability was significantly decreased compared to media when 10μM was used both at 2 
and 24 hours. It was also significantly rescued to media levels when LIP1 is added to 10μM 
RSL3. E – Viability was significantly decreased compared to media when 1μM is used both at 
2 and 24 hours. It was also significantly rescued to media levels when LIP1 was added to 10μM 
RSL3. Samples were tested for normality with a Shapiro-Wilk test and a 2-way Anova with a 
Tukey’s multiple comparisons test was performed. * p<0.05, ** p<0.01, *** p<0.001. Error bars 
= SD. N=12 
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compared to untreated cells (media alone) (Appendix 5.6.1). RSL3 significantly 

affected viability as soon as 2 hours after treatment and this was maintained 

to 24 hours (Figure 5.2.1.2B-D-E). LIP1 significantly rescued this reduction in 

viability (Figure 5.2.1.2C-D-E). There was no RSL3 dose response at the 

doses used. Statistical analysis for all timepoints and doses was performed 

(Appendix 5.6.1). 

Figure 5.2.1.3 - Induction and rescue of ferroptosis in RAW cells. A – Time course of the 
viability showing the samples treated with media compared to samples treated with RSL3. 
B– Time course of the viability showing the samples treated with media compared to samples 
treated with RSL3 together with LIP1, showing a rescue in viability. C –Viability was 
significantly decreased compared to media when 10μM was used following a 24-hours 
incubation. It was not significantly rescued to media levels when LIP1 was added to 10μM 
RSL3. D – Viability was significantly decreased compared to media when 1μM was incubated 
for 24 hours and it was significantly rescued at media levels at this concentration and 
timepoint. Samples were tested for normality with a Shapiro-Wilk test and a 2-way Anova, 
with Tukey’s multiple comparison test was performed. * p<0.05, ** p<0.01, *** p<0.001 **** 
p<0.0001. Error bars = SD. N=4/9 
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Figure 5.2.1.3A-C-D shows the effect of RSL3 on RAW cells over time. There 

was a significant reduction in viability at 2 hours but not as great as in HT29 

cells. At 24 hours there was a significant reduction in viability associated with 

RSL3 treatment. This was rescued by LIP1 only at the lowest dose (1μM) of 

RSL3 (Figure 5.2.1.3B and D). This suggests RAW cells are relatively resistant 

 Figure 5.2.1.4 - Induction and rescue of ferroptosis in PMA-treated THP1 cells. A – Time 
course of the viability showing the samples treated with media compared to samples treated 
with RSL3. B– Time course of the viability showing the samples treated with media compared 
to samples treated with RSL3 together with LIP1, showing a rescue in viability. C –Viability 
was significantly decreased compared to media when 10μM was used following a 24-hours 
incubation. It was not significantly rescued to media levels when LIP1 was added to 10μM 
RSL3. D – Viability was significantly decreased compared to media when the cells were 
incubated with 1μM RSL3 for 24 hours and it was significantly rescued at media levels at this 
concentration and timepoint. Samples were tested for normality with a Shapiro-Wilk test and 
a 2-way Anova, with Tukey’s multiple comparison test was performed. * p<0.05, ** p<0.01, 
*** p<0.001. Error bars = SD. N=9 
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to ferroptosis compared to HT29 cells. Statistical analysis for all timepoints and 

doses was performed (Appendix 5.6.1).  

In PMA-treated THP1 cells, at 24 hours at all three concentrations of RSL3 

there was a significant reduction of viability compared to media only (Figure 

5.2.1.4A-C-D and Appendix 5.6.1) and this was only rescued at the 1μM 

concentration when LIP1 is present (Figure 5.2.1.4B and Figure 5.2.1.4D). 

Although ferroptosis was induced by 10μM RSL3 at late timepoints, this was 

not rescued by LIP1, similarly to RAW cells (Figure 5.2.1.4C). The same 

pattern is shown at 5μM (Appendix 5.6.1).  

Figure 5.2.1.5 shows the percentage change in viability observed from media 

when RSL3 is added, thus summarising the results from these three cell lines. 

Overall, these results suggest RAW and THP-1 cells are relatively resistant to 

ferroptosis induction compared to HT29 cells.  
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Figure 5.2.1.5 - Percentage change decrease in viability over time when RSL3 is added at 
different concentrations compared to media showing a greater reduction in viability (over 2 
fold change) in HT29 (A) over RAW (B) and PMA-differentiated THP1 cells. 
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To understand this difference, it was hypothesised that macrophages and 

HT29 cells have different levels of baseline iron-loading, and this may affect 

sensitivity to ferroptosis. To address this, cells were stained with Prussian blue 

(Figure 5.2.1.6). In all three cell lines there was no Prussian blue staining, 

either in control medium or when treated with RSL3 for 2 hours, suggesting 

that the change in iron when ferroptosis is pharmacologically induced is below 

the limit of detection of Prussian blue (Figure 5.2.1.6). At 10μM RSL3 treatment 

all cell-lines had noticeably shrunk in volume when compared to media treated 

cells, a typical characteristic of ferroptotic cells190. These changes were 

observed in the macrophage-like cell lines, even if the reduction in viability was 

not clear, especially in THP1.   

 

 

 

Figure 5.2.1.6 - Prussian blue staining with (A) HT29, (B) RAW, (C) THP1 treated with RSL3 
at two different concentrations. 
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5.2.2 RSL3 causes both apoptosis and ferroptosis in THP1 

cell but not in HT29 or RAW cells 

The RSL3-induced viability experiments suggested that RLS3 significantly 

reduced viability in HT29 cells by over two-fold change compared to control, 

and that macrophages were relatively resistant to RSL3 at early timepoints. By 

24 hrs, all cell lines showed low viability (more than 2-fold change from control) 

at least at higher doses of RSL3. To interrogate whether the cell death 

observed was indeed ferroptosis and not another form of regulated cell death, 

apoptosis was assayed by AnxV staining. All cells that were AnxV positive but 

PI negative, thus excluding cells that were already at later stages of death, 

Figure 5.2.2.1 - Apoptosis level in RSL3 treated cells compared to media. A – Percentage of 
apoptotic cells (AnxV+) cells following RSL3 treatments in HT29 cells. B – Percentage of 
apoptotic cells (AnxV+) cells following RSL3 treatments in RAW cells. C – Percentage of 
apoptotic cells (AnxV+) cells following RSL3 treatments in PMA-treated THP1 cells. D – Graph 
showing significant difference between THP1 cells at 2 hours following either media or RSL3 
treatments. Samples were tested for normality with a Shapiro-Wilk test and a One-way ANOVA 
performed.  * p<0.05, ** p<0.01, *** p<0.001.   Error bars = SD. 
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were assessed at different timepoints and when different concentrations of 

RSL3 were added.  

HT29 (Figure 5.2.2.1A) had the lowest percentage of apoptotic cells, between 

0-3% of single cells. RAW and THP1-differentiated cells had a much higher 

percentage of apoptotic cells, with about 20% of single cells being only AnxV 

positive (Figure 5.2.2.1B-C). In both RAW and HT29 cell lines the percentages 

Figure 5.2.2.2 - Flow plots for the cell lines showing AnxV-PI quadrants following treatment 
with either media or with RSL3 10μM at two different timepoints. A – HT29 showed a shift 
towards the PI+ quadrants over time with a small percentage of AnxV+ cells initially. The cells 
seemed to acquire AnxV+ staining mostly after PI staining. B – RAW cells became PI+ 
following RSL3 treatment and acquired AnxV positivity increasingly over time. C- THP1 
seemed to become firstly AnxV+ then acquire PI staining as well over time.  
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of apoptotic cells are consistent over time and seemed independent of RSL3 

concentration. Indeed, the apoptosis present with treatments is comparable to 

media-only treated cells. This suggests that the reduction in viability observed 

when these cells are treated with RSL3 is not apoptosis and is therefore likely 

to be the previously described ferroptosis. In contrast PMA-treated THP1 cells, 

showed significant apoptosis at 2 hours compared to media (Figure 5.2.2.1D) 

(mean percentage of apoptotic cells ± SD in media: 13.83 ± 5.89% compared 

to 27.73 ±7.63% in 10μM RSL3 at 2 hours). This apoptotic population is 

dominant at early timepoints, with fewer PI+ cells. At later time-points, this 

relationship is progressively inverted, with the PI+ population becoming 

dominant. 

The levels of staining with AnxV and PI were temporally very different between 

cell lines. Figure 5.2.2.2 shows the different cell lines following treatment with 

either media or 10μM RSL3 at 2 and 4 hours. Firstly, all cell lines show a 

significant level of PI+ cells at baseline in the media condition. Noticeably for 

HT29 there is an initial PI staining, followed by a slight increase in co-staining 

with AnxV. When RSL3 is added, the cells tend to be stained by PI firstly and 

then an increase in AnxV is observed, suggesting that PI+ cells are ferroptotic 

(Figure 5.2.2.2A). With RAW cells there is a clear shift upwards towards PI+ 

cells, with some cells also expressing AnxV. This pattern is increased over 

time when treated with RSL3 confirming ferroptosis (Figure 5.2.2.2B). Finally, 

THP1 cells seem to follow an initial AnxV+ apoptotic phenotype, to then 

become co-stained with AnxV-PI and thus entering a late-stage death (Figure 

5.2.2.2C). This increase in apoptotic cells in THP1, could be associated just 

with the modality of death that THP1 undergo normally. As time progresses 

when treated with RSL3, a dominant PI+ population is formed, showing most 

cells being at a late-stage cell death. Although some apoptosis is induced in 

both HT29 and RAW cells independently from RSL3, the apoptotic population 

in THP1 cells is dominant, especially at early timepoints. These results suggest 

that the different cells undergo different types of death both at baseline and 

with RSL3 treatment. RSL3 induces ferroptosis in HT29 and RAW cells but 

induces both apoptosis and ferroptosis in differentiated-THP1 cells. For this 
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latter group at later timepoints, the increase in ferroptotic cells (PI+) is mostly 

associated with AnxV+PI+ cells. The percentage of different cells state across 

Figure 5.2.2.3 – Summary of the proportions of live, apoptotic and ferroptotic cells in (A) 
HT29, (B) RAW and (C) THP1. 
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the three different cell lines is shown in Figure 5.2.2.3, summarising the results 

hereby discussed. The full timecourse data are shown in Appendix 5.6.2. 

5.2.3 RSL3-induced ferroptosis leads to ROS increase at 

different timepoints and at different levels.  

To further elucidate the viability results observed in the previous section, ROS 

production was assessed through the measurement of fluorescent intensity of 

DCFDA. The baseline fluorescence intensity of the different cell lines was 

significantly different between the HT29 and the two macrophage-like cell lines 

(Figure 5.2.3.1A). To compensate for these baseline differences, each 

timepoint was normalised to the relevant average of the media-only treated 

Figure 5.2.3.1 - ROS detection following RSL3 treatments. A – Graph comparing the different 
cells lines’ baseline ROS through DCFDA fluorescent intensity, showing a higher baseline in 
HT29 compared to both RAW and THP1 cells. The cells were tested for normality through a 
Shapiro-Wilkinson test and an Ordinary one-way ANOVA performed. B – Time course 
showing media-normalised change in ROS when different concentrations of RSL3 were 
added to HT29 cells. C – Time course showing media-normalised change in ROS when 
different concentrations of RSL3 were added to RAW cells. D – Time course showing media-
normalised change in ROS when different concentrations of RSL3 were added to PMA-
differentiated THP1 cells. Samples were tested for normality with a Shapiro-Wilk test and a 
one-way ANOVA performed. * p<0.05, ** p<0.01, *** p<0.001. Error bars = SD; N=3. 
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cells. All cell lines have 1.5-2 fold increase in ROS production 2 hours following 

RSL3 addition at all concentrations (Figure 5.2.3.1B-C-D). After this initial 

spike, ROS production decreases and returns at baseline or below, probably 

due to the reduction in viability of the cells.   

In HT29 cells, the lowest concentration of RSL3 (1μM) induces the largest fold-

change at 2-hours compared to the higher concentrations (Figure 5.2.3.2A). A 

similar trend is observed in RAW cells (Figure 5.2.3.2B), but not in THP1 

(Figure 5.2.3.2C). This might be due to the abrupt reduction of viability at the 

higher concentrations, leading to consequent less production. At the lower 

concentration, the cells are not dying as fast and will therefore continue 

reacting to RSL3. For HT29 and THP1 this increase in ROS is sustained at 4 

hours as well, whereas there is a decrease at the same timepoint in RAW cells.  

Figure 5.2.3.2 - Fold change to untreated in ROS at the 2-hour timepoint for HT29 (A), 
RAW (B) and PMA-treated THP1 (C) cells. Samples were tested for normality with a 
Shapiro-Wilk test and a One-way ANOVA performed.  * p<0.05, ** p<0.01, *** p<0.001.   
Error bars = SD. N=3 
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When LIP1 is added the ROS levels are decreased to media levels for all three 

cell lines (Figure 5.2.3.3A-B-C). This indicates that the viability rescuing 

observed previously is indeed due to the radical trapping role of LIP1. HT29 

ROS levels reduction when LIP1 is present (Figure 5.2.3.3A) is not as clear as 

the other two cell lines (Figure 5.2.3.3B-C). Indeed, there is more variation and 

both fold-increases and decreases are observed. This may be due to the 

originally high fluorescence intensity which gives a larger range for 

normalisation and thus increased sensitivity to changes. When looking at the 

effect of LIP1 on media alone, no significant differences are observed in RAW 

cells (Figure 5.2.3.4B) and THP1 cells (Figure 5.2.3.4B), suggesting that the 

level of ROS is already at baseline when untreated. However, when looking at 

the HT29 cells (Figure 5.2.3.4C), a significant decrease is observed at the 2 

hour timepoint, similarly to the decrease observed when also treated with 

RSL3, thus suggesting that HT29 may have a chelatable level of ROS at 

baseline. 

 

Figure 5.2.3.3 - ROS detection following RSL3 with LIP1 treatments. A – Time course 
showing media-normalised change in ROS when different concentrations of RSL3 with 1μM 
LIP1 were added to HT29 cells.B – Time course showing media-normalised change in ROS 
when different concentrations of RSL3 with 1μM LIP1 were added to RAW cells. D – Time 
course showing media-normalised change in ROS when different concentrations of RSL3 
with 1μM LIP1 were added to PMA-differentiated THP1 cells. Error bars = SD. N=3 
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5.2.4 CD71 is not consistently expressed when ferroptosis is 

induced.  

CD71 (TfR1) was recently identified as a marker of ferroptosis206. The three 

different cell lines were assessed for CD71 protein and gene expression after 

RSL3 and LIP1 treatments. In HT29 cells no changes in TfR1 mRNA levels 

were observed suggesting that the transferrin receptor was not affected at the 

gene level following RSL3 treatment (Figure 5.2.4.2A). The expression levels 

of the receptor were therefore assessed by flow cytometry. The antibody 

unspecific binding was tested by using a matching isotype and comparing it to 

the unstained and stained sample (Figure 5.2.4.1B). HT29 cells were observed 

to have a CD71 positive and a CD71 negative population. It was first 

interrogated whether these two distinct populations differ over time and 

whether the addition of RSL3 as a ferroptosis inducer, would impact the CD71+ 

population. In the control media-treated sample, there was a significant 

Figure 5.2.3.4 – Baseline ROS levels are overall not significantly affected by the addition of 
LIP1 in (A) HT29, (B) RAW and (C) THP1 cells. A significant decrease is observed at the 2-
hour timepoint for HT29 cells suggesting a chelatable level of ROS at baseline. Samples 
were tested for normality with a Shapiro-Wilk test and a 2-way Anova with a Sidak’s multiple 
comparisons test was performed. * p<0.05, ** p<0.01, *** p<0.001. Error bars = SD. N=8 
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reduction in frequency of CD71+ between the early timepoints and the 24-hour 

timepoint (Figure 5.2.4.1C). This reduction was observed with the RSL3 

treated samples as well, with the 10μM and 5μM samples decreasing the most, 

and remaining below the media-treated samples. These results seem to 

partially mirror the reduction in viability observed in Figure 5.2.1.2. However, 

the proportion of CD71+ cells in the 1μM treated cells remained high in contrast 

with the reduction in viability previously observed. LIP1 treated samples 

maintained high levels of CD71 positive cells, comparable to media at all 

timepoints (Figure 5.2.4.1D). 

The geometric mean of CD71, both for the CD71 positive cells alone but also 

for all single cells (thus considering both the CD71 positive and negative 

populations), showed similar concentration dependent trends (Figure 

5.2.4.2A-B). At 2 hours the levels of CD71 expression of the 1μM treated 

Figure 5.2.4.1 - HT29 and CD71 expression. A – There was no significant difference in the 
transferrin receptor mRNA between treatments. B – Flow histogram showing difference 
between unstained, stained and isotype in HT29 cells. C – Time course showing the 
percentage of CD71+ cells with the different treatments over time. D – Time course showing 
changes in CD71+ cells percentage when RSL3 is added with LIP1.Error bars = SD; N=3 
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samples is significantly higher than the media sample only when looking at the 

CD71 positive cells, and not when looking at the single cells (thus considering 

the CD71- population as well) (Figure 5.2.4.2C). This may suggest that the 

CD71+ cells increased expression of CD71 when ferroptosis is induced 

through lower concentrations of RSL3, even though the proportion of CD71+ 

cells did not vary compared to media at 2 hours (Figure 5.2.4.2D and Figure 

5.2.4.1C). This was not observed at the higher concentrations at the time-point 

studied. CD71 is also a marker of proliferation250,270,271 and therefore the abrupt 

reduction in viability at high concentrations of RSL3 may impact the overall 

expression of CD71 as well as the frequency of CD71 positive cells. This could 

Figure 5.2.4.2 – CD71 expression in HT29 cells. A – Time course showing the geometric 
mean of CD71+ cells with the different treatments over time. B – Time course showing the 
geometric mean for CD71 (APC) of single cells with the different treatments over time. C – 
Plot comparing the geometric mean of CD71 in media and in 1μM RSL3 treatment at 2 hours 
between single cells and between CD71+ single cells., suggesting an increase in CD71 when 
ferroptosis was induced at low concentration of RSL3 in CD71+ cells. D – Proportion of 
CD71+ single cells at 2 hours at different concentrations of RSL3. The cells were tested for 
Normality was tested with a Shapiro-Wilk test and a 2-way ANOVA (C) with Tukey’s multiple 
comparison test or a one-way  ANOVA (D), performed. * p<0.05, ** p<0.01, *** p<0.001. Error 
bars = SD. N=3/4 
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also suggest that the reduction in viability observed earlier could have been at 

different stages depending on concentration of RSL3 used.  

In RAW cells, specificity of the antibody was assessed with an isotype (Figure 

5.2.4.3A). A more distinct difference was observed between fully stained and 

the isotype compared to HT29. A CD71 negative population was not observed 

in RAW cells.  

At late stages, the RSL3 treatments follow similar trends compared to HT29, 

with the two treatments at 5μM and 10μM decreasing CD71 expression over 

time, whereas in control and 1μM RSL3 CD71 expression remained relatively 

high (Figure 5.2.4.3B). Observing the different timepoints singularly (Figure 

5.2.4.3C), the higher concentration of RSL3 did not result in significantly higher 

Figure 5.2.4.3 - RAW cells CD71 expression. A - Flow histogram showing difference between 
unstained, stained and isotype in RAW cells. B – Time course showing the geometric mean 
for CD71 (APC) of single cells with the different treatments over time. C – Graph showing 
differences in CD71 geometric mean between time points and treatments with RSL3. There 
is an increase of CD71 compared to media at 2 and 4 hours when RAW cells were treated 
with 1μM of RLS3. Normality was tested through a Shapiro-Wilk test and a 2-way ANOVA, 
with Tukey’s multiple comparison test, performed comparing treatments to media. * p<0.05, 
** p<0.01, *** p<0.001. Error bars = SD. N=4 
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CD71 expression compared to media. Similarly, to HT29, and highlighted by 

the higher albeit non-significant level at the early timepoint, the increase in 

CD71 caused by ferroptosis might have been earlier than 2 hours in and was 

therefore missed. At the lowest concentration of RSL3 (1μM), CD71 

expression was significantly different to control at early timepoints (2 and 4 

hours) but not at late timepoints (6 and 24 hours). This reinforces the possibility 

of being able to observe CD71 increase at earlier timepoints for other 

concentrations. 

In THP-1 cells, to assess specificity an isotype was used as control and the 

cells were incubated with an Fc block. To optimise the protocol the cells were 

either incubated with the Fc block (1:500) for 10 minutes on ice prior to staining 

or the Fc block was added at the same concentration together with the 

antibody, which was then left to stain for 30 minutes on ice. However, neither 

of the methods were very effective at blocking unspecific binding. As shown in 

Figure 5.2.4.4, the isotype histogram overlaps the fully stained one for both 

Figure 5.2.4.4 - Histograms representing fluorescence shift when 
the Fc block was added either with the antibody for 30 minutes or 
prior to the antibody for 10 minutes on ice. 
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methods, with a slight improvement when looking at the method that involved 

incubating the Fc block together with the antibody. This method seems to 

perform better at later timepoints. No analysis was therefore performed on 

these samples. 

5.2.5 RSL3 treatment results in increased GSH in RAW cells 

RSL3 is a GPX4 inhibitor that is thought to bind directly to the active site of the 

enzyme and block its ability to catalyse the conversion of two molecules of 

glutathione (GSH) into glutathione disulphide (GSSG), its oxidised form. 

Attempts to assess GPX4 activity with RSL3 treatment through a specific 

assay were unsuccessful.  Therefore, the GPX4’s substrate, GSH was 

measured with a colorimetric commercial assay, anticipating an increase in 

GSH accumulation following enzyme inhibition.  

In HT29 there was an abolition in GSH levels with RSL3 compared to media 

which was rescued LIP1 treatment (Figure 5.2.5.1A). The likely explanation for 

this was reduced viability in these cells at 2 hours.  

In RAW cells, which are relatively resistant to RSL3 induced death, RSL3 at 

1uM had no effect on GSH. However, treatment with 10μM of RSL3, showed 

no significant changes of GSH compared to media (12.35 µM vs 7.67 µM; 

Figure 5.2.5.1 – Quantification of GSH levels following two hours of RSL3 treatment in (A) 
HT29 and (B) RAW cells. Samples were tested for normality and a 2way ANOVA with 
Tukey’s multiple comparison test performed * p<0.05, ** p<0.01, *** p<0.001. Error bars = 
SD N=3 

A B 
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P=0.0636), which was rescued with LIP1 (12.35 µM vs 6.99 µM, P=0.0368) 

(Figure 5.2.5.1B). This implies RSL3 may be inhibiting GPX4 resulting in 

accumulating GSH. 

5.2.6 FAS treatment causes an increase in cell death (mostly 

ferroptosis) at all timepoints with or without RSL3 

One of the key components of ferroptosis is an increase in intracellular iron 

which generates ROS production and death. Alveolar macrophages from lung 

fibrosis patients were observed to have high iron load. HT29, RAW and THP-

1 cells were therefore incubated with Ferric Ammonium Sulphate (FAS 200μM) 

for two hours before fixing and staining with Prussian Blue, as previously 

carried out in patient samples. The following data describes viability changes 

firstly when iron is added alone, and then when RSL3 is added following iron 

pre-treatment.  

Viability was assessed by incubating cells with FAS (200μM) for two hours and 

then replacing supernatant with fresh medium. Compared to control, HT29 

cells exhibited a significant reduction in viability immediately following the 2-

hour incubation with FAS (0 hours). This reduction in relative reduced viability 

was sustained throughout the 24 hours, at which timepoint viability increases 

in both controls and FAS treated cells suggesting cell proliferation. (Figure 

5.2.6.1A). Apoptosis was very low in HT29 cells (<2%) and was not increased 

with FAS treatment, implying cell death was through ferroptosis. RAW cells 

(Figure 5.2.6.1B) exhibited a significant and consistent reduction in viability 

over time with iron.  At 2-hours, there was an increase in apoptotic cells in the 

iron-loading condition compared to no iron, suggesting that iron predominantly 

induces apoptosis rather than ferroptosis at this time-point. At the 4-hour 

timepoint and beyond, the significant reduction is viability is mostly non-

apoptotic suggesting ferroptosis and/or secondary necrosis of previously 

apoptotic cells. In PMA-treated THP1 cells (Figure 5.2.6.1C) the decrease in 

viability associated with FAS treatment was significant but not as great as in 

the other cell lines. FAS pre-treatment did not induce apoptosis. In contrast to 

HT29 and RAW cells, THP-1 cells did not show any reduction in viability at 0 
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hours (2 hours-post treatment with FAS) implying relative insensitivity to FAS-

induced ferroptosis and apoptosis. 

 

Figure 5.2.6.1 - Viability and apoptosis in cells treated with or without FAS. Cells were 
incubated with FAS  200μm for 2 hours and then washed and fresh medium added. A – HT29 
showed a significant decrease in viability with FAS treatment at all timepoints except at 24 
hours, where possible proliferation increased the viability of both conditions. Apoptosis 
remained low for both conditions at all timepoints. B – In RAW cells the viability of FAS-
treated cells was significantly lower than non-treated cells at all timepoints. Apoptosis was 
increased at 2 hours with FAS treatment. C – PMA-treated THP1 had a significant reduction 
in viability with FAS treatment at 2, 4 and 24 hours but the reduction is less than HT29 or 
RAW cells. FAS did not induce significant apoptosis in THP1 cells. All samples were tested 
for normality and a 2way ANOVA, with Tukey’s multiple comparison test, carried out. * 
p<0.05, ** p<0.01, *** p<0.001. Error bars = SD N=3/5. 
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Overall, 4 hours following iron treatment, THP1 have the highest mean viability 

(50.04% ± 8.04%SD) compared to RAW cells (29.94% ±7.07% SD) and HT29 

(31.64% ±13.07%SD). The percentage change when iron is added compared 

to control at the same timepoint is significantly less in THP1 cells (-23.23% ± 

16.28% SD) compared to the other two cell lines (HT29: -49.98% ± 13.70% 

SD, P=0.047; RAW: -56.37% ± 10.09% SD, P=0.004) (Figure 5.2.6.2) .This 

suggests that the human macrophage-like cell line is relatively insensitive to 

iron and the murine macrophage is more sensitive than HT29 cells.  

Next, RSL3 was added to samples that were pre-treated with iron (200 um for 

2 hours). Figure 5.2.6.3 shows the percentage of cells that are viable, apoptotic 

or ferroptotic (PI+) at the 2- and 24-hour timepoint. This compares the changes 

Figure 5.2.6.2 – Percentage change in viability when iron is added compared to media in the 
three cell lines (4 hours), showing that THP1 cells were the least affected by the addition of 
iron compared to RAW and HT29 cells. Samples were tested for normality and a Kruskal 
Wallis test carried out. * p<0.05, ** p<0.01. Error bars = SD N=6/7. 
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Figure 5.2.6.3 – Proportion of viable (AnxV-PI-), apoptotic (AnxV+PI-) and ferroptotic (PI+) 
cells in (A) HT29, (B) RAW and (C) THP1 cells treated with RSL3 2 and 24-hours following 
iron 200uM for 2 hours pre-treatment. Minimal apoptosis is observed in HT29 and RAW cells 
compared to THP1 cells which exhibit greater proportion of apoptotic cells following both 
treatment with iron alone and in combination with RSL3 
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of viability following iron treatment whether they are also treated with RSL3 or 

just with media, thus suggesting the sensitivity to the two different treatments. 

Figure 5.2.6.4 complements this figure by showing the statistical comparisons 

for the cells with either 5uM RSL3 treatment, iron or both treatments together. 

Complete time courses for both figures are shown in Appendix 5.6.3.  

In HT29, although iron alone induces significant cell death at early timepoints, 

these cells seem more sensitive to RSL3 as this reduction in viability 

consistently maintained by RSL3 over time compared to iron (Figure 5.2.6.4A).  

When RAW cells are treated with both iron and RSL3 a significant decrease 

compared to the two conditions alone at the 2-hour timepoint is shown. 

However, this is lost over the other timepoints (Figure 5.2.6.4B and Figure 

5.2.6.4B). Indeed, treatment with iron alone is able to decrease viability 

similarly to when iron is used in addition to RSL3 at later stages. These results 

Figure 5.2.6.4 - Viability in HT29 (A), RAW (B) and PMA-polarised THP1 (C) for RSL3 5 μM 
treatment following incubation with media or iron (FAS 200μM), or both.  Data was tested 
for normality and a 2way ANOVA with Tukey’s multiple comparison test was performed. * 
p<0.05, ** p<0.01, *** p<0.001. Error bars = SD N=6/7. 
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suggests that the addition of both treatments leads to a faster decrease in 

viability, which is then equalised by iron alone at later timepoints. Iron seems 

to therefore drive more effective ferroptosis compared to RSL3 overall and that 

the action of RSL3 may be important only at early stages when in combination 

with iron.   

THP1 cells overall were not affected by iron treatment (or RSL3) at early 

timepoints where an increase in apoptosis is observed in all conditions (Figure 

5.2.6.3C) and remains unchanged at the 24-hour timepoint in iron alone, 

suggesting a very slow cell death (Figure 5.2.6.4C). These cells seem to be 

more sensitive to both treatments only at the 6-hour timepoint, whereas at the 

4-hour timepoint iron seems to drive the reduction in viability (Figure 5.2.6.4C). 

However, at the later timepoint of 24-hour RSL3 is the treatment responsible 

for the reduction to below 10%. Therefore, THP1 sensitivity to treatments is 

somewhat time dependent. These results suggest different sensitivity to the 

two treatments and different mechanisms and timings involved between the 

cell lines. 

5.2.7 FAS treatment leads to an increase in ROS with and 

without RSL3 

To further investigate the role of FAS in inducing cell death through ferroptosis 

reactive oxygen species were measured as before and normalised to the 

media alone for each timepoint. Figure 5.2.7.1 shows the effect of FAS on 

ROS, with RSL3 (10μM) treatment as a comparator. In HT29, there was a 1.5-

fold increase in ROS at 2 hours following iron and this was similar to RSL3 

treatment (Figure 5.2.7.1A). In RAW cells (Figure 5.2.7.1B) FAS treatment 

increased ROS up to a 5-fold and was seen to be a much more potent inducer 

of ROS than RSL3. THP1 cells showed a 3.5-fold increase in ROS compared 

to untreated cells within 4 hours and this was more than was observed in RSL3 

treatment. These results suggest that FAS potently induces ROS in these 

macrophage cell lines but THP-1 cells in particular are relatively resistant to 

FAS-induced ferroptosis compared with HT29 cells, consistent with the 

observations with RSL3 treatment.  
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To investigate the effect of FAS and RSL3 on ROS production, the combination 

of iron with RSL3 treatment was assessed compared to media that was pre-

treated. These samples are all normalised to media without iron. Full statistical 

analysis and time courses are shown in Appendix 5.6.4, but the focus of Figure 

5.2.7.2 is on the early timepoints as those are the most relevant for ROS 

production. In all three cell lines the combination of treatments leads to a 

significant but relative increase in ROS production compared to cells in media 

that were pre-treated with iron. It does not clearly reflect on the reduction of 

viability in macrophages possibly suggesting multiple mechanisms involved 

with ferroptosis following iron loading.  

Figure 5.2.7.1 - ROS production following treatment with iron in different conditions, 
normalised to media with no iron, in HT29 (A), RAW (B), THP1 (C). The relevant RSL3 
(10μM) with no iron loading data is shown for comparison. Error bars = SD N=3/6 
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This suggests that both macrophage-like cells lines increase ROS production 

when iron is added with or without RSL3, and it is higher when compared to 

Figure 5.2.7.2 - ROS production at 2 and 4 hours in HT29 (A), RAW (B) or THP-1 (C) cells 
were pre-treated with iron and then treated with different concentrations of RSL3 or media. 
Data was tested for normality and a 2way ANOVA with Tukey’s multiple comparison test 
was performed. * p<0.05, ** p<0.01, *** p<0.001. Error bars = SD N=3. 
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HT29 cells. As aforementioned, HT29 have a higher baseline level of ROS 

compared to THP1 and RAW cells (Fig5.2.2.1A). This could be interpreted as 

HT29 cells exhibiting the maximum tolerable ROS concentrations over which 

cell death occurs, or that macrophagic lines are able to tolerate a wider range 

of ROS levels. Moreover, the low level of ROS in HT29 could also be linked to 

the low level of viability of the cells at all timepoints following iron loading 

(Fig.5.2.6.2A). If the measurement of ROS were taken also at the 0-hour 

timepoint, thus straight after incubation with iron or media, it would have shown 

whether the increase in ROS would have occurred during that time. 

5.2.8 Viability following FAS treatment is rescued by LIP1 in 

HT29, but not in macrophages. 

To further define the role of FAS induced ROS generation and ferroptosis, the 

effect of LIP1 was tested. Full time courses and statistical analysis is shown in 

Appendix 5.6.5.  

In HT29 cells pre-treated with iron, LIP1 reduced ROS to the same levels 

present in the media alone (Figure 5.2.8.1A). This is consistent with the 

absence of significant ROS production observed previously. At 2 hours the 

LIP1-treated sample had a significant lower level of ROS compared to the two 

media samples. No differences were observed at 24 hours, possibly due to the 

reduction in viability. LIP1 addition to iron-treated cells, at 2 hours leads to a 

significant increase in viability compared to iron-treated media samples and 

achieves similar levels of viability to just media treated cells (Figure 5.2.8.1B). 

At 24 hours viability is increased in all conditions, probably due to proliferation. 

A statistically significant difference in viability is only observed between iron 

treated samples. 
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Figure 5.2.8.1 – Effect of LIP1 on iron loaded cells on normalised ROS production and 
viability respectively, for HT29 (A-B), RAW (C-D) and PMA-polarised THP1 (E-F), compared 
to media with and without iron. The samples were tested for normality and a 2way ANOVA, 
with Tukey’s multiple comparison test, performed. * p<0.05, ** p<0.01, *** p<0.001. Error 
bars = SD N=3/8. 
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In RAW cells, the level of ROS was significantly lowered to non-iron treated 

levels by LIP1 when iron was present for all timepoints except 2 hours, where 

the levels are however consistently low (Figure 5.2.8.1C).  Although the ROS 

increase seems to be kept under control by LIP1, viability was significantly 

lower than the non-iron treated samples, but not significantly different from the 

other iron treated sample at both timepoints (Figure 5.2.8.1D). This suggests 

that it was indeed the iron treatment that caused this reduction in viability and 

may cause this through a mechanism that does not depend solely on reactive 

oxygen species. 

Similarly, to RAW cells, LIP1-treated iron-loaded THP1 cells had a significant 

decrease in ROS levels when compared to iron-loaded media-treated THP1. 

The level was comparable to the non-iron treated cells (Figure 5.2.8.1E). 

However, when looking at the viability, LIP1 does not rescue viability to non-

iron treated cell levels at any timepoint (Figure 5.2.8.1F). This suggests a 

different iron-induced death mechanism that is not strictly linked to ROS 

production and may be common to all macrophages. 

5.2.9 Expression of CD71 in RAW cells in response to iron is 

more pronounced compared to HT29 cells.  

To elucidate further the effect of iron loading on the cells, CD71 was assessed 

as previously, in iron treated cells and compared to media at different 

timepoints.  

Observing the geometric mean of CD71 in HT29 single cells, there was no 

difference between the treatment with iron (+FAS) and the treatment without 

(-FAS) at any timepoint (Figure 5.2.9.1A). However as shown previously in 

Figure 5.2.4.2, HT29 show a CD71 negative population that could skew mean 

expression. There was a significant increase in CD71 positive single cell 

frequency at the 24-hour timepoint. However, the overall frequency of CD71 

positive cells at 24 hours was lower than the other timepoints (Figure 5.2.9.1B). 

This increase at late stages was not reflected in the CD71 positive cells’ 

geometric mean. At the 2-hour timepoint a significant increase in CD71 
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geometric mean was shown following iron treatment, but no other significant 

differences were noted (Figure 5.2.9.1C).  

 

Figure 5.2.9.1 - Assessment of CD71 in HT29 cells. (A) Geometric mean of CD71 in single 
cells. (B) Frequency of CD71 positive cells. (C) Geometric mean of CD71 in single CD71 
positive cells. Samples were tested for normality and a 2way ANOVA, with Tukey’s multiple 
comparison test, performed.  * p<0.05, ** p<0.01, *** p<0.001. Error bars = SD N=4. 
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RAW cells do not have a CD71 negative population and therefore the 

geometric mean of CD71 was measured on single cells. Overall, there was a 

statistically significant increase in CD71 with iron treatment (+FAS) compared 

to non-iron (-FAS). By 24 hours, this difference was not apparent anymore, 

which could be associated to reduced viability (Figure 5.2.9.2). This shows that 

RAW cells increase the levels of transferrin receptor which has the known 

function of iron-uptake and could explain the increase in ROS levels at those 

timepoints (Figure 5.2.7.1). 

5.2.10 RSL3 causes a reduction in viability in alveolar 

macrophages at 24 hours 

To establish if RSL3 ferroptosis and apoptosis is seen in alveolar 

macrophages, BAL-derived fresh alveolar macrophages from patients with IPF 

were selected by adhesion and then treated with two concentrations of RSL3 

and LIP1 at 1μM. Due to the limited number of samples and cells, the viability 

assessment was prioritised for 2 and 24 hours. No differences were observed 

at the 2-hour timepoint (Figure 5.2.10.1A). There was a significant reduction in 

viability observed at 24 hours compared to the media treated cells (Figure 
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Figure 5.2.9.2 - CD71 expression in RAW cells following no iron (-FAS) or iron loading 
(+FAS).  The samples were tested for normality and a 2way ANOVA, with Tukey’s multiple 
comparison test, performed. * p<0.05, ** p<0.01, *** p<0.001. Error bars = SD N=4. 
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5.2.10.1B). This reduction was observed to be concentration dependent: lower 

concentrations of RLS3 (1μM) led to less loss in viability compared to 10μM 

RLS3.  

The decrease in viability was shown to be mostly associated with an increase 

in apoptosis (Figure 5.2.10.1B). This was significantly different in the 10μM 

RSL3-treated cells compared to the media-only treated cells (RSL3 10μM vs 

Media (mean ± SD): 72.37% ± 5.29% vs 13.97% ± 6.60%; P=0.001). The 

gating strategy is presented in Appendix 5.6.6. 

5.3 Discussion 

The overarching aim in these experiments was to test the hypothesis that 

macrophages are relatively resistant to ferroptosis, following the observation 

that alveolar macrophages from patients with lung fibrosis exhibit high iron 

content. The cells’ ability to undergo this regulated form of cell death was 

tested with RSL3, a GPX4-inhibitor which has previously been shown to 

Figure 5.2.10.1 – Summary of viable, apoptotic and ferroptotic BAL cells following RSL3 
treatment at (A) 2 hours and (B) 24 hours. No statistically significant differences were 
observed at 2 hours, but some differences were observed at the 24-hour timepoint. The 
percentage of apoptotic cells was significantly higher in the 10μM RSL3 group compared to 
media. A Dunnett's multiple comparisons test was carried out. * p<0.05, ** p<0.01, *** 
p<0.001, ****p< <0.0001. Error bars=SD N=3  
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specifically induce ferroptosis, and with exogenous iron. Viability, ROS 

production, apoptosis and CD71 increase were all assessed to evaluate 

ferroptosis and LIP-1, a ROS quencher was used to evaluate rescue of 

ferroptosis. The main finding was that the macrophages used in this study were 

relatively resistant to ferroptosis compared to HT29 cells. The data also 

showed RSL3 induces both apoptosis and ferroptosis in macrophages, 

particularly THP-1 cells. 

5.3.1 Viability reduction through ferroptosis 

Both macrophage cell lines and HT29 cells showed some degree of reduction 

in viability when treated with RSL3 or FAS.  

HT29 sensitivity to ferroptosis through RSL3 induction has previously been 

described in the context of colorectal cancer220. These investigators have 

shown sensitivity to ferroptosis especially at higher concentrations of RSL3 (5-

10μM) and following at least 24 hours of incubation. Through the experiments 

discussed in this chapter, HT29 were confirmed to be sensitive to ferroptosis. 

Indeed, even at low concentrations of RSL3 (1μM) there was a 70% reduction 

in viability compared to media within 2 hours of treatment, which is much faster 

and more significantly than in the study described in Sui et al. This reduction 

was significantly rescued with LIP1. 

There are few previous studies of ferroptosis in macrophages. A study has 

demonstrated different degrees of sensitivity between polarisation-states of 

murine macrophages and microglia, but these were not compared to another 

cell type272. Overall, the experiments in this study confirmed that macrophage-

like cell lines can undergo RSL3-induced ferroptosis, but they are relatively 

insensitive compared with HT29 cells.  

Specific morphological changes are associated with ferroptosis such as 

shrinkage and increased membrane density of mitochondria184,219. These were 

not detectable through the brightfield imaging carried out in this study. Imaging 

through high resolution electron microscopy may have aided in identifying 

mitochondria-related changes but these changes are not specific to 

ferroptosis. A reduction in cell size, normally associated with non-apoptotic cell 
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death, was observed in these cell lines at early timepoints but was not formally 

assessed.  

Mechanistically RSL3 treatment has been shown to increase intra-cellular iron 

but  Prussian blue staining lacks sensitivity to measure these changes220. Sui 

et al., (2019) assessed relative change in iron through calcein-AM 

fluorescence before and after an iron chelator was added. Other studies used 

commercially available assays to assess iron levels207,218,273. Other sensitive 

techniques used in this thesis, such as specific iron-sensitive probes or ICP-

MS, could have been used to detect these changes in this study. Clearly 

macrophage cell lines used in the RSL3 experiments did not resemble the 

alveolar macrophages from patients, which have significant staining through 

Prussian blue especially those derived from IPF patients. 

Treatment with iron was carried out to determine iron-induced ferroptosis 

sensitivity. In HT29 this caused a significant reduction in viability compared to 

media alone at 4 hours. This suggested a sensitivity to iron loading, but not as 

great as with RSL3. This reduction in viability was significantly rescued by LIP1 

at most timepoints confirming a ROS-dependent mechanism. Treatment with 

iron showed a consistent reduction in viability in RAW cells but PMA-

differentiated THP1 viability was only significantly reduced at early timepoints. 

At 4 hours, the percentage change reduction in viability in PMA-differentiated 

THP1 was of 23.23%, compared to 49.98% in HT29 and 56.37% in RAW 

macrophages. This iron-dependent cell death was not rescued when LIP1 was 

added in both macrophage cell lines, suggesting that the cell death does not 

only rely on ROS accumulation or that the cells were irreversibly overwhelmed 

by the increase in ROS. The changes in ROS are discussed later. The data 

suggests that THP1-derived macrophages may be more resistant to iron 

compared to the other cell lines. A study using bone-marrow derived 

macrophage (BMDM) showed a 60% reduction in viability when FAS was 

added for 48 hours, and this was comparable to the reduction observed in 

hepatocytes274. In this study the ferroptosis inhibitor ferrostatin-1, was used 

and demonstrated a significant rescue of viability when iron was added. 
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HT29 cells had low baseline viability (49%), which could influence the further 

viability changes when iron is added. This low baseline level of viability may 

be linked to the high proliferation rate of this cell line and the confluency of the 

cells. Indeed, although RAW and HT29 were plated at the same density 24-

hours prior treatments, the HT29 may have adhered covering a wider surface 

area, thus leading to over-confluency and cell death over time. 

The cell lines were also treated with iron and RSL3 together to understand the 

effect of both treatments. This has not been previously shown in the literature 

and was carried out to mimic more closely the BAL-derived macrophages 

which are rich in iron. The RSL3 concentration discussed here was 5μM as it 

was the mid concentration tested. HT29 were particularly sensitive to RSL3, 

and iron did not further influence viability. RAW cells were overall more 

sensitive to iron than to RSL3, as the viability was significantly reduced in iron 

treated cells over RSL3 (5μM) cells. THP1 sensitivity to the two treatments is 

time-dependent, with the cells being more sensitive to iron early and to RSL3 

at later time-points. This is similar to alveolar macrophages that are already 

iron-rich, where viability with RSL3 is unchanged at 2 hours, but significantly 

reduced at 24 hours.  

5.3.2 Apoptosis and ferroptosis 

At early time-points, the distinction between what is apoptosis and what is 

ferroptosis can be determined through appropriate staining. However, at later 

time-points it is possible that secondary death from apoptosis plays a role in 

the reduction in viability at late timepoints. The relative contribution of 

secondary necrosis versus ferroptosis at late timepoints (24 hours) cannot be 

readily determined in these studies.  

In addition to ferroptosis, inhibition of GPX4 is implicated in various 

programmed cell death pathways such as apoptosis275, necroptosis276 and 

pyroptosis277, the latter two being mostly studied through genetic knockouts 

and not pharmacological inhibition. To assess whether the addition of RSL3 

leads to apoptosis as well as ferroptosis, the cells were stained for Annexin V 

and PI. The AnxV+PI- cells were considered apoptotic cells. HT29 and RAW 
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cells were shown to have a very small percentage of apoptotic cells which did 

not significantly change from media levels, suggesting that any apoptosis 

shown was not due to RSL3 treatment. However, RSL3 caused a significant 

level of apoptosis in differentiated THP1 cells especially at early timepoints, 

with about 20-30% of the reduction of viability associated with AnxV+PI- cells 

and about 10-15% with PI+ cells. This study does not explain whether this is 

due to the mode of cell death of THP1 in general or whether this is specific to 

RSL3 treatment, but the flow cytometry plots showed different pattern of cell 

death across the three cell lines, with THP1 plots suggesting a shift first 

towards apoptosis followed by late-stage death. This was not observed for 

HT29 and RAW, which showed an upward shift towards the PI+ population.  

When cells were treated with iron, there were no significant differences 

compared to no-iron in HT29 and THP1. The observed differences in apoptosis 

in RAW cells, at 2 and 4 hours timepoints were inconclusive. Apoptosis in all 

cell lines represented less than half the dead cells, suggesting that iron does 

not reduce viability through apoptosis. This might suggest that there are two 

mechanisms of iron-dependent cell death which might differ between the two 

cell lines. 

Further studies could be carried out by using apoptosis inhibitors together with 

RSL3 or iron treatment to assess whether the cells would still undergo 

significant ferroptosis. Other forms of cell death could also have been excluded 

by using specific inhibitors, such as Z-VAD-FMK for apoptosis. 

5.3.3 GPX4-inhibition and ferroptosis 

Attempts were made to assay GPX4 following RSL3 to verify the mode of 

action of RSL3. GPX4 has been shown to be downregulated at the protein 

level in the presence of RSL3, thus the level of substrate and products should 

change accordingly200,220. This is however controversial due to the different 

susceptibility of cells to ferroptosis induction, leading to different 

concentrations of RSL3 used and the timepoints analysed. This was observed 

in this study as well. Indeed, in HT29 cells an increase in GSH was not 

observed, probably due to the prominent reduction in viability at early 
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timepoints. In RAW cells there was an increase in GSH when 10μM RSL3 was 

added, suggesting inhibition of GPX4 and consequently accumulation of GSH. 

It also suggests a different timeline of GSH metabolism compared to the faster-

proliferating HT29. Other concentrations and timepoints could have been used 

to understand its relationship, as well as assessing the protein level of GPX4. 

Although not directly inhibiting GPX4, iron loading showed a reduction in GPX4 

expression in an study of embryos, but GSH levels were not assayed 278. The 

effect of iron on GSH or GPX4 was not carried out in this study. 

5.3.4 ROS and ferroptosis 

One of the hallmarks of ferroptosis is increase in ROS species, which then 

leads to the reduction in viability. To elucidate this further, ROS levels with and 

without RSL3 treatment were studied.  

Firstly, when looking at the ROS levels at baseline, HT29 have a much higher 

level compared to the two macrophage-like cell lines. However, when RSL3 

was added at different concentrations the increased in ROS, normalised to 

media, between cell lines was similar. Indeed, all cell lines had a 1.5-2-fold 

increase in ROS compared to media following an incubation with RSL3 for 2-

4 hours. This increase was then subdued for the remaining time course, which 

could be a result of the reduction in viability. 

When LIP is added in addition to RSL3, the effect of RSL3 on ROS production 

is completely attenuated in all cell lines. In the macrophage cell lines, although 

there is death and rescue observed at certain timepoints and concentrations, 

this is not as consistently observed as with HT29 cells. 

These results suggest that macrophages are less sensitive to changes in ROS 

than HT29. This could be linked to the inflammatory nature of these cells 

compared to the HT29. Indeed, macrophages and other phagocytes are 

known to being able to regulate and achieve self-protection against oxidative 

stress, which is at points a necessary mechanism for an effective inflammatory 

response. An oxidative burst, which is not unique to macrophages, involves a 

production of ROS which is essential to kill bacteria by oxidative stress directly, 
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or by activating other non-oxidative microbicidal effectors279–281. Following this 

acute phase of inflammation, the macrophages enter a resolution stage where 

they undergo a lipid mediator switch, producing specialised pro-resolving 

mediators282. HT29 do not seem to be as resistant to ROS increase as 

macrophages, but macrophages may become “exhausted” at later timepoints, 

which leads to a ROS-independent cell death. 

The effect of the addition of iron on ROS was also assessed in the different 

cell lines, as iron-interaction is more clinically relevant than pharmacological 

treatment. In HT29 the change in ROS when iron was added was not 

significantly different from the RSL3 treatment. In contrast both macrophage-

like cell lines showed a significantly greater increase in ROS with iron 

compared to RSL3 10μM. This observation does not correlate clearly with the 

reduction in viability, as neither macrophage cell lines are rescued following 

LIP, even if ROS are decreased to media level. This could be linked again to 

the inflammatory nature of macrophages. Uptake of iron by macrophages is 

observed in a pro-inflammatory environment when pathogens are present, so 

to limit iron availability needed for replication116,128. ROS production then acts 

as a signalling molecule to develop a pro-inflammatory response against the 

pathogens. However iron-induced ROS can become damaging if the system 

is overwhelmed, leading to irreversible cytotoxicity283. 

In all three cell lines, iron with RSL3 led to an increase of ROS, especially at 

early timepoints, compared to not-iron treated cells. The differences between 

cell lines may be linked to the changes in viability, as the lowest levels of ROS 

were observed in HT29 which undergo ferroptosis at early timepoints. 

Oppositely, THP1 had the highest level of ROS, which was not clearly linked 

to a reduction in viability.  

Overall, this relative sensitivity to iron when it comes to ROS production for the 

macrophage cell lines may be linked to their role in immunity. Macrophages 

are highly heterogeneous and adapt to their environment. Some macrophage-

phenotype are specialised in iron recycling, particularly M2-like macrophages, 

and M1-like macrophages tend to store iron to limit its access to 
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pathogens113,116. This plasticity is achieved by differential expression of 

receptors. A better characterisation of the macrophages is necessary, not only 

by analysing receptors expression, but also through functional assays. This 

may elucidate further the effect of iron and whether the loss in viability following 

iron loading is associated with specific protective mechanism rather than an 

overwhelming of ROS. For example, chronic iron loading has been shown to 

impair bacterial killing by blocking lysosomal acidification in pro-inflammatory 

macrophages115, whereas HO-1, the heme-degrading enzyme is elevated in 

M2-like macrophages, leading to an increased production of anti-inflammatory 

cytokines284. Analysis of their killing ability and their cytokine production would 

have completed the picture further.  

5.3.5 CD71 and ferroptosis 

The only receptor that has been shown to be a marker of ferroptosis is CD71, 

the transferrin receptor206. It was shown that cells treated with 1μM RSL3 had 

a significant higher expression of CD71 after 4 hours, compared to cells treated 

with media. As HT29, RAW and THP1 were not used in this paper, the level of 

CD71 was assessed through flow cytometry for different concentrations of 

RSL3 and at different timepoints. Although Fc block was used in different ways, 

THP1 cells did not achieve significant staining against the control isotype and 

are therefore not discussed. Comparing HT29 and RAW cells however is not 

very straightforward. Indeed, HT29 present a CD71 negative population, 

whereas RAW cells are overall CD71 positive. The cells are also derived from 

two different species, increasing the level of complexity of the comparison. 

For both HT29 and RAW cells, only the lowest concentration of RSL3 led to 

an increase in CD71 in CD71+ cells at early timepoints. This could be 

associated with the more prominent reduction in viability at higher 

concentrations and at later timepoints. 

When iron is added to HT29, an increase in CD71 levels is observed at 2 hours 

when considering CD71+ cells. RAW cells on the other hand have a 

significantly higher level of CD71 when treated with iron compared to no iron 

at most timepoints, similarly to the 1μM RSL3 results (all but the 24-hour one). 
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However, the increase in the presence of iron is greater, suggesting that the 

role of CD71 as an iron receptor may be more important than its role as a 

marker of ferroptosis. This increase may also be linked directly with the higher 

level of ROS observed in this cell line compared to the HT29, if iron entered 

the cell bound to transferrin.  

5.3.6 Differences and similarities between RAW, THP1 and 

alveolar macs  

RAWs, THP1 and BAL-derived alveolar macrophages behave differently when 

their ability to undergo RSL3 or iron-induced ferroptosis is assessed. In 

contrast to the observations with RSL3, RAW cells exhibit large increases in 

ROS and are as susceptible to cell death with iron treatment as HT29 cells, 

although a proportion of this death is due to apoptosis. THP1 cells remain 

relatively resistant to iron-associated death despite exhibiting high levels of 

ROS with iron treatment compared with RSL3. This latter phenotype may be 

analogous to alveolar macrophages that exhibit high iron content but remain 

functionally viable. However, even in alveolar macrophages, RSL3 10uM 

caused cell death at 24 hrs. This cell death was not rescued by LIP1 and 

seemed mostly through apoptosis not ferroptosis.   

Due to limited availability of fresh alveolar macrophages, these experiments 

were in small numbers of patients and would benefit from increased sample 

size. Apoptosis inhibitors could be used to check whether RSL3-induced 

ferroptotic cell death could be caused in these clinically relevant samples, thus 

confirming whether this is just a transient state of ferroptosis in this primary 

cell. RSL3 does not lead to an increase in apoptosis in RAW cells, suggesting 

a different mode of cell death following RSL3 treatment between the two cell 

lines. 

Studies on proliferation rate and its effect on ferroptosis induction could have 

also helped elucidate some differences between these cells. Indeed, 

differentiated THP1 and BAL-derived AM are both not very proliferative, 

whereas RAW cells are a non-differentiated cancer cell line which is highly 
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proliferative. This could have an impact on the metabolism of the cells and 

consequent time-dependent changes following treatments. 

When focusing on the macrophage-like cell lines, differences can be explained 

by two main reasons. Firstly, the origin of the cells as RAW cells are murine 

macrophages and THP1 are of human origin. Secondly, RAW cells are 

proliferating cells that require splitting and adhere in basal conditions. Whereas 

THP1 are monocyte-like cells in suspension, which are PMA treated to 

become differentiated and less-proliferating. Senescent cells were found to be 

more resistant to ferroptosis, thus a proliferation marker could have been used 

to compare the two macrophagic cell lines285. A full characterisation of these 

cells, by studying their receptors expression, or a polarisation study, thus 

treating the cells with cytokine leading to either a pro-inflammatory or anti-

inflammatory characterisation, would have ensured phenotypical similarity 

between these cells.  

Noticeably, not only polarisation of macrophages may lead to different ROS-

sensitivity, but the different levels of ROS may lead to different macrophage 

phenotypes. In the literature ROS seem to promote an anti-inflammatory 

polarisation, characterised by an increased arginase-1 activity, leading to a 

reduction in ROS286,287. Interaction with apoptotic bodies leads anti-

inflammatory macrophages to an instability of NADPH oxidase Nox2 mRNA, 

which leads to further defects in ROS production288. This loss of NADPH 

oxidase has also been shown to have implications in diseases like diabetes289. 

Nevertheless, the production of ROS, following RSL3 treatment, is very quick 

(2-4 hours) which may suggest that the changes in macrophage phenotype 

may only be significant at later stages. A characterisation of key phenotypic 

receptors, such as CD163 and CD86, at different timepoints following RSL3, 

could have clarified any possible changes, both across the two lines, but also 

within the same one.  
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5.3.7 RSL3 and iron-induced ferroptosis 

Although RSL3 and iron-induced ferroptosis should have overlapping 

mechanisms, both involving an increase in ROS which leads to cell death, they 

seem to induce different levels of ferroptosis depending on the cell of interest. 

The impact of the treatments on the different cell lines is summarised in Table 

5.3.7-1. Overall, HT29 are more sensitive to ferroptosis than macrophages. In 

particular, HT29 are more sensitive to RSL3 compared to iron, but 

macrophages are more sensitive to iron rather than RSL3.  

Table 5.3.7-1 – Table summarising the effect of the RSL3 and FAS treatments on the different 
cell lines. 

Treatment: RSL3 FAS 

Cell line: HT29 RAW THP1 HT29 RAW THP1 

Sensitivity to treatments leading to changes in: 

Ferroptosis High Medium Low High High Low 

Rescue with 

LIP1 
Yes Partial Partial Yes No No 

Apoptosis No Low High No No No 

ROS High High High Low High High 

 

RSL3 leads to a similar increase in ROS for all three cell lines, where over 1.5-

fold change to media is observed for all three concentrations of RSL3. 

However, this does not correlate to reduction in cell viability, as a 70% 

reduction is observed in HT29 but only a 10-20% decrease is observed in 

macrophages within 6 hours. Viability is lost in macrophages later at 24 hours, 

with a 70% decrease achieved.  

In contrast, iron treatment causes a greater increase in ROS in macrophages, 

which is not observed in HT29. Although this 3.5-4-fold increase is observed 

in macrophages, cell death is not correlated clearly, suggesting that 
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macrophages are less sensitive to ROS increase compared to HT29. As 

discussed previously, this is probably linked to their immunological role.  

RSL3 induced ferroptosis seems to cause a significant level of apoptosis in 

THP1 at early timepoints, which is then substituted by the PI+ population. Low 

levels of apoptosis are observed with RSL3 treatments in the other cell lines. 

Iron treatment does not cause any significant changes in apoptosis levels in 

all cell lines, at all timepoints.  

5.4 Limitations  

The first limitation is the lack of a specific and consistent marker for ferroptosis 

across cell lines. To determine ferroptosis a combination of viability, exclusion 

of apoptosis, ROS production and CD71 levels were used, all hallmarks of this 

relatively novel pathway. CD71 expression was not consistent, possibly due to 

the timings and concentrations of drugs used, in contrast to other studies206. 

Ferroptosis  is not the only pathway that incurs death following an increase in 

ROS290,291. Apoptosis was excluded by staining with Annexin V but other 

markers of apoptosis including caspase activation were not assayed. Further 

studies could have been carried out by inhibiting apoptosis chemically, by for 

example a pan-caspase inhibitors such as QVD-OPh292. Necroptosis could 

have been excluded by the use of necrostatin-1 or Oxa12293,294. 

The source of ROS is also important to the resulting cell death. Ferroptosis 

involves the oxidation of PUFA by intracellular ROS. Mitochondrial ROS can 

cause oxidative stress leading to late stage necrosis, but they are also involved 

cell death signalling in the initiation phase of apoptosis295. Although ferroptosis 

is induced by general inhibition of GPX4 and consequent production of ROS, 

studies have shown that mitochondrial rescue was able to prevent RSL3-

induced cell death, highlighting the importance of the mitochondria in this form 

of cell death296. Studying macrophages’ mitochondria and their ROS 

production may not only characterise ferroptosis induction further, but also 

elucidate the sensitivity to iron in the cell lines, and the incongruent 

observations in clinical samples. A study of the peroxidation of PUFAs focusing 
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on the enzymes concentrations and activity, such as phosphorylase kinase 

G2, and the hydroperoxides levels involved, could have also highlighted 

mechanisms involved in the different cell lines297.  

It was hypothesised that the GPX4 substrate level would accumulate following 

ferroptosis induction by RSL3, in contrast with observed reduction due to 

cysteine starvation through erastin induction298. However, GSH levels were not 

clearly changed in HT29 and RAW cells, a significant increase compared to 

LIP1 treated cells was observed in the latter cell type. Further optimisation with 

a sub-lethal dose of RSL3 in all three cell lines would elucidate this relationship 

further. 

Another factor that could have been assessed to determine ferroptosis would 

have been the iron levels. Although this was attempted with Prussian blue, this 

was not sensitive for small changes in iron to be observed. ICP-MS or an iron 

probe, such as TRX-puro, could have been used to assess these 

differences299.  

Changes in morphology could have been observed. In contrast to other form 

of cell death, ferroptosis is characterised by increased mitochondrial 

membrane density and an overall cell volume shrinkage, the latter clearly 

visible in the Prussian blue staining of cells190. 

Another limitation, previously discussed, is the polarisation of macrophages. 

This could have ensured that the macrophages were more clinically relevant. 

Moreover, a comparison between polarisations sensitivity to ferroptosis could 

have identified differences between types, with the hypothesis being that M2-

like macrophages, thus more similar to the iron-loaded fibrotic alveolar 

macrophages were less sensitive to ferroptosis than M1-like, pro-inflammatory 

macrophages.  

Finally, the more technical limitation is related to the confluency and numbers 

of cells used. The three different cell lines have different proliferation rates and 

different adhesion characteristics. The number of cells plated was optimised 

for each cell line, but the confluency was inherently different. A study by Wu et 
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al., (2019) showed that intercellular interactions (as well as intracellular NF2-

YAP signalling) affected ferroptotic death. Indeed, in HCT116, a human colon 

cancer cell which represents a different extent of differentiation to HT29, higher 

cell confluence led to ferroptotic resistance300. 

5.5 Conclusions 

RAW and THP-1 macrophages were relatively resistant to ferroptosis 

compared to HT29 cells. RSL3 and iron generate ROS in macrophages and 

induce both ferroptosis and, particularly in THP-1 cells, apoptosis.  
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5.6 Appendix 

5.6.1 Appendix 5.6.1 
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5.6.2 Appendix 5.6.2 

Graphs showing percentage of viable, apoptotic and late stage (A) HT29, (B) 

RAW and (C) THP1 cells over time following treatment with either media or 

RSL3. 
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5.6.3 Appendix 5.6.3 

Graphs showing percentage of viable, apoptotic and ferroptotic of (A) HT29, 

(B) RAW and (C) THP1 cells pre-treated with iron and then with either media 

or RSL3 at different concentrations. 

 

Completed timecourses showing statistical differences between only iron, 

RSL3 and the combination of treatments.  
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5.6.4 Appendix 5.6.4 

Cells were treated with iron for 2 hours and then with either media or RSL3 at 

different concentrations for different timepoints in (A) HT29, (B) RAW and (C) 

THP1 cells. Graphs show ROS levels normalised to media (with no iron).  
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5.6.5 Appendix 5.6.5 

Complete timecourses for the different cell lines when treatment of iron is 

compared to iron+LIP1 or no iron. 

HT29  

 

 

 

Effect of LIP1 on iron loaded HT29 cells 
on ROS production (A) and viability (B), 
compared to media with and without 
iron. The samples were tested for 
normality and a 2way ANOVA, with 
Tukey’s multiple comparison test, 
performed. * p<0.05, ** p<0.01, *** 
p<0.001. Error bars = SD. 
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RAW 

 

 

  

Effect of LIP1 on iron loaded RAW cells on 
ROS production (A) and viability (B), 
compared to media with and without iron. 
The samples were tested for normality 
and a 2way ANOVA, with Tukey’s multiple 
comparison test, performed. * p<0.05, ** 
p<0.01, *** p<0.001. Error bars = SD. 
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THP1 

  

 Effect of LIP1 on iron loaded THP1 cells on 
ROS production (A) and viability (B), 
compared to media with and without iron. 
The samples were tested for normality and a 
2way ANOVA, with Tukey’s multiple 
comparison test, performed. * p<0.05, ** 
p<0.01, *** p<0.001. Error bars = SD. 
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5.6.6 Appendix 5.6.6 

Gating strategy for BAL cells showing identification of single cells and AnxV/PI 

quadrants strategy identifying viable, apoptotic and late stage necrotic cells. 
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Chapter 6 - Discussion and Conclusion 

6.1 Summary 

This thesis showed that increased iron loading in alveolar macrophages, 

determined by Golde score, is independently associated with the presence of 

fibrosis. Additionally, this increased iron level is also associated with IPF 

diagnosis over a diagnosis of unclassifiable fibrotic ILD. Some differences in 

alveolar macrophages between these two diseases were identified through 

qPCR, with IPF relatively presenting an iron exporting phenotype. 

Golde score was not associated with disease progression and indeed higher 

scores had an independent but weak association with non-progression. No 

FDR-adjusted significant differences (P<0.1) were identified at the 

transcriptomic level between progressors and non-progressors. 

Iron loading in cells has been shown to lead to ferroptosis. However, the 

alveolar macrophages in fibrotic ILD, which are loaded with iron, are viable. 

Induction of ferroptosis through RSL3 or exogenous iron showed relative 

insensitivity in two macrophage cell lines, compared to HT29, an epithelial cell 

line. In human macrophages (both PMA-differentiated THP1 and patient-

derived), RSL3 treatment led to both ferroptosis and apoptosis. Exogenous 

iron led to greater increase in ROS in macrophages compared to HT29, but 

this did not result in reduced viability, reflecting the ability of macrophages to 

handle increased ROS levels. 

6.2 Iron and ILD   

The role of iron in lung disease pathology has been a topic of interest in recent 

years. The transferrin receptor (CD71) and increased iron in alveolar 

macrophages have both been implicated in pulmonary fibrosis pathogenesis. 

BAL-derived alveolar macrophages from pulmonary fibrosis patients and 

murine models have indeed been shown to have an overall increased CD71 

expression associated with higher iron, while displaying an altered phenotype 

in disease111. IPF patients derived BAL cells have also shown an increased 

iron-dependent ROS generation compared to control, which is associated with 
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a pro-inflammatory, tissue remodelling and angiogenic phenotype110. Another 

study has identified a CD71 negative macrophage population in IPF, 

representing approximately 6% of all airway macrophages, and linked it to 

worse prognosis112. This population was also defined by an increase in 

classical monocyte activation marker, CD14, suggesting that it was indeed 

monocyte derived. Previous studies in the Hirani lab have also been able to 

stratify progression through the CD71+ population when considering a high 

and low expression level175. Increased progression of ILD, thus worse 

prognosis, was associated with a higher expression of CD71. The CD71 

negative population was not considered in these studies.  

In this thesis, iron loading was shown to be associated with fibrosis 

independently of other clinically relevant variables. It was also independently 

associated with an IPF diagnosis over an UNC one. Although some differences 

are shown in macrophage phenotype, with IPF alveolar macrophages showing 

an iron exporting phenotype, further studies at the protein and functional level 

may have aided in improving this characterisation. The difference in iron levels 

between fibrotic and non-fibrotic ILD is a novel finding. 

Levels of iron and expression of associated proteins have been linked to 

different macrophage polarisations, in turn associated with different roles in 

wound healing233,301. Understanding if iron loading in alveolar macrophages is 

associated with a pro-fibrotic or protective phenotype, may help clarify the role 

of macrophages in fibrosis pathogenesis and identify therapeutic avenues. 

CD71+ macrophages have been shown to exhibit a phenotype that is plausibly 

protective in fibrosis (with a reduced Mmp9 and increased Timp1) with CD71 

negative cells showing a pro-fibrotic phenotype111,112. In the bleomycin model, 

the iron chelator DFO led to a decrease in the CD71 positive population and 

an improvement of lung fibrosis, in contrast with the protective role attributed 

to CD71+ cells111. However, DFO has been shown to have antioxidant 

properties and is able to activate the hypoxia-inducible factor signalling 

pathway as well, which could lead to suppression of pathological 

features302,303. The use of DFO in this context highlights the complexity of iron 

metabolism in pulmonary fibrosis and the need for further studies.  
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Another study using the anti-fungal clioquinol, which acts as an iron chelator, 

showed inactivation of fibroblasts leading to attenuation of bleomycin-induced 

PF304. In IPF compared to control patients, Pantopoulous et al. (2008), 

identified an increase in allelic variants of the HFE gene, which resulting 

protein normally leads to the inhibition of the transferrin receptor and 

degradation of ferroportin305. This was also associated with an increased iron-

dependent ROS generation, possibly triggering microscopic injury leading to 

fibrosis as previously identified306. Antioxidants are able to dampen this 

exaggerated ROS production and it is one of the mechanisms that Pirfenidone, 

one of the two drugs approved for IPF, is thought to act through307,308. Although 

patients with HFE mutations are likely to develop liver fibrosis, lung fibrosis is 

not observed. This is likely to be linked to the high levels of iron and overall 

role of the liver when it comes to iron metabolism. Indeed, HFE mutations are 

known to hamper hepcidin release by hepatocytes, leading to inadequate 

inhibition of ferroportin and overall increase of iron309. HFE knockouts in 

murine models however lead to increased iron and fibrosis in the lungs111. 

Current knowledge and understanding of the relationship between iron, 

macrophages and fibrosis therefore remain controversial and unclear.  

When looking at progression of pulmonary fibrosis in this study, iron loading 

was significantly higher in non-progressors compared to progressors. Lower 

Golde score was associated with progression independent of any other 

variables, but the associated risk was very small. BAL cells transcriptome 

between progressors and non-progressors and iron-regulatory genes were not 

significantly different in this small study. As iron loading was independently 

associated with IPF and fibrosis, and they in turn are associated with a worse 

prognosis compared with non-fibrotic ILDs, an increased iron load would have 

been expected to be linked to worse prognosis (and progression). These 

observations require a larger sample size, ideally with an independent 

validation cohort before firm conclusions can be drawn. 
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6.2.1 Iron detection methods 

Iron detection can be carried out through different techniques but is highly 

dependent on the nature of the sample. It can be carried out directly, through 

iron-sensitive probes or staining, or indirectly, using chelators or assessing 

changes in relevant genes. In this study four different methods were tested to 

directly assess levels of iron, summarised in Table 6.2.1-1. 

Prussian blue is a histochemical stain that uses a semi-quantitative method to 

assess the levels of iron in cells, the Golde Score. This is based on a subjective 

scoring of the cells, which validity was demonstrated in this study by assessing 

it across slides of the same patient on different days. The main reason this was 

used as the baseline for iron assessment in patient samples is due to the ability 

of carrying this out systematically on historical samples, with a high success 

rate and clear results.  

TRX-puro (from the Spangler lab) was used on fixed cells which were 

previously incubated with the probe. Following immunohistochemistry these 

could be imaged and analysed with high-throughput microscope. Although the 

method was relatively complex and lengthy compared to the other three iron 

detection methods, the results were sensitive and specific to the cells of 

interest. The analysis software, Columbus, can be used to identify features of 

interest in the cells. Nevertheless, the probe incubation and staining protocol 

limits the ability to use this routinely. 

FIP-1 on the other hand is a fluorescent probe which can only be used in live 

cells and is very quick acting. It can then be either directly imaged or assessed 

through flow cytometry, leading to a high-throughput and quantitative result. 

This has the potential to be used in vivo.  

ICP-MS is an analytical method that can be used on frozen cells and fluids, 

such as BAL fluid. This form of mass spectrometry is used to detect trace 

elements and therefore gives a very accurate measurement of iron levels 

within the cells. This was however used on BAL cells aliquots, thus containing 

other inflammatory cells as well as macrophages. Selection of alveolar 



 

180   

macrophages prior freezing may have improved the characterisation of these 

aliquots.  

Table 6.2.1-1 - Comparison between different methods of iron detection 

 
Prussian 

Blue 
ICP-MS TRX-Puro FIP-1 

Type  
Fixed cells 

(historical) 

Frozen cells 

BALf 
Fixed cells Live cells 

Iron state Fe3+ Fe2+/ Fe3+ Fe2+ Fe2+ 

Applications 
Brightfield 

Imaging   
Fluorescence 

Imaging 

Fluorescence 

Imaging, Flow 

Cytometry 

Sensitivity 
Semi-

quantitative 
Very high 

High 

throughput 

High 

throughput 

Translatable No No No Yes 

Time 1 hour 2 hours 6 hours <1 hour 

 

Iron exists in two states: the ferrous state (Fe2+) and the ferric state (Fe3+). 

Prussian blue detects Fe3+, whereas the two probes detect Fe2+. ICP-MS 

detects iron as a whole (56Fe) thus assessing both states. Although this will 

influence the levels of iron detected in the cell, labile iron continuously switches 

between the two states based on the pH and oxidising condition of the cell. 

Iron can be bound to proteins in both forms: transferrin binds ferrous iron, 

ferritin binds ferric iron, and heme can bind both forms. Due to iron ions 

instability and the different levels of proteins, iron levels alone may not be 

enough to understand the iron-state of the cell. Therefore, comparing these 

techniques, as well as assessing the proteins expression, is key to gather a 

better picture of the cellular iron metabolism.  

6.2.2 Ferroptosis and ILD 

Ferroptosis is an iron-dependent form of regulated cell-death181. It involves an 

increase of iron which causes an increase in ROS and associated oxidative 

stress, leading to cell death. In this study, it was hypothesised that 

macrophages, which have been shown to have an increased iron loading in 

pulmonary fibrosis, are resistant to ferroptosis thus remaining viable in the 
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alveolar space. This could lead to the macrophages being malfunctional in vivo 

and lead to fibrosis development.  

In this study, it was demonstrated that macrophages can undergo ferroptosis 

but are less sensitive to its induction compared to HT29, an epithelial cell line. 

RSL3 is a GPX4 inhibitor that has been shown to induce ferroptosis in different 

cell lines. This inhibition blocks the enzyme’s ability to use the potent 

antioxidant GSH to protect cells against lipid peroxidation. This leads to an 

increased ROS and consequent death. Increased oxidative burden has been 

associated in IPF and a reduction in sputum and plasma GSH has been 

shown310. The relative amount of ROS in alveolar macrophages in ILD has not 

been determined and could improve the characterisation of ferroptosis in these 

cells. 

When RSL3 is used on PMA-differentiated THP1 cells, this led to both 

ferroptosis and apoptosis (defined as AnxV+PI- cells), and was not clearly 

rescued by LIP1, an established antioxidant able to rescue viability following 

ferroptosis induction. This increase in apoptosis was also shown in BAL cells 

following RSL3 treatment. In the initial studies of ferroptosis using erastin, 

apoptosis was excluded through the identification of different morphological, 

biochemical and genetic features. Other studies have shown AnxV+ staining 

in Jurkat cells following RSL3 treatment. Exposure of phosphatidylserine has 

been shown in other forms of cell deaths, such as necroptosis, and therefore 

it should not be used alone to define apoptosis311,312. Using apoptosis inhibitors 

and other morphological and biochemical markers of apoptosis, may have 

elucidated whether the macrophages were indeed undergoing apoptosis 

rather than ferroptosis. 

Loading the cells with iron (FAS) led to a significant increase in ROS 

production by macrophages, which was not as striking in HT29 cells. Although 

this led to a significant reduction in viability in both HT29 and RAW cells, this 

was not as clear in THP1-derived macrophages. As discussed previously, this 

is likely to be linked to the ability of macrophages to regulate and withstand 

high levels of oxidative stress, for example during an oxidative burst during 
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inflammation279,313.  Different macrophage phenotypes have been shown to 

have differential sensitivity to ferroptosis313. A better characterisation of the 

macrophage phenotypes involved in fibrosis development, but also their level 

of GPX4 and associated activity, may help understand their role in different 

diseases.  

The differences observed between macrophages are likely to be linked to their 

proliferation rate as well. Indeed, RAW macrophages are highly proliferative, 

whereas, once differentiated with PMA, THP1 cells are less so. This is linked 

to a slower metabolism, which can have an impact on how the cell handles 

iron and compounds. Different rates of proliferation can lead to different 

degrees of confluency in vitro. Confluency and cell density, a process 

regulated by the Hippo-YAP/TAZ pathways, has been shown to be a key 

determinant of ferroptosis sensitivity in cell lines314. Some efforts were carried 

out to characterise this pathway in these cell lines but were unsuccessful.  

6.3 Future directions 

Most of the cellular characterisation of the macrophage results was carried out 

through qPCR. Limited understanding of the protein characterisation and 

functionality of these cells has been demonstrated. Indeed, polarisation of 

macrophages may have an impact on iron loading and ferroptosis sensitivity. 

Future studies should focus on characterising these further through flow 

cytometry, western blotting, and assays such as phagocytosis or autophagy 

assays. Using supernatants and BAL fluid to demonstrate further functions and 

molecular signatures would also improve the context of these findings.  

BAL-derived cells were not readily available and therefore validation of 

techniques and experiments was limited. Experiments could have been carried 

out to characterise progression further. Increasing the RNAseq numbers, while 

also considering the different diagnosis and control samples, may have 

identified significant DEGs, which could have then been tested and validated 

further. 
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Using sensitive iron probes in live cells may have helped elucidating changes 

following ferroptosis induction and understand the role of iron further. 

Optimisation and experiments looking at iron chelators and the effect that 

these have on the induction of ferroptosis, both in cell lines and primary cells, 

may help understand the role of iron in the production of key cytokines and 

pathogenesis. Other ferroptosis inducers, such as erastin, as well as other cell 

deaths inhibitors, such as zVAD-fmk or Nec-1, and high-resolution imaging, 

would have clarified what kind of death the cells are undergoing.  

Studies focusing on other cellular features of ferroptosis may help 

understanding this further. For example, studying the changes observed 

during the oxidation of polyunsaturated fatty acid-containing phospholipids 

may have identified differences between macrophages linked to their 

sensitivity. Thorough assessment of iron metabolism could have also aided in 

understanding the iron loading but lack of cell viability reduction314. 

When comparing cell lines, cell proliferation rate was not considered. This is 

likely to have an impact on overall metabolism (thus sensitivity to drugs and 

iron turnover) but also to levels of confluency in vitro, which was shown to play 

a role in ferroptosis sensitivity.  

Finally, there is no single markers available to detect ferroptosis in cells and 

therefore a combination of markers and cellular changes were used. Ideally 

future studies will identify a key marker that can be used to detect ferroptosis 

independently.   
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