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Abstract 
 
 

The incidence of asthma is rising, posing a significant economic burden worldwide. 

Despite treatment advancements, some asthmatics remain unresponsive, highlighting the need 

for a deeper understanding of asthma pathogenesis. Macrophage migration inhibitory factor 

(MIF) is a pro-inflammatory cytokine with a central role in the innate immune system and 

asthma development. A functional ‘CATT’ polymorphism controls MIF expression in the 

human population. The role of a high expressing CATT7 allele in asthma is currently unknown. 

Repetitive inhalation of airborne allergens such as house dust mite (HDM), damages the airway 

epithelium and trains the innate immune system over time, inducing epigenetic changes. The 

influence of the MIF polymorphism on innate immune training remains unexplored. 

Mesenchymal stromal cells (MSCs) can respond and communicate with their surrounding 

microenvironment. The impact of endogenous human MIF on MSC licensing and its functional 

role in MSC therapeutic efficacy is undocumented. Using novel humanised MIF mice, this 

study is the first to elucidate the role of the human MIF CATT7 allelic variant in a model of 

allergic airway inflammation. High expression of human MIF exacerbated HDM-induced 

asthma pathophysiology in CATT7 mice, identified by measuring changes in histology, Th2 

cytokines and respiratory mechanics. MIF-licensed MSCs exhibited enhanced cytoprotective 

function, promoting airway epithelial wound closure in a VEGF-dependent manner. Moreover, 

this thesis illustrates the first evidence of innate training in macrophages from high human MIF 

expressing CATT7 mice, which was suppressed with MSC co-culture using transwell inserts. 

This research is of upmost clinical and translational importance, as the generation of this robust 

humanised MIF mouse model can facilitate the future development of treatments for MIF-

dependent diseases, like asthma. Furthermore, this cutting-edge research makes a substantial 

contribution to the field of cellular therapy, paving the way for MSC application in high MIF-

expressing patients, where these cells can modulate an over-active immune response, 

suppressing excessive, pathogenic inflammation. 

 
 



  xv 

Publications arising from this thesis:  
 
Dunbar, H., Weiss, D. J., Rolandsson Enes, S., Laffey, J. G., & English, K. (2021). The 

Inflammatory Lung Microenvironment; a Key Mediator in MSC Licensing. Cells, 10(11), 

2982. https://doi.org/10.3390/cells10112982. 

 

*Published – FASEB J* 

*Dunbar, H., *Hawthorne, I. J., Tunstead, C., Armstrong, M., Donnelly, S. C., English, K. 

(2023). Blockade of MIF biological activity ameliorates house dust mite-induced allergic 

airway inflammation in transgenic humanised MIF mice. (Chapter 2) 

 

*In preparation* 

Dunbar, H., Armstrong, M., Donnelly, S. C., English., K. MIF-licensing of mesenchymal 

stromal cells augments their ability to protect and repair airway epithelial damage in vitro. 

(Chapter 3) 

 

*In preparation* 

Dunbar, H., Armstrong, M., Donnelly, S. C., English., K. Mesenchymal stromal cells  

modulate macrophage polarisation and innate immune training in transgenic mice expressing 

human MIF polymorphism. (Chapter 4) 

 
 
Publications from this project not depicted in thesis:  
 
*In review – Molecular Therapy* 

*Hawthorne, I. J., *Dunbar, H., Armstrong, M., Donnelly, S. C., English., K. (2023). MIF-

licensing enhances MSC therapeutic efficacy in a house dust mite-induced allergic airway 

inflammation in transgenic humanised MIF mice. 

 
* denotes joint first author’s. 
 
Publications arising from collaborations: 
 
Carty, F., Dunbar, H., Hawthorne, I. J., Ting, A. E., Stubblefield, S. R., Van't Hof, W., & 

English, K. (2021). IFN-γ and PPARδ influence the efficacy and retention of multipotent adult 

progenitor cells in graft vs host disease. Stem cells translational medicine, 10(11), 1561–1574. 

https://doi.org/10.1002/sctm.21-0008. 

https://doi.org/10.3390/cells10112982
https://doi.org/10.1002/sctm.21-0008


  xvi 

Corbett, J. M., Hawthorne, I., Dunbar, H., Coulter, I., Chonghaile, M. N., Flynn, C. M., & 

English, K. (2021). Cyclosporine A and IFNγ licensing enhances human mesenchymal stromal 

cell potency in a humanised mouse model of acute graft versus host disease. Stem cell research 

& therapy, 12(1), 238. https://doi.org/10.1186/s13287-021-02309-6. 

 
 
*Gallagher, C., *Mahon, J. M., *O'Neill, C., Cassidy, F. C., Dunbar, H., De Barra, C., Cadden, 

C., Pisarska, M. M., Wood, N. A. W., Masterson, J. C., McNamee, E. N., Schrumpf, E., English, 

K., O'Shea, D., Tobin, A. M., & Hogan, A. E. (2022). Mucosal-Associated Invariant T Cells 

Are Altered in Patients with Hidradenitis Suppurativa and Contribute to the Inflammatory 

Milieu. The Journal of investigative dermatology, S0022-202X(22)02839-1. Advance online 

publication. https://doi.org/10.1016/j.jid.2022.11.011. 

 

Conference Proceedings: 

 

Presentations: 

 

Development of a Novel Pre-clinical Model of House Dust Mite Induced Allergic Airway 

Inflammation Using Transgenic Mice Expressing Human MIF. Irish Thoracic Society Annual 

Meeting. December, 2022. 

 

MIF Polymorphism alters MSC Efficacy in Asthma. Maynooth University Research Day, May, 

2022. 

 

MSCs Reduce Allergic Airway Inflammation in Humanised MIF Mice. MIF Virtual Seminar 

Series 2021, Structure, Biology and Disease of MIF Proteins. Oct, 2021. 

 

MIF inhibitor ISO-1 attenuates house dust mite induced allergic airway inflammation in a 

humanised MIF expressing mouse model. Maynooth University Seminar Series. Sept, 2021. 

 

The role of MIF in Mesenchymal Stromal Cell Licensing. Maynooth University Seminar 

Series. Oct, 2019. 

 

https://doi.org/10.1186/s13287-021-02309-6
https://doi.org/10.1016/j.jid.2022.11.011


  xvii 

Influence of MIF on Mesenchymal Stromal Cell Therapeutic Efficacy. Maynooth University 

Seminar Series. Jan, 2019. 

 

Posters: 

 

Dunbar, H., Donnelly, S., English, K. Mesenchymal stromal cell therapeutic efficacy and 

macrophage memory are enhanced by human MIF in allergic airway inflammation. Maynooth 

University Research Day. May, 2023. 

 

Dunbar, H., Hawthorne, I.J., Donnelly, S., English, K. Development of a novel preclinical 

allergic asthma model using transgenic mice expressing human MIF. Irish Society of 

Immunology Annual Meeting. Dec, 2022.  

 

Dunbar, H., Hawthorne, I. J., Armstrong, M., Donnelly, S., English, K. MIF enhances 

mesenchymal stromal cell efficacy in allergic airway inflammation. British Society of 

Immunology Annual Meeting. Dec, 2022.  

 

Dunbar, H., Hawthorne, I. J., Donnelly, S., English, K. MIF polymorphism alters MSC 

efficacy in asthma. Maynooth University Research Day. May, 2022.  

 

Dunbar, H., Hawthorne, I. J., Donnelly, S., English, K. Mesenchymal stromal cells reduce house 

dust mite induced allergic airway inflammation in a humanised MIF expressing mouse model. 6th 

European Congress of Immunology. Virtual Meeting, 2021. 

 

Hawthorne, I. J., Dunbar, H., Donnelly, S., English, K. Mesenchymal stromal cells reduce 

house dust mite induced allergic airway inflammation in a humanised MIF expressing mouse 

model. Lung Science Conference, European Respiratory International Congress. Virtual 

Meeting, 2021. 

 
Dunbar, H., Hawthorne, I. J., Donnelly, S., English, K. Investigating the influence of MIF on 

mesenchymal stromal cell therapeutic efficacy. British Society of Immunology Annual Meeting. 

Dec, 2019. 

 

 



  xviii 

Awards Received: 
 

 

Best Oral Presentation - MIF Polymorphism alters MSC Efficacy in Asthma. Dunbar, H., 

Hawthorne, I. J.,  Donnelly, S., English, K. Maynooth University Research Day. 2022. 

 

Distinguished Poster - Development of a novel preclinical allergic asthma model using 

transgenic mice expressing human MIF. Dunbar, H., Hawthorne, I.J., Donnelly, S., English, 

K. Irish Society of Immunology Annual Meeting. Dec, 2022.  

 

Distinguished Poster - Mesenchymal stromal cells reduce house dust mite induced allergic 

airway inflammation in a humanised MIF expressing mouse model. Hawthorne, I. J., Dunbar, 

H., Donnelly, S., English, K. Lung Science Conference, European Respiratory International 

Congress. Virtual Meeting, 2021. 

 

Runner up in 3 Minute Thesis Competition - Title: Asthma Research; It’s Breath-Taking. 

Maynooth University, 2019. 

 

Travel Bursary - Irish Society of Immunology/European Federation of Immunological 
Societies, 2021. https://www.efis.org/   

  
 

 

 

 
 

 

 

 

 

 

 

 

 

 

https://www.efis.org/


  xix 

Abbreviations 
 

AD  Adipose 
AHR  Airway Hyperresponsiveness 
AIRE  Asthma Insights and Reality in Europe 
ARDS  Acute Respiratory Distress Syndrome 
ARG1  Arginase 1 
A549  Adenocarcinomic Human Alveolar Basal Epithelial Cells 
BALF  Bronchoalveolar Lavage Fluid 
BCG  Bacillus Calmette-Guérin 
BCL-2  B Cell Lymphoma 2 
BEAS-2B Bronchial Airway Epithelial cells 
BM  Bone Marrow 
BMDM Bone Marrow Derived Macrophages 
CD  Cluster of Differentiation 
cDNA  Complementary Deoxyribonucleic Acid 
CHI3l3 Chitinase Like 3  
CM  Conditioned Media 
CO2  Carbon Dioxide 
COX  Cyclo-oxygenase 
CV  Crystal Violet 
CXCR  Chemokine Receptor 
DC  Dendritic Cell 
D-DT  D-Dopachrome Tautomerase 
DEP  Diesel Exhaust Particle 
DMEM Dulbecco’s Modified Eagle’s Medium 
DMSO  Dimethyl Sulfoxide 
DNA  Deoxyribonucleic acid 
DPX  Dibutylphthalate Polystyrene Xylene 
ºC  Degrees Celsius 
EDTA  Ethylenediaminetetraacetic acid 
ELISA  Enzyme Linked Immunosorbent Assay 
EV  Extracellular Vesicle 
FACS  Fluorescence-Activated Cell Sorting 
GAN  Global Asthma Network 
GINA  Global Initiative for Asthma  
GMM  Genetically Modified Microorganisms 
GMO  Genetically Modified Organisms 
GvHD  Graft versus Host Disease 
hBM-MSC Human Bone Marrow-derived Mesenchymal Stromal Cell 
HDM  House Dust Mite 
H&E  Haemotoxylin and Eosin 
HPRA  Health Products Regulatory Authority 
HPRT  Hypoxanthine Phosphoribosyltransferase 



  xx 

HSPC  Hematopoietic Stem and Progenitor Cells 
ICAM  Intercellular Adhesion Molecule 
IDO  Indoleamine 2,3-Dioxygenase 
IFNγ  Interferon gamma 
IgE  Immunoglobulin E 
IL  Interleukin 
ILC  Innate Lymphoid Cells 
IN  Intranasal 
INCA  Inhaler Compliance Assessment 
iNOS  Inducible Nitric Oxide Synthase   
IP  Intraperitoneal 
IPF  Idiopathic Pulmonary Fibrosis 
IV  Intravenous 
kDa  Kilodalton 
KDR  Kinase Insert Domain Receptor 
Kg  Kilogram 
KYN  Kynurenine  
LN  Lymphnode 
LPS  Lipopolysaccharide 
mAb  Monoclonal Antibody 
MCh  Methacholine 
M-CSF Macrophage-Colony Stimulating Factor 
Mg  Milligram 
MIF  Macrophage Migration Inhibitory Factor 
miRNA Micro Ribonucleic Acid 
Ml  Milliliter 
mRNA  Messenger Ribonucleic Acid 
MSC  Mesenchymal Stromal Cells  
MT  Masson’s Trichrome 
MTA  Methylthioadenosine 
NBF  Neutral Buffered Formalin 
Ng  Nanograms 
NMBA Neuromuscular Blocking Agent 
NOS2  Nitric Oxide Synthase 2 
NS  Not Statistically Significant 
NV  Nanovesicles 
OVA  Ovalbumin 
O2  Oxygen 
PAS  Periodic Acid Schiff  
PBS  Phosphate Buffered Saline 
PCR  Polymerase Chain Reaction 
PD-L1  Programmed Cell Death-Ligand 1 
Pg  Picograms 
PGE2  Prostaglandin E2 



  xxi 

RETNLA Resistin-Like Molecule Alpha 
PRR  Pattern Recognition Receptor   
RBC  Red Blood Cell 
RETNLA Resistin-Like Alpha 
rhMIF  Recombinant Human Macrophage Migration Inhibitory Factor 
RORγt  RAR-related Orphan Receptor Gamma 
RPMI  Roswell Park Memorial Institute  
RT-PCR Real Time-Polymerase Chain Reaction 
SABA  Short Acting Beta Agonists 
SEM  Standard Error of the Mean 
SNP  Single Nucleotide Polymorphism 
STAT3  Signal Transducers and Activators of Transcription 3 
TGF-β  Transforming Growth Factor Beta 
Th  T Helper 
TLR  Toll-Like Receptor 
TNFα  Tumour Necrosis Factor Alpha 
TREG  T Regulatory 
TSG-6  Tumor Necrosis Factor-stimulated Gene-6    
TSLP  Thymic Stromal Lymphopoietin 
TUNEL terminal deoxynucleotidyl transferase biotin-dUTP nick end labelling 
UC  Umbilical Cord 
UM  Micromolar 
VEGF  Vascular Endothelial Growth Factor  
WGP  Whole Glucan Particle 
WT  Wildtype 
XIAP  X-Linked Inhibitor of Apoptosis Protein  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



  xxii 

Acknowledgements 
 

 
 First of all, I’d like to show my appreciation and gratitude to my supervisor Prof. Karen 

English, for taking a chance on me and believing in me, even when I didn’t. Without you I 

wouldn’t be the scientist I am now, and I am so incredibly lucky to have such an amazing, 

motivated, and inspiring woman in my corner. You’ve shown me that anything is possible, and 

you have been a huge role model for me on both a personal and professional level, thank you. 

To Eóin and Fiona, thank you for being my advisory committee and for your consistent 

guidance and help throughout my PhD, I really appreciate it. Gillian, Deirdre, Dylan and 

Shannon, thank you for your patience and help with everything in the Bru. Michelle and Aine, 

thank you for always offering advice and processing my last-minute orders. The whole 

department of Biology have been nothing but supportive and helpful throughout my (long) time 

here at Maynooth University, you all have a special place in my heart.  

 

 To the Cellular Immunology Lab: Ian, thank you for all the laughs during the long days 

in the Bru and reading room, us discussing our daily dinner plans and exchanging pictures of 

our doggos made the days easier. We’ve been through a lot together in the last 4+ years, and 

I’m so lucky to have shared a PhD project with you. Courteney, I’m so happy you joined the 

lab, becoming my biggest cheerleader, fellow coffee connoisseur and overall angel, thank you 

for your endless support and being there during the highs and lows of my PhD. Laura, thank 

you for all your help, enlightening me with your German phrases and supplying the cookies 

and chocolates that kept me going. Doing science really does take a village, and it’s a pleasure 

to have been on this journey together.  

 

 To the army of powerful woman that I’ve met along my undergraduate and PhD 

journey: Courteney, Magda, Joy, Sarah H, Rachel, Andrea, Becca, Sarah K, Amy, Jess and Ell. 



  xxiii 

You have all backed me from day one and I am so grateful that Maynooth has allowed me to 

cross paths with you. We have all made incredible memories both inside and outside of the lab, 

I love you all.  

 

 Greig, I’m not sure how to even express the never-ending support you have given me 

throughout the past four years. From the moment we met you have spurred me on, celebrated 

my wins (both big and small), picked me up during my losses and helped me see the bright side 

when things got tough. I’m so lucky to have you as a partner in life, always by my side armed 

with tea and banana muffins. To Jason (“Life is good”), Pat and Carol, thank you for always 

sending your support from Scotland, it means the world.  

 

 To my family: Mam, Dad, Paul and the fur-babies Pippa, Kobe, Honey and Hector. 

Coming home to Wicklow was and always will be my escape from the real world. I’m so 

blessed to have a family that is always routing for me, listening to me rant on about my 

experiments, offering advice and most importantly, always having the fry up ready on a Sunday 

morning. It’s been a long and difficult journey since I left for Maynooth in 2013, but we made 

it in the end. This is for you.  

 

   

 
 
 
 
 
  

 
 
 



  1 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Chapter 1: 

 
Introduction 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



  2 

1.1 ASTHMA 
 
 
 1.1.1 Epidemiology 
 
 

Asthma is an atopic disease rapidly increasing in prevalence worldwide. The term 

‘asthma’, which is a Greek word meaning “wind” or “to blow”, was first coined by Hippocrates 

to describe respiratory distress dating as far back as 400BC. Asthma is a chronic condition of 

the upper respiratory tract, classified by an inflammatory response triggered by the inhalation 

of environmental allergens or pollutants (Porsbjerg et al., 2023). This disease is comprised of 

a variety of subtypes, depending on the age of onset (i.e., child-onset or adult-onset), the 

causative agent and the associated-inflammatory response. Thus, asthma can be classified as 

exercise-induced, allergic, occupational, or seasonal, making this condition heterogeneous in 

nature (Mäkikyrö et al., 2023). Furthermore, there may be an influential genetic component to 

the development of this airway disease, making it hereditary. Atopy is defined as a 

predisposition to an overexaggerated IgE-mediated allergic immune response to otherwise non-

harmful triggers. Those that are diagnosed with atopic asthma are also known to be susceptible 

to other atopic co-morbidities, such as atopic dermatitis, allergic rhinitis, and food allergies 

(Hammad & Lambrecht, 2021; Yaneva & Darlenski, 2021).  

 

 1.1.2 Incidence and Economic Burden 

 

The incidence of asthma is increasing with the continued industrialisation of the 

western world. Asthma affects over 339 million people worldwide (European Respiratory 

Society, accessed 3rd May 2023), with approximately 450,000 asthmatics in Ireland (National 

Clinical Programme for Asthma, HSE, 2020). In recent years, the increased frequency of 

asthma, along with its economic consequences have been extensively documented in many 
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countries, including Spain (Gall et al., 2023; Valero et al., 2023), Italy (Maio et al., 2023), 

Greece (Bakakos et al., 2023), Denmark (Al-Shuweli et al., 2023), Austria (Renner et al., 2023), 

United Kingdom (Creese et al., 2022; Hall et al., 2022; Pavord et al., 2023; Simms-Williams 

et al., 2022), Finland (Kantomaa et al., 2023) and Portugal (Camarinha et al., 2023). Studies 

investigating the incidence of this disease in Europe have arisen over the past two decades, 

such as the ‘Asthma Insight and Reality in Europe’ (AIRE) study that took place in the early 

2000s, the ‘Recognise Asthma and Link to Symptoms and Experience’ (REALISE) study in 

2014 (Price et al., 2014) and the more recent RECOGNISE study in 2018 (Kanniess et al., 

2021), emphasising not only the severity of this condition, but also the ineffectiveness of 

existing treatments to control disease progression.    

 

According to the 2022 Global Asthma Report prepared by the Global Asthma Network 

(GAN), over 1000 people die from asthma per day, with most cases being preventable if the 

required, optimal treatment had been provided (“The Global Asthma Report 2022,” 2022). 

Moreover, the increase in asthma prevalence and incidence is associated with a heavy economic 

burden. The global initiative for Asthma (GINA) which took place in 2019 illustrated the extent 

of the asthma-associated economic burden in Spain, where the overuse of short-acting β-

agonists (SABA) resulted in a mean cost per patient ranging from €2231-4243 per annum. 

Furthermore, this SABA overuse is demonstrated where some patients are being prescribed 

more than 12 cannisters a year, with the recommended dose being less than 2 per annum (Valero 

et al., 2023). SABA overuse has also been documented in Europe in the SABINA study (SABA 

use IN Asthma), with 38-51% of asthma patients over-using this treatment in the UK (de las 

Vecillas & Quirce, 2023). In Ireland, asthma contributed to an economic burden of 472 million 

euro in 2019 with 8,000 hospital admissions with an average 2.68 day stay. Lastly, over 1.4 

million workdays were lost due to asthma in 2016 at an estimated cost of 200 million euro, 
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illustrating the impact this respiratory condition has on both the economy and the quality of 

life of those affected (‘Easing the Economic Burden of Asthma’ Report, Asthma.ie, accessed 

on 3rd May 2023).  

 

 1.1.3 Diagnosis  

 
 
 As stated, the onset of asthma can occur in childhood or adulthood, which can be 

diagnosed using a multitude of tests. These may include a physical exam, involving the 

measurement of lung function using spirometry devices that can quantify peak air flow in 

response to methacholine challenge, a chemical bronchoconstrictor which can facilitate the 

measuring of asthma-related airway constriction. Examinations such as chest x-rays, nitric 

oxide tests or eosinophil counts in sputum may be used in conjunction to spirometry to further 

facilitate an asthma diagnosis. Furthermore, these tests may be performed directly after 

exercise or the inhalation of cold air, helping to differentiate the cause of symptoms, or the 

classification of subtype of asthma present. Since 2018, the diagnostic aim is to break down 

asthma characteristics into ‘treatable traits’, with categories such as symptoms (coughing, 

wheezing), modifiable triggers (allergens), functional (airflow obstruction or bronchial 

hyperresponsiveness), radiological (airway thickening), biological (eosinophilia, elevated IgE) 

and pathological (airway remodelling) (Pavord et al., 2018). Furthermore, these criteria also 

take extra-pulmonary traits such as sleep apnoea, and behavioural traits like poor medication 

adherence into account (Pavord et al., 2018). Once diagnosed, asthma can be classified as mild 

intermittent, mild persistent, moderate persistent or severe persistent, depending on the 

frequency of exacerbations.  
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 1.1.4 Aetiology 
  
 

A healthy lung displays both physical and chemical attributes which together act as a 

defence mechanism against external pathogens and thus, the development of disease. The 

mucosal component of the respiratory system is one of the first lines of defence of the immune 

system (Altorki et al., 2019; Jakwerth et al., 2022). However in chronic inflammatory disease 

such as in allergic asthma, these defence mechanisms may be imbalanced or compromised, 

making the lung susceptible to invasion by environmental particulates capable of mounting an 

immunological response. Additionally, if the lung is exposed to low-grade allergen challenges 

on a continuing basis, this could train innate cell populations, resulting in an over-zealous 

immune system that is prone to future exacerbations (Thiriou et al., 2017). Agents that can 

trigger this response can range from allergens (mold, dust, animal dander, pollen), irritants 

(cigarette smoke, pollution, aerosols), medicines (aspirin) or even changes in weather (Gautier 

& Charpin, 2017). Furthermore, the development of this chronic airway condition is 

multifactorial, with inherited genetics (e.g., genetic polymorphisms), living conditions, 

socioeconomic background and birth order all contributing to the likelihood of developing 

asthma (von Mutius, 2009). A recent association has been made between perinatal 

characteristics, the home environment and lower income homes with asthma prevalence, also 

bringing to light the impact of socioeconomics on asthma development in early life (Creese et 

al., 2022). In addition to the pooling of epigenetic modifications in populations, environmental 

variation induced by urbanisation (Tuazon et al., 2022) and climate change can not only 

increase the incidence of asthma, but also increase the presence of one of the main causative 

aeroallergens, house dust mite (Acevedo et al., 2019).  
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 1.1.5 House Dust Mite Allergenicity  

 

Most asthma cases are atopic in nature, with 50-85% of asthmatics being allergic to 

house dust mite (Gregory & Lloyd, 2011; Nelson et al., 1996), making allergic asthma the most 

prominent subtype of this condition. House dust mite (HDM) is an indoor source of 

aeroallergen, with the most common species of mite being Dermatophagoides pteronyssinus 

and Dermatophagoides farinae, both belonging to the Acari taxonomical subclass and 

commonly found in temperate regions (Chapman et al., 2007; Jacquet, 2013). However, the 

difference between these subtypes of dust mite is that D. pteronyssinus is commonly found 

across Europe, whilst D. farinae is predominately found in the United States (Sarwar, 2020). 

Along with the chitin-derived exoskeleton and faecal matter from the mite itself, HDM is 

associated with a plethora of additional components which collectively induce an allergic 

immune response. These include pattern recognition receptor (PRR) ligands associated with 

HDM, such as lipopolysaccharide (LPS) and β-glucan, both known to play a role in the 

development of innate immunity. Moreover, the protease content of these mites is central to 

their allergenicity (Soh et al., 2023), which include group 1 der p 1/der f 1 and group 2 der p 

2/der f 2. HDM-associated proteolytic enzymes, specifically the group 1 cysteine and serine 

proteases (e.g., trypsin and chymotrypsin) which account for 75% of proteases (Stewart et al., 

1994), act on epithelial tight junction proteins such as occludin and zonula occludens-1 (Wan 

et al., 1999, 2001), enhancing their ability to reach the submucosa and antigen-presenting cells 

(Figure 1). Importantly, the make-up of different types of HDM-proteases such as cysteine and 

serine may account for variability between batches of commercially available HDM allergen. 

In addition to their protease activity, the endotoxin content may also facilitate this batch-to-

batch variability, as allergen extracts contain varying levels of LPS from colonising gram-

negative Bartonella bacteria (Gregory & Lloyd, 2011; Valerio et al., 2005), which activate 
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TLR4 and TLR2 on both bronchial and dendritic cells, driving the immunological response 

(Hammad et al., 2009; Phipps et al., 2009). Thus, moving forward, transparency in the 

endotoxin content of the HDM batch used should be documented, facilitating the generation of 

robust models of acute HDM-induced airway inflammation (Pascoe et al., 2020).  

 

 
 
 
 

 

 
 
 
 

 
 
 
 
Figure 1. Schematic depicting the immunological process after house dust mite sensitisation. 

Following inhalation, HDM enters through a dysfunctional, leaky epithelial membrane barrier. Antigen 

presenting cells such as dendritic cells engulf HDM particles, displaying them on their surface to naïve 

T cells. In HDM-induced type 2 inflammation, T cells differentiate into type 2 helper T cells, producing 

cytokines such as IL-4, IL-5 and IL-13 which drive further allergic airway inflammation. Plasma B cells 

recognise HDM and proliferate memory B cells, secreting HDM-specific IgE.  
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 1.1.6 Clinical Pathophysiology 
 
 

Defined as a heterogeneous disease, there is a plethora of symptoms associated with 

asthma. With ‘airway hyperresponsiveness’ being an umbrella term for the pathophysiology 

associated this condition, histological and cellular inflammation comprise the basis of the 

development of symptoms. Clinical representation of this disease includes shortness of breath, 

wheezing cough and tightening of the chest, varying in intensity over time as a result of 

numerous inflammatory processes, classically type 2, such as the production of cytokine 

mediators, overproduction of mucus, airway broncho-restriction and histological changes 

within lung architecture (Figure 2). 

 

 

Figure 2. Cardinal features of allergic airway inflammation after house dust mite challenge. A 

HDM-induced model of allergic airway inflammation can investigate pathological hallmarks of asthma, 

such as levels of cellular infiltration, goblet cell hyperplasia, eosinophil infiltration, subepithelial 

collagen and airway resistance. 

 

 

Allergens, specifically those of the Dermatophagoides species, act to penetrate the 

damaged epithelial barrier upon inhalation (Jakwerth et al., 2022), activating the key antigen 

presenting dendritic cells, triggering an influx of  innate lymphoid cells (ILC2) (Fonseca et al., 

2019; Li et al., 2019; Wolterink et al., 2012), type 2 T helper cells and Th2 cytokines; IL-4, IL-
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5 and IL-13 (Lambrecht et al., 2019). Moreover, HDM is now thought to bind to the LMAN1 

receptor on dendritic and airway epithelial cells (Miller et al., 2023). Upon the release of Th2 

cytokines, a downstream allergic immunological process occurs with IL-4 activating the class 

switch of IgG to IgE, IL-5 mobilising and recruiting eosinophils from the bone marrow and IL-

13, which cooperates with IL-4 to drive aspects pivotal to airway remodelling, such as goblet 

cell hyperplasia. Furthermore, activated antigen-presenting dendritic cells (DCs), eosinophils 

and basophils migrate to the mediastinal lymph nodes in a TLR4/MyD88-dependent manner 

(Hammad et al., 2010). Whilst a hallmark of allergic asthma is the increased production of IL-

4, IL-5 and IL-13 by mast cells, basophils and Th2 helper cells, which can be measured in the 

blood or bronchoalveolar lavage fluid of asthmatic patients to determine a type 2-high 

(eosinophilic) or -low (non-eosinophilic) signature (Fahy, 2015), histological changes within 

the lung architecture are also indicative of asthma pathophysiology (Hammad & Lambrecht, 

2021). Cellular inflammation, mucus overproduction and subepithelial collagen are 

histological hallmarks which collectively facilitate the increased airway hyperresponsiveness 

(AHR) and airway remodelling which occur after repeated exacerbations (Boonpiyathad et al., 

2019). Cellular inflammation occurs as a result of an influx of predominantly eosinophils, but 

also macrophages and lymphocytes into the airways and surrounding parenchyma. Together, 

this results in the thickening of the airway and peri-bronchial regions, facilitating airway 

obstruction. Furthermore, inhalation of asthmatic triggers, such as HDM, increases goblet cell 

hyperplasia, leading to enhanced production of mucus (Dunican et al., 2018). Lastly, repeated 

exacerbations in asthma creates a vicious cycle of airway damage and repair, resulting in 

cyclical scar formation, enhancing the remodelling of the airways and narrowing of the bronchi. 

These histological modifications cooperatively alter the architecture of the lung 

microenvironment, decline lung function and worsen symptoms.  
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 1.1.7 Asthma, Macrophages, and Innate Immune Training 
 
 
 The innate immune system is at the forefront of asthma pathogenesis, where inhaled 

triggers immediately interact with innate immune effector cells, such as eosinophils and 

macrophages (Thiriou et al., 2017). Innate immune training is classified as the induction of 

immunological memory, training these innate cells at an epigenetic level to remember previous 

pathogen encounters, and thus heightening their inflammatory response to future challenges.  

 

It is suspected that trained immunity occurs in asthma, as key components of the 

clinically relevant aeroallergen house dust mite (HDM), such as endotoxin and β-glucan 

(Gregory & Lloyd, 2011; Hammad et al., 2009), are known to be capable of training the cells 

of the innate immune system over time (Lechner et al., 2022). Evidence has shown that T helper 

2 cells can also be ‘trained’, where Th2 memory cells were found to reside in the lung for more 

than 2 years after the induction of experimental asthma, maintaining a level of ‘allergic 

memory’ (Bošnjak et al., 2019). New evidence has also demonstrated that the use of an anti-

CD3 antibody was efficacious in reducing lung-localised effector memory T cells, abrogating 

subsequent asthma exacerbations after HDM exposure, reiterating the pathogenic role of innate 

immunity in asthma (Sethi et al., 2023). Furthermore, eosinophils may also be involved in 

innate immunity, as when activated, they have demonstrated efficacy in providing anti-viral 

immunity in mice (Percopo et al., 2014; Sabogal Piñeros et al., 2019; Samarasinghe et al., 

2017). Although T cells and eosinophils can exhibit aspects of trained immunity, phagocytic 

macrophages are known drivers of innate immunity. Macrophages are a population of myeloid-

derived cells characterised by their plasticity. Upon encountering a pathogen (i.e., HDM), these 

cells are essential in the uptake, processing, and presentation of inhaled substances to alert the 

adaptive immune system, making them a key cell in asthma pathogenesis and innate immunity.  
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 Macrophage activation is dependent on their surrounding environment, where they can 

be classically activated to an M1 pro-inflammatory phenotype detected by increased TNFα, IL-

6, IL-1β and iNOS, or alternatively to an M2 anti-inflammatory phenotype detected by TGF-

β, Arginase-1, Retnla (FIZZ1) or Chi3l3 (YM1). Macrophages are known to be predominately 

M2 in asthma due to increased levels of IL-4 present, where these cells drive airway 

remodelling and wound healing within the lung (Abdelaziz et al., 2020). However mounting 

evidence indicates that macrophage activation is not a clear-cut process, with the M1-M2 axis 

being an ever-changing spectrum (Lambrecht & Hammad, 2017). An over-activated, trained 

immune response can be detrimental in the context of asthma, as the primed innate immune 

system is hyperresponsive to inhaled allergens, irritants, or environmental changes, resulting 

in frequent exacerbations.  

 
  Thus, macrophages, eosinophils, and Th2-mediated cytokines (Scott et al., 2023) play 

important functional roles in asthma pathogenesis, making these suitable therapeutic targets for 

the development of biologics to treat this allergic airway disease. 

 
   
 1.1.8 Current Treatments   

 
 
There is an abundance of medicines that can be prescribed to manage the symptoms of 

allergic asthma. These can be divided based on their mechanism of action, such as the quick-

acting resolution or long-term maintenance of symptoms. Quick-acting treatments work to 

resolve an immediate influx of inflammation, where they dilate narrowed airways. These 

treatments range from short-acting beta agonists (SABA), anti-cholinergic agents or in severe 

cases, oral or intravenous corticosteroids which are often associated with many adverse effects. 

Treatments targeted at the long-term maintenance of asthma act to reduce the overall level of 

inflammation, preventing the risk of future asthma attacks. These include combination inhalers 
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(controllers), theophylline, leukotriene receptor antagonists and inhaled corticosteroids, which 

importantly have less associated adverse effects than those administered orally or 

intravenously. As allergic asthma is often associated with increases of IgE and histamine, 

allergy medications may be an additional route of treatment. However, there are many 

negatives associated with these treatment options, as these treatments only act to control or 

mask the symptoms associated with this condition, meaning there is an unmet need for the 

development of treatments to tackle this condition at a physiological level. Furthermore, the 

prevalence of asthma is documented to be increased in low socio-economic areas, meaning a 

high percentage of asthma cases go uncontrolled as long-term treatments are out of financial 

reach. Specifically in Ireland, out of 480,000 documented cases of asthma, approximately 

240,000 are classified as having uncontrolled asthma (National Clinical Programme for 

Asthma, HSE, 2020). In a worldwide study covering 25 countries, the percentage of those with 

partially controlled asthma were 30.7% in children, 22.3% in adolescents and 22.9% in adults, 

and uncontrolled asthma were 25.3% in children, 22.3% in adolescents and 16% in adults 

(Figure 3) (García-Marcos et al., 2022). Thus, this demonstrates clearly that approximately half 

of the asthmatic population have uncontrolled symptoms. In the AIRE study, in Portugal, 327 

active asthmatic patients were contacted and asked to fill a form, where 35.2% had uncontrolled 

asthma and 64.8% partially controlled, with none of the individuals having total control of 

asthma upon assessment (Camarinha et al., 2023). Furthermore, asthma was sub-optimally 

controlled in Spain (Gall et al., 2023), Europe (de las Vecillas & Quirce, 2023), and the UK, 

where even when patients were put on higher doses of inhaled corticosteroids, this was still not 

effective at preventing further exacerbations (Pavord et al., 2023). Along with high levels of 

non-adherence to medical protocols and with the use of short-acting bronchodilators alone no 

longer being a recommended treatment for adults with asthma (Reddel et al., 2019), there is a 

pressing need for the development of new biologics that can control asthma, by not only 
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targeting the physiological processes involved in the pathogenesis of this airway disease, but 

also to improve rates of medical non-compliance and the overuse of current treatment options. 

 

 

 

 

 

 

 

 

Figure 3. Percentage of asthma control across 25 countries. Uncontrolled (red), partially controlled 

(orange) and controlled (green). Adapted from Global Asthma Report 2022, (García-Marcos et al., 

2022). 

 

 

Current licensed biologics that are being used to treat this chronic condition include 

Dupilumab (IL-4R𝛼/IL-13R𝛼), Lebrikizumab (IL-13), Reslizumab (IL-5), Benralizumab (IL-

5), Mepolizumab (IL-5), Omazilumab and Tezepelumab (Ramonell et al., 2020; Sun et al., 

2023). Dupilumab (DUPIXENT®), an anti-IL-4 receptor antibody, acts by targeting a subunit 

of IL-4 and IL-13 receptor complexes, preventing these receptors from forming a heterodimer 

on the cell surface. Thus, this makes Dupilumab efficacious in the prevention of HDM-induced 

pathology, improving lung function (Agache et al., 2020; Castro et al., 2018; Le Floc’h et al., 

2020). In a similar fashion, Lebrikizumab, a monoclonal antibody (mAb) targeted at the soluble 

Th2 cytokine IL-13, is another option for severe uncontrolled asthma (Szefler et al., 2022), 

whilst also being used as a monotherapy for atopic dermatitis (Blauvelt et al., 2023; Butala et 

al., 2023; Silverberg et al., 2023).  
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Prior to the development of these biologics, 3-10% of asthmatics had their symptoms 

classified as uncontrolled (Hekking et al., 2015). To better control this respiratory condition, 

along with patient choice or even ease of administration, switches between types of IL-5 

targeted therapy have been published. For example, in an Irish study examining patients 

previously on the IL-5 targeting mAb Reslizumab (Cinqair® (US), Cinqaero® (EU)), which 

can only be administered intravenously, were documented to have favourable outcomes when 

switched to Benralizumab (FASENRA®) (Busse et al., 2019) or Mepolizumab (Walsh et al., 

2023). Incredible research progress has been made surrounding Mepolizumab (NUCALA®), 

an anti-IL5 antibody designed to target uncontrolled severe eosinophilic asthma where its 

administration reduces eosinophil activity, measured through blood eosinophil counts and 

eosinophil cationic protein (ECP) levels (Bush, 2023; Chupp et al., 2023; Kroes et al., 2023; 

Laorden et al., 2023; Loli-Ausejo et al., 2023; Pavord et al., 2023; Pavord et al., 2012; 

Rodrigues et al., 2023). 

 

Additional to biologics that target Th2 cytokines (Pelaia et al., 2022), Omalizumab 

(ZOLAIR®) acts by binding allergen-specific IgE in the blood stream of moderate to severe 

asthmatics (Bourgoin-Heck et al., 2018; Casale et al., 2019; Humbert et al., 2018). Thus, this 

monoclonal antibody is also utilised as a treatment for other atopic conditions, as it can prevent 

allergic responses associated to those involved with nasal polyps or even chronic spontaneous 

urticaria (CSU).  

 

Another therapeutic route is to target other aspects of this airway disease such as TSLP 

or the IL-33/ST2 pathway. Thymic stromal lymphopoietin (TSLP), found to be upregulated in 

the bronchoalveolar lavage fluid (BALF) of severe asthmatics (Lee et al., 2017; Liu et al., 

2018), is an inflammatory mediator produced and secreted by epithelial cells that drives allergic 
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asthma by activating ILC2s and facilitating the differentiation of Th2 CD4+ T cells (Li et al., 

2018). Tezepelumab (Tezspire®), a human monoclonal antibody targeting epithelial cell-

derived cytokine TSLP has demonstrated efficacy in the management of asthma previously 

defined as being uncontrolled by long-acting beta-agonists or inhaled glucocorticoid steroids 

(Bel, 2017; Corren et al., 2017; Menzies-Gow et al., 2023). Moreover, anti-ST2 biologics such 

as Asteogolimab which are developed against the IL-33 receptor ST2, facilitate an alternative 

therapy for those that are classified as eosinophil ‘low’ as opposed to ‘high’ (Kelsen et al., 

2021). In addition to demonstrating efficacy in asthma, Asteogolimab has also been used in 

cases of chronic obstructive pulmonary disease (Yousuf et al., 2022) and COVID-19-induced 

pneumonia (Waters et al., 2023). 

 

Whilst targeting specific immune checkpoints that play a role in the pathogenesis of 

asthma is beneficial, it is important to broaden the horizons in treatment options for asthma, 

striving for a treatment which can control and modulate the pathophysiology associated with 

severe uncontrolled asthma (Kanannejad et al., 2023). 

 

 1.1.9 Personalised Medicine through Patient Stratification 
 
 
 

With the future looking not so bright for the treatment of respiratory diseases, especially 

asthma, with the increase of environment toxins, global warming with enhanced CO2 levels, 

increased numbers of live stocks and overall increases in autoimmunity, other avenues need to 

be explored to find treatments capable of controlling asthma whilst tackling this disease at a 

physiological level. By stratifying patients utilising biomarkers of disease such as sputum 

eosinophil counts, levels of allergen-specific IgE or even investigating the genetic background 

of patients, treatments could be tailored to target a specific mechanism of pathogenesis (Drake 
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et al., 2019). Additional to creating personalised medical treatment, patient stratification may 

also facilitate the prediction of therapeutic success prior to administration, preventing worries 

linked to a decline in asthma management after switching medications (Mukherjee et al., 2020). 

Furthermore, the development of a new digital device known as the Inhaler Compliance 

Assessment (INCA) can now differentiate patients with severe asthma and those with difficult-

to-treat asthma by identifying non-adherence or improper use of medical protocols (Hale et al., 

2023). Most importantly, the utilisation of cell-based therapies such as mesenchymal stromal 

cells, which can interact with the host immune microenvironment and act accordingly (Dunbar 

et al., 2021), would be extremely beneficial as these responsive, living cells can calm the 

immune response and thus, decrease cases of uncontrolled asthma.   

 

 

1.2 MACROPHAGE MIGRATION INHIBITORY FACTOR (MIF) 
  

 1.2.1 Introduction 

 

Macrophage migration inhibitory factor (MIF), is a pro-inflammatory innate cytokine 

originally discovered in the 1960s, identified by its ability to inhibit the random movement and 

migration of macrophages (George & Vaughan, 1962). In 1966, MIF was recognised as a 

protein that was secreted into the conditioned media of activated T lymphocytes (David, 1966). 

Once the genetic sequence was determined in 1989 (Weiser et al., 1989), pituitary-derived 

recombinant MIF became available in 1993 (Bernhagen et al., 1993). Importantly, MIF is found 

pre-formed in intracellular pools. Thus, this pro-inflammatory cytokine is only released upon 

stimulation, as otherwise its highly ubiquitous expression may disrupt bodily homeostasis 

(Calandra & Roger, 2003). Although this cytokine is constitutively expressed by several cell 

types, cells involved in the development of asthma, such as eosinophils and macrophages, are 
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known to be important sources of MIF (Calandra et al., 1994; Calandra & Roger, 2003; Hart et 

al., 1998; Rossi et al., 1998). 

 

 1.2.2 Genetics and Polymorphisms 

 

 The MIF gene is located on chromosome 22 (22q11.2) in humans. A homolog of the 

MIF gene has been identified as D-Dopachrome Tautomerase (DDT) (Esumi et al., 1998; Merk 

et al., 2011; Sugimoto et al., 1997) also located on the same chromosome. Although, it is 

believed that these homologs may have evolved to have different functions (Calandra & Roger, 

2003). Two polymorphisms are associated with the MIF gene, both playing a role in human 

disease. The first polymorphism, associated with the onset of juvenile arthritis, was the first 

identified SNP in the MIF gene, involving a single nucleotide sequence change, a G to C 

transition at position -173 (Donn et al., 2001). The second polymorphism is of particular 

importance for this research, involving 5 to 8 repeats of a microsatellite CATT tetranucleotide 

sequence at position 794 downstream of the promotor region (−794 CATT5–8, rs5844572) 

(Baugh et al., 2002). This functional promotor polymorphism influences disease progression, 

as with an increase in the number of tetranucleotide repeats, this (CATTn) sequence correlates 

with disease severity, due to enhanced MIF promotor activity, and thus MIF expression 

(Awandare et al., 2009; Du et al., 2020; Plant et al., 2005). In an Irish population, there are four 

variations of this allele, classified as 5-, 6-, 7- or 8-CATT polymorphisms, with the 5-CATT 

allele having the lowest MIF promotor activity (Plant et al., 2005). Moreover, the 5- and 7-

CATT haplotypes are associated with atopy, with 5-CATT being linked to lower risk of atopy, 

again demonstrating the possible role of MIF in asthma susceptibility (Hizawa et al., 2004). In 

rheumatoid arthritis, 5 repeats of this CATT sequence, known as CATT5, has been linked to a 

milder phenotype of this disease (Baugh et al., 2002). Similarly in cystic fibrosis, the 5-repeat 
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allele was associated with a milder disease phenotype (Melotti et al., 2014). In asthma, the 

impact of the high expressing CATT7 allele remains to be definitively proven.  

 

 1.2.3 MIF Receptors, Signalling and Function 

 

 The homotrimer three-dimensional crystal structure of macrophage migration 

inhibitory factor, 37.5kDa in size, was identified in 1996 (Leng & Bucala, 2006; Sugimoto et 

al., 1996; Sun et al., 1996). MIF is known to signal through the phosphorylation of p44/p42 

extracellular-signal-regulated kinases (ERK-1/2), members of the MAP kinase family 

(Fingerle-Rowson et al., 2003; Leng & Bucala, 2006; Mitchell et al., 1999). Through this 

analysis, the MIF cell surface receptor CD74 was identified, where MIF activated ERK 

signalling in CD74+/+ macrophages, but not CD74-/- macrophages (Leng et al., 2003). 

Moreover, it is thought that MIF does not signal through CD74 alone, but that an interaction 

between the transmembrane domain CD74 and a signal transduction molecule CD44 is 

required for this pro-inflammatory cytokine to exert its function (Kang & Bucala, 2019; Leng 

et al., 2003; Schwartz et al., 2009; Shi et al., 2006; Yoo et al., 2016). Other subsequent pathways 

by which MIF signals through include protein kinase B (PI3K), NF-κB and AMP-activated 

protein kinase (AMPK) (Amin et al., 2006; Miller et al., 2008). Additionally, there is evidence 

that MIF is also a non-cognate ligand of the chemotactic receptors CXCR2 and CXCR4 

(Bernhagen et al., 2007), but also CXCR7, which can form complexes with both CXCR4 and 

CD74 (Alampour‐Rajabi et al., 2015) 
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 1.2.4 MIF in Asthma 

 

MIF’s implication in chronic lung disease has been thoroughly documented (Florez-

Sampedro, Soto-Gamez, et al., 2020; Jalce & Guignabert, 2020), where this pro-inflammatory 

cytokine has implications in chronic obstructive pulmonary disease (Husebø et al., 2016; 

Russell et al., 2016; Sauler et al., 2014; Zhang et al., 2019), sarcoidosis (Plant et al., 2006), 

cystic fibrosis (Adamali et al., 2012; Melotti et al., 2014; Plant et al., 2005; Tynan et al., 2017), 

pulmonary idiopathic fibrosis (Bargagli et al., 2009; Günther et al., 2018; Olivieri et al., 2016; 

Tanino et al., 2002), influenza (Smith et al., 2019), COVID-19 (Aksakal et al., 2021; Donnelly, 

2023; Shin et al., 2023), lung cancer (Arenberg et al., 2010; Coleman et al., 2008; D’Amato-

Brito et al., 2016; Guo et al., 2013; Li et al., 2017; Mawhinney et al., 2014; Rendon et al., 2007) 

and most importantly, asthma.  

 

 A potential role of MIF in asthma was first introduced in 1998, where eosinophils, an 

important innate cell involved in asthma pathogenesis, were found to secrete this pro-

inflammatory cytokine (Rossi et al., 1998). In 2000, increased levels of MIF were identified in 

the serum and sputum of asthmatic patients, being even further increased in those with 

symptoms, compared to those who were asymptomatic (Yamaguchi et al., 2000). The field of 

MIF polymorphisms in asthma progressed in 2005, when bronchoalveolar lavage fluid and 

sputum from asthmatic patients had elevated levels of MIF compared to non-atopic healthy 

volunteers (Mizue et al., 2005). Under the Global Initiative for Asthma (GINA), 315 human 

DNA samples were genotyped for this CATT polymorphism, with 151 of these samples being 

from asthma patients. Through this genetic analysis, a correlation was found between the 5-

CATT allele and milder forms of asthma (Mizue et al., 2005). Although the impact of higher 
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repeats of this human MIF allele have been recently portrayed in the context of COVID-19 

(Shin et al., 2023), their role in asthma severity has not yet been elucidated.    

 

Mounting evidence has indicated a role of murine MIF in asthma, through the use of 

ovalbumin (OVA) and HDM preclinical models, as when mice deficient in MIF were sensitised 

with OVA, they exhibited lower levels of Th2 cytokines and allergen-specific IgE (Mizue et 

al., 2005). Evidence of an increase in the presence of MIF in the bronchial epithelium of rats 

has been indicated after OVA-challenge (Kobayashi, 2006). Interestingly, MIF was found to 

drive airway remodelling in an OVA model by increasing autophagy in the airway smooth 

muscle in a CD74-dependent manner (Li et al., 2021). In addition to asthma models induced 

by synthetic OVA sensitisation, a role for MIF in HDM-induced allergic asthma has been 

recently demonstrated, proving it is essential for asthma development. MIF-/- mice illustrated 

decreased levels of eosinophil infiltration, mucus secretion, subepithelial fibrosis, Th2 

cytokines and overall airway hyperresponsiveness after HDM challenge (Lintomen et al., 

2023).  In a model of epicutaneous OVA sensitisation, draining lymph nodes from OVA-treated 

MIF-/- mice had decreased levels of Th2 cytokines compared to OVA-treated WT control mice, 

demonstrating MIF may be crucial in both the sensitisation and elicitation phases of Th2-

mediated allergic disease (Das et al., 2011). Importantly, lower levels of eosinophils and their 

associated lipid bodies were recorded in MIF-/- balb/c OVA sensitised mice. Thus, it’s 

hypothesised that MIF plays a role in eosinophil activation and therefore lipid release, 

synthesised by leukotriene C4, making MIF a pivotal cytokine in exacerbation of allergic 

asthma (Vieira-de-Abreu et al., 2011). This suggests that MIF may be a suitable therapeutic 

target to control allergic inflammation, as this pro-inflammatory cytokine is found to be key in 

the pathological progression of this allergic airway disease.  
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 1.2.5 MIF Inhibitors 

 

As the biological activity of this pleiotropic cytokine plays a role in processes pivotal 

to asthma development, MIF could be an optimal therapeutic target. MIF biological activity 

can be blocked using small molecular weight inhibitors or anti-MIF antibodies. Although there 

is evidence of anti-MIF antibodies such as Imalumab being used in clinical trials, the negative 

side of using these biologics to target MIF is that they do not effectively target intracellular 

pools of this cytokine (Mahalingam et al., 2020). Thus, the development of small molecular 

weight inhibitors which bind to the active site of MIF and block its biological activity may be 

superior.  There are many different categories of these MIF inhibitors, however the most studied 

include the isooxazoline MIF inhibitor ISO-1 ((S,R)-3-(4-hydroxyphenyl)-4,5-dihydro-5-

isoxazole acetic acid methyl ester) (Al-Abed et al., 2005) and the novel isocoumarin MIF 

inhibitor SCD-19 (3-(2-methylphenyl)-1H-isochromen-1-one) (Doroudian et al., 2020; Kok et 

al., 2018; Mawhinney et al., 2014; Tynan et al., 2017). Notably, the active site of this cytokine 

is thought to play a role in MIF’s tautomerase enzymatic activity, however this aspect of MIF’s 

biological activity is still under investigation (Adamali et al., 2012; Bendrat et al., 1997; Dios 

et al., 2002; Lubetsky et al., 1999; Senter et al., 2002). 

 

 The use of these inhibitors has been documented in both OVA and HDM-induced 

models of allergic asthma. The blockade of MIF facilitated a decrease in eosinophil maturation 

within the bone marrow niche, thus lowering the migration or chemotaxis of these cells to 

inflamed sites of injury such as the lung (de Souza et al., 2015; Magalhaes et al., 2009). 

Moreover, MIF can aid T cell activation (Bacher et al., 1996), and utilising a MIF antagonist 

can improve asthma pathogenesis (Chen et al., 2010; Dunbar and Hawthorne et al., 2023; Lan 

et al., 2020; R. Li et al., 2021; Lintomen et al., 2023). However, it is important to note that 
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when a neutralising anti-MIF antibody was utilised in an OVA model of allergic asthma, airway 

hyperresponsiveness and inflammation were abrogated, but no effect was seen on Th2 

cytokines. Thus, this demonstrates that MIF is important for asthma, but is not essential for 

Th2 differentiation (Magalhães et al., 2007). Similarly when an anti-MIF antibody was used in 

balb/c mice sensitised with OVA,  no change was noted in BALF cytokine levels or serum IgE, 

perhaps due to the inability of these antibodies to inhibit intracellular MIF (Amano et al., 2007). 

Furthermore, the use of an anti-MIF antibody demonstrated a reduction in the histological 

hallmarks of HDM-induced asthma, such as goblet cell hyperplasia and subepithelial fibrosis 

(Lintomen et al., 2023). To further elucidate the role of MIF in airway inflammation and 

epithelial barrier dysfunction after HDM challenge, an inhibitor of MIF biological activity, 

ISO-1 was utilised. ISO-1 had the ability to reduce HDM-associated airway inflammation, 

whilst also improving the dysregulated arrangement of E-cadherin, identifying the role of this 

pro-inflammatory cytokine in epithelial barrier disruption (Lan et al., 2020). When 

investigating the impact of MIF on the synthesis of TGF-β, a key mediator in airway 

remodelling, ISO-1 significantly reduced TGF-β at the mRNA and protein level in lung tissue 

after OVA sensitisation, perhaps describing a mechanism by which MIF accelerates airway 

inflammation and remodelling (Chen et al., 2010). 

 

Although recent literature has demonstrated the role of murine MIF in allergic asthma, 

the generation of a robust model of acute allergic HDM-induced airway inflammation 

elucidating the role of the human MIF ‘CATT’ polymorphism has not yet been investigated.  
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 1.2.6 MIF and Autoimmune Disease 
 
 

As previously discussed, the clinically relevant HDM allergen has demonstrated 

capacity to induce innate immune training (Thiriou et al., 2017). This section will discuss the 

interplay between macrophage migration inhibitor factor and the innate immune system, and 

how it may facilitate the training of the immune response.  

 

MIF is at the forefront of the regulation of innate immunity. At the beginning of 

neonatal life, this innate cytokine is increased 10-fold compared to adults, illustrating the 

important functionality of this cytokine in protecting against infection (Roger et al., 2016). 

However, as a result, elevated levels of MIF may also result in an unwarranted and over-

exacerbated inflammatory response, doing more damage than good. MIF has demonstrated 

important functions in the innate system in the past decade, with this cytokine known to 

upregulate Toll-Like receptor 4 (TLR4) (Roger, David, et al., 2001; Roger et al., 2003), crucial 

for the detection of microbial pathogens and the subsequent activation of cells of the innate 

immune system, such as macrophages. Thus, MIF exerts several indirect pro-inflammatory 

functions, including the release of pro-inflammatory mediators such as TNFα, IL-1 and nitric 

oxide (NO) from macrophages (Bernhagen, Mitchell, et al., 1994; Calandra & Roger, 2003). 

MIF has been implicated to have a functional role in the protection against a variety of 

infections such as those caused by gram negative bacteria (Roger, Glauser, et al., 2001), 

Mycobacterium tuberculosis (Das et al., 2013), Leishmania major (Jüttner et al., 1998; Satoskar 

et al., 2001), Taenia crassiceps (Rodríguez-Sosa et al., 2003) and Salmonella typhimurium 

(Koebernick et al., 2002), where MIF-deficient mice failed to control infection. Moreover, 

macrophages have been documented to release MIF after the ingestion of Plasmodium 

chabaudi-infected erythrocytes (Martiney et al., 2000), perhaps demonstrating the possibility 
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of a MIF positive feedback loop. In the context of asthma, a chronic airway disease which is 

commonly treated by glucocorticoid steroids, MIF has been identified to over-ride the action 

of these steroids, perhaps even promoting resistance to this form of treatment and thus driving 

airway inflammation (Allam et al., 2022; Calandra et al., 1995). 

 

A level of homeostasis is of upmost importance within the immune system, to prevent 

the development of autoimmunity and a plethora of autoimmune-related diseases such as 

diabetes (Cvetkovic et al., 2005; Korf et al., 2017; Sánchez-Zamora & Rodriguez-Sosa, 2014; 

Stosic-Grujicic et al., 2008), rheumatoid arthritis (Bilsborrow et al., 2019; Kim & Kim, 2016; 

Morand et al., 2006) and systemic lupus erythematosus (Greven et al., 2010; Lang et al., 2015; 

Tu et al., 2019). In the presence of enhanced levels of inflammation or a high MIF expression 

allele (e.g. CATT7 polymorphism), increased levels of MIF reduces macrophage and monocyte 

apoptosis by inhibiting p53. As a result, this sustains the accumulation of pro-inflammatory 

macrophages, exacerbating inflammation and driving autoimmunity (Mitchell et al., 2002).  

 

Innate immune training is classified as the re-programming of macrophages and their 

pre-cursors by a primary stimulus, which primes these cells to mount an enhanced pro-

inflammatory response upon encountering a secondary, often heterologous stimulus (Dagenais 

et al., 2023; Domínguez-Andrés et al., 2023; Hartung & Esser-von Bieren, 2022; Li et al., 2022; 

Mulder et al., 2019; Netea et al., 2020). Stimuli that are known to initiate this innate immune 

training include HDM (Lechner et al., 2022), β-glucan (Bekkering et al., 2016; Brichkina & 

Simon, 2023), LPS (Zahalka et al., 2022) or cathelicidin analogs (van Dijk et al., 2022). In 

contrast to pro-inflammatory innate training, stimuli such as helminth infection can induce anti-

inflammatory innate immunity (Finlay et al., 2016; Quinn et al., 2019). However new evidence 

has suggested that after receiving a primary stimulus of whole beta-glucan particles (WGP), 



  25 

macrophages can react to a secondary stimuli of MIF, produced by tumour cells (Ding et al., 

2023). This fast-acting, memory-inducing training effect can be identified by hallmark changes 

in the epigenetic signature of cells, such as the methylation of their DNA by methyltransferase 

enzymes, or through the measurement of their production of mediators such as TNFα, IL-6 

(Ochando et al., 2023) or IL-1β, a cytokine known to play a role in MIF-facilitated NLRP3 

inflammasome activation (Harris et al., 2019; Lang et al., 2018; Li et al., 2022). Literature has 

documented the complex ability of this innate cytokine to polarise macrophages to both a pro-

inflammatory M1 phenotype where they play a role in host defence against pathogens (Castro 

et al., 2017; Cotzomi-Ortega et al., 2021; Feng et al., 2021; Li et al., 2022), but also an anti-

inflammatory M2 phenotype where they aid tissue repair and wound healing (Falcone et al., 

2001; Filbey et al., 2019; Prieto-Lafuente et al., 2009). Thus, MIF can have dichotomous effects 

on macrophage polarisation depending on the concentration of MIF available, the presence of 

other cytokines, and the tissue microenvironment. Although MIF is known to have a crucial 

role in driving autoimmunity as previously discussed, the knowledge on MIF’s function in 

innate immune training is limited. Moreover, there is a gap in the literature concerning the 

impact of the human CATT7 MIF polymorphism and trained immunity, especially in an allergic 

asthma lung microenvironment induced by the HDM aeroallergen.  

 

1.3 MESENCHYMAL STROMAL CELLS (MSCS) 

 

 1.3.1 Introduction  

 

Mesenchymal stromal cells (MSCs) have gained popularity for their therapeutic 

potential in treating inflammatory diseases, owing to their robust immunomodulatory and 

cytoprotective abilities (Hoang et al., 2022). Intrinsic variability is documented between MSCs 
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sourced from different tissues, including the bone marrow (BM), adipose tissue (AD) or 

umbilical cord (UC), in addition to donor-to-donor variability (Ankrum, Ong, et al., 2014; 

Costa et al., 2021). Extrinsic differences are introduced through the culturing methods of these 

cells, the route of administration and overall cell viability (Giri & Galipeau, 2020; Matthay et 

al., 2019). Thus, although MSCs are one of the most extensively studied cell-based therapies, 

their heterogeneity remains the primary concern leading to discrepancies in their clinical 

therapeutic efficacy. To improve the consistency and efficacy of MSC-based therapy for 

inflammatory diseases, pre-licensing these cells by optimising or modifying the conditions in 

which they grow, may harness their ability to regulate an over-zealous immune response and 

consequently boost their clinical success. First tested in humans in 1995 (Lazarus et al., 1995), 

MSC therapeutic intervention is well documented, especially in field of chronic pulmonary 

disease (Doherty et al., 2023) where their mechanisms of action have been studied in acute 

respiratory distress syndrome (ARDS) (Gorman et al., 2021; Liu et al., 2022; Wick et al., 2021; 

Zhang et al., 2022), idiopathic pulmonary fibrosis (IPF) (Atanasova et al., 2022; Li et al., 2018; 

Samarelli et al., 2021; Shi, Han, et al., 2021; Yang et al., 2021), COVID-19 (Rossello-Gelabert 

et al., 2022; Shi, Wang, et al., 2021; Xu et al., 2022; Yao et al., 2022) and importantly asthma 

(Choi et al., 2022; Cruz et al., 2015; Cruz et al., 2018; de Castro et al., 2017; Kim et al., 2022; 

Mo, Kang, et al., 2022). 

 

 1.3.2 Mechanism of Action  

 

 Mesenchymal stromal cells can elicit their immunomodulatory and cytoprotective 

effects by mechanisms both dependent and independent of cell-cell contact. In vivo, MSCs 

interact with their surrounding microenvironment. When first reaching a site of inflammation 

or injury, such as in the lung after intravenous administration, MSCs become either pro-
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inflammatory or anti-inflammatory depending on the signals received from their environment 

(Dunbar et al., 2021). In a pro-inflammatory manner, MSCs come in contact with and activate 

effector cells, such as T cells, macrophages and neutrophils to assist in pathogen clearance. 

Conversely, MSCs can modulate an over-active immune response by communicating with 

tolerogenic dendritic cells, T regulatory cells or M2 anti-inflammatory macrophages (Carty et 

al., 2017). Furthermore, our group has thoroughly demonstrated MSCs ability to suppress T 

cell proliferation (Carty et al., 2018; Corbett et al., 2021; English et al., 2007, 2013; Tobin et 

al., 2013).  

 

Additional to their contact-dependent functions, MSCs mediate the majority of their 

immunosuppressive and cytoprotective effects through their secretome (Műzes & Sipos, 2022; 

Su et al., 2023; Szabłowska-Gadomska et al., 2023; Xia et al., 2019). The secretome is a 

collection of soluble mediators secreted by MSCs, perhaps accounting for their distal effects 

in vivo (Cahill et al., 2016; Carty et al., 2021; Corbett et al., 2021; English et al., 2007; Kennelly 

et al., 2016). Along with the modulation of the immune response through paracrine 

mechanisms, MSCs can also modulate surrounding cells through the release of exosomes 

(Biswas et al., 2019; de Araujo Farias et al., 2018; Reza et al., 2016; Shang et al., 2019), or 

even through mitochondrial transfer (Li et al., 2019; Mohammadalipour et al., 2020; Yuan et 

al., 2021). A recent study demonstrated that mitochondrial DNA from MSCs could 

downregulate Th1 differentiation via the master Th1 transcription factor T-bet, perhaps 

illustrating another mechanism by which MSCs can calm the immune response (Akhter et al., 

2023).  Furthermore, MSCs are known for their expression of cyclooxygenase (COX) enzymes, 

which facilitate the production of prostaglandin H2 from arachidonic acid and its conversion 

to the lipid mediator prostaglandin E2 (Burand et al., 2020; Duffy et al., 2011; English, 2013; 

English et al., 2007), which can bind to macrophages through EP2 and EP4 receptors. 
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Additionally, indoleamine 2,3-dioxygenase (IDO) is another well-known enzyme involved in 

MSC function, where this enzyme acts to catabolise tryptophan into kynurenine, modulating T 

cell proliferation (Boland et al., 2022; Carty et al., 2021; Chinnadurai et al., 2014; English et 

al., 2013; English & Wood, 2013).  

 

 Along with MSCs being able to modulate the immune response, they can re-educate 

the resident population of phagocytic macrophages present. As previously discussed, 

macrophages can be polarised to an M1 or M2 phenotype by the inflammatory milieu in their 

vicinity. It is hypothesised that MSCs can re-programme macrophages through the secretion of 

pro-inflammatory cytokines such as IL-6 and IL-8, or anti-inflammatory mediators like IDO, 

PGE2, TGF-β and even VEGF.  

 

 1.3.3 MSC and Macrophage Cross-Talk 

 

Along with the inflammatory lung microenvironment being a key mediator in MSC 

licensing (Dunbar et al., 2021), the recipient’s resident macrophage population can also play a 

role in MSCs’ mechanisms of action. As MSCs are known to become apoptotic shortly after 

their administration in vivo (Carty et al., 2021; Eggenhofer et al., 2012), increasing evidence 

has demonstrated the importance of their phagocytosis by macrophages, eliciting their 

immunomodulatory effects in an indirect paracrine manner (Braza et al., 2016; Galleu et al., 

2017; Pang et al., 2021; Stevens et al., 2020).  

 

MSC therapeutic efficacy requires the presence of macrophages (Galipeau, 2021; 

Mathias et al., 2013), where a bi-directional, complex cross-talk between these cell populations 

can determine the inflammatory fate of their resident microenvironment. Elegantly described 
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by Carty et al., (2017), MSCs can modulate macrophages through active (secretion of TSG-6 

and PGE2) and passive (being phagocytosed, secreting miRNA containing exosomes and 

mitochondrial transfer) means. Moreover, MSCs are primarily known to polarise macrophages 

to an M2, anti-inflammatory phenotype (Biswas et al., 2019; Braza et al., 2016; François et al., 

2012; Kim & Hematti, 2009; Selleri et al., 2016; Xie et al., 2016; Yuan et al., 2021), which in 

return, triggers macrophages to secrete mediators which can act to license MSCs and further 

boost their immunomodulatory efficacy (Carty et al., 2017). Conversely, there is evidence that 

MSCs can also polarise macrophages to an M1 phenotype in response to parasitic Leishmania 

major infection (Dameshghi et al., 2016) or in E.coli pneumonia-induced sepsis (Rabani et al., 

2018). 

 

During allergic inflammation, such as after the inhalation of the aeroallergen HDM, 

blood monocytes are recruited to the lung where they differentiate into macrophages depending 

on the cytokine milieu present (Poston et al., 1992; Tomita et al., 1995). In asthma, there is an 

increase in Th2 cytokines which alternatively activate macrophages to an M2 type which 

evidently contributes to airway remodelling. In HDM-challenged mice that over-expressed IL-

13, hUC-MSCs decrease the level of monocyte infiltration into the lung, specifically LyC6- 

monocytes (Mo, Kim, et al., 2022). In an additional study investigating the mechanism by 

which Liporxstatin-1 licensed MSCs decreased asthma pathology, MSCs were noted to 

attenuate LyC6+ M2 macrophages (Kim et al., 2022). Furthermore, MSCs have been identified 

to reduce Th2 allergic inflammation by modulating lung macrophages in a paracrine manner 

(Mo, Kang, et al., 2022). In vitro, murine MSC (BM, AD, lung) co-cultured with RAW 264.7 

macrophages decreased the mRNA expression of iNOS, demonstrating MSCs ability to 

decrease pro-inflammatory M1 macrophages (Abreu et al., 2017). After OVA sensitisation, 

small extracellular vesicles derived from MSCs (MSC-sEV) significantly decreased the 
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recruitment and polarisation of monocyte-derived M2 alveolar macrophages, thus facilitating 

a decrease in allergic airway inflammation (Fang et al., 2020).  

 

Whilst these studies have demonstrated the ability of MSCs to polarise macrophages to 

an anti-inflammatory phenotype, perhaps in a cell-contact dependent manner through the 

expression of PD-L1 (Chinnadurai et al., 2014), ICAM (Espagnolle et al., 2017) or even 

mitochondrial transfer (Jackson et al., 2016), the role of the MSC secretome containing 

kynurenine (KYN) or prostaglandin E2 (PGE2) is also important (Chiossone et al., 2016; 

François et al., 2012; Galipeau, 2021). MSC production of PGE2 has been demonstrated to calm 

macrophages through EP2 and EP4 receptors (Burand et al., 2020; Kubo et al., 2004; Németh 

et al., 2009; Shinomiya et al., 2001). 

 

As MSCs can effectively modulate macrophages in the context of different 

inflammatory diseases, perhaps they could be used to therapeutically target macrophages, re-

wiring their inflammatory response and thus reducing trained immunity (Mulder et al., 2019). 

 

 1.3.4 MSC licensing 

 

The phenomenon of MSC licensing or activation has been studied extensively in recent 

years (Boland et al., 2018; Carty et al., 2021; Carvalho et al., 2019; Corbett et al., 2021; English, 

2013; Hackel et al., 2023; López-García & Castro-Manrreza, 2021; Noronha et al., 2019), 

particularly in the context of the asthmatic microenvironment (Abreu, Rolandsson Enes, et al., 

2019; Abreu, Xisto, et al., 2019; Rolandsson Enes et al., 2021). Early reports of MSC activation 

can be traced back to the 1960s, where activated MSCs improved bone remodelling (Hattner 

& Frost, 1963). However, MSC activation now refers to the process of inducing a biological 
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response in these cells, typically to enhance their therapeutic properties. Mesenchymal stromal 

cells (MSCs) require activation to exert their full therapeutic potential, which can be carried 

out through licensing these cells in vitro with stimuli or in vivo in an inflammatory disease 

microenvironment. This can be achieved through various methods, such as exposure to pro-

inflammatory stimuli (Boland et al., 2018; Carty et al., 2021; Carvalho et al., 2019; Corbett et 

al., 2021; López-García & Castro-Manrreza, 2021; Lynch et al., 2020), including injury, 

inflammation, and disease (Abreu, Rolandsson Enes, et al., 2019; Abreu, Xisto, et al., 2019; 

Dunbar et al., 2021; Rolandsson Enes et al., 2021). MSC licensing can lead to changes in the 

expression of genes, cell surface markers, and secreted molecules, subsequently influencing 

the behaviour of these cells in vivo, optimising their regenerative, immunomodulatory, or anti-

inflammatory effects for a given application. Additionally to pre-conditioning cells in vitro, 

MSCs can also be activated in vivo after administration to the body. The pro-inflammatory lung 

microenvironment is known to contain adequate threshold levels of stimuli to facilitate this 

licensing of MSCs in vivo (Dunbar et al., 2021). Importantly, unlike other routes of 

administration of these cells, when MSCs are administered intravenously (I.V.) they are known 

to first migrate to the lung through the pulmonary circulatory system, termed “first passe” 

(Galipeau & Sensébé, 2018; Sensebé & Fleury-Cappellesso, 2013), making the lung an optimal 

site for in vivo licensing. Furthermore, due to the large size of these stromal cells (ranging from 

16–53 μm) (Furlani et al., 2009), the majority of MSCs administered I.V. may get trapped 

within the lung architecture, with only small subsets of this population reaching distal organs 

(Carty et al., 2021; Ferrini et al., 2021; Leibacher & Henschler, 2016; Németh et al., 2009). 

Although the viability of MSCs in the lung is short-lived with these cells becoming apoptotic 

after 24hrs (Eggenhofer et al., 2012; Galleu et al., 2017; Giri & Galipeau, 2020; Pang et al., 

2021), pre-licensing MSCs may facilitate increased retention in target organs (Carty et al., 

2021; Guo et al., 2018; Liesveld et al., 2020; Ullah et al., 2019).  
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 As discussed, macrophage migration inhibitory factor (MIF) is a pro-inflammatory 

cytokine involved in the pathogenesis of many inflammatory diseases. Increasing bodies of 

evidence are outlining the possibility of this cytokine to facilitate MSC licensing both in vitro 

and in vivo. The impact of MIF on MSC function has previously been studied in vitro (Xia, 

Zhang, et al., 2015), where MSCs have been transfected (Liu et al., 2020; Zhang, Zhu, et al., 

2019; Zhu et al., 2021) or licensed with this cytokine (Abdul-Aziz et al., 2017; Chen et al., 

2020; Xia, Xie, et al., 2015; Zhuang et al., 2020). MIF is involved in the upregulation of 

survival pathways in many cell types (Gore et al., 2008; Lue et al., 2007; Ohta et al., 2012). 

Thus, it may not be surprising that MIF licensing can improve MSCs survival in vitro.  

 

 After licensing with 100ng/ml of recombinant MIF, rat bone marrow MSCs 

demonstrated a level of protection against hypoxia and serum-deprivation induced apoptosis. 

MIF appeared to stimulate c-Met in an CD74-dependent manner, decreasing oxidative stress 

through PI3K/Akt-FOXO3a signalling (Xia, Xie, et al., 2015). In hypoxic conditions, human 

bone marrow MSCs demonstrated an increase in endogenous MIF production which led to the 

activation of the Akt pathway and subsequently decreased mRNA markers of cell senescence. 

Keeping in mind the body of knowledge illustrating the ability of MIF to license MSCs, 

perhaps this is presenting a positive feedback mechanism by which MIF-derived from MSCs 

can act to boost their own survival in hypoxic conditions (Palumbo et al., 2014). A similar 

positive feedback loop with MIF and the MSC production of MIF has also been demonstrated 

in a cancer environment (Lourenco et al., 2014; Zhang et al., 2022). Adding to this hypoxic 

theme, the over-expression of MIF in aged MSCs (isolated from bone marrow of humans aged 

72-80) was seen to reduce cellular senescence by activating autophagy in a 3-methyladenine-

dependent manner. When aged MSCs that overexpressed MIF were transferred into a rat model 

of myocardial infarction, these MSCs increased angiogenesis and improved cell survival 
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compared to aged-MSC controls (Zhang, Zhu, et al., 2019). Furthermore, rat bone marrow 

MSCs licensed with 100ng/ml of recombinant MIF were rescued from doxorubicin-induced 

senescence through activation of PI3K-Akt signalling (Xia & Hou, 2017), similar to Xia, Xie, 

et al., (2015). Lastly, in yet another model of hypoxia and serum deprivation-induced MSC 

apoptosis, MIF licensing protected murine bone marrow MSCs by interacting with lincRNA-

p21 and the activation of the Wnt/B-catenin pathway (Zhuang et al., 2018). 

 

 Although literature has elucidated the positive impact of pre-conditioning MSCs with 

recombinant MIF, improving their viability after hypoxia exposure, the area of MSCs licensed 

with this pro-inflammatory cytokine is still lacking robust, reproducible studies, especially in 

vivo. MIF is known to be upregulated in the bronchoalveolar lavage fluid and sputum of asthma 

patients (Mizue et al., 2005), and thus it is imperative to investigate MSC efficacy in a MIF-

mediated inflammatory microenvironment (Hawthorne, Dunbar et al., in reveiw) With the 

increase of questions surrounding the robustness of commercially available recombinant MIF 

and the difficulty of cloning and purifying MIF from Jurkat T cells (Bernhagen, Mitchell, et 

al., 1994), new ways of investigating the endogenous role of this cytokine on MSC efficacy are 

required. Lastly, whilst the demonstration of increased MSC viability and migration after MIF 

licensing is important, more focus on the functionality of MIF-licensed MSCs would be 

extremely beneficial, especially as there is evidence supporting the ability of MIF to upregulate 

COX-2 activity and PGE2 release (Sampey et al., 2001; Zhang, Zhou, et al., 2019), both of 

which are pivotal aspects of MSC’s immunomodulatory function.   
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 1.3.5 MSCs in Asthma  
 
 

The impact of the inflammatory lung environment present in chronic respiratory disease 

on MSC function has been thoroughly documented, where MSCs can respond to their 

surrounding environment with their therapeutic function being influenced by the threshold 

levels of stimuli present, creating a unique cell-host interplay (Abreu, Rolandsson Enes, et al., 

2019; Abreu, Xisto, et al., 2019; Cereta et al., 2021; Dunbar et al., 2021; Rolandsson Enes et 

al., 2021). Over the past decade, there has been an exponential increase in the therapeutic use 

of MSCs in preclinical models of asthma (Figure 4).  

 

 

 

Figure 4. Mesenchymal stromal cells reduce allergic airway inflammation. Mice are sensitised with 

HDM or OVA to induce allergic airway inflammation. MSCs administered through the tail vein travel 

through the pulmonary circulatory system and reach the lung. The inflammatory cytokine milieu present 

in the lung acts to license MSCs. Licensed MSCs have increased expression of COX-2 (Prostaglandin 

E2), IDO (Kynurenine), ICAM and PD-L1. Thus, these activated MSCs also have the enhanced 

secretion of mediators (KYN, TSG-6, PGE2, NO) and cytokines (IL-6, IL-8, IL-10), along with 

extracellular vesicles containing mitochondrial DNA and proteins which facilitate their therapeutic 

efficacy. MSCs modulate the lung microenvironment by decreasing the level of monocyte infiltration, 

re-educating alveolar macrophages and decreasing T cell differentiation, reducing Th2 cytokines IL-4, 
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IL-5 and IL-13. Furthermore, MSCs inhibit the migration of HDM and OVA presenting dendritic cells 

to lymphnodes. Collectively, MSCs can reduce hallmarks of asthma pathology, including goblet cell 

hyperplasia and collagen deposition, thus abrogating airway resistance.  

 
Abbreviations: House Dust Mite (HDM), Ovalbumin (OVA), Intravenous (I.V.), Intraperitoneal (I.P.), Intranasal 
(I.N.), Cyclooxygenase-2 (COX-2), Prostaglandin E2 (PGE2), Indoleamine 2,3-Dioxygenase (IDO), Kynurenine 
(KYN), Programmed Death-Ligand 1 (PD-L1), Intracellular adhesion molecule-1 (ICAM-1), Tumor Necrosis 
Factor-Inducible Gene 6 (TSG-6), Mitochondrial DNA (mtDNA), Extracellular Vesicles (EVs), Dendritic Cells 
(DCs), Lymph nodes (LN). 
 
 
 
 

In mouse models of Alternaria alternata-induced and house dust mite (HDM)/diesel 

exhaust particle (DEP)-induced asthma, umbilical cord-derived MSCs could modulate Th2 and 

innate lymphoid (ILC2) effector cells by decreasing their production of IL-5 and IL-13, 

cytokines known to have a key role in driving allergic airway inflammation (Shin et al., 2021). 

In balb/c OVA sensitised mice, bone marrow-derived MSCs reduced airway 

hyperresponsiveness but adipose MSCs did not, illustrating the variability seen between MSCs 

isolated from different tissue sources (Choi et al., 2022). Moreover, the differential therapeutic 

effects from bone marrow, adipose tissue and lung isolated MSCs were demonstrated in another 

OVA model, where only BM-MSCs could improve the lung mechanics and function of these 

mice (Abreu et al., 2017). Adipose MSCs and their secreted extracellular vesicles (EV) act 

differently in C57/BL6 mice sensitised with OVA, where MSC-EVs decreased T lymphocytes 

and IL-5 in BALF whilst whole MSCs did not (de Castro et al., 2017). In a mixed Th2/Th17 

Aspergillus Hyphal Extract-induced model of asthma, systemically administered conditioned 

media and extracellular vesicles from human MSCs significantly reduced airway 

hyperresponsiveness, inflammation and the Th2/Th17 phenotype (Cruz et al., 2015). A novel 

study administering conditioned media from MSCs through the tail vein of OVA sensitised 

mice, demonstrated that the secretome was as efficacious as the administration of the MSC in 

decreasing Th2 cytokines IL-4, IL-5 and IL-13, reiterating the important alternative of using 
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the cell-free MSC secretome as a therapeutic intervention (Ma et al., 2022; Műzes & Sipos, 

2022; Xia et al., 2019). In a model of OVA and LPS-induced Th17 neutrophilic asthma, the 

intravenous administration of MSCs attenuated the level of Th17 inflammation, IL-17A, 

phospho-STAT3, GATA3 and RORγt, demonstrating the suppressive effect of these stromal 

cells on T helper cell differentiation (Fang et al., 2018). Importantly, MSCs have also illustrated 

their ability to modulate the allergic Th2 immune response induced by the pertinent, more 

clinically relevant HDM allergen (Abreu et al., 2018; Abreu, Xisto, et al., 2019; Castro et al., 

2020; Duong et al., 2015; Mariñas‐Pardo et al., 2014). Lastly, and most recently, the first use 

of MSC EV-mimetic nanovesicles (NV) were found to effectively reduce airway inflammation, 

cytokine production and eosinophil infiltration after OVA sensitisation, regardless of the route 

of administration (Bandeira et al., 2023). With further evaluation of the safety of these MSC-

nanovesicles as a treatment for asthma, they may serve as another string to our MSC bow.  

 
 
 1.3.6 Limitations of MSCs in Asthma 
 
 
 

It has been established that human mesenchymal stromal cells (hMSC) are more 

efficacious (Cruz et al., 2015) and safer than murine (mMSCs) (Miura et al., 2006) and rat 

(rMSCs) MSCs (Foudah et al., 2009), in addition to the translational relevance of using human 

MSCs for the treatment of human inflammatory diseases. Unfortunately, the success of human 

MSCs in clinical trials is still hindered by their heterogeneity, which arises through donor-to-

donor variability, disparity in MSC efficacy between isolation sites, the immunological status 

of the recipient at the time of receiving this cell therapy and also the logistics of their utilisation 

in the clinic (Cruz et al., 2015; Wiese et al., 2022). Moreover, concerns about their aggregation 

after administration resulting in a decrease in therapeutic efficacy (Burand et al., 2020), along 

with the risk of their contribution to the formation of thromboembolisms after intravenous 
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administration (Moll et al., 2022) are areas requiring more research in order to translate these 

cells from bench to bedside.  

 

Alas, in addition to the rise of strict regulations and criteria regarding MSC use (Moll 

et al., 2022; Wilson et al., 2021; Wright et al., 2021), pre-conditioning these cells to tailor their 

destined therapeutic function might be a solution, along with the possibility of using cell-free 

MSC derivatives, such as their secretome, exosomes or even nanovesicles. Furthermore, patient 

stratification can assist in predicting the therapeutic outcome after MSC administration, as the 

MSC environment is known to have an impact on their efficacy in vivo (Abreu, Rolandsson 

Enes, et al., 2019; Abreu, Xisto, et al., 2019; Dunbar et al., 2021; Rolandsson Enes et al., 2021). 

To interpret how MSCs will function in a particular setting, the immunological status of the 

recipient can be investigated prior to administration. In a mouse model of HDM-induced 

asthma, serum from HDM challenge mice was used to license MSCs prior to their intratracheal 

administration 24 hours after last challenge (Abreu, Xisto, et al., 2019). MSCs licensed with 

asthmatic serum had increased therapeutic efficacy, with an ability to decrease Th2 cytokines 

in the BALF, along with improving lung function compared to unlicensed MSCs (Abreu, Xisto, 

et al., 2019). This opens the possibility of predicting MSC therapeutic efficacy based on the 

inflammatory status of the recipient’s microenvironment at the time of MSC infusion (Galipeau 

& Sensébé, 2018). In humans, MSCs’ efficacy in graft versus host disease (GvHD) was 

investigated, where it was observed that CD8+ T cells and CD56+ natural killer cells were 

responsible for killing MSCs in vivo, enhancing their immunomodulatory activity (Galleu et 

al., 2017). Therefore to differentiate responders to MSC administration from non-responders, 

the cytotoxicity of the host’s immune system was analysed, with patients who’s CD8+ T cells 

and CD56+ natural killer cells could efficiently kill MSCs in vitro, responding well to MSC 

treatment in vivo (Galleu et al., 2017).  
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Genetic stratification may be another possible route of investigating suitable candidates 

for MSC therapy. As previously discussed, the functional polymorphism containing the 7-

repeat tetranucleotide sequence at position 794 downstream of the promotor region of the 

human MIF gene, increases the promoter activity and thus expression of MIF (Baugh et al., 

2002; Plant et al., 2005). Furthermore, MIF is known to have a role in the exacerbation of 

asthma pathophysiology (Mizue et al., 2005). As MSCs are sentinel cells, with the ability to 

perceive their surrounding microenvironment and adapt their therapeutic response, genotyping 

candidates for the presence of the CATT MIF polymorphism could predict the success of this 

cellular therapy prior to their administration in vivo.  

 

To conclude, uncontrolled severe asthma is still an evident problem from both a 

physiological and an economical point of view. Human macrophage migration inhibitory factor 

plays a fundamental role in the development of many inflammatory disorders, particularly 

asthma. Mesenchymal stromal cells can be licensed or activated by pro-inflammatory cytokines 

such as MIF, boosting their therapeutic ability to calm and re-programme the innate immune 

system. Using novel transgenic mice expressing the human CATT7 MIF polymorphism, this 

thesis sets out to elucidate the impact of high human MIF expression on HDM-induced allergic 

airway inflammation using a potent MIF antagonist SCD-19. Moreover, this research sought 

to investigate the licensing effect of MIF on human bone marrow-derived MSC cytoprotective 

functions and the ability of MSCs to modulate macrophage polarisation, and to re-educate the 

hematopoietic stem and progenitor cells from humanised CATT7 MIF mice.  
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1.4 Hypothesis:  
 
 
High expression of human MIF under the CATT7 promotor polymorphism exacerbates HDM-

induced allergic asthma. Human MIF acts to license MSCs, boosting their ability to release 

cytoprotective mediators into their secretome and calm pro-inflammatory macrophages trained 

by HDM exposure.  

 
 
 
 
 
 
 
Aims: 
 
 

1. To characterise novel transgenic human MIF expressing mice and generate a robust 

physiological scale of HDM-induced airway inflammation, investigating the specific role 

of MIF using MIF inhibitors. 

 

2. To investigate the ability of human MIF to license MSCs and improve their ability to 

promote epithelial wound healing in vitro. 

 

3. To elucidate the role of human MIF in macrophage polarisation under basal conditions. 

 

4. To establish if human MIF drives innate immune training in HDM-treated macrophages.  

 

5. To identify if MSCs can calm the macrophage pro-inflammatory response by re-

programming progenitor cells from the bone marrow of human MIF expressing CATT7 

mice. 
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Chapter 2: 
 

The biological role of macrophage migration 
inhibitory factor in novel humanised MIF mice 

in a model of allergic airway inflammation 
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2.1 Abstract 
 
 
 

Macrophage migration inhibitory factor (MIF) expression is controlled by a functional 

promotor polymorphism, where the number of tetranucleotide repeats (CATTn) regulates MIF 

expression. To examine the role of this polymorphism in a pre-clinical model of allergic airway 

inflammation, novel humanised MIF transgenic mice expressing the CATT7 allele were used 

to investigate the impact of high human MIF expression in airway inflammation following 

house dust mite challenge. Under basal and diseased conditions, significantly elevated levels 

of MIF were measured in the bronchoalveolar lavage fluid, splenocytes, bone marrow-derived 

macrophages and lung tissue from CATT7 mice compared to WT mice. After HDM challenge, 

CATT7 mice, which express high levels of human MIF, illustrated significantly elevated levels 

of immune cell infiltration, production of inflammatory mediators, goblet cell hyperplasia, 

subepithelial collagen deposition and airway resistance compared to WT controls. To fully 

elucidate the implications of high basal levels of MIF in airway inflammation, a potent MIF 

inhibitor SCD-19 was used to block the biological activity of this pro-inflammatory cytokine. 

SCD-19 significantly mitigated the pathophysiology observed in CATT7 mice after HDM 

challenge, demonstrating the fundamental role of endogenous human MIF expression in the 

severity of airway inflammation in vivo.     
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2.2 Introduction  
 

 
 

There is an urgent unmet need for novel therapeutics for the management and treatment 

of allergic asthma. Clinically characterised by airway remodelling and hyperresponsiveness, 

this chronic lung condition accounts for a substantial economic burden worldwide (Attar-Zadeh 

et al., 2023; Faverio et al., 2023; Harada et al., 2023; López-Tiro et al., 2022). There is currently 

no cure for asthma. As the majority of current treatments act to manage symptoms associated 

with lung inflammation, there is still a pursuit to develop biologics that efficiently tackle airway 

remodelling and thus, the persistence of severe, uncontrolled asthma.  

 

50-85% of asthmatics are allergic to house dust mite (HDM) (Dullaers et al., 2017), 

making this a clinically relevant aeroallergen, in comparison to its demoded counterpart, 

ovalbumin (OVA). OVA requires an adjuvant upon administration via the non-physiological 

intraperitoneal route in order to elicit a Th2 response equivalent to that induced by HDM 

(Eisenbarth et al., 2002; Tsitoura et al., 2000). HDM-driven asthma results from the inhalation 

of dust mite faecal pellets, or the crude extracts of the mite itself, known as Dermatophagoides, 

which acts to penetrate epithelial cells and activate the key antigen presenting dendritic cells, 

triggering an influx of type 2 T helper cells and Th2 cytokines; IL-4, IL-5 and IL-13. Incidence 

of allergic asthma is known to be a complex interplay between environmental (i.e., inhalation 

of allergens, pollution etc) and genetic factors (i.e., inheritance or polymorphisms) (von 

Mutius, 2009), along with others such as birth order or childhood infections (Gregory & Lloyd, 

2011). Current treatments for asthma focus on the management of symptoms and consist of the 

utilisation of bronchodilators and glucocorticoid steroids to control the intensity and number 

of allergic exacerbations. Advances have been made with the availability of add-on 

maintenance biologics such as Dupilumab (DUPIXENTÒ) (Faverio, 2023; Thelen et al., 2023; 
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Rabe et al., 2022), Mepolizumab (Ortega et al., 2014) and Lebrikizumab (Austin et al., 2020; 

Szefler et al., 2022), which target IL-4, IL-5 and IL-13 receptors respectively. Unfortunately, 

the majority of therapies are still targeted at the maintenance rather than the resolution of this 

condition. Although these biologics target cytokines and receptors that drive airway 

inflammation, they do not act on a widespread physiological level to definitively reverse 

multifaceted histological damage inflicted by repeated exacerbations, thus not being a long 

term solution to this lung disease.  

 

Macrophage migration inhibitory factor (MIF) is detected at high levels in the 

bronchoalveolar lavage fluid (BALF) and serum of asthmatic patients (Mizue et al., 2005). 

First discovered in 1966 (David, 1966) and cloned in 1989 (Weiser et al., 1989), this pro-

inflammatory cytokine is known to play a pivotal role in many inflammatory diseases (Bucala, 

2013) including asthma (Florez-Sampedro, Soto-Gamez, et al., 2020; Kobayashi, 2006; Rossi 

et al., 1998), rheumatoid arthritis (Morand et al., 2006; Sánchez-Zuno et al., 2021; Yoo et al., 

2016) and sepsis (Bernhagen, Calandra, et al., 1994; Bozza et al., 2004; Tilstam et al., 2021; 

Toldi et al., 2021). The level of MIF expression can vary in humans due to a functional repeat 

polymorphism implicating a tetranucleotide sequence (CATTn), found at position 794 

downstream of the promotor region in the MIF gene (Baugh et al., 2002), where the higher the 

number of repeats, the stronger the gene promotor activity and thus higher MIF expression. 

Four types of allelic variations are known, classified as CATT5, CATT6, CATT7 and CATT8, 

with the CATT5 repeat allele presenting the lowest promotor activity (Plant et al., 2006). 

Overall it was found that this low expressing MIF CATT5 allele correlated with lower levels of 

inflammation and thus milder forms of disease (Baugh et al., 2002; Melotti et al., 2014; Plant 

et al., 2005). 
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MIF is pre-formed and stored within the cytoplasm of the cell, to ensure that it can be 

rapidly released upon stimulation, such as in response to an inflammatory stimulus (Bacher et 

al., 1996; Bernhagen, Mitchell, et al., 1994; Calandra et al., 1994; Calandra & Roger, 2003). If 

MIF were to constantly leak out of the cell, it could lead to dysregulated immune responses. 

Therefore, pre-formed MIF is kept in intracellular pools until it is needed. Importantly for 

asthmatics, MIF is known to suppress the action of glucocorticoids, reducing the efficacy of 

this current first line therapy for this atopic condition (Bloom et al., 2016; Calandra et al., 

1994).  

 

Studies have previously established a role for this pro-inflammatory cytokine in asthma, 

for example in a mouse model of OVA-induced airway inflammation, MIF deficient (MIF-/-) 

mice had lower levels of pulmonary inflammation, Th2 cytokines and airway 

hyperresponsiveness (AHR) compared to wildtype controls (Mizue et al., 2005). To further 

demonstrate the role of this innate cytokine, anti-MIF antibodies and small molecular weight 

inhibitors have been utilised to block its activity. Administration of a MIF neutralising antibody 

mitigated the MIF-related induction of AHR in an OVA model in balb/c mice, but notably had 

no effect on the production of Th2 cytokines or IgE (Magalhães et al., 2007). The prototypical 

MIF antagonist ISO-1 could abrogate AHR and airway inflammation in balb/c mice challenged 

with HDM, along with demonstrating MIF’s role in epithelial barrier dysfunction in vitro (Lan 

et al., 2020). In another model of OVA-induced allergic asthma in balb/c mice, a polyclonal 

anti-MIF antibody decreased the level of cellular infiltration in BALF from these mice, but 

failed to decrease Th2 cytokines or IgE. As MIF neutralising antibodies can induce the 

apoptosis of inflammatory cells, this may explain the decreased cell numbers observed in the 

BALF collected from these mice (Amano et al., 2007). The link between MIF and airway 

remodelling in C57BL/6 mice was elucidated by Li et al., (2021), where ISO-1 decreased 
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autophagy processes in smooth muscle cells, thus reducing the incidence of airway remodelling 

after OVA sensitisation. Importantly, these studies have been investigating murine sources of 

MIF. To further advance the translational knowledge around this clinically relevant cytokine, 

the role of human MIF must also be elucidated. This study is the first to use novel transgenic 

humanised MIF mice containing the human MIF gene controlled by the human CATTn 

promotor polymorphism to further investigate human MIF’s role in a model of acute allergic 

lung inflammation.        

 

MIF’s role in many inflammatory conditions makes it an attractive candidate 

therapeutic target (Bilsborrow et al., 2019; Krammer et al., 2023; Luo et al., 2021; Thiele et al., 

2022). Previous clinical trials have targeted MIF through the use of biologics such as anti-MIF 

antibodies, specifically Imalumab or BAX69 (NCT01765790) (Mahalingam et al., 2020). 

Moreover, small molecule inhibitors may be superior to anti-MIF antibodies, as they not only 

target MIF extracellularly, but can also have an inhibitory effect on intracellular MIF (Florez-

Sampedro, Soto-Gamez, et al., 2020). Evidence shows that MIF’s biological activity may be 

linked to its tautomerase activity. However, it is important to note that the precise mechanisms 

by which MIF exerts its biological effects are still not fully understood, and the relative 

contributions of its different functional domains (including the tautomerase active site) to these 

effects are an area of ongoing research. MIF’s tautomerase activity is related to a unique 

catalytic site located within an N-terminal proline (Pro1) and surrounding hydrophobic pocket 

of MIF (Adamali et al., 2012; Bendrat et al., 1997; Lubetsky et al., 1999), making this pro-

inflammatory cytokine unique. No physiological substrate for this catalytic site has been 

identified thus far, but it has been discovered that MIF can act as a catalyst to the 

tautomerisation of D-dopachrome (Sugimoto et al., 1999) and phenylpyruvate tautomerase 

(Rosengren et al., 1997). By binding to this active site, an area where the tautomerase active 
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site and the CD74 receptor functionally overlap, small molecule inhibitors induce 

conformational changes which indirectly inhibit MIF’s function (Sinitski et al., 2019). 

Categories of these inhibitors include Chromen-4-one scaffolds [Orita-13 (2001)], Isoxazolines 

[ISO-1 (2002)], 1,2,3-triazoles [Jorgensen-3G or Jorgensen-3H (2010)], Covalent inhibitors [4-

IPP (2008)], Isocoumarins [SCD-19 (2014)] or others such as those with a Benzoxazinone 

scaffold [NVS-2 (2008)] (Kok et al., 2018). In this study, the isocoumarin MIF inhibitor SCD-

19 (3-(2-methylphenyl)-1H-isochromen-1-one) was used. The prototypical isooxazoline MIF 

inhibitor ISO-1 ((S,R)-3-(4-hydroxyphenyl)-4,5-dihydro-5-isoxazole acetic acid methyl ester) 

was also used (shown in supplementary figures).  

 

  This study is the first to use novel transgenic humanised MIF mice to investigate the 

role of the high expressing CATT7 allele in driving allergic airway inflammation following 

house dust mite challenge. Using this unique model, the important role of endogenous human 

MIF expression on house dust mite-induced allergic airway inflammation was confirmed by 

utilising small molecular weight inhibitors in vivo. 
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2.3 Materials and Methods 
 
 
 

 2.3.1 Ethical Approval and HPRA Compliance 

 

 All procedures involving the use of animals were carried out by licensed personnel. 

Ethical approval for all work was granted by the ethics committee of Maynooth University 

(BRESC-2018-13). Project Authorisation was received from the HPRA (AE19124/P022), 

whereby the terms of the animal experiments within this project were outlined and adhered to.  

 

 2.3.2 Compliance with GMO and Safety Guidelines  

 

 All GMO/GMM work was performed according to approved standard operation 

procedures and recording protocols approved by the Environmental Protection Agency 

(Ireland). Safe working practices were employed throughout this study as documented in the 

Biology Department, Maynooth University Safety Manual.  

 

 2.3.3 Transgenic Humanised MIF Mice 

 

A C57BL/6 mouse strain expressing the human high expressing MIF allele (MIFCATT7 

[(C57BL/6NTac-Miftm3884.1(MIF)Tac-Tg(CAG-Flpe)2Arte] mice) was created using 

vector-based recombinant replacement of murine MIF by Taconic Biosciences (Rensselaer, 

NY). Validation of human but not murine MIF mRNA expression was verified by qPCR, and -

794 CATT-length dependent stimulated MIF production was confirmed in vivo (Shin et al., 

2022). These humanised MIF transgenic mice were kindly provided by our collaborator Prof. 

Seamas Donnelly (Trinity College Dublin, Ireland). All mice were housed according to the 
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HPRA SAP (Ireland) guidelines and used with ethical approval under the terms of 

AE19124/P022 project authorisation from HPRA.  

 

 2.3.4 Preclinical Model of Acute Allergic Airway Inflammation 

 

 CATT7 and WT mice (6-18 weeks old) were challenged with 25μg of house dust mite 

allergen, Dermatophagoides pteroyssinus, with an endotoxin content of 9937.5 EU/vial (Greer 

Labs, Lenoir, USA) or PBS control intranasally (I.N.) under isoflurane anaesthesia, on days 0, 

2, 4, 7, 9, 11, 14, 16, 18. After each challenge, mice were returned to their cage and monitored 

closely. An animal welfare score sheet was utilised throughout the study, where examining 

features included: weight loss, activity, general appearance and clinical signs. 

 

 2.3.5 MIF Inhibitor 

 

SCD-19 (3-(2-methylphenyl)-1H-isochromen-1-one) (Specs.net, Netherlands), a small 

molecular weight inhibitor of macrophage migration inhibitory factor (MIF) biological activity 

was used in a house dust mite model of acute allergic asthma. 35mg/kg of SCD-19 or vehicle 

control (70% ethanol in PBS) was administered intraperitoneally (I.P.) twice weekly for three 

weeks; day 0, 4, 7, 11, 14, and 18. For dose analysis, SCD-19 was administered twice a week 

for one week (days 14 and 18). 
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 2.3.6 Histological Analysis  

 

On day 21 of the model, lungs were harvested, processed and sectioned. Tissue sections 

(5μm) were stained for Masson’s Trichrome (Sigma-Aldrich), Periodic Acid Schiff (Abcam) 

and Haematoxylin and Eosin-Y (Richard Allan Scientific). Samples were air dried and a 

coverslip was mounted with DPX mounting media (BDH). 4X and 20X images were taken 

using an Olympus BX51 light microscope. 

 

 2.3.7 Histological Scoring  

 

Following staining, slides were coded without reference to prior treatment and 

examined in a blind manner. For H&E, images were scored using a composite scale (1–9); 

comprising of infiltration or aggregation of inflammatory cells in air space or vessel wall [1 = 

only wall, 2 = few cells (1–5 cells) in air space, 3 = intermediate, 4 = severe (air space 

congested)]; interstitial congestion and hyaline membrane [formation: 1 = normal lung, 2 = 

moderate (<25% of lung section), 3 = intermediate (25–50% of lung section), 4 = severe (>50% 

of lung section)]; haemorrhage: (0 = absent, 1 = present) (Ehrentraut et al., 2013). For PAS, 

images were scored by counting the number of PAS positive (magenta) mucin-producing goblet 

cells present within the airway, relative to the diameter to the airway. For Masson’s Trichrome, 

the percentage of subepithelial collagen was quantified using Fiji software with a Trainable 

Weka Segmentation plugin.  
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 2.3.8 Bronchoalveolar lavage fluid (BALF) Retrieval 

 

Mice were sacrificed by lethal overdose of sodium pentobarbital via I.P. injection on 

day 18 of the model, 4 hours after last challenge. A tracheostomy and cannulation was 

performed, where a 27 gauge cannula was secured in place with sutures. 1ml of cold endotoxin 

free PBS (Sigma) was infused into the lungs through the cannula using a 1ml syringe for 3 

gentle instillations. BALF was kept on ice before being centrifuged at 300g for 5 minutes at 

4°C. The supernatant was collected and 10X protease inhibitor solution (Roche) was added to 

prevent protein degradation. Samples were analysed immediately and were not freeze thawed. 

   

 2.3.9 BALF Cell Analysis 

 

Cells were isolated from BALF via centrifugation and resuspended in 100μl of 

endotoxin-free PBS for counting. Cytospin funnels were pre-wet by spinning with 300μl of 

PBS onto glass slides at 600rpm for 5 minutes. 1x105 cells in a volume of 300μl of PBS were 

spun onto fresh labelled glass slides at 600rpm for 10 minutes using a RotoFix 32 

cytocentrifuge (Hettich Zentrifugen). Slides were airdried before being stained with Kwik-

Diff™ Stain (Shandon, ThermoScientific); 25 seconds in fixative, 15 seconds in solution I 

(Eosin) and 15 seconds in solution II (Methylene blue). Slides were imaged on an Olympus 

BX51 light microscope until 300 cells could be counted. Cells were identified using the 

following morphological characteristics: neutrophils (nucleus containing 2-5 lobes), 

eosinophils (bi-lobed nucleus and cytoplasmic granules), macrophages (single nucleus,  cell 

large in size) or lymphocytes (single nucleus, cell small in size). Cells populations were divided 

by the number of total cells counted and normalised to the volume of BALF collected.     
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2.3.10 Generation of L929 Conditioned media (M-CSF) 

 

L929 cells were thawed, seeded in complete RPMI and incubated at 37°C/5% CO2/20% 

O2 for 7 days. Supernatant was collected and centrifuged at 300g for 5 minutes to remove cell 

debris. After being passed through a 0.2μm filter for sterilisation, conditioned media containing 

M-CSF was aliquoted and stored at -80°C. 

 

 2.3.11 Isolation of Bone Marrow-Derived Macrophages (BMDM) 

 

 Mice were humanely sacrificed using the cervical dislocation technique. Bone marrow 

was isolated from femur and tibia and centrifuged at 300g for 5 minutes. Red blood cells were 

lysed using 1X RBC lysis buffer (eBioscience) for 5 minutes. Cells were centrifuged at 300g 

for 5 minutes before being split in two T175 flasks per mouse. Cells were grown for 7 days in 

complete cRPMI supplemented with 20% L929 conditioned media. Supernatants were 

collected, centrifuged at 300g for 5 minutes and filter sterilised to remove cell debris. Aliquots 

were stored at -20°C 

 

 2.3.12 Isolation of Splenocytes 

 

 Mice were humanely sacrificed using the cervical dislocation technique. Spleens were 

collected and homogenised using a 70µM filter and a sterile syringe plunger. The filter was 

flushed with 10mls of cRPMI supplemented with 2mM of L-glutamine and 0.1% 

mercaptoethanol (Invitrogen-Gibco) and cells were centrifuged at 300g for 5 minutes. Red 

blood cells were lysed using 1X RBC lysis buffer (eBioscience) for 5 minutes. Cells were 

resuspended in cRPMI, counted and seeded at a density of 2x105 cells/well of 96 well plate. 
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Supernatants were collected after 24hrs, centrifuged at 300g for 5 minutes and filter sterilised 

to remove cell debris. Aliquots were stored at -20°C. 

 

 2.3.13 Cytokine Analysis 

 

BALF supernatants were analysed for murine Th2 cytokines IL-4 (Biolegend), IL-5 

(Biolegend) and IL-13 (eBioscience) by ELISA. BALF, BMDM and splenocyte supernatants 

were analysed for human MIF (R&D Systems) by ELISA following the manufacturer’s 

instructions.   

 

 2.3.14 Gene Expression  

 

 On day 18, 4 hours after last HDM challenge, a lung section was taken and snap frozen 

in liquid nitrogen to analyse gene expression. Tissue was homogenised with a D1000 handheld 

homogeniser (Sigma-Aldrich) and total RNA was extracted using TRIzol (Ambion Life 

Sciences) according to manufacturer’s instructions. RNA concentrations were measured using 

a spectrophotometer (Nanodrop 2000, ThermoScientific, Wilmington DE, USA) and were 

equalised to 100ng/µl before cDNA synthesis. cDNA synthesis was performed by 

manufacturer’s instructions (Quantobio cDNA synthesis kit). Real Time-Polymerase Chain 

Reaction (RT-PCR) was carried out using PerfeCta SYBR Green FastMix (Quantbio). 

Expression was quantified in relation to the housekeeper gene HPRT using the ΔCT method. 

The fold change in the relative gene expression was determined by calculating the 2-ΔΔCT 

values. 
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Table 1. Table containing forward and reverse primer sequences for species-specific target genes to 
analyse gene expression by RT-PCR 

Gene name Species Sequence 

hprt Mouse Fwd: AGGGATTTGAATCACGTTTG 

Rev: TTTACTGGCAACATCAACAG 

mif Mouse Fwd: AATCCAGTCTTTTGATGCAG 

Rev: GCTACTCTCTCTAAGTCCAC 

mif Human Fwd: CAGGGTCTACATCAACTATTAC 

Rev: TTATTTCTCCCCACCAGAAG 

 

 

 2.3.15 FlexiVentâ Lung Function  

 

Mice were anesthetised with 150mg/kg ketamine and 2mg/kg medetomidine via 

subcutaneous injection and the surgical plane of anaesthesia was reached. A tail vein catheter 

was inserted. Tracheostomy and cannulation was carried out and the subject was placed close 

to the FlexiVentâ FX system (SCIREQ, Emka Technologies, Paris, France) and mechanical 

ventilation was initiated by selecting a predefined ventilation. Every 6 minutes, alfaxan and 

0.5mg/kg atracurium besilate, a neuromuscular blocking agent (NMBA), was administered 

through the tail vail catheter to ensure passive breathing. The measurement of lung function 

was initiated and approximately 100μl of PBS or increasing concentrations of the 

bronchoconstrictor methacholine (MCh) (3.125, 12.5 and 25mg/ml) was loaded into the 

nebulizer. Upon completion of lung function measurements at baseline and following 

increasing aerosolised methacholine challenges, the ventilator was stopped and the mouse was 

euthanised using either I.P. injection of sodium pentobarbital or via cervical dislocation.  
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 2.3.16 Statistical Methods  

 

Data are presented as mean ± SEM. Results were analysed using a statistical software 

package (GraphPad Prism, San Diego, CA). A one-way ANOVA test was used to test for 

statistical significance of differences when multiple experimental groups were compared with 

an independent variable, whilst two-way ANOVA was used for two independent variables. A 

post-hoc Tukey’s multiple comparison test was used to compare the means of different 

treatment groups. 
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2.4 Results 

 

 2.4.1 Humanised MIF mice express significantly higher levels of human MIF 

 compared to WT control mice 

 

Novel transgenic humanised MIF mice were generated to represent the varying levels 

of MIF expression under the functional promotor polymorphism within the human population. 

C57BL/6 mice were humanised by replacing the murine MIF gene with the human counterpart. 

Within this human MIF gene, 794 downstream of the promotor region, where the number of 

tetranucleotide repeats regulates MIF allele expression (Baugh et al., 2002), 7 repeats of this 

tetranucleotide sequence ‘CATT’ generated CATT7 mice, containing the high expressing MIF 

allele (Figure 1A). To verify species-specific levels of MIF expression, cDNA was synthesised 

from lung tissue of these mice. WT mice expressed significantly higher levels of murine MIF 

compared to CATT7 mice. Humanised CATT7 MIF mice expressed significantly higher levels 

of human MIF compared to WT mice (Figure 1B).  

 

To investigate the role of the human MIF polymorphism in a disease setting, a model 

of acute allergic airway inflammation was generated. The clinically relevant house dust mite 

(HDM) allergen was administered intranasally three times a week for three weeks to induce 

airway inflammation. To evaluate the role of human MIF in allergic asthma, a MIF antagonist 

SCD-19 or a vehicle control was administered intraperitoneally twice a week for three weeks 

(Figure 1C).  
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Figure 1. Schematic of polymorphism in transgenic humanised MIF mice and acute model of 

allergic airway inflammation. A Human MIF gene containing a functional polymorphism in position 

794 downstream of the promotor region, where the number of tetranucleotide repeats controls promotor 

activity and MIF allele expression; 7 repeats = CATT7 mice. B Relative expression of mouse and human 

MIF in bone marrow-derived macrophages from WT and CATT7 mice respectively. Data are presented 

as mean ± SEM; N=3 per group **p<0.01. C Preclinical mouse model of acute allergic airway 

inflammation. Mice received 25μg of house dust mite or PBS control intranasally 3 times for 3 weeks. 

MIF inhibitor SCD-19 or vehicle control were administered intraperitoneally twice a week for full 3 

weeks or final week only. BALF was collected on day 18, 4 hours after last challenge or lungs were 

taken for histology on day 21.  
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 2.4.2 Functional MIF promotor polymorphism leads to high human MIF 

 expression in basal and disease conditions 

 

To investigate baseline levels of MIF production, bronchoalveolar lavage fluid (BALF), 

bone marrow-derived macrophages (BMDMs) and splenocytes were isolated from naïve WT 

and CATT7 mice. Human MIF (hMIF) production was measured by ELISA. Naïve CATT7 mice 

had significantly increased levels of hMIF protein in the BALF (Figure 2A), BMDMs (Figure 

2B) and splenocytes (Figure 2C) compared to WT mice. 

 

A model of acute allergic airway inflammation was generated as described (Figure 1C). 

On day 18, 4hrs after last challenge, BALF and the upper left lobe of lung tissue were collected 

to measure hMIF production under disease conditions. BALF from HDM-challenged CATT7 

mice had significantly increased levels of hMIF protein compared to WT mice (Figure 2D). At 

the mRNA level, HDM-challenged CATT7 mice had significantly increased MIF gene 

expression, with a 45-fold increase compared WT mice (Figure 2E).  
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Figure 2. Functional CATT7 polymorphisms leads to expression of hMIF under basal and disease 

conditions. A hMIF levels in bronchoalveolar lavage fluid of naïve WT and CATT7 mice. B hMIF 

production from BMDMs of naïve WT and CATT7 mice. C hMIF production by splenocytes from naïve 

WT and CATT7 mice. D Levels of hMIF detected in the BAL fluid of WT and CATT7 mice challenged 

with 25μg of HDM for 3 weeks. E Relative expression of hMIF detected in lung of WT and CATT7 

mice challenged with 25μg of HDM for 3 weeks, detected by real-time PCR. Data are presented as 

mean ± SEM; N=3-6 per group *p<0.05, ****p<0.0001. (*) These data were generated as part of a 

shared project and appear in the thesis of Ian Hawthorne. 
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 2.4.3 Human CATT7 allele significantly increases the Th2 signature in a HDM 

 model of allergic airway inflammation  
  

The infiltration of immune cells to the lung is a hallmark of acute airway inflammation 

(Lloyd, 2002; Synek et al., 1996). Thus, we first sought to measure the level of cellular 

infiltration in the BALF of WT and CATT7 mice challenged with HDM or PBS control. BALF 

from HDM-challenged CATT7 mice exhibited significantly elevated total cell counts compared 

to CATT7 mice that received PBS control (Figure 3A). Notably, total cell counts from HDM-

WT were not significantly elevated compared to PBS control WT mice (Figure 3A).   

  

Our hypothesis was that the MIF functional promotor polymorphism plays a role in 

disease severity, specifically in a model of acute allergic airway inflammation. This was proven 

as BALF from HDM-challenged high MIF expressing-CATT7 mice exhibited significantly 

elevated total cell counts compared to HDM-challenged WT mice (Figure 3A).   

  

Allergic airway inflammation is commonly associated with a type 2 helper T cell 

profile, linked to eosinophilia (Lambrecht et al., 2019). Cell populations in the BALF were 

identified by carrying out differential cell counts and identifying infiltrated immune cells based 

on their morphology (Figure 3C). BALF from HDM-challenged CATT7 mice exhibited 

significantly elevated numbers of eosinophils compared to CATT7 mice that received PBS 

control (Figure 3B). As elevated Th2 cytokines are also a key player in allergic airway 

inflammation, we sought to measure IL-4, IL-5 and IL-13 in the BALF of CATT7 and WT mice 

challenged with HDM or PBS control. As expected, BALF from HDM-CATT7 mice had 

significantly higher levels of IL-4 (Figure 3D) and IL-13 (Figure 3F) compared to PBS 

controls. Levels of IL-5 in BALF from HDM-CATT7 mice were not significantly different to 

levels detected in BALF of PBS CATT7 mice (Figure 3E). MIF was a key driver of this Th2 
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signature, as BALF from the high MIF expressing CATT7 mice had significantly higher levels 

of IL-4 and IL-13 compared to WT mice. No significant difference in Th2 cytokine production 

was noted between HDM-WT mice and WT mice that received a PBS control (Figure 3D, E, 

F).  

 

 
 
Figure 3. Human CATT7 allele significantly increases the Th2 signature in a HDM model of 

allergic airway inflammation. A Total cell count recovered from BALF. B BALF eosinophil count 

determined by differential staining of cytospin slides. C 300 cells were counted and identified based on 

morphology. Cell numbers were normalised to the volume of BALF collected. Cytokine levels of D IL-

4, E IL-5 and F IL-13 in the BALF determined by ELISA. Data are presented as mean ± SEM; N=6 

per group. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. (*) Data in figures A, B, D, E and F  were 

generated as part of a shared project and appear in the thesis of Ian Hawthorne. 
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 2.3.4 Human CATT7 allele exacerbates airway inflammation in a house dust mite 

 model of allergic asthma 

 

In cases of allergic asthma, repeated exacerbations can result in a change in lung 

architecture, specifically characterised as an increase in goblet cell hyperplasia, subepithelial 

collagen and cellular infiltration, together resulting in airway remodelling (Hammad & 

Lambrecht, 2021).  

 

 Through histological analysis, it was found that repeated challenge of HDM in our 

model of airway inflammation also induced these hallmark alterations in lung structure. HDM-

challenged mice expressing the human CATT7 allele had significantly increased numbers of 

PAS positive goblet cells compared to CATT7 PBS control mice (Figure 4A, B). Similarly, WT 

mice also had significantly increased numbers of PAS positive cells compared to their PBS 

counterparts (Figure 4A, B). High expression of human MIF was found to further exacerbate 

airway goblet cell hyperplasia, as HDM-CATT7 mice had significantly increased numbers of 

PAS positive cells compared to WT mice (Figure 4A, B).  

 

Subepithelial collagen deposition can be measured using Masson’s Trichrome stain, an 

indirect marker of fibrosis. HDM challenge significantly increased the percentage of 

subepithelial collagen in CATT7 and WT mice compared to PBS controls (Figure 4C, D). High 

expression of human MIF increased subepithelial collagen deposition, as HDM-CATT7 mice 

had significantly increased percentage of subepithelial collagen compared to WT mice (Figure 

4C, D).  

 



 62 

A significant increase in cellular infiltration, specifically eosinophils was observed in 

the BALF of HDM-challenged CATT7 mice compared to PBS controls (Figure 3A, B). 

Utilising H&E staining, this cellular infiltration was confirmed at a histological level. HDM-

challenged CATT7 and WT mice had a significantly higher H&E score compared to PBS 

controls (Figure 4E, F). High expression of human MIF elevated cellular lung infiltration, as 

HDM-CATT7 mice had significantly elevated H&E scores when compared to WT mice (Figure 

4E, F). Together the histological analysis for goblet cell hyperplasia, subepithelial collagen 

deposition and cellular infiltration highlight the pivotal role high human MIF expression has in 

driving disease severity in the context of allergic airway inflammation.  
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Figure 4. Human CATT7 allele exacerbates airway inflammation in a house dust mite model of 

allergic asthma. A Representative images of lung tissue stained with Periodic Acid Schiff at 20X 

magnification, scale bar = 20 µm. B Goblet cell hyperplasia was investigated through the quantitation 

of PAS positive cells relative to the control. C Representative images of lung tissue stained with 

Masson’s trichrome at 4X magnification, scale bar = 200 µm. D Quantitation of % subepithelial 

collagen. E Representative images of lung tissue stained with H&E from WT and CATT7 mice 

challenged with HDM or PBS control at 20X magnification, scale bar = 20 µm. F Quantitation of airway 

inflammation in H&E-stained lung tissue. Data are presented as mean ± SEM; N=6 per group. *p<0.05, 

***p<0.001, ****p<0.0001. (*) Data in figures B, D and F were generated as part of a shared project 

and appear in the thesis of Ian Hawthorne. 
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 2.4.5 Human MIF alters HDM-induced lung mechanics in response to  increasing 

 concentrations of methacholine 

 

The airway remodelling associated with allergic airway inflammation has a direct 

impact on lung function. Using the gold standard FlexiVent® instrument to measure lung 

function in response to increasing concentrations of the bronchoconstrictor methacholine, 

CATT7 and WT mice exhibited increased levels of airway resistance (RN) after repeated HDM 

challenge compared to PBS controls (Figure 5A). HDM-challenged CATT7 mice that received 

25mg/ml of nebulised methacholine had significantly increased airway resistance compared to 

HDM-challenged CATT7 mice that received a PBS control. Moreover, HDM-challenged 

CATT7 mice that received 25mg/ml of nebulised methacholine had a significantly elevated 

percentage airway resistance compared to PBS-challenged mice that also received 25mg/ml of 

nebulised methacholine (Figure 5A). Although HDM-challenged WT mice had increased 

airway resistance after methacholine, the percentage of airway resistance was not significantly 

different to that measured in PBS-challenged mice. The percentage change from baseline 

measurements of lung mechanics for tissue damping (G) (Figure 5B) and tissue elasticity (H) 

(Figure 5C) were also increased (not significantly) in HDM-challenged CATT7 and WT mice 

compared to PBS controls, confirming that HDM challenge induced bronchoconstriction in the 

airways of these mice.  

 

Our data have demonstrated the correlation between the high expression of human MIF 

and disease severity. Building on this narrative, we found that increased expression of human 

MIF exacerbates bronchoconstriction within the airways of these novel transgenic mice. HDM-

challenged CATT7 mice exhibited increased levels of airway resistance, tissue damping and 

tissue elasticity compared to WT mice, however this was no significant. This suggests that 

human MIF expression and lung bronchoconstriction are directly proportional.  
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Figure 5. Human MIF increases HDM-induced airway resistance (RN), tissue damping (G) and 

tissue elasticity (H) in CATT7 mice. WT and CATT7 mice were challenged with 25μg of HDM or PBS 

control I.N. three times a week for three weeks. 24hr after last challenge, a tracheostomy was performed, 

and lung function was measured using a FlexiVent® instrument (SCIREQ) in response to PBS or 

increasing concentrations of methacholine (3.125, 12.5 and 25mg/ml). A Airway Resistance. B Tissue 

Damping. C Tissue Elasticity. Data are presented as peak response normalized to the baseline and 

expressed as % increase over baseline N=6 per group. *p<0.05. (*) These data were generated as part 

of a shared project and appear in the thesis of Ian Hawthorne. 
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 2.4.6 MIF Inhibitor SCD-19 decreases HDM-induced total cell counts and Th2 

 cytokine production in BALF from CATT7 mice 
 

High human MIF expression has been demonstrated to play a role in driving the 

physiological hallmarks of allergic airway inflammation such as eosinophil infiltration (Figure 

3A, B), increased Th2 cytokines (Figure 3D, E, F), goblet cell hyperplasia (Figure 4A, B), 

subepithelial collagen deposition (Figure 4C, D) and decreased lung function (Figure 5).  

 

MIF is known to initiate its biological effects through its active site (Mawhinney et al., 

2014). Therefore, to fully elucidate MIF’s role in our model, the MIF antagonist ISO-1 was 

initially used to block MIF’s biological activity (Supplementary Figure 2, 3 and 4), however in 

light of new studies in the field of MIF inhibitors, questions about the specificity of ISO-1 arose 

(Ma et al., 2019). Thus, we decided to continue our studies with the highly potent MIF inhibitor 

SCD-19. SCD-19 acts by altering the conformation of MIF and thus impairs its interaction with 

other molecules. To investigate the efficacy of this small molecular weight inhibitor to decrease 

MIF production, MIF production was measured in supernatants generated from  bone marrow-

derived macrophages of CATT7 mice, where SCD-19 significantly reduced MIF 

(Supplementary Figure 1).  

 

HDM-challenged CATT7 and WT mice received the MIF inhibitor SCD-19 or vehicle 

control intraperitoneally twice a week for three weeks and BALF was collected on day 18, 4hrs 

after last challenge. SCD-19 treated CATT7 mice had a decreased total cell count compared to 

CATT7 mice that received the vehicle control (Figure 6A). There was no significant difference 

between WT groups. Using differential cell counts and identifying immune cells by their 

morphology (Figure 6C), BALF from SCD-19 treated CATT7 mice had decreased numbers of 

eosinophils compared to CATT7 mice that received the vehicle control (Figure 6B). There was 
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no significant difference between WT groups. Although not statistically significant, there is a 

visible trend that when MIF’s biological activity is inhibited by SCD-19, there is a decrease in 

total cellular infiltration in the BALF of SCD-19 treated CATT7 mice compared to vehicle 

control mice.  

 

Th2 cytokine levels in the BALF from HDM-challenged CATT7 and WT mice that 

received SCD-19 or vehicle control were measured by ELISA. SCD-19 CATT7 mice had 

significantly decreased levels of IL-13 compared to vehicle control CATT7 mice (Figure 6F). 

SCD-19 CATT7 mice had lower levels of IL-5 compared to vehicle control CATT7 mice (Figure 

6E). There was no significant difference between SCD-19 and vehicle control WT groups, 

which was expected as we have previously noted that WT mice already have low levels of MIF 

production. No SCD-19-specific differences were seen in IL-4 protein levels (Figure 6D).  
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Figure 6. MIF inhibitor SCD-19 decreases HDM-induced total cell counts and Th2 cytokines in 

CATT7 BALF . Mice were challenged with 25μg of HDM I.N. three times a week for three weeks, in 

addition to receiving 35mg/kg of SCD-19 or vehicle control I.P. twice weekly for three weeks. A Total 

cell count recovered from BALF. B Number of Eosinophils from differential cell counts of BALF from 

CATT7  and WT mice . C 300 cells were counted and identified based on morphology. Cytokine levels 

of D IL-4, E IL-5 and F IL-13 in the BALF determined by ELISA. Data are presented as mean ± SEM; 

N=6 per group. *p<0.05.  
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 2.4.7 SCD-19 significantly decreases HDM-induced lung pathology  

 

High levels of human MIF in CATT7 mice drives airway remodelling and inflammation 

following repeated exposure to the clinically relevant allergen HDM. Here we examined the 

capacity for a potent MIF inhibitor SCD-19 to prevent this exacerbation-related pathology.   

  

CATT7 and WT mice received SCD-19 at a dose of 35mg/kg or a vehicle control twice 

a week for three weeks while undergoing our house dust mite model of allergic asthma. PAS 

staining of goblet cells within the airways of these mice indicated that high levels of MIF was 

driving this significant increase in goblet cell hyperplasia, as SCD-19 significantly abrogated 

the number of PAS positive cells present compared to CATT7 mice that received the vehicle 

control (Figure 7A, B). The vehicle control did not mediate off-target effect as the CATT7 

vehicle mice maintained significantly increased numbers of PAS positive cells compared to 

vehicle WT mice. As expected, there was no significant difference between WT mice that 

received SCD-19 and the vehicle control (Figure 7A, B). Lung sections from CATT7 mice 

exhibited significantly increased levels of subepithelial collagen deposition after HDM 

challenge (Figure 4C, D). To investigate SCD-19’s efficacy in halting the process of airway 

remodelling, lung sections were analysed using the Masson’s Trichrome stain. In high human 

MIF expressing CATT7 mice, SCD-19 significantly reduced the percentage of subepithelial 

collagen present after three weeks of intervention, compared to the vehicle control (Figure 7C, 

D). CATT7 vehicle mouse lung sections had statistically significant increased levels of collagen 

deposition compared to WT vehicle mice. Moreover, SCD-19 had no effect in WT mice (Figure 

7C, D). Lastly, lung sections were analysed for cellular infiltration using H&E staining. High 

expression of human MIF was proven to amplify cellular infiltration, as CATT7 mice that 

received SCD-19 had a significantly lower H&E score compared to those that received the 

vehicle control (Figure 7E, F). CATT7 vehicle mice had significantly higher H&E scores 
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compared to WT vehicle mice. Moreover, similarly to our previous histological findings, SCD-

19 had no effect in WT mice (Figure 7E, F). These data support our hypothesis that MIF is a 

key factor in driving acute airway inflammation in our house dust mite model, as blocking the 

biological activity of MIF reduced lung inflammation. We next set out to elucidate if SCD-19’s 

protective effects worked in a prophylactic or therapeutic manner. If prophylactic, the blocking 

of MIF activity would prevent the development or progression of HDM-induced pathology 

seen in our three week model. Conversely, if MIF inhibition worked in a therapeutic manner, 

it should have the ability to reverse or halt disease symptoms after the pathology has been 

established in the lung.   
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Figure 7. MIF antagonist SCD-19 significantly decreases HDM-induced allergic airway 

inflammation in CATT7 mice. A Representative images of lung tissue stained with Periodic Acid 

Schiff at 20X magnification, scale bar = 20 µm. B Goblet cell hyperplasia was investigated through the 

quantitation of PAS positive cells relative to the control. C Representative images of lung tissue stained 

with Masson’s trichrome at 4X magnification, scale bar = 200 µm. D Quantitation of % subepithelial 

collagen. E Representative images of lung tissue stained with H&E from WT and CATT7 mice 

challenged with HDM or PBS control and received SCD-19 or vehicle control at 20X magnification, 

scale bar = 20 µm. F Quantitation of airway inflammation in H&E-stained lung tissue. Data are 

presented as mean ± SEM; N=6 per group. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 



 72 

 2.4.8 MIF Inhibitor SCD-19 protects against HDM-induced allergic inflammation 

 in high MIF transgenic mice in a prophylactic manner 

 

In order to elucidate if SCD-19 was preventing the development of an asthmatic 

phenotype or if it had the ability to reverse established asthma-associated lung pathology, the 

timing and number of administrations of this MIF antagonist needed to be investigated further. 

Thus, SCD-19 or vehicle control was administered in week three alone (2 doses) of our 21 day 

model, before lung tissue was harvested for histopathological analysis. Our findings illustrated 

that when SCD-19 was only administered in the final week of our model, it no longer had the 

ability to significantly decrease the number of PAS positive cells in our CATT7 mice (Figure 

8A, B). Additionally, 2 doses of SCD-19 in the final week of this model failed to decrease the 

percentage of subepithelial collagen deposition (Figure 8C, D) or H&E score (Figure 8E, F) in 

CATT7 mice. Interestingly, the timing and frequency of doses of SCD-19 was extremely 

important, as CATT7 mice that received 6 doses versus CATT7 mice that received 2 doses 

exhibited significantly difference results. CATT7 mice that received 6 doses of SCD-19 over 

the full course of our three week model presented to have significantly lower numbers of PAS 

positive cells (Figure 8A, B), percentage subepithelial collagen (Figure 8C, D) and H&E score 

(Figure 8E, F) compared to CATT7 mice that only received 2 doses of SCD-19 in the final 

week. This concludes that high expression of human MIF may act as a catalyst, augmenting 

and exacerbating the development of a Th2 response in this house dust mite-induced model of 

allergic airway inflammation.  
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Figure 8. MIF antagonist SCD-19 works in a prophylactic, protective manner. Mice were 

challenged with 25μg of HDM I.N. three times a week for three weeks, in addition to receiving 35mg/kg 

of SCD-19 or vehicle control I.P. twice weekly for one or three weeks respectively. A Representative 

images of lung tissue stained with Periodic Acid Schiff at 20X magnification, scale bar = 20 µm. B 

Goblet cell hyperplasia was investigated through the quantitation of PAS positive cells relative to the 

control. C Representative images of lung tissue stained with Masson’s trichrome at 4X magnification, 

scale bar = 200 µm. D Quantitation of % subepithelial collagen. E Representative images of lung tissue 

stained with H&E from WT and CATT7 mice challenged with HDM or PBS control and received SCD-

19 or vehicle control at 20X magnification, scale bar = 20 µm. F Quantitation of airway inflammation 

in H&E-stained lung tissue. Data are presented as mean ± SEM; N=5-6 per group. *p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001. 
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 2.4.9 SCD-19 improves lung function by decreasing airway resistance in CATT7 

 mice in response to increasing concentrations of methacholine   

 

We have previously shown that mice possessing the high human MIF expression allele 

(CATT7) had increased airway resistance (Figure 5A), tissue damping (Figure 5B) and tissue 

elasticity (Figure 5C) after inhaling increasing concentrations of methacholine compared to 

WT mice.  

 

To further investigate our hypothesis that human MIF is driving the development of 

preclinical signs of asthma in our mice, we measured the respiratory mechanics of mice that 

received the MIF inhibitor SCD-19 twice a week for three weeks, along with three weeks of 

HDM challenge. HDM-challenged CATT7 vehicle mice that received methacholine at a dose 

of 25mg/ml displayed significantly increased airway resistance, damping and elasticity 

compared to HDM-challenged CATT7 mice that received a PBS control (Figure 9A, B, C). In 

humanised CATT7 mice, SCD-19 had the ability to decrease, albeit not significantly, HDM-

induced inflammation at a mechanical level, by reducing the percentage of airway resistance 

(Figure 9A), tissue damping (Figure 9B) and tissue elasticity (Figure 9C) from baseline, 

compared to CATT7 vehicle mice. To accurately determine the effects of SCD-19 on lung 

function in CATT7 mice, increased numbers of subjects per experimental group are required. 

To reiterate, the vehicle control was seen to have no non-specific effects, as CATT7 vehicle 

mice had resistance, damping and elasticity values equivalent to those of CATT7 mice seen in 

figure 5. As WT mice did not show a severe Th2 asthmatic phenotype in this study up to this 

point, we decided to only measure the respiratory mechanics of the novel humanised CATT7 

mice, +/- SCD-19.  
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Figure 9. SCD-19 can decrease HDM-induced airway resistance (RN), tissue damping (G) and 

tissue elasticity (H) in CATT7 mice compared to vehicle control. CATT7 mice were challenged with 

25μg of HDM or PBS control I.N. three times a week for three weeks, in addition to receiving 35mg/kg 

of SCD-19 or vehicle control I.P. twice weekly for three weeks. 24hr after last challenge, a tracheostomy 

was performed, and lung function was measured using a FlexiVent® instrument (SCIREQ) in response 

to PBS or increasing concentrations of methacholine (3.125, 12.5 and 25mg/ml). A Airway Resistance. 

B Tissue Damping. C Tissue Elasticity.  Data are presented as peak response normalized to the baseline 

and expressed as % increase over baseline. N=4-6 per group. 
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2.5 Discussion 

 

The biological role of macrophage migration inhibitory factor (MIF) has been 

previously documented in a plethora of inflammatory lung conditions (Adamali et al., 2012; 

Florez-Sampedro, Brandsma, et al., 2020; Florez-Sampedro, Soto-Gamez, et al., 2020; Luo et 

al., 2021; Melotti et al., 2014; Plant et al., 2005, 2006; Shin et al., 2022; Smith et al., 2019), 

including asthma (Kobayashi, 2006; Li et al., 2021; Magalhães et al., 2007; Mizue et al., 2005; 

Rossi et al., 1998). The low human MIF expressing CATT5 promotor polymorphism has proved 

to be linked to a milder manifestation of asthma symptoms (Mizue et al., 2005). We 

hypothesised that the CATT7 promotor polymorphism which expresses high levels of human 

MIF could be linked to increased severity of allergic asthma. Using novel humanised MIF mice 

to create a physiological scale of allergic airway inflammation in response to the clinically 

relevant aeroallergen house dust mite, this study set out to investigate the biological role of this 

pro-inflammatory cytokine on key hallmarks associated with this atopic condition.  

 

 When comparing MIF production from naïve and HDM-challenged CATT7 and WT 

mice, it was discovered that intranasal challenge can drive enhanced MIF production in the 

lung (Figure 2D, E), perhaps illustrating a positive feedback loop resulting in the exacerbations 

of physiological asthmatic characteristics. In a similar fashion, MIF is known to act in an 

autocrine and paracrine fashion to promote downstream cytokine production (Calandra et al., 

1995; Das et al., 2013; Mitchell et al., 2002; Roger, David, et al., 2001). 

 

Analysis of the bronchoalveolar lavage fluid from mice that received HDM 

demonstrated that MIF also facilitates the increase in the Th2, eosinophilic profile, as observed 

in CATT7 mice compared to WT controls (Figure 3). This pleiotropic cytokine is expressed 
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constitutively by many immune cells, including T cells (Plant et al., 2006). Thus, depicting the 

role of MIF driving Th2-mediated antibody production.  

 

MIF’s crucial contribution in this model of house dust mite-induced allergic airway 

inflammation was particularly clear at a histological level when PAS and Masson’s Trichrome 

stains showed a significant increase in mucin-producing goblet cell hyperplasia (Figure 4A, B) 

and subepithelial collagen deposition (Figure 4C, D) in the presence of high levels of human 

MIF in CATT7 mice. Airway remodelling occurs in uncontrolled cases of asthma, as repeated 

lung injury by inhaled insults and over-production of fibrotic tissue results in goblet cell 

hyperplasia and increased subepithelial collagen, as illustrated in figure 4. This alteration in 

tissue architecture has consequences in the mechanical functioning of the lung, resulting in an 

increase in airway hyperresponsiveness, resistance, tissue damping and elasticity. After 

repeated HDM challenge to recapitulate day-to-day exacerbations, the gold standard 

FlexiVentÒ system was used to measure various parameters of respiratory mechanics. This 

system performs the forced oscillation technique, allowing comprehensive and reproducible 

assessment of lung function. Our findings further clarified the physiological role of MIF in 

HDM-induced airway inflammation, as humanised high MIF expressing CATT7 mice had 

significantly increased airway resistance in response to increasing concentrations of the 

chemical bronchoconstrictor methacholine. Additionally, CATT7 mice displayed increased 

tissue damping (energy dissipation into alveoli) and elastance (energy conservation in the 

alveoli) after methacholine challenge, however this was not significant (Figure 5).  

 

To confirm the involvement of the MIF promotor polymorphism and thus high levels 

of endogenous MIF on the severity and pathogenesis of airway inflammation after HDM 

challenge, the use of a small molecular weight inhibitor SCD-19 was incorporated into our 
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model. Although previous studies have utilised anti-MIF antibodies and small molecule 

inhibitors in mouse models of inflammatory conditions (Amano et al., 2007; Chen et al., 2010; 

Lan et al., 2020; Luo et al., 2021), this is the first study to do so in humanised MIF mice 

expressing the relevant human CATT7 MIF polymorphic allele.  

 

In this study, SCD-19 significantly mitigated the MIF-associated increase in 

inflammatory histopathology, in a time-dependent manner (Figure 8), reinstating the 

importance of this cytokine in the induction/development and maintenance of asthma, as 

previously described (Chen et al., 2010). SCD-19 decreased the total cells (Figure 6A) and the 

number of eosinophils present in bronchoalveolar lavage fluid retrieved from these mice, 

compared to the mice that received the vehicle control (Figure 6B). However, these results 

were not statistically significant. SCD-19 had no effect on IL-4 production, but decreased IL-

5, and significantly decreased IL-13 production in the BALF from CATT7 mice compared to 

vehicle control. In line with our data, using an anti-MIF antibody did not affect IL-4 levels in 

BALF of OVA challenged mice (Magalhães et al., 2007), perhaps suggesting that IL-4 

production is independent of MIF expression. Additionally, mice treated with this anti-MIF 

antibody demonstrated no change in IL-13 production, and IL-5 was not measured (Magalhães 

et al., 2007). Furthermore, anti-MIF treatment during OVA sensitisation significantly decreased 

eosinophil infiltration in balb/c mice (Magalhães et al., 2007). Conversely in C57BL/6 mice, 

MIF inhibition with SCD-19 did not decrease eosinophil infiltration in the BALF of HDM-

challenged CATT7 mice. Transgenic mice are routinely generated on a C57BL/6 background, 

which may be a limitation of this study, as Th2 atopic allergy models, like our HDM model of 

allergic airway inflammation, would generally be carried out in mice on a balb/c background. 

As a result, readouts from our study may have a lower baseline than those performed in balb/c 

mice. Furthermore, SCD-19 may not decrease eosinophil infiltration as efficiently as seen with 
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an anti-MIF antibody in an OVA model (Magalhães et al., 2007), as our Th2 response was not 

high enough at baseline levels to be further suppressed by SCD-19. Furthermore, the timing of 

MIF inhibitor administration is fundamental, as the use of ISO-1 in a model of severe 

neutrophilic asthma could only abrogate HDM-induced airway inflammation when 

administered both 30 mins prior and 6 hours after allergen challenge (Allam et al., 2022). 

Taking into account the SCD-19 dosing regimen, along with the suboptimal genetic 

background of the mice used, this may help to explain the incomplete effects of SCD-19 in this 

model. As previously mentioned, collagen deposition and goblet cell hyperplasia were seen to 

be significantly increased at this acute timepoint, but more HDM challenges might be required 

to see the full effects of chronic inflammation in our model. To conclude, the blocking of the 

MIF active site with SCD-19 from first allergen challenge extensively diminishes HDM-

induced histopathology in CATT7 mice (Figure 7), however no significant effect was noted 

when measuring inflammatory mediators in the BALF of these mice (Figure 6).   

 

To investigate if SCD-19 treatment could improve lung function at a mechanical level, 

respiratory mechanics were measured after mice received 35mg/kg of SCD-19 or vehicle 

control twice a week for 3 weeks with repeated HDM challenges as described in figure 2C. 

SCD-19 reduced (although not significantly) the airway resistance (RN), tissue damping (G) 

and tissue elasticity (H) in CATT7 mice compared to the vehicle control, indicating an 

association between lower levels of tissue remodelling at a histological level (Figure 8) and 

overall lung function (Figure 9), however, increased n numbers would be required to 

definitively show this.  

 

There are limitations to using small molecular weight MIF inhibitors as a therapeutic 

approach. This is associated with the lack of reproducibility in their associated IC50 values, as 
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most are less potent than initially predicted due to their binding to the active site in a time-

dependent manner (Cisneros et al., 2016; Kok et al., 2018). In our study, SCD-19 was most 

efficacious when administered from first HDM challenge, in comparison to only being 

administered during the third week of HDM challenge. Albeit in a positive light, this category 

of MIF antagonists boast advantages over anti-MIF antibodies, including their easy uptake by 

host cells, lower manufacturing costs, potential oral or nasal administration (Doroudian et al., 

2020) and most importantly, their ability to avoid triggering a reaction from host 

immunoglobulins (Chen et al., 2010; Kok et al., 2018; Mawhinney et al., 2014).  

 

As previously mentioned, MIF is ubiquitously expressed throughout the body by a 

number of cells including epithelial and immune cells in healthy individuals, perhaps 

explaining its intracellular storage unless exposed to stimulation, protecting bodily homeostasis 

(Florez-Sampedro, Soto-Gamez, et al., 2020). As MIF is still expressed in healthy individuals, 

it cannot be utilised as a biomarker for inflammatory disease and may propose problems with 

specificity when using MIF antagonists as a therapeutic approach. Thiele et al., (2022) recently 

discussed an alternative approach; targeting the druggable isoform of MIF, known as oxidised 

MIF or ‘oxMIF’. This conformational isoform differs as it is an immunologically distinct 

disease-related type of MIF that is found in the plasma and tissues of patients with 

inflammatory diseases, thus being a more specific therapeutic target. A monoclonal anti-oxMIF 

antibody known as Imalumab or BAX69 has been shown to target oxMIF in a preclinical/phase 

1 clinical trial (NCT01765790). Furthermore, inhibitors of MIF’s structural homolog D-

Dopachrome Tautomerase (D-DT), also known as MIF2, should not be overlooked as inhibitors 

which also target this molecule, may have increased efficacy for MIF inhibition (Kok et al., 

2018; Zhang et al., 2022). Importantly, both MIF inhibitors used in this study, SCD-19 and 

ISO-1 (supplementary figures) bind competitively to MIF’s tautomerase/CD74 receptor active 
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site (Sinitski et al., 2019), proposing that it would not be useful to combine these antagonists 

as it is unlikely that they would work synergistically.  

 

2.6 Conclusion 

 

This novel study demonstrates the correlation between the number of tetranucleotide 

repeats (CATTn) within the human MIF promotor region and the severity of airway 

inflammation after house dust mite challenge. Novel humanised MIF mice expressing the 

CATT7 polymorphic allele exhibited significantly increased immune cell infiltration 

(eosinophils), production of inflammatory mediators (IL-4 and IL-13), goblet cell hyperplasia 

and percentage of subepithelial collagen deposition compared to WT controls. Together, these 

cardinal features of allergic asthma collectively result in airway remodelling and changes in 

lung architecture, leading to an increase in airway resistance, tissue damping and elasticity. 

Furthermore, administration of the MIF inhibitor SCD-19 effectively alleviated histological 

features exhibited in high MIF expressing CATT7 mice after HDM challenge, however the 

administration of this small molecule inhibitor was not effective in decreasing Th2 

inflammatory mediator production. Thus, this confirms MIF’s role in driving HDM-induced 

histopathology, associated with the development of airway inflammation in vivo.   
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Figure 10. Schematic illustrating CATT7 and WT proximal airway environment after house dust 

mite challenge. CATT7 and WT mice received HDM challenge, which enters through the damaged 

epithelium resulting in an increase in goblet cell hyperplasia, airway remodelling, eosinophilia, cellular 

infiltration, Th2 cytokine production and airway resistance. High human MIF expressing CATT7 mice 

present a more severe phenotype compared to WT mice. By blocking MIF’s active site, MIF inhibitor 

SCD-19 decreases these hallmark signs in CATT7 mice. No change is seen in WT mice.  
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2.7 Supplementary Figures 

 

 

 

 
 
 

Supplementary Figure 1. MIF antagonist SCD-19 significantly decreases hMIF levels in CATT7 

mice. A hMIF production from BMDMs of CATT7 mice that received 35mg/kg of SCD-19 or vehicle 

control I.P. twice weekly for three weeks. Data are presented as mean ± SEM; N=3 per group. *p<0.05.  
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Supplementary Figure 2. MIF antagonist ISO-1 ameliorates HDM-induced allergic airway 

inflammation in CATT7 mice. Mice were challenged with 25μg of HDM I.N. three times a week for 

three weeks, in addition to receiving 35mg/kg of ISO-1 or vehicle control I.P. twice weekly for three 

weeks. A Representative images of lung tissue stained with Periodic Acid Schiff at 20X magnification, 

scale bar = 20 µm. B Goblet cell hyperplasia was investigated through the quantitation of PAS positive 

cells relative to the control. C Representative images of lung tissue stained with Masson’s trichrome at 

4X magnification, scale bar = 200 µm. D Quantitation of % subepithelial collagen. E Representative 

images of lung tissue stained with H&E from WT and CATT7 mice challenged with HDM or PBS 

control at 20X magnification, scale bar = 20 µm. F Quantitation of airway inflammation in H&E-stained 

lung tissue. Data are presented as mean ± SEM; N=6 per group. ***p<0.001, ****p<0.0001. 
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Supplementary Figure 3. MIF antagonist ISO-1 works in a prophylactic, protective manner. Mice 

were challenged with 25μg of HDM I.N. three times a week for three weeks, in addition to receiving 

35mg/kg of SCD-19 or vehicle control I.P. twice weekly for one, two or three weeks respectively. A 

Representative images of lung tissue stained with Periodic Acid Schiff at 20X magnification, scale bar 

= 20 µm. B Goblet cell hyperplasia was investigated through the quantitation of PAS positive cells 

relative to the control. C Representative images of lung tissue stained with Masson’s trichrome at 4X 

magnification, scale bar = 200 µm. D Quantitation of % subepithelial collagen. E Representative images 

of lung tissue stained with H&E from WT and CATT7 mice challenged with HDM or PBS control at 

20X magnification, scale bar = 20 µm. F Quantitation of airway inflammation in H&E-stained lung 

tissue. Data are presented as mean ± SEM; N=5-6 per group. *p<0.05, **p<0.01, ***p<0.001, 

****p<0.0001. 
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Supplementary Figure 4. ISO-1 decreases total cell counts and number of eosinophils in BALF 

from CATT7 mice. A Total cell count recovered from BAL fluid. B Number of Eosinophils from 

differential cell counts of BALF fluid from CATT7 mice . C 300 cells were counted and identified based 

on morphology. Data are presented as mean ± SEM; N=5 per group. 
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Chapter 3: 
 

The cytoprotective ability of the MIF-licensed 
MSC secretome in HDM-induced epithelial 

damage 
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3.1 Abstract 

 

Licensed mesenchymal stromal cells (MSCs) and their cytoprotective therapeutic 

potential are increasing in clinical trials. Moreover, the soluble mediators released into their 

secretome boast cytoprotective properties equal to those associated with the cell itself, without 

cellular limitations or adverse effects. In asthma, epithelial barrier damage caused by the 

inhalation of allergens like house dust mite (HDM) drives type 2 inflammation and airway 

remodelling. Vascular endothelial growth factor (VEGF) plays a pivotal role in the repair and 

maintenance of airway epithelial integrity. This study illustrates the novel role of the pro-

inflammatory cytokine macrophage migration inhibitory factor (MIF) on MSC licensing, 

where endogenous MIF from bone marrow-derived macrophages from transgenic high human 

MIF expressing CATT7 mice increased MSC production of VEGF into their secretome. CATT7-

MIF licensed MSC conditioned media containing increased levels of VEGF significantly 

enhanced bronchial epithelial wound healing and epithelial cell protection from HDM injury 

in vitro. To confirm the role of human MIF in MSC licensing and VEGF-mediated epithelial 

repair, a MIF antagonist SCD-19 was utilised.   
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3.2 Introduction 

 

Mesenchymal stromal cells (MSCs) have gained notable interest as a cellular therapy 

(Mezey, 2022), with their application being tested in clinical trials to treat an array of 

inflammatory diseases, including lung conditions such as acute respiratory distress syndrome 

(Wang et al., 2023), pulmonary emphysema (Rodrigues et al., 2021; Weiss et al., 2021), 

COVID-19 (Shi, Huang, et al., 2021; Weiss et al., 2022), cystic fibrosis (Bonfield et al., 2023) 

and asthma (Melo et al., 2023; Yu et al., 2020). As of late July 2023, there are currently 55 

clinical trials listed for mesenchymal stromal cells in lung disease, with 14 being active. 

Despite the increasing use of MSCs in clinical trials, their use as a therapeutic intervention in 

asthma is low, with only 4 clinical trials documented (search conducted on 20th July 2023 with 

terms: asthma, mesenchymal stromal cells, mesenchymal stem cells). As discrepancies in 

reported results are still an issue, different therapeutic avenues associated with these stromal 

cells are increasing in popularity. The soluble immunomodulatory and cytoprotective mediators 

which MSCs secrete are rapidly becoming an attractive cell-free alternative (Gunawardena et 

al., 2019; Szabłowska-Gadomska et al., 2023; Xia et al., 2019), harnessing the pro-reparative 

effects of these cells whilst minimising limitations associated with MSC adverse effects, such 

as embolism formation (Hackel et al., 2023; Moll et al., 2022).  

 

MSCs are renowned for their cytoprotective abilities, which they can elicit through the 

production and secretion of soluble mediators in a paracrine fashion. The secretome is defined 

as products secreted by MSCs to facilitate the cell’s communication with their surrounding 

microenvironment. In addition to soluble mediators, the MSC secretome also contains genetic 

components (miRNA (Li et al., 2018), mitochondrial DNA (Ahmad et al., 2014; Morrison et 

al., 2017; Yao et al., 2018)), lipids (Prostaglandin E2), extracellular vesicles (EV) (Cruz et al., 
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2015; Park et al., 2019), metabolites (kynurenine) and cytokines (TNF and IL-6) (English, 

2013; Szabłowska-Gadomska et al., 2023; Xia et al., 2019). Furthermore, newly emerging data 

outlines the importance of MSC-derived apoptotic bodies in their therapeutic efficacy, making 

the secretome their main mechanism of action (Liu et al., 2020; Műzes & Sipos, 2022; Pang et 

al., 2021; Tang et al., 2022; Weiss et al., 2019). Importantly for this study, MSCs are known to 

elicit their anti-apoptotic and pro-regenerative effects through the production of vascular 

endothelial growth factor (VEGF) (Ge et al., 2017; Han et al., 2022; Kozhukharova et al., 

2022). Evidence of MSC’s increased production of VEGF was illustrated when these cells were 

in direct contact of B cells, relating back to the effects of how the microenvironment of these 

cells can boost their cytoprotective efficacy (Healy et al., 2015).   

 

In preclinical models of lung disease, conditioned media from MSCs (MSC CM) are 

proven to be as potent as their cellular counterpart (Cahill et al., 2015; Cruz et al., 2015; English 

et al., 2009; Kennelly et al., 2016). After lipopolysaccharide (LPS)-induced injury, conditioned 

media from human bone marrow-derived MSCs mitigated neutrophil influx and alternatively 

activated wound healing associated M2 alveolar macrophages, dampening lung injury in an 

IGF-1 dependent manner (Ionescu et al., 2012). Similarly, conditioned media from murine 

MSCs recovered lung fibroblasts from cigarette smoked-induced lung injury, illustrating the 

positive role of MSC secreted factors in facilitating epithelial regeneration (Cahill et al., 2015; 

Kennelly et al., 2016; Kim et al., 2012). More recent studies also follow this narrative, 

demonstrating the potent effects of MSC CM in preclinical lung disease (Kruk et al., 2021; 

Moreira et al., 2020; Su et al., 2019; Zhou et al., 2021). 

 

Extensive literature illustrates the benefits of licensing MSCs prior to administration 

(Boland et al., 2018; Boyt et al., 2020; Carvalho et al., 2019; Cheng et al., 2021; Dunbar et al., 
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2021; English, 2013; Hackel et al., 2023; Noronha et al., 2019), which can be carried out by 

modifying the environment in which these cells grow through exogenous stimulation, gene 

manipulation, or even the addition of chemical reagents. The asthmatic lung can act as a 

suitable environment for the activation of MSCs in vivo, as it contains a multitude of pro-

inflammatory cytokines including macrophage migration inhibitory factor (MIF). MIF has not 

only been found at elevated levels in the bronchoalveolar lavage fluid of asthma patients 

(Mizue et al., 2005), but its level of expression has been linked to disease severity (Plant et al., 

2005). Low expression of MIF is associated with a low number of repeats of the tetranucleotide 

sequence ‘CATT’, demonstrating the importance of MIF’s functional promotor polymorphism 

(Baugh et al., 2002). Using novel humanised MIF mice expressing the 7-repeat allele termed 

CATT7, we have shown that high expression of human MIF drives airway inflammation after 

house dust mite challenge (Dunbar and Hawthorne et al., 2023). Furthermore, MIF production 

can increase in response to infection or in the case of dysregulated immune systems associated 

with autoimmune or auto-inflammatory diseases such as asthma or sepsis (Vincent et al., 2018). 

As a result, this evidence elucidates the important role this pro-inflammatory cytokine can have 

in MSC licensing, increasing their therapeutic function within the asthmatic lung.  

 

According to Altorki et al., (2019), a healthy lung displays both physical and chemical 

attributes which together act as a defence mechanism against external pathogens and thus, 

disease. However in chronic inflammatory diseases such as allergic asthma, these defence 

mechanisms may be imbalanced or compromised, making the lung susceptible to invasion by 

environmental particulates. In asthmatics, first described by Huber (1922), the repetitive 

mechanical exacerbations due to inhaled agents or non-specific stimuli can result in physical 

or biological injury of the airways and/or abnormal cycles of wound healing (Hsieh et al., 2023; 

Tatler, 2023; Varricchi et al., 2022), where epithelial cell apoptosis and damage can drive 
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further airway remodelling (Ke et al., 2019; Yu et al., 2020). HDM is known to increase 

epithelial cell apoptosis (Hoffman et al., 2013; Liu et al., 2021; Zeng et al., 2022). Furthermore, 

MSCs have illustrated efficacy in resolving damage inflicted by these repeated exacerbations 

by repairing endothelial barrier integrity (Pati et al., 2011) and increasing wound healing (Zhou 

et al., 2013).  

 

This study sets out to investigate the use of the physiologically relevant pro-

inflammatory cytokine MIF found in supernatants from novel transgenic high human MIF 

expressing mice to license human bone marrow-derived MSCs, where the secretome generated 

from these cells can efficiently promote wound healing and epithelial protection after HDM 

challenge in vitro.  
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3.3 Materials and Methods 

 

 3.3.1 Ethical Approval and HPRA Compliance 

 

 All procedures involving the use of animals were carried out by licensed personnel. 

Ethical approval for all work was granted by the ethics committee of Maynooth University 

(BRESC-2018-13). Project Authorisation was received from the HPRA (AE19124/P022), 

whereby the terms of the animal experiments within this project were outlined and adhered to.  

 

 3.3.2 Compliance with GMO and Safety Guidelines  

 

 All GMO/GMM work was performed according to approved standard operation 

procedures and recording protocols approved by the Environmental Protection Agency 

(Ireland). Safe working practices were employed throughout this study as documented in the 

Biology Department, Maynooth University Safety Manual.  

 

 3.3.3 Cell Culture 

 

Human bone marrow-derived mesenchymal stromal cells (RoosterBio Frederick, MD 

21703, United States) at passages 2-4 were cultured in complete low glucose DMEM (Sigma) 

in T175 vented flasks (Sarstedt). Human alveolar epithelial cells (A549) and human normal 

bronchial epithelial cells (BEAS-2B) were cultured in complete low glucose DMEM (Sigma) 

in T75 vented flasks. All cells were incubated at 37°C/5% CO2/20% O2. 
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 3.3.4 Generation of L929 Conditioned media (M-CSF) 

 

L929 cells were thawed, seeded in complete RPMI and incubated at 37°C/5% CO2/20% 

O2 for 7 days. Supernatant was collected and centrifuged at 300g for 5 minutes to remove cell 

debris. After being passed through a 0.2μm filter for sterilisation, conditioned media containing 

M-CSF was aliquoted and stored at -80°C. 

 

 3.3.5 Transgenic Humanised MIF Mice 

 

 A C57BL/6 mouse strain expressing the human high-expression CATT7 MIF allele 

(MIFCATT7 [(C57BL/6NTac-Miftm3884.1(MIF)Tac-Tg(CAG-Flpe)2Arte] mice) was created 

using vector-based recombinant replacement of murine MIF by Taconic Biosciences 

(Rensselaer, NY). Validation of human but not murine MIF mRNA expression was verified by 

qPCR, and -794 CATT-length dependent stimulated MIF production was confirmed in vivo 

(Shin et al., 2022). These humanised MIF transgenic mice (CATT7) were kindly provided by 

our collaborator Prof. Seamas Donnelly (Trinity College Dublin, Ireland), and MIF--\- (MIF 

knockout) mice were a kind donation from Prof. Richard Bucala (Yale School of Medicine, 

Yale University, New Haven, CT, USA). All mice were housed according to the HPRA SAP 

(Ireland) guidelines and used with ethical approval under the terms of AE19124/P022 project 

authorisation from HPRA.  

 

 3.3.6 In vivo House Dust Mite Challenge  

 

CATT7 transgenic humanised MIF mice (C57BL/6NTac-Miftm3884.1(MIF)Tac-

Tg(CAG-Flpe)2Arte, wildtype (WT) mice and MIF-/- mice (Trinity College Dublin, Ireland) 
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were anesthetised using isoflurane and challenged with intranasally (I.N.) with 25µg of 

Dermatophagoides pteronyssinus (endotoxin content of 9937.5 EU/vial) (Greer Laboratories 

Inc, Lenoir, NC, USA) on days 0, 2, 4, 7, 9, 11, 14, 16 and 18. An animal welfare score sheet 

was utilised throughout the study, where examining features included: weight loss, activity, 

general appearance and clinical signs. 

 

 3.3.7 Generation of CATT7 MIF Conditioned Media  

 

 Mice were humanely sacrificed using the cervical dislocation technique on day 18, 4hr 

after last HDM challenge. Bone marrow was isolated from femur and tibia and centrifuged at 

300g for 5 minutes. Red blood cells were lysed using 1X RBC lysis buffer (eBioscience) for 5 

minutes. Cells were centrifuged at 300g for 5 minutes before being split in two T175 flasks per 

mouse. Cells were grown for 7 days in complete cRPMI supplemented with 20% L929 

conditioned media. Supernatants were collected, centrifuged at 300g for 5 minutes and filter 

sterilised to remove cell debris. Aliquots were stored at -20°C. Aliquots were not freeze thawed. 

To account for variability of human MIF levels between CATT7 mice and to ensure WT mice 

did not produce human MIF, supernatants were measured by human MIF ELISA (R&D) 

(Shown in Chapter 2, Figure 2D). 

 

 3.3.8 Generation of MSC Conditioned Media  

 

Human bone marrow-derived mesenchymal stromal (hBM-MSC) cells were cultured 

as described. Documented concentrations of rhMIF (1, 100 or 400ng/ml) (Mawhinney et al., 

2014; Tynan et al., 2017) or conditioned media generated by BMDMs from CATT7, WT or 

MIF-/- mice was added with fresh cDMEM at a 1:1 ratio for 24hrs. Cells were washed with 
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warm PBS and serum free media was replaced. After 72hrs, supernatants were collected and 

centrifuged at 300g for 5 minutes to remove cell debris. Aliquots were stored at -20°C and were  

not freeze thawed repeatedly. 

 

 3.3.9 Generation of MIF Inhibited SCD-19 Conditioned Media 

 

SCD-19 (3-(2-methylphenyl)-1H-isochromen-1-one) (Specs.net, Netherlands) was 

reconstituted in 70% ethanol and diluted in PBS to a working concentration of 100µM. SCD-

19 was added to BMDM-derived CATT7 and WT supernatant for 1hr in a shaking incubator at 

37°C, before the supernatants were added at a 1:1 ratio into flasks containing human BM-

MSCs.    

 

 3.3.10 Wound Healing Assay 

 

The underside of a 6 well plate (Sarstedt) was scratched with 3 horizontal lines using a 

scalpel and a ruler to allow for accurate analysis. A549 or BEAS-2B cells were seeded out at a 

density of 1x105/ml. When cells are 60-80% confluent, a single perpendicular vertical scratch 

was made with a sterile p200 tip. Wells were washed with warm PBS to remove cell debris. 

cDMEM and MIF-MSC conditioned media was added in a 1:1 ratio. On day 0, baseline 

measurements (100% open) were taken using Optika imaging software and Nikon imaging 

microscope. Plates were incubated 37°C/5% CO2/20% O2 for 48hrs, or until one scratch has 

sufficiently closed. Cells were fixed with 10% neutral buffered formalin (NBF) for 8 minutes, 

air dried and stained with crystal violet (Sigma) for 4 minutes. ImageJ software was used to 

measure the percentage wound closure of each image, relative to the 100% baseline 

measurements taken on day 0. 
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 3.3.11 Use of VEGFR2 Inhibitor SU-5416 

 

 To investigate if VEGF was facilitating MSCs’ ability to enhance wound closure in 

A549 and BEAS-2B epithelial cells, a VEGFR2 inhibitor SU-5416 (Tocris) was used. 10µM 

of SU-5416 or a DMSO vehicle control was added to A549 or BEAS-2B cells for 4 hours 

before the scratch was created and conditioned media was added.  

 

 3.3.12 Epithelial Survival Assay  

 

 BEAS-2B cells were grown as described. A dose curve of house dust mite (HDM) 

Dermatophagoides pteronyssinus (Greer Laboratories Inc, Lenoir, NC, USA) ranging from 25 

to 200µg/ml was carried out, before continuing with a concentration of 100µg/ml. HDM was 

added to BEAS-2B for 24hrs, before the level of apoptotic cells was measured by flow 

cytometry. To investigate the effect of CATT7 or WT-MSC conditioned media on BEAS-2B 

survival, cells were incubated with MIF-MSC CM for 2 hours prior to the addition of HDM. 

 

 3.3.13 Annexin V/PI Flow Cytometry  

 

Adherent cells were detached using trypsin-EDTA (Sigma) and centrifuged at 400g for 

6 minutes. Spent media from cells was also centrifuged to collect apoptotic cells. After washing 

cells with Annexin V binding buffer (eBioscience), 1µl of 2% rat serum was added to prevent 

non-specific staining and cells were incubated for 15 minutes. Cells were stained with 1µl of 

Annexin V for 45 minutes in the dark at 4°C. Once washed in cold FACS buffer and 

centrifuged, cells were stained with 1µl of PI immediately before being analysed on an Accuri 

C6 flow cytometer. 
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 3.3.14 VEGF ELISA  

 

MIF-licensed MSC supernatants were collected and centrifuged at 300g for 5 minutes 

to remove debris, before being stored at -20°C. ELISAs were carried out according to 

manufacturer’s instructions (R&D Systems).  

 

 3.3.15 Statistical Methods  

 

Data are presented as mean ± SEM. Results were analysed using a statistical software 

package (GraphPad Prism, San Diego, CA). One-way ANOVA Multiple Tukey comparison test 

was used to test for statistical significance of differences when multiple experimental groups 

were compared with an independent variable. 
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3.4 Results  

 

 3.4.1 Conditioned media from rhMIF-licensed MSCs increases alveolar epithelial 

 cell wound closure  

 

MSCs need to be activated to boost their cytoprotective effects through the production 

of soluble mediators (Lynch et al., 2020; Silva et al., 2018). MSCs were licensed with different 

concentrations of recombinant human MIF (rhMIF) (1, 100 or 400ng/ml) (Figure 1A). As 

VEGF, an important soluble factor secreted by MSCs (Arutyunyan et al., 2016; Ge et al., 2017; 

Healy et al., 2015) is a trophic factor known to play a role in wound healing (Johnson & Wilgus, 

2014), human VEGF levels in rhMIF-MSC CM supernatants were measured by ELISA. MSCs 

stimulated with all concentrations of rhMIF exhibited significantly elevated levels of human 

VEGF (hVEGF) in a dose dependent manner. MSCs licensed with 100 and 400ng/ml rhMIF 

secreted the highest hVEGF protein levels, with no statistical difference between the two 

concentrations (Figure 1B). Thus, 100ng/ml of rhMIF was used to license MSCs for the 

remainder of the study. 

 

 To investigate the impact of MSC CM +/- rhMIF on epithelial wound healing, alveolar 

basal epithelial cells were grown to 80% confluency before a vertical scratch was created. 

rhMIF-MSC CM, where MSCs were licensed with 0 (MSC CM), 1 or 100ng/ml of rhMIF, was 

added to wells with equal volume of cDMEM. After 48hrs, wells were fixed and stained with 

crystal violet prior to imaging (Figure 1D). MSC CM, 1ng/ml rhMIF-MSC CM and 100ng/ml 

rhMIF-MSC CM all significantly increased the percentage wound closure in A549 cells (Figure 

1C). Importantly, MSCs activated with rhMIF significantly elevated the percentage wound 

closure in a dose dependent manner compared to MSC CM, with 100ng/ml rhMIF-MSC CM 

displaying the highest level of wound closure (Figure 1C).  
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Figure 1. rhMIF licensing increases VEGF in MSC conditioned media, enhancing wound healing 

in human alveolar basal epithelial cells. A Schematic depicting the generation of rhMIF MSC 

conditioned media. B Human VEGF protein levels in MSC conditioned media supernatants, measured 

by ELISA, after licensing with different concentrations of recombinant human MIF (1, 100 and 

400ng/ml). C Percentage wound closure relative to the control in alveolar basal epithelial cells (A549s) 

after stimulation with rhMIF MSC CM. D Images of A549 wound closure after crystal violet stain. Data 

are presented as mean ± SEM; images are representative of 3 independent experiments, n=3 per group 

**p<0.01, ***p<0.001, ****p<0.0001. 
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 3.4.2 rhMIF licensing accelerates MSC-mediated wound closure in a VEGF-

 dependent manner 

 

The role of VEGF in wound healing is established in a variety of different conditions 

(DiPietro, 2016; Johnson & Wilgus, 2014; Shams et al., 2022), such as type 1 diabetes (White 

et al., 2021) and pulmonary fibrosis (Murray et al., 2017). Our hypothesis is that the increased 

levels of VEGF observed in conditioned media from rhMIF-licensed MSCs (Figure 1B) was 

driving alveolar epithelial cell wound closure. To investigate this further, a potent and specific 

VEGFR2 inhibitor, SU-5416 was used to block the VEGF receptor on the surface of epithelial 

cells prior to the addition of rhMIF-MSC CM (Figure 2A). Our findings illustrate that by 

blocking the VEGFR2 on the A549s, rhMIF-MSC CM containing hVEGF could no longer 

significantly enhance wound closure (Figure 2B). A549s that received the vehicle control 

maintained the significant increase in percentage wound closure mediated by rhMIF-MSC CM. 

Interestingly, the application of SU-5416 had no effect on A549s grown in conditioned media 

from unlicensed MSCs, again illustrating the important role of rhMIF licensing on MSC’s 

cytoprotective abilities (Figure 2B).  

 

To prove that conditioned media from another cell type could not facilitate enhanced 

wound closure in alveolar epithelial cells, or that a positive VEGF feedback loop in A549 

conditioned media was encouraging self-renewal of these cells, conditioned media from A549 

cells was used as a negative control. A549 conditioned media did not significantly increase the 

percentage of wound closure in A549 epithelial cells (Figure 2B, C). These data illustrate that 

rhMIF licensing can augment an increase in VEGF production by MSCs, which can have a 

positive effect on epithelial cell damage by enhancing the percentage wound closure after 

48hrs.   



 102 

 
 
Figure 2. rhMIF licensing accelerates MSC-mediated wound closure in a VEGF-dependent 

manner. A Human VEGF in recombinant MIF MSC CM binds to A549 epithelial cells through the 

VEGFR2 receptor. SU-5416, a VEGFR2 inhibitor, blocks this interaction. B Percentage wound closure 

relative to control after use of the VEGFR inhibitor SU-5416 or vehicle control. C Images of A549 

wound closure after crystal violet stain. Data are presented as mean ± SEM; images are representative 

of 3 independent experiments, n=3 per group **p<0.01, ***p<0.001, ****p<0.0001. 
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 3.4.3 Endogenous human MIF from CATT7 mice is more efficacious at licensing 

 MSCs than recombinant MIF  

 

 Recombinant MIF and its biological effects can vary depending on the manufacturer. 

Furthermore, a disadvantage to the use of recombinant proteins is their associated short shelf 

life, as they are predisposed to degrade over a short period of time. Due to a discontinuation of 

the recombinant MIF used in figures 1 and 2, the remainder of this study utilised endogenous 

MIF from our humanised CATT7 MIF mice as a preferred method of licensing MSCs. This was 

highly beneficial as it not only facilitated the incorporation of our novel human MIF expressing 

mouse strain, but also as the MSC response to MIF produced by these mice was more robust. 

As MIF is known to be stored in intracellular pools, being secreted only after stimulation 

(Bacher et al., 1996; Bernhagen, Mitchell, et al., 1994; Calandra et al., 1994; Calandra & Roger, 

2003), high MIF expressing CATT7 mice, MIF knockout (MIF-/-) mice and wildtype mice were 

exposed to a model of house dust mite-induced acute allergic airway inflammation. The 

supernatants generated from bone marrow-derived macrophages isolated from CATT7 mice 

contained high levels of human MIF (Dunbar and Hawthorne et al., 2023).  

 

 After licensing MSCs with CATT7-derived human MIF, WT-derived murine MIF, or no 

MIF (MIF-/-), VEGF protein levels in the endogenous MIF MSC CM were measured by ELISA. 

MIF-/- and murine MIF-expressing WT mice did not significantly increase VEGF production 

by MSCs compared to cDMEM control (Figure 3A). Conversely, MSCs licensed with human 

MIF containing CATT7 supernatants displayed significantly elevated VEGF protein levels in 

the associated conditioned media, compared to those licensed with MIF-/- or WT supernatants. 

This proves that human, but not murine MIF, drives enhanced VEGF production by MSCs 

(Figure 3A). To investigate if endogenous MIF licensed MSC CM could also enhance wound 

closure in a VEGF-dependent manner as observed in Figure 1 and 2, wound healing 



 104 

experiments were repeated using CATT7 or WT-derived MIF MSC CM. Previously, alveolar 

basal epithelial cells, referred to as A549s, were used as a proof of concept and for optimisation 

of this in vitro assay. To improve the physiologically relevance of this assay,  a normal bronchial 

epithelial cell line (BEAS-2B) was used for outstanding experiments. In line with figure 1C 

and 2B, CATT7-derived MIF MSC CM significantly increased the percentage wound closure 

in normal bronchial epithelial cells, compared to unlicensed-MSC CM and cDMEM controls 

(Figure 3B). Moreover, the VEGFR2 inhibitor SU-5416 significantly mitigated this enhanced 

wound closure in BEAS-2B cells grown in CATT7-MIF MSC CM. SU-5416 had no effect on 

WT-MIF MSC CM groups, illustrating that murine MIF did not drive wound closure in a 

VEGF-dependent manner (Figure 3B). The use of a VEGFR2 inhibitor had no off-target, non-

specific effects on the general growth of these cells, as cDMEM wells treated with SU-5416 

had no significant difference in percentage wound closure compared to cDMEM alone (Figure 

3B). On a qualitative level, the evident increase in wound closure associated with conditioned 

media from CATT7-licensed MSCs is depicted in figure 3C. Furthermore when the VEGFR2 

was blocked using SU-5416 but not vehicle control, the inhibition of wound closure is clear 

(Figure 3C).  
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Figure 3. Endogenous CATT7-MIF MSC conditioned media drives bronchial epithelial wound 

closure in a VEGF-dependent manner. A Human VEGF protein levels in MIF MSC conditioned 

media supernatants, using bone marrow-derived supernatants from high MIF expressing CATT7 mice, 

MIF-/- mice or WT mice. B Percentage wound closure relative to control after use of the VEGFR2 

inhibitor SU-5416 (10μM) or vehicle control. C Images of BEAS-2B wound closure after crystal violet 

stain. Data are presented as mean ± SEM; images are representative of 3 independent experiments, n=3 

per group ***p<0.001, ****p<0.0001. 
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 3.3.4 MIF inhibitor SCD-19 blocks VEGF-mediated wound closure in bronchial 

 epithelial cells 

 

We have previously shown that human, but not murine, MIF drives VEGF production 

from MSCs (Figure 3A) and thus facilitates a significant increase in wound closure (Figure 3B, 

C). To fully elucidate this MIF-associated increase in wound closure, a MIF inhibitor SCD-19 

was used to block MIF’s biological activity prior to MSC licensing. When CATT7 endogenous 

MIF supernatants were incubated with 100µM of SCD-19 for 1 hour prior to MSC licensing, 

MIF inhibition significantly decreased MSC-mediated VEGF production compared to 

cDMEM controls (Figure 4A). Importantly, SCD-19 had no effect on WT-derived MIF 

supernatants, as no significant difference in VEGF production was noted.  

 

SCD-19 effectively decreased the percentage wound closure in CATT7-MSC CM 

treated bronchial epithelial cells, illustrating the role of human MIF in boosting MSC’s 

cytoprotective, wound healing capabilities (Figure 4B). Interestingly, the use of SCD-19 prior 

to licensing MSCs with CATT7-containing human MIF supernatants abrogated wound closure 

levels similar to those treated with WT-MSC conditioned media; illustrating that SCD-19 is 

more specific at blocking human MIF, than murine MIF. To further prove this, SCD-19 did not 

significantly decrease VEGF production by WT-licensed MSCs, and thus no significant 

difference was seen in WT-MSC CM wound closure (Figure 4B). A vehicle control was used 

to ensure that there were no off-target effects on the wound healing of BEAS-2B cells. No 

significant difference between CATT7-MSC CM and CATT7-MSC CM + vehicle control was 

observed (Figure 4B, C). These data conclude that high levels of human MIF from CATT7 

BMDM-derived supernatants can license MSCs to produce increased levels of VEGF (Figure 

3A), with increased efficacy than those licensed with recombinant MIF (Figure 1B). Following 

this narrative, conditioned media generated from endogenous human MIF-licensed MSCs can 
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significantly increase wound closure in BEAS-2B cells in a VEGF-dependent manner (Figure 

3B), illustrating MIF’s specific role through utilising a potent MIF antagonist SCD-19 (Figure 

4B).  

 

 
 

Figure 4. MIF inhibitor SCD-19 prevents increased VEGF-mediated wound closure in bronchial 

epithelial cells. A Human VEGF protein levels in WT-MSC and CATT7-MSC conditioned media 

supernatants, with and without the use of SCD-19 (100μM). B Percentage wound closure relative to 

control after use of the MIF inhibitor SCD-19 (100μM) or vehicle control. C Images of BEAS-2B 

wound closure after crystal violet stain. Data are presented as mean ± SEM; representative of 3 

independent experiments, n=3 per group **p<0.01, ***p<0.001, ****p<0.0001. 
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 3.4.5 CATT7-MIF licensed MSC conditioned media protects BEAS-2B bronchial 

 epithelial cells from HDM-induced apoptosis 

 

In the asthmatic lung, repeated exacerbations can inflict injury on the membrane 

epithelium of the lung. To recapitulate this physiological setting, the clinically relevant allergen 

house dust mite (HDM) was used to induce damage on normal bronchial epithelial BEAS-2B 

cells. Through measuring epithelial cell apoptosis with Annexin V/PI stain for flow cytometry, 

HDM was observed to increase apoptosis in a dose dependent manner (Figure 5A). To ensure 

that effective apoptosis could be induced in these cells, a positive control using the 

chemotherapeutic drug cisplatin (50ng/ml) was utilised. This study set out to investigate if 

CATT7-MIF licensed MSC conditioned media could protect against HDM-induced apoptosis 

in epithelial cells. Interestingly, pre-treatment of BEAS-2B with CATT7-MSC CM for 2 hours 

prior to HDM stimulation could significantly protect epithelial cells from increased apoptosis 

compared to cells that did not receive CATT7-MSC CM (Figure 5A). Moreover, this effect was 

specific to human MIF, as WT-MSC CM could not protect BEAS-2B cells from HDM-induced 

damage (Figure 5A). To confirm that this protection against HDM injury was specific to human 

MIF, the MIF inhibitor SCD-19 was used. MSCs licensed with MIF inhibited-CATT7 

supernatants no longer decreased BEAS-2B apoptosis, proving our hypothesis that human MIF 

licensing of MSCs significantly improves their ability to protect against apoptosis caused by 

allergen insult (Figure 5A) and increases wound healing in bronchial epithelial cells (Figure 

4B). Moreover, through licensing MSCS with human MIF, the biological activity of the 

associated conditioned media is significantly enhanced, illustrating the potential of using 

MSC’s secretome as a therapeutic tool.  
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Figure 5. CATT7-MIF MSC CM protects BEAS-2B from HDM-induced apoptosis. A BEAS-2B 

epithelial cells were exposed to a dose curve of HDM (25, 50, 100, 200µg/ml) for 24hrs. 50ng/ml of 

cisplatin was used as a positive control. Cells were stained with Annexin V/PI and analysed by flow 

cytometry. Dead cells were identified as Annexin V+PI- (early apoptosis) and Annexin V+PI+ (late 

apoptosis). B BEAS-2B epithelial cells were grown in WT-MSC and CATT7-MSC conditioned media 

supernatants, with and without the use of SCD-19 (100μM) for 4hrs before being exposed to 100 µg/ml 

of HDM. C Dot plot images of BEAS-2B stained with Annexin V (APC) and PI (PE). Data are presented 

as mean ± SEM; representative of 3 independent experiments, n=3 per group *p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001. 
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3.5 Discussion 

 

Although the use of MSCs in inflammatory conditions has been extensively studied, 

with over 75,000 publications documenting their capabilities (Mönch et al., 2022, 2023), 

reproducibility is still an evident problem with these cells in clinical trials. This study set out 

to investigate the use of macrophage migration inhibitory factor (MIF) as a method of pre-

conditioning MSCs, enhancing their performance through utilising their cell-free secretome as 

a cytoprotective therapy to tackle epithelial injury in vitro.  

 

 MSCs as a cellular therapy can come with their own limitations, such as the formation 

of embolisms after intravenous administration of bone marrow or adipose tissue-derived MSCs 

(Hackel et al., 2023; Moll et al., 2022). To overcome this barrier, their secretome can be used 

as an alternative cell-free method. Additionally, the use of the secretome rather than the cell 

itself hosts several benefits; decreased manufacturing costs, more convenient storage, less 

chance of product delivery failure and lower risk of mounting an unwanted immune response 

or stimulating tumour progression (Lee & Hong, 2017; Su et al., 2023). A downside however, 

is that unlike its cellular counterpart, the secretome cannot sense and respond to its surrounding 

microenvironment. Alas, the concept of optimally pre-licensing MSC prior to administration 

could resolve this concern, by tailoring the secretome towards the recipient’s cellular 

microenvironment, enhancing the therapeutic outcome (Dunbar et al., 2021; Gorgun et al., 

2021). Furthermore, once administered, MSCs have been shown to be viable for 24 hours or 

less in vivo, indicating that the secretome could be an efficacious option (Pang et al., 2021).  

 

As discussed, house dust mite is a clinically relevant aeroallergen which once inhaled, 

can damage and penetrate the epithelial barrier, activating the immune cascade associated with 

this type 2 inflammatory condition. Alveolar basal epithelial cells (A549) were used in 
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preliminary experiments to optimise the wound healing assay. To further recapitulate the 

asthmatic lung microenvironment and to enhance the physiological relevance, wound healing 

and epithelial cell survival assays were continued using a normal bronchial epithelial cell line 

(BEAS-2B). BEAS-2B cells are more suitable when investigating an asthmatic phenotype, as 

they are isolated from the upper, proximal section of the lung, in comparison to the distally 

isolated A549 cell line (Hillyer et al., 2018; Schlinkert et al., 2015). Furthermore, as A549 cells 

are an adenocarcinoma cell line and thus are of tumorigenic origin, they might have an 

increased interaction with VEGF, as this soluble mediator is known to play a role in the 

progression of cancer (Ghalehbandi et al., 2023). Taking into account the section of bronchial 

tree from which the cells are isolated, and if they have known physiological interactions with 

VEGF and angiogenesis, the normal bronchial cell line was most suitable.  

 

MSC’s primed with recombinant human MIF demonstrated enhanced VEGF 

production, secreting significantly higher levels of this growth factor into their secretome 

(Figure 1B). Due to questions about the robustness of commercial recombinant MIF and supply 

issues of purified human MIF from Jurkat T cells (Bernhagen, Mitchell, et al., 1994), our 

preferred source of human MIF was from the bone marrow-derived macrophages of our high 

MIF expressing humanised CATT7 mice. A limitation to take into consideration when using 

endogenous sources of MIF is that other bystander effects and mediators may be at play in the 

licensing of MSCs. Thus, to confirm the specificity of MIF’s role in MSC licensing, the use of 

a highly potent MIF inhibitor SCD-19 was used.   

 

These data illustrating that human MIF-activated MSCs produced significantly 

increased levels of VEGF, and thus enhancing the percentage of wound closure in epithelial 

cells in a VEGF-dependent manner may raise some concerns. As this growth factor is known 
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for its action in angiogenesis, there is a possibility that increased levels of MSC-derived VEGF 

alone may have a pathological impact in the lung. We have previously shown the beneficial 

impact MSCs can have when administered into an acute model of allergic airway inflammation, 

where MSCs significantly decreased collagen deposition and goblet cell hyperplasia after 

house dust mite challenge (Hawthorne, Dunbar et al., in review). In an OVA model, MSCs 

significantly reduced total VEGF levels in lung tissue in vivo regardless of source, with bone 

marrow-derived MSCs being the most efficacious (Abreu et al., 2017). Thus, although MIF-

licensed MSCs produce increased levels of VEGF in vitro, these cells also produce other 

regulatory factors such as indoleamine 2,3-dioxygenase (IDO) and cyclo-oxygenase-2 (COX-

2) (Hawthorne, 2023., unpublished), illustrating that MSC’s immunomodulatory and 

cytoprotective functions work as a collective and therefore the positive therapeutic effects 

associated with these cells outweigh the negatives. These data confirm that in vitro and in vivo 

work may represent different findings regarding VEGF, as there are more factors at play in the 

complex lung microenvironment. VEGF has historically played a central role in epithelial 

repair and the maintenance of epithelial barrier integrity, where VEGF-deficient mice had 

increased levels of bronchial and alveolar apoptosis (Tang et al., 2004). As illustrated in this 

study, increased levels of this trophic factor enhanced epithelial wound healing, perhaps 

through improving the survival and proliferation of airway epithelial cells (Mura et al., 2006; 

Ohwada, 2003). Furthermore, VEGF overexpression reduced bleomycin-induced cell death in 

a model of idiopathic pulmonary fibrosis (IPF), again reiterating the protective importance of 

this growth factor in modulating epithelial repair (Murray et al., 2017). Interestingly, VEGF-A 

and its receptor VEGFR2 (also known as KDR) have been shown to have a protective role in 

the defence against mucous cell metaplasia, commonly documented in asthma and cystic 

fibrosis (Jiang et al., 2021). In asthma, if VEGF-A levels are decreased, the transcription factor 

Sox9 is upregulated, driving club to goblet cell differentiation (Jiang et al., 2021). These data, 
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along with the data presented throughout this chapter depict the protective role of VEGF in the 

repair and regulation of the airway epithelial barrier. Following on from these data shown in 

this chapter surrounding MSC-derived VEGF, where endogenous human MIF-licensed MSCs 

secreted increased levels of VEGF, hypothetically, this would also have a positive impact in 

strengthening the epithelial barrier against house dust mite challenge in vivo.  

 

Future experiments investigating the role of MSC’s secretome on epithelial 

permeability would be beneficial, where the impact of MIF licensing on these cells could be 

further elucidated in the repair of the airway epithelial barrier after house dust mite challenge. 

Furthermore, MSCs have already illustrated efficacy in a model of bleomycin-induced fibrosis, 

where they decreased the level of TUNEL stain for DNA strand breaks in vivo (Cahill et al., 

2016). Similar experiments in an allergic airway inflammation setting would facilitate the 

translation of the in vitro data presented in this study to an in vivo setting. Although the role of 

VEGFR2 has been elucidated using the selective inhibitor SU-5416 (Semaxanib), three 

subtypes of VEGF (A, C and D) could be involved. A broad-spectrum VEGF ELISA was used 

to measure protein levels in MIF MSC CM, but the use of subtype-specific inhibitors such as 

the anti-VEGF-A monoclonal antibody bevacizumab (Avastin®) could be useful to determine 

what subtype of VEGF is dominant in facilitating epithelial repair (Garcia et al., 2020).  
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3.6 Conclusion 

 

This study details the importance of epithelial barrier integrity in innate immunity, 

especially in an age where there is a rapid increase of industrialisation and urbanisation. These 

evolving environmental conditions could drive an exponential increase in epithelial 

permeability, giving rise to a plethora of atopic, autoimmune conditions (Akdis, 2021), such as 

allergic asthma. This study demonstrates the therapeutic efficacy of human MIF-licensed MSC 

CM, where increased levels of MSC-derived VEGF facilitated epithelial repair and survival in 

vitro. 

 

 
 

Figure 6. Schematic illustrating effects of rhMIF or endogenous CATT7 MIF licensed MSC 

conditioned media on airway epithelial wound healing and survival. Conditioned media generated 

from hBM-MSCs licensed with recombinant human MIF or endogenous human CATT7 MIF has 

increased levels of VEGF. MIF MSC CM increases percentage wound healing in BEAS-2B cells in a 

VEGF-dependent manner. MIF MSC CM protects BEAS-2B cells from apoptosis after HDM challenge.  
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4.1 Abstract 
 
 
 

Innate immune training is a concept of prolonged immunological memory, where 

pathogens can educate and re-programme the immune system. The role of MIF and its 

functional promotor polymorphism in innate immune training is currently unknown. Using 

novel humanised CATT7 MIF mice, this study is the first to investigate the effect of high human 

MIF expression on bone marrow-derived macrophage (BMDM) polarisation. Moreover, the 

effect of human MIF on innate immune training in house dust mite-challenged CATT7 

hematopoietic stem and progenitor cells was also examined.  

 

Endogenous expression of human MIF exhibited no definitive impact on the 

polarisation of naïve CATT7 macrophages. After house dust mite (HDM) challenge in vivo, 

CATT7 BMDMs demonstrated a significant increase in M1 markers, tnfα, il-6, il-1β, nos2, and 

ifng, and M2 markers, chi3l3 and il-10. The M1 signature was found to be MIF-dependent, as 

it was diminished with the use of the MIF inhibitor, SCD-19. When co-cultured with CATT7 

BMDMs, mesenchymal stromal cells (MSCs) suppressed this HDM-primed effect, with tnfα 

and rentla expression being decreased in a COX-1/2 dependent manner. A prominent hallmark 

of innate immune training is epigenetic re-programming via histone modification. Inhibition of 

methyltransferase activity in CATT7 hematopoietic stem and progenitor cells (HSPCs) prior to 

HDM stimulation blocked the enhanced production of pro-inflammatory cytokines following 

LPS stimulation in vitro, confirming the occurrence of this trained immunity phenomenon. 

Furthermore, MSCs significantly abrogated this HDM-trained effect when co-cultured with 

HSPCs, displaying their therapeutic efficacy in modulating an over-zealous, human MIF-

dependent immune response.  
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4.2 Introduction  

 
 Trained innate immunity has gained significant scientific attention in light of the recent 

SARS-CoV2 pandemic with vaccine efficacy, where this popular phenomenon illustrates the 

importance of immune cell memory and how this innate cell training is fundamental to an 

effective immunological response to pathogens (Divangahi et al., 2021; Netea et al., 2016). A 

noteworthy example of this non-specific trained immunity is demonstrated in the application 

of the renowned Bacillus-Calmette Guérin (BCG) vaccine, originally developed to combat 

tuberculosis in 1928 (Ravenel, 1928). This vaccine is currently acknowledged to provide 

additional protection against other respiratory tract insults (Chen et al., 2023; Moorlag et al., 

2022), including influenza (Kaufmann et al., 2022; Leentjens et al., 2015) and asthma (El-Zein 

et al., 2010; Marks et al., 2003). Initially, it was speculated that the BCG vaccine could play a 

role in offering protection against COVID-19 via the concept of innate immune training (Berg 

et al., 2020; Covián et al., 2020; O’Neill & Netea, 2020), However, recent studies have now 

contradicted this statement, as healthcare workers that received the BCG vaccination did not 

have a lower risk of COVID-19 compared to those that received a placebo (Kaufmann et al., 

2022; Pittet et al., 2023).  

 

 Innate immune cells, specifically phagocytic macrophages, are known to be activated 

when they interact with a vaccine, adjuvant, or pathogen for the first time (e.g., BCG vaccine, 

β-glucan or house dust mite). This initial interaction can prime macrophages, preparing them 

for the recurrence of a secondary infection or stimuli. As a result, the macrophage exhibits an 

additive or synergistic response between the first and second stimuli. Importantly, when the 

insult is removed from the macrophage microenvironment, this short-acting priming effect 

wanes over time, returning active gene transcription of these cells to a non-activated, basal state 

(Divangahi et al., 2021). In contrast to peripheral innate priming which occurs in differentiated-
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macrophages, central innate immune training is an immunologically distinct process, which 

induces epigenetic and metabolic changes in the bone marrow-resident precursors of these 

cells. Unlike innate priming, innate immune training results in long-term memory, provoking 

a faster and greater immune response when the macrophage encounters future, often 

heterologous stimuli (Table 1). Although innate immune training provides a protective effect 

from a therapeutic standpoint, where it facilitates enhanced responses to vaccine 

administration, a highly alert and activated immune system can be detrimental, driving the 

development or exacerbation of autoimmune conditions, or cardiovascular disease (Funes et 

al., 2022). Thus, finding a balance between an over- and under-reactive immune system in the 

context of innate immunity is pivotal for disease resolution.  

 
 

Table 1. Key disparities between innate priming and training1 

 

 
1 Key disparities between innate priming and training. Including: epigenetic changes, metabolic re-
programming, rest periods, active gene transcription status, speed and strength of innate response and duration of 
induced memory (Graphs adapted from (Divangahi et al., 2021)). 
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 Macrophages, a population of professional phagocytic cells derived from hematopoietic 

stem and progenitor cells (HSPCs) within the bone marrow niche, can be categorised as an M1 

pro-inflammatory or M2 anti-inflammatory phenotype. Plasticity is a key characteristic of these 

innate cells, as depending on external factors within their surrounding microenvironment, their 

activation status (classical – M1, alternative – M2) is a spectrum (Kang & Kumanogoh, 2020; 

Locati et al., 2020), rather than the two phenotypes being separate, distinct entities. In addition 

to playing a central role in host defence, macrophages are also a source of the pro-inflammatory 

cytokine macrophage migration inhibitor factor (MIF) (Calandra et al., 1994). MIF is involved 

in the pathogenesis of a variety of inflammatory diseases, including asthma, however it remains 

to be resolved if MIF’s role in disease is due to increased susceptibility or severity. Mounting 

evidence indicating MIF’s involvement in asthma severity has been linked to a functional 

promotor polymorphism, where an increase in the number of repeats of a tetranucleotide 

sequence (CATT)n, correlates with increased MIF expression (Baugh et al., 2002). Humans that 

possess a 5-repeat allele of this MIF polymorphism have been noted to have a milder subtype 

of disease (Plant et al., 2006). Due to its enhanced presence in the bronchoalveolar lavage fluid 

of asthmatic patients compared to nonatopic volunteers (Mizue et al., 2005), MIF has proved 

to be an important player in asthma development. We have previously illustrated the role of the 

high expressing human CATT7 MIF allele in a model of house dust mite (HDM)-induced 

allergic airway inflammation, where HDM-challenged CATT7 mice exhibited increased airway 

hyperresponsiveness resulting from increased cellular infiltration, goblet cell hyperplasia, 

subepithelial collagen and Th2 cytokine mediators with these mice having reduced lung 

function after methacholine nebulisation. Furthermore, utilising a potent MIF inhibitor SCD-

19, MIF’s key role in driving disease severity was confirmed (Dunbar and Hawthorne et al., 

2023). Although further investigation surrounding innate immunity in type 2 inflammatory 

disease is required (Hartung & Esser-von Bieren, 2022), evidence shows that HDM, a known 
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trigger of allergic airway inflammation, plays a role in activating innate immunity (Albers et 

al., 2022; Branchett et al., 2021; Henkel et al., 2018; Lechner et al., 2022). Our goal in this 

study was to investigate the role of the high expressing human MIF polymorphism in the innate 

immunity of macrophages, after exposure to a relevant HDM allergen in vitro and in vivo. 

 

Markers of innate immunity in macrophages can be defined as enhanced production of 

pro-inflammatory mediators such as TNFα and IL-6 (Lechner et al., 2022). As previously 

mentioned, innate immune training occurs in progenitor cells where histone modifications such 

as DNA methylation (e.g., H3K4me1 and H3K4me3) or acetylation (H3K27ac) occur upon 

exposure to a primary stimulus, leaving an ‘epigenetic scar’ resulting in the long-lasting re-

programming of daughter cells (i.e., differentiated bone marrow-derived macrophages). Thus, 

by utilising inhibitors that target areas involved in epigenetic modifications, such as 

methyltransferase enzymes, one can fully elucidate if innate immunity, rather than priming, is 

at play. This research utilised a chemical methyltransferase inhibitor, methyltransferase 

adenosine (MTA), to block DNA methylation and thus investigate the training status of HSPCs 

and bone marrow-derived macrophages (BMDMs) in transgenic high human MIF expressing 

CATT7 mice.   

 

Mesenchymal stromal cells (MSCs) have previously demonstrated therapeutic efficacy 

in inflammatory diseases, such as in a HDM-induced model of allergic airway inflammation, 

where their effects were mediated by enhanced COX-2 activity (Hawthorne, Dunbar et al, in 

review). Once administered intravenously, MSCs are known to first migrate to the lung through 

the pulmonary circulatory system, termed “first passe” (Galipeau & Sensébé, 2018; Sensebé & 

Fleury-Cappellesso, 2013). Furthermore, due to the large size of these stromal cells (ranging 

from 16–53 μm) (Furlani et al., 2009), MSCs become trapped within the lung architecture 
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where they can become licensed by the resident inflammatory microenvironment (Dunbar et 

al., 2021) and secrete paracrine factors to modulate their surrounding microenvironment (Carty 

et al., 2021; Ferrini et al., 2021; Leibacher & Henschler, 2016). After 24hrs, MSCs eventually 

become apoptotic and are cleared by phagocytosing cells such as macrophages (Eggenhofer et 

al., 2012; Galleu et al., 2017; Giri & Galipeau, 2020; Pang et al., 2021). Our hypothesis states 

that between encountering and engulfing the MSC, the macrophage may become re-

programmed or trained by these stromal cells, influencing its M1/M2 status and thus 

implicating future protection against re-infection and disease progression (Braza et al., 2016; 

Liu et al., 2020; Morrison et al., 2017). To elucidate this mechanism, MSCs were co-cultured 

with WT and CATT7 BMDMs using transwell inserts to investigate their role on innate priming. 

Additionally, MSCs pre-treated with COX-enzyme inhibitors indomethacin and NS-398 were 

co-cultured with BMDMs from these mice to demonstrate the mechanistic role of MSCs in 

innate immunity.  

 

This study is the first to characterise the macrophage phenotype in these novel human 

CATT7 expressing transgenic mice, both naïve and those exposed to an acute model of HDM-

induced asthma. Furthermore, this study is the first to identify the role of this high expressing 

human MIF polymorphism in the innate immunity of these mice after HDM exposure. This 

novel research describes the immunosuppressive, partially COX-2 dependent role of human 

bone marrow-derived mesenchymal stromal cells and the implications of their in vitro paracrine 

communication with CATT7 HSPCs and BMDMs after secondary lipopolysaccharide (LPS) 

stimulation. 
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4.3 Materials and Methods 
 
 

 4.3.1 Ethical Approval and HPRA Compliance 

 

 All procedures involving the use of animals were carried out by licensed personnel. 

Ethical approval for all work was granted by the ethics committee of Maynooth University 

(BRESC-2018-13). Project Authorisation was received from the HPRA (AE19124/P022), 

whereby the terms of the animal experiments within this project were outlined and adhered to.  

 

 4.3.2 Compliance with GMO and Safety Guidelines  

 

 All GMO/GMM work was performed according to approved standard operation 

procedures and recording protocols approved by the Environmental Protection Agency 

(Ireland). Safe working practices were employed throughout this study as documented in the 

Biology Department, Maynooth University Safety Manual.  

 

 4.3.3 Transgenic Humanised MIF Mice 

 

A C57BL/6 mouse strain expressing the human high expression CATT7 MIF allele 

(MIFCATT7 [(C57BL/6NTac-Miftm3884.1(MIF)Tac-Tg(CAG-Flpe)2Arte) was created using 

vector-based recombinant replacement of murine MIF by Taconic Biosciences (Rensselaer, 

NY). Validation of human but not murine MIF mRNA expression was verified by qPCR, and -

794 CATT-length dependent stimulated MIF production was confirmed in vivo (Shin et al., 

2022). These humanised MIF transgenic mice were kindly provided by our collaborator Prof. 

Seamas Donnelly (Trinity College Dublin, Ireland). All mice were housed according to the 

HPRA SAP (Ireland) guidelines and used with ethical approval under the terms of 

AE19124/P022 project authorisation from HPRA.  
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 4.3.4 Preclinical model of Acute Allergic Airway Inflammation 

 

 CATT7, and WT mice (6-18 weeks old) were challenged with 25μg of house dust mite 

allergen, Dermatophagoides pteroyssinus with an endotoxin content of 9937.5 EU/vial (Greer 

Labs, Lenoir, USA) or PBS control intranasally (I.N.) under isoflurane anaesthesia, on days 0, 

2, 4, 7, 9, 11, 14, 16, 18. After each challenge, mice were returned to their cage and monitored 

closely. An animal welfare score sheet was utilised throughout the study, where examining 

features included: weight loss, activity, general appearance and clinical signs. 

 

 4.3.5 MIF Inhibitor 

 

SCD-19 (3-(2-methylphenyl)-1H-isochromen-1-one) (Specs.net, Netherlands), a small 

molecular weight inhibitor of macrophage migration inhibitory factor (MIF) biological activity 

was used in a house dust mite model of acute allergic asthma. 35mg/kg of SCD-19 or vehicle 

control (70% ethanol in PBS) was administered intraperitoneally (I.P.) twice weekly for three 

weeks; day 0, 4, 7, 11, 14, and 18. For dose analysis, SCD-19 was administered twice a week 

for one week (days 14 and 18).  

 

 4.3.6 Isolation of Hematopoietic Stem and Progenitor Cells (HSPCs) 

 

Naïve mice were humanely euthanised using cervical dislocation and the bone marrow 

was isolated from femur and tibia and centrifuged at 300g for 5 minutes. Red blood cells were 

lysed using 1X RBC lysis buffer (eBioscience) for 5 minutes. Cells were centrifuged at 300g 

for 5 minutes before being counted with a haemocytometer and seeded out at 1.5x106 per well 

of 6 well non-tissue culture grade plate in complete cRPMI supplemented with 20% L929 (M-

CSF) conditioned media.  
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 4.3.7 Generation of L929 Conditioned Media (M-CSF) 

 

 L929 cells were thawed, seeded in complete RPMI and incubated at 37°C/5% CO2/20% 

O2 for 7 days. Supernatant was collected and centrifuged at 300g for 5 minutes to remove cell 

debris. After being passed through a 0.2μm filter for sterilisation, conditioned media containing 

M-CSF was aliquoted and stored at -80°C. L929 conditioned media will be referred to as M-

CSF throughout the text. 

 

 4.3.8 Generation and Polarisation of BMDM 

 

 Cells were isolated from the bone marrow of CATT7 and WT mice as described. 1.5x106 

cells were seeded in 2 mls of cRPMI supplemented with 20% M-CSF into non-tissue culture 

grade 6 well plates (Sarstedt). Media was changed on days 3 and 6 to remove non-adherent 

cells. On day 7, media was replenished and cells were stimulated for 24hrs with either LPS 

(from E. coli O111:B4) (100ng/ml) (Sigma) or murine IFNg (10ng/ml) (R&D Systems) to drive 

M1 polarisation, or murine IL-4 (10ng/ml) (R&D Systems) to drive M2 polarisation.  

 

 4.3.9 In Vitro Innate Training Assay 

 

For innate training assays, methyltransferase inhibitor, methylthioadenosine (MTA) 

(1mM) (Sigma) or a DMSO vehicle control was added to HSPCs 30 minutes prior to any 

stimulus. HSPCs were then stimulated with 10µg of HDM and media was supplemented with 

20% M-CSF. After 24hrs, cells were washed in warm PBS and centrifuged to remove HDM 

stimulus and re-seeded. Cells were grown in 20% M-CSF supplemented cRPMI to facilitate 

macrophage differentiation, until day 6, when media was changed to non-supplemented cRPMI 
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to facilitate a rest period. Differentiated macrophages were stimulated with 100ng/ml of LPS 

on day 10 for 24hrs. Supernatants were collected and analysed for protein production.  

 

 4.3.10 Mesenchymal Stromal Cell Co-Culture 

 

 Human bone marrow derived mesenchymal stromal cells (MSCs) (RoosterBio 

Frederick, MD 21703, United States) were cultured in complete DMEM (Sigma) at 37°C/5% 

CO2/20% O2. At passage 2-4, 2x105 of MSCs were seeded into 0.4µM transwell inserts 

(Greiner) and co-cultured with HSPCs from day 0 (day of isolation) to day 6 for innate training 

assays or on day 7 for priming assays, for 24hrs.  

 

 4.3.11 COX-2 Inhibitor 

 

 MSCs were incubated with 10µM Indomethacin (Sigma-Aldrich) or NS-398 (Sigma-

Aldrich), or associated vehicle control (1% ethanol in PBS or DMSO/ethanol) for 24hrs. Cells 

were thoroughly washed with warm PBS prior to co-culture with BMDMs using 0.4µM 

transwell inserts. 

 

 4.3.12 Analysis of Gene Expression 

 

 Total RNA was extracted using TRIzol (Ambion Life Sciences) according to 

manufacturer’s instructions. RNA concentrations were measured using a spectrophotometer 

(Nanodrop 2000, ThermoScientific, Wilmington DE, USA) and were equalised to 100ng/µl 

before cDNA synthesis. cDNA synthesis was performed using manufacturer’s instructions 

(Quantobio cDNA synthesis kit). Real Time-Polymerase Chain Reaction (RT-PCR) was carried 
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out using PerfeCta SYBR Green FastMix (Quantbio). Expression was quantified in relation to 

the housekeeper gene HPRT using the ΔCT method. The fold change in the relative gene 

expression was determined by calculating the 2-ΔΔCT values.  

 

 
Table 2. Gene name and sequences for RT-PCR 

Gene name Sequence 

tnfα	 Fwd: AGGGATTTGAATCACGTTTG 

Rev: TTTACTGGCAACATCAACAG 

il-6 Fwd: AAGAAATGATGGATGCTACC 

Rev: GAGTTTCTGTATCTCTCTGAAG 

il-1b Fwd: CATGGAGAATATCACTTGTTGG 

Rev: GGATGATGATGATAACCTGC 

nos2 Fwd: TTTCCTTTGTTACAGCTTCC 

Rev: CATCAACCAGTATTATGGCTC 

ifng Fwd: CTTATTGGGACAATCTCTTCC 

Rev: TGAGTATTGCCAAGTTTGAG 

arg1 Fwd: CATCTGGGAACTTTCCTTTC 

Rev: CTGACCTATGTGTCATTTGG 

retnla (FIZZ1) Fwd: GATGAAGACTACAACTTGTTCC 

Rev: AGGGATAGTTAGCTGGATTG 

chi3l3 (Ym1) Fwd: CTTCTAAGACTGGAATTGGTG 

Rev: GTACAAACCTCATAGTAAGCC 

il-10 Fwd: CAGGACTTTAAGGGTTACTTG 

Rev: ATTTTCACAGGGGAGAAATC 

tgf-b Fwd: TGTCCAGGCTCCAAATATAG 

Rev: GGATACCAACTATTGCTTCAG 
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4.3.13 Protein Quantification 

 

  Supernatants were collected and centrifuged at 300g for 5 minutes to remove debris, 

before being stored at -20°C. All ELISAs were carried out according to manufacturer’s 

instructions for the following proteins: Mouse IL-1b, IL-6 (R&D systems, Abington, UK) and 

TNFα (Biolegend). The absorbance (optical density (O.D)) of the samples and standards were 

measured at 450 nm for all ELISAs using a microplate reader (Clariostar Plus, BMG Labtech, 

Bucks, UK).  Arginase Activity Assay (Sigma) and Griess Assay (Abcam) were carried out 

according to manufacturer’s instructions.  

 

4.3.14 Statistical Methods  

 

Data are presented as mean ± SEM. Results were analysed using a statistical software 

package (GraphPad Prism, San Diego, CA). A one-way ANOVA test was used to test for 

statistical significance of differences when multiple experimental groups were compared with 

an independent variable, whilst two-way ANOVA was used for two independent variables. A 

post-hoc Tukey’s multiple comparison test was used to compare the means of different 

treatment groups. 
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4.4 Results  
 
 
 4.4.1 Optimisation of a BMDM polarisation in vitro assay 
 
 

To investigate the inflammatory status of the bone marrow niche, an in vitro 

macrophage polarisation assay was optimised (Figure 1). Bone marrow was isolated from naïve 

or HDM-challenged WT and CATT7  mice and cells were cultured in M-CSF supplemented 

(20%) cRPMI for 7 days, washing non-adherent cells off by replacing media on day 3 and 6. 

On day 7, naïve or HDM-challenged differentiated bone marrow-derived macrophages 

(BMDMs) were stimulated with polarising conditions for 24hrs as follows; 100ng/ml LPS or 

10ng/ml murine IFNg to drive an M1 pro-inflammatory phenotype, or 10ng/ml murine IL-4 to 

drive an M2 anti-inflammatory phenotype. Furthermore, to investigate if human bone marrow-

derived mesenchymal stromal cells (hBM-MSCs) could influence this polarisation in a 

paracrine, cell-contact independent manner, 2x105 MSCs were co-cultured with BMDMs using 

a 0.4µm transwell insert at the same time as stimulation (Figure 1). Gene expression and protein 

production were investigated after 24hrs.  
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Figure 1. Development of a BMDM polarisation in vitro assay. A Schematic depicting workflow of 

BMDM polarisation from WT and CATT7 mice under basal (Naïve) and diseased (HDM) conditions. 

 
 
 
 4.4.2 HDM challenge drives type 2 inflammation in the lung of WT and 

 CATT7 mice  

 

Novel transgenic humanised MIF mice were generated to investigate the translational 

relevance of high levels of human MIF expression, under the functional promotor 

polymorphism. C57BL/6 mice were humanised by replacing the murine MIF gene with the 

human counterpart. Within this human MIF gene, 794 downstream of the promotor region, the 

number of tetranucleotide repeats correlates with MIF allele expression (Baugh et al., 2002), 

where 7 repeats of this tetranucleotide sequence ‘CATT’ generated CATT7 mice, containing the 

high expressing MIF allele (Figure 2A). To characterise the inflammatory status of the lung 

after WT and CATT7 mice received HDM intranasally in a model of allergic airway 

inflammation, cDNA from HDM-treated lungs were analysed for target genes of interest: M1 

– tnfα, il-6, il-1β, nos2, ifng or M2 – arg1, retnla, chi3l3 (Figure 2B). Lower cycle threshold 

(CT) values (23-30) were observed for the type 2 inflammatory genes arg1, retnla and chi3l3, 

compared to higher CT values (31-35) for type 1 tnfα, il-6, il-1β, nos2, ifng genes, indicating 

that HDM challenge facilitates type 2 inflammation in the lung of WT and CATT7 mice 

(Supplementary table 1). Average CT values indicate that after HDM challenge, WT mice have 

higher expression of M2 genes arg1 and retnla (29.38 and 22.94) than those in high human 

MIF expressing CATT7 mice (30.02 and 23.12). However, CATT7 mice demonstrated higher 

levels of chi3l3 (24.66) compared to WT mice (25.06) (Figure 2B).  
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Figure 2. HDM challenge drives type 2 lung inflammation in CATT7 mice expressing high levels 

of human MIF. A Novel humanised CATT7 MIF mice containing the 7-repeat functional promotor 

polymorphism at position -794. B Average CT values for M1 and M2 macrophage markers from WT 

and CATT7 lungs exhibit a type 2 phenotype after HDM challenge. Data represented as N=6 mice per 

group.  
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 4.4.3 High human MIF expression does not significantly alter M1 or M2 

 polarisation in BMDMs at an mRNA level  

 
 
 Changes in gene expression in BMDMs from naïve WT and high human MIF 

expressing CATT7 mice after stimulation with LPS, IFNg and IL-4 were analysed by RT-PCR. 

CATT7 mice displayed significantly increased levels of tnfα expression after LPS stimulation, 

compared to WT mice (Figure 3A). Conversely, significantly elevated levels of il-6 and il-1β 

gene expression were observed in WT mice compared to CATT7 mice. No significant changes 

in relative nos2 and ifng expression were noted between WT and CATT7 mice. Additionally, no 

significant changes were noted in M1 markers after IFNg stimulation. Upon investigating 

markers of alternatively activated M2 macrophages, no significant differences in arg1, retnla, 

chi3l3, il-10 and tgf-β expression were seen between mouse groups after LPS or IL-4 polarising 

conditions (Figure 3B).  
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Figure 3. BMDMs from naïve WT and high human MIF CATT7 mice are not predominantly 

classically nor alternatively activated at the mRNA level. BMDMs from naïve WT and CATT7 mice 

were stimulated with polarising conditions; LPS, IFNg or IL-4 for 24hr. Gene expression of macrophage 

markers A M1 (tnfα, il-6, il-1β, nos2 and ifng) or B M2 (arg1, retnla and chi3l3) were analysed using 

RT-PCR. Data are presented as mean ± SEM; N=3 mice per group **p<0.01, ***p<0.001, 

****p<0.0001. 
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 4.4.4 BMDMs from naïve CATT7 mice have increased M1 protein production 

 compared to WT mice  

 

 We previously observed no trend in M1 or M2 gene expression analysis in naïve WT 

or CATT7 mice (Figure 3). To confirm this at a protein level, TNFα, IL-6, IL-1β, nitrite and 

arginase activity were measured in the supernatants of naïve WT and CATT7 BMDMs after 

being treated with polarising conditions. After LPS stimulation for 24hrs, high human MIF 

expressing CATT7 mice had significantly higher TNFα protein production compared to WT 

mice. Both WT and CATT7 mice had significantly elevated TNFα after LPS stimulation 

compared to RPMI control (Figure 4A). Although both naïve WT and CATT7 BMDMs treated 

with LPS had significantly increased levels of IL-6 compared to RPMI controls, no significant 

difference was observed between mouse groups (Figure 4A). Similar to TNFα production, 

CATT7 mice had significantly enhanced IL-1β production compared to WT mice, again with 

LPS treated BMDMs having significantly elevated levels of this type 1 inflammatory protein 

compared to the RPMI control (Figure 4A). No statistical difference was noted in nitrate 

production between naïve WT and CATT7 mice.  

 

As an indicator of M2 type 2 inflammatory protein production, arginase activity was 

measured in the supernatants of naïve WT and CATT7 mice after polarising conditions (Figure 

4B). Specifically, after LPS and IL-4 stimulation, WT mice had significantly increased arginase 

activity compared to high human MIF expressing CATT7 mice (Figure 4B). Moreover, arginase 

activity in LPS stimulated BMDMs from WT mice was significantly boosted compared to 

RPMI controls. Furthermore, no significant difference in arginase activity was noted between 

any naïve BMDM CATT7 groups (Figure 4B).  
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Figure 4. BMDMs from high human MIF CATT7 mice demonstrate elevated M1 protein markers 

after LPS stimulation. BMDMs from naïve WT and CATT7 mice were stimulated with polarising 

conditions; LPS, IFNg or IL-4 for 24hr. Protein production from WT and CATT7 BMDMs were 

measured. A TNFα, IL-6 and IL-1β, nitrite production. B Arginase activity. Data are presented as mean 

± SEM; N=3 mice per group. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
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 4.4.5 CATT7 mice primed with HDM in vivo exhibit an enhanced M1 mRNA 

 signature to a secondary heterologous stimulus  

 

 The immune system can be primed by a primary stimulus (e.g., HDM), leading to an 

activation of gene transcription (Table 1). Upon encountering a secondary stimulus, often 

heterologous, this results in an additive or synergistic immune response. After investigating the 

phenotypic status of the BMDM population from WT and high human MIF expressing CATT7 

mice, this study set out to directly compare naïve mice and mice exposed to a three week HDM 

model of allergic airway inflammation (Figure 5A). 

 

 Interestingly, CATT7 mice challenged with HDM three times a week for three weeks 

exhibited a boosted M1 phenotype, with significantly elevated levels of genes associated with 

classically activated M1 macrophages. BMDMs from HDM-treated CATT7 mice had 

significantly higher tnfα gene expression compared to naïve CATT7 mice, after both LPS and 

IFNg stimulation. However, HDM-treated WT mice also had significantly higher levels of tnfα 

gene expression. After LPS stimulation, HDM-treated CATT7 BMDMs demonstrated 

significantly increased il-6 expression compared to BMDMs from naïve CATT7 at the mRNA 

level, whilst no significant difference was seen between HDM-treated and naïve WT mice 

(Figure 5B). Similarly, a significant increase in il-1β expression was noted in HDM-treated 

CATT7 BMDMs after LPS and IFNg stimulation, compared to BMDMs from naïve CATT7 

mice. No difference was observed between BMDMs from HDM-treated and naïve WT mice. 

BMDMs from HDM-treated CATT7 mice had significantly increased nos2 gene expression 

compared to BMDMs from naïve CATT7 mice (Figure 5B). Although BMDMs from HDM-

treated WT mice also had significantly increased nos2 expression compared to their naïve 

counterpart, expression levels were still significantly lower compared to BMDMs from HDM-
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treated CATT7 mice (Figure 5B). Interestingly, ifng expression was significantly reduced after 

HDM challenge, in both WT and CATT7 mice.  

 

 Looking at markers of M2 alternatively activated macrophages, the expression of arg1, 

retnla, chi3l3, il-10 and tgf-β were also investigated in these mice. After HDM challenge, 

BMDMs from CATT7 were not significantly different to naïve CATT7 BMDMs in their 

expression of arg1 and retnla (Figure 5C). The opposite was true for BMDMs from HDM-

treated WT mice, which had significantly elevated arg1 and retnla expression compared to 

naïve WT BMDMs, indicating that WT mice may also be primed by the clinically relevant 

house dust mite allergen prior to IL-4 stimulation. Il-10 and chi3l3 expression followed a 

similar trend to that seen with M1 markers in figure 4B, as BMDMs from HDM-treated CATT7 

mice displayed significantly increased relative gene expression compared to BMDMs from 

naïve CATT7 mice (Figure 5C). HDM-treated WT BMDMs had significantly elevated levels 

of il-10 compared to naïve WT BMDMs, albeit still significantly lower than CATT7 under the 

same conditions. Levels of chi3l3 expressed by naïve and HDM-treated WT BMDMs were not 

significantly different. Tgf-β gene expression was not statistically different to HDM-treated 

BMDMs compared to naïve BMDMs, in both mouse groups (Figure 5C).   
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Figure 5. HDM primes BMDMs from CATT7 mice, increasing their relative M1 gene expression. 

A Model of HDM-induced allergic airway inflammation in WT and CATT7 mice, where BMDMs were 

isolated 4hrs after last challenge on day 18. B BMDMs from HDM-treated and naïve CATT7 and WT 

mice were stimulated with LPS or IFNg  to investigate gene expression of M1 markers C BMDMs from 
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HDM-treated and naïve CATT7 and WT mice were stimulated with IL-4 to investigate gene expression 

of M2 markers. Data are presented as mean ± SEM; N=3 mice per group. *p<0.05, **p<0.01, 

****p<0.0001. 

 

 
 4.4.6 In vivo HDM challenge primes CATT7 mouse BMDMs, boosting their M1
 response to a heterologous secondary stimuli 
 

 Analysis of gene expression of M1 and M2 inflammatory markers previously suggested 

that BMDMs from these mice, particularly high human MIF expressing CATT7 mice, were 

primed due to a significant increase in gene expression after a heterologous secondary stimulus 

(e.g., LPS, IFNg or IL-4) (Figure 5). A similar trend was noted when protein levels were 

measured in supernatants of BMDMs from HDM-treated CATT7 mice after LPS stimulation 

(Figure 6A). HDM-treated CATT7 BMDMs had significantly elevated levels of TNFα and IL-

6 compared to naïve CATT7 BMDMs. In contrast to il-1β gene expression data shown in figure 

4B, HDM-treated CATT7 BMDMs had significantly lower IL-1β protein in their supernatant 

after LPS stimulation compared to naïve CATT7 BMDMs (Figure 6A). Significantly higher 

nitrite production was observed in BMDMs from HDM-treated CATT7 mice compared to their 

naïve counterpart, whilst no significant priming effect was noted between WT BMDM groups 

(Figure 6A).  

 

 Previously, no priming effect was seen in CATT7 mice when investigating anti-

inflammatory macrophage-induced arg1 expression at the mRNA level (Figure 5B). However, 

although arginase activity in BMDMs from HDM-treated CATT7 mice was significantly 

increased compared to BMDMs from naïve CATT7 mice, there was no significant difference 

observed between HDM-treated CATT7 BMDMs that received a secondary LPS stimulation, 

compared to those that did not (Figure 6B). BMDMs from HDM-treated WT mice exhibited 

this HDM-priming effect, as they had significantly enhanced arginase activity compared to 
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BMDMs from naïve WT mice. Moreover, HDM-treated WT BMDMs that were stimulated 

with LPS had significantly higher arginase activity compared to those that did not receive a 

secondary stimulus (Figure 6B). 

 

 

 
 

 
 
Figure 6. CATT7 mice BMDMs demonstrate a priming effect after HDM challenge, with enhanced 

protein production. A BMDMs from HDM-treated and naïve CATT7 and WT mice were stimulated 

with LPS or IFNg to measure M1 protein markers. B BMDMs from HDM-treated and naïve CATT7 and 

WT mice were stimulated with IL-4 to investigate the production of M2 protein markers. Data are 

presented as mean ± SEM; N=3 mice per group. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
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 4.4.7 HDM priming of BMDMs is dependent on MIF expression 

 

 HDM challenge primes BMDMs from high human MIF expressing CATT7 mice, 

amplifying their response to LPS by significantly enhancing their gene expression and protein 

production of M1 markers such as TNFα and IL-6 (Figure 6). This priming effect was also 

observed in BMDMs from HDM-treated WT mice, but to a lesser extent to that seen in CATT7 

BMDMs. Alas, this study set out to investigate if the susceptibility to immune priming by HDM 

was dependent on the expression of human MIF. WT and human MIF expressing CATT7 mice 

were challenged intranasally with HDM three times a week for three weeks as described 

previously. A small molecular weight MIF inhibitor, SCD-19, was administered 

intraperitoneally twice a week for the full three weeks of this model of allergic airway 

inflammation (Figure 7A). BMDMs were isolated 4hrs after last challenge and cultured in M-

CSF supplemented cRPMI for 7 days, before being stimulated with LPS, IFNg or IL-4.  

 

 SCD-19 significantly blocked the primed immune response observed in BMDMs from 

CATT7 mice, previously demonstrated in Figure 5 and 6. After receiving this potent MIF 

inhibitor for the duration of the HDM model, BMDMs from CATT7 mice had significantly 

lower expression of all M1-associated genes, including tnfα, il-6, il-1β, nos2 and ifng compared 

to CATT7 mice that received the vehicle control. Importantly, BMDMs from WT mice that 

received SCD-19 had no significant differences in the expression of these genes, with the 

exception of tnfα, which was significantly reduced compared to the vehicle control after LPS 

stimulation (Figure 7B).  

 

 BMDMs from high human MIF expressing CATT7 mice that received SCD-19 

exhibited no significant changes in the expression of the M2 markers arg1, retnla or chi3l3 
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(Figure 7C) compared to those that received the vehicle control. Administration of SCD-19 to 

WT mice resulted in a significant decrease in their BMDM expression of retnla after IL-4 

stimulation, with expression levels comparable to those expressed by CATT7 BMDMs. 

Conversely, BMDMs from SCD-19 treated WT mice displayed increased expression of arg1 

compared to BMDMs from WT mice that received the vehicle control. Similarly, BMDMs 

from SCD-19 treated WT mice displayed an increase in chi3l3 expression compared to WT 

mice that received the vehicle control, however this was not significant (Figure 7C).  
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Figure 7. HDM-induced priming in CATT7 mice is human MIF-dependent. A MIF antagonist SCD-

19 is administered intraperitoneally twice a week for three weeks in a HDM-induced model of allergic 

asthma. BMDMs were isolated from WT and CATT7 on day 18, 4hr after last challenge. After being 

stimulated with polarising conditions; LPS, IFNg or IL-4 for 24hr, B M1 and C M2 gene expression 

was analysed by RT-PCR. Data are presented as mean ± SEM; N=3 mice per group. **p<0.01, 

***p<0.001, ****p<0.0001. 
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 4.4.8 SCD-19 attenuates the production of M1 macrophage protein markers in 

 high human MIF CATT7 mice primed with HDM 

 
 
 High human MIF expressing CATT7 mice that received the MIF inhibitor SCD-19 had 

significantly reduced M1 gene expression compared to CATT7 mice that received vehicle 

control (Figure 7A). SCD-19 had no effect on WT BMDM M1 gene expression, except where 

MIF inhibition significantly reduced tnfα expression (Figure 7B). Whilst M1 gene expression 

of SCD-19 CATT7 mice was found to be significantly altered (Figure 7B), protein content was 

also measured in the supernatants generated from BMDMs of CATT7 mice that received SCD-

19 (Figure 8), to validate the gene expression data (Figure 7). SCD-19 significantly reduced 

TNFα and IL-6 protein production in CATT7 mice compared to vehicle control (Figure 8A). A 

decrease in IL-1β protein production was also noted in CATT7 mice that received the MIF 

inhibitor SCD-19, compared to mice that received a vehicle control (Figure 8A). Similar to the 

data investigating gene expression, SCD-19 had no impact on IL-6 or IL-1β protein production 

in BMDMs from WT mice, but a significant reduction in TNFα was noted (Figure 8A).  
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Figure 8. Small molecule MIF inhibitor SCD-19 abrogates protein production associated with 

priming effect after HDM-challenge in transgenic CATT7 mice. A Protein production from BMDMs 

isolated from CATT7 and WT mice after HDM challenge and SCD-19 treatment in vivo. Data are 

presented as mean ± SEM; N=3 mice per group. ***p<0.001, ****p<0.0001. 

 

 

 

 4.4.9 hBM-MSCs block HDM priming effect when co-cultured with BMDMs 

 from CATT7 mice 

 

 MSCs are known for their ability to calm an over-zealous immune response through the 

secretion of paracrine immunomodulatory factors (Cahill et al., 2016; Dunbar et al., 2021; 

English, 2013; Kennelly et al., 2016; Xia et al., 2019). Novel transgenic mice expressing the 

human MIF gene containing the CATT7 functional promotor polymorphism exhibited a 

significant increase in M1 gene and protein expression after HDM challenge, indicating that 

the immune response of these mice was primed prior to receiving a secondary LPS stimulation 

(Figure 5 and 6). Moreover, this priming effect was confirmed to be specific to elevated human 

MIF expression, as this increased M1-priming effect was no longer evident in CATT7 mice that 

received the potent MIF inhibitor, SCD-19 (Figure 7 and 8).  
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 Using a transwell system, hBM-MSCs co-cultured with differentiated-CATT7 BMDMs 

on day 7 (Figure 9A) significantly reduced M1 marker gene expression after LPS stimulation 

(Figure 9B). MSCs significantly decreased not only tnfα gene expression in CATT7 mice, but 

also in WT mice. However after IFNg stimulation, these stromal cells could only significantly 

reduce tnfα expression in CATT7 mice, as no significant change was seen in BMDMs from WT 

mice (Figure 9A). Furthermore, when co-cultured with BMDMs from CATT7 mice, MSCs 

significantly reduced il-6 and il-1β gene expression, again having no effect on WT BMDMs. 

Following this trend, MSCs also decreased nos2 and ifng expression in CATT7 mice, however 

MSCs significantly increased the expression of nos2 in BMDMs from WT mice (Figure 9B).  

 

 As CATT7 BMDMs did not exhibit increased expression of M2 arg1 and retnla after 

HDM priming, it is not surprising that no effect was seen with these genes after MSC co-culture 

(Figure 9C). Although chi3l3 gene expression was significantly increased in CATT7 mice after 

HDM challenge (Figure 5C), MSCs decreased, but not significantly, chi3l3 expression (Figure 

9C). However, MSCs effectively abrogated il-10 gene expression in a significant manner. 

Striking effects were noted with M2 gene expression when MSCs were co-cultured with 

BMDMs from WT mice, as MSCs significantly decreased levels of arg1, retnla and il-10. 

Conversely, MSCs significantly increased expression of chi3l3 in BMDMs from WT mice 

compared to BMDMs that were not co-cultured with these stromal cells (Figure 9C).  
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Figure 9. hBM-MSCs block HDM-induced priming effect in CATT7 mice, decreasing their M1 

and M2 macrophage gene expression. A BMDMs are isolated from CATT7 and WT mice on day 18 

of the HDM model. Once differentiated after culturing in M-CSF supplemented media for 7 days, hBM-

MSCs are co-cultured with BMDMs using a 0.4µm transwell insert. B hBM-MSCs were co-cultured 
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with HDM-treated BMDMs from CATT7 and WT mice and after LPS or IFNg stimulation for 24hrs, 

the relative gene expression of M1 macrophage markers were analysed. C Similarly after IL-4 

stimulation, the gene expression of M2 markers arg1, retnla, chi3l3 and il-10 were analysed after MSC 

co-culture with HDM-treated CATT7 and WT BMDMs. Data are presented as mean ± SEM; N=3 mice 

per group. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 

 
 
 
 4.4.10 hBM-MSCs decrease M1 protein production in HDM-primed CATT7 mice, 

 but do not alter protein production in WT mice 

 

 MSCs effectively calmed BMDMs from HDM-primed CATT7 mice by significantly 

reducing their pro-inflammatory gene expression after LPS stimulation (Figure 9B). This was 

confirmed at the protein level, where MSCs significantly reduced the production of TNFα, IL-

6, IL-1β and nitrate in the supernatants of CATT7 BMDMs (Figure 10B). Although MSCS 

significantly altered the expression of these target gene markers of M1 macrophage activation 

in BMDMs from HDM-treated WT mice (Figure 8A), no significant differences were observed 

at the protein level (Figure 10A).  

 

 Upon investigating changes in M2 protein production, specifically by measuring 

arginase activity in BMDMs of HDM-treated WT and high human expressing CATT7 mice, 

MSCs significantly reduced arginase activity in WT mice after LPS and IFNg stimulation 

(Figure 10B). Apart from significantly decreasing CATT7 BMDM arginase activity under basal 

RPMI conditions, MSCs had no significant effects on CATT7 BMDM arginase activity under 

any polarising conditions (Figure 10B).   
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Figure 10. hBM-MSCs block HDM-induced priming effect in CATT7 mice, decreasing their M1 

and M2 macrophage activity.  A M1 protein markers TNFα, IL-6, IL-1β and nitrate were measured in 

BMDMs from HDM-treated CATT7 and WT mice that were co-cultured with hBM-MSCs when 

stimulated with LPS and IFNg. B Arginase activity was measured in supernatants of BMDMs from 

HDM-challenged CATT7 and WT mice after co-cultured with MSCs during polarising conditions. Data 

are presented as mean ± SEM; N=3 mice per group. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
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 4.4.11 Cyclo-oxygenase enzymes influence MSCs ability to block HDM-priming in 

 CATT7 mice 

 

 Human bone marrow-derived mesenchymal stromal cells (hBM-MSCs) significantly 

abrogated the amplified M1-specific immune response in HDM-primed CATT7 BMDMs after 

a heterologous LPS stimulation (Figure 9 and 10). This study next sought to elucidate the 

mechanism by which MSCs could significantly calm these phagocytic cells. As cyclo-

oxygenase (COX) enzymes are known to facilitate MSC’s immunosuppressive capabilities, a 

non-specific COX-1 and 2 inhibitor indomethacin and a highly-specific COX-2 inhibitor NS-

398 were introduced to further investigate the role of COX enzymes in an MSC co-culture with 

HDM-primed BMDMs from WT or high human MIF expressing CATT7 mice. Notably, after 

MSCs were incubated with COX inhibitors for 24hrs, cells were sufficiently washed with warm 

PBS to ensure BMDMs were not cross-contaminated with inhibitor residue when MSCs were 

transferred to a co-culture using transwell inserts (Figure 11A).  

 

 Interestingly, when MSC COX enzymes were inhibited with either indomethacin or 

NS-398, MSCs could no longer suppress CATT7 BMDM tnfα gene expression (Figure 11B) or 

protein production (Figure 11C). MSCs treated with a vehicle control had no difference in their 

ability to suppress in tnfα expression (Figure 11B) or protein production (Figure 11C) compared 

to MSCs that received no treatment. When COX enzymes were blocked in MSCs with 

indomethacin or NS-398 and were co-cultured with BMDMs from CATT7 mice, no effect was 

seen in IL-6 gene expression (Figure 11B) or protein production (Figure 11C), indicating that 

MSCs suppressed this cytokine in a COX-independent manner. Similarly, MSCs treated with 

indomethacin or NS-398 did not significantly differ in their ability to suppress il-1β gene 

expression from non-inhibited MSCs (Figure 11B). 
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 Indomethacin had no effect on MSC’s ability to reduce nos2 expression in HDM-

primed CATT7 BMDMs compared to the vehicle control, however NS-398 treated MSCs had 

improved efficacy by further decreasing nos2 expression (Figure 11B). Exciting findings were 

observed in arg1 gene expression when NS-398 and indomethacin-treated MSCs were co-

cultured with BMDMs from HDM-primed CATT7 mice received LPS stimulation, where their 

immunosuppressive function was boosted, decreasing arg1 expression (Figure 11B). Lastly, 

MSCs that had COX-2 inhibited by NS-398 no longer suppressed retnla gene expression, but 

indomethacin treatment had no effect on MSC function relating to retnla expression, perhaps 

indicating a specific role for COX-2 (Figure 11B).   

 

 To investigate that the results observed from MSC co-culture in figure 11 and that no 

off-target effects from indomethacin or NS-398 were indirectly influencing BMDM gene 

expression, pilot controls involving the direct application of these inhibitors to BMDMs from 

CATT7 mice were carried out. Importantly, no changes were seen between LPS stimulated 

HDM-primed CATT7 BMDMs that received indomethacin or NS-398 for 24hrs, and those that 

did not (Supplementary figure 1). 
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Figure 11. COX1/2 may play a role in MSC suppression of in vivo HDM-primed CATT7 mice in 

response to LPS stimulation. A BMDMs are isolated from CATT7 mice on day 18 of the HDM model. 

hBM-MSCs are incubated with COX-1 and COX-2 inhibitor indomethacin or COX-2 inhibitor NS-398, 

or appropriate vehicle controls for 24hrs. MSCs are washed with warm PBS before being co-cultured 

with BMDMs using a 0.4µm transwell insert, before being subjected to M1 and M2 polarising 

conditions B tnfα, il-6, il-1β, nos2, arg1, retnla and chi3l3 gene expression from CATT7 BMDMs co-

cultured with MSCs were analysed by RT-PCR. C TNFα and IL-6 protein production in supernatants 

from CATT7 BMDMs co-cultured with MSCs were measured by ELISA.	Data are presented as mean 

± SEM; N=3 mice per group. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 

 

 

 4.4.12 HDM not only primes, but increases innate immune training in CATT7 mice, 

which is blocked using a methyltransferase inhibitor MTA 

 

 This study has found that novel transgenic humanised MIF CATT7 mice can be primed 

by HDM challenge, resulting in a paradigm shift, increasing M1 activation in BMDMs (Figure 

5 and 6). This priming effect was also found to be dependent on human MIF expression (Figure 

7 and 8).  

 

 Priming occurs at the individual cell level (e.g., macrophage), whereas the concept of 

innate immunity occurs within the bone marrow niche in the hematopoietic stem and progenitor 

cells (HSPCs). Furthermore, in innate immune training, the chromatin is opened and closed to 

allow epigenetic re-programming, such as the methylation of DNA controlled by a 

methyltransferase enzyme. Thus, utilising a methyltransferase inhibitor known as 

methylthioadenosine (MTA) in HSPCs isolated from the bone marrow of naïve CATT7 mice, 

prior to the introduction of a stimulus, the concept of HDM-induced innate immunity can be 

further elucidated (Figure 12A). After the application of MTA, HSPCs were stimulated with 

HDM in vitro for 24hrs, before being washed in PBS and cultured in M-CSF supplemented 

media to allow for macrophage differentiation (Figure 12B). Importantly, differentiated-
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macrophages were then cultured in a stimuli-free environment of cRPMI media alone to 

facilitate the rest period, that of which is pivotal to classify innate immunity. On day 10, 

differentiated-macrophages were stimulated with a secondary heterologous stimulus, LPS, 

before TNFα and IL-6 protein content were measured by ELISA (Figure 12B).  

 

 Human MIF expressing CATT7 BMDMs that received the primary stimulus of HDM 

of this in vitro assay had low levels of TNFα and IL-6 production. BMDMs from CATT7 mice 

stimulated with LPS alone had increased levels of TNFα and IL-6 production. Interestingly, 

CATT7 HSPCs that received a primary stimulus of HDM on day 0 in vitro and their then 

differentiated BMDMs that received secondary heterologous stimulus of LPS on day 10 had 

the highest levels of TNFα (Figure 12C) and IL-6 (Figure 12D) production, indicating an innate 

immune training signature in these novel transgenic mice. Exposing the bone marrow cells at 

time 0 to a methyltransferase inhibitor (MTA) for 30 mins prior to addition of the primary 

stimulus (HDM) significantly reduced TNFα production in response to the secondary 

heterologous stimulus (LPS) (Figure 12C) due to the blocking of methylation of CATT7 DNA 

and thus preventing any histone modifications occurring at the epigenetic level. A similar result 

was noted in IL-6 production in BMDMs who’s progenitor cells were incubated with MTA on 

day 0 (Figure 12D), albeit to a lesser extent than observed in TNFα production. This reduction 

in protein markers associated with innate immunity was not seen when HSPCs were treated 

with a DMSO vehicle control on day 0. To ensure that the use of a methyltransferase inhibitor 

had no off-target effects on the bone marrow HSPC-derived macrophages, controls including 

the use of MTA and a DMSO vehicle control were implicated, concluding that MTA had no 

undesired effects relating to the general cell wellbeing or protein production (Figure 12C, D).  
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Figure 12. Methyltransferase inhibitor blocks innate immune training in bone marrow 

hematopoietic stem and progenitor cells from high human CATT7 MIF mice. A To confirm that 

HDM can induce innate immunity in CATT7 mice, in addition to priming, HSPCs were isolated from 

CATT7 mice and a methyltransferase inhibitor MTA or vehicle control was added 30 minutes prior to 

any stimuli. B HSPCs were then stimulated with HDM for 24hr and co-cultured with MSCs. Cells were 

in a rest period from day 6 to 10, before being stimulated with LPS for 24hr, when TNFα and IL-6 

protein production in differentiated-BMDM supernatants were analysed. C Inhibition of 

methyltransferase with MTA significantly reduced TNFα production by macrophages and thus trained 

immunity effect in HSPCs of high human MIF expressing CATT7 mice compared to vehicle control. D 

MTA reduced macrophage IL-6 production, another marker of trained immunity in HSPCs of CATT7 

mice. Data are presented as mean ± SEM; N=3 mice per group. *p<0.05, ***p<0.001. 
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 4.4.13 MSCs block trained innate immunity in CATT7 HSPC-derived 

 macrophages  

 

 As hBM-MSCs significantly blocked the enhanced M1 phenotype observed in BMDMs 

from high human MIF expressing CATT7 mice after HDM priming (Figure 9 and 10), with 

their therapeutic impact on tnfα and retnla expression being COX-1/2 dependent (Figure 11), 

we then set out to investigate if MSCs would have a similar effect in suppressing or blocking 

innate immune training described in these humanised MIF mice (Figure 12C, D).  

 

 Hematopoietic stem and progenitor cells (HSPCs) were isolated from naïve CATT7 

mice and co-cultured with hBM-MSCs using transwell inserts, while being stimulated with 

HDM for 24hrs. HSPCs were cultured in M-CSF supplemented cRPMI media to facilitate 

macrophage differentiation, before entering a rest period from day 6 to day 10, where these 

BMDMs were then stimulated with LPS for 24hrs (Figure 13A). LPS-stimulated macrophages 

which originated from HSPCs that previously received a primary HDM stimulation on day 0, 

exhibited significantly higher levels of TNFα production compared to those that only received 

LPS alone (Figure 13B). When HSPC-derived macrophages received both a primary (HDM) 

and secondary (LPS) stimulus, a similar upregulation of IL-6 protein production was observed 

(Figure 13C). Strikingly, CATT7 BMDMs derived from HSPCs that were co-cultured with 

MSCs on day 0, illustrated a significant reduction in TNFα production (Figure 13B). MSC 

transwell co-culture also decreased the level of IL-6 protein production by trained CATT7 

BMDMs (Figure 13C). MSCs had no significant effects on TNFα and IL-6 production by 

CATT7 BMDMs that only received LPS stimulation (Figure 13B, C), proving the importance 

of having both a primary HDM stimulus on day 0 and a rest period followed by a secondary 

LPS stimulus in this innate immunity in vitro assay. 
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Figure 13. hBM-MSCs calm macrophages by blocking innate immune training effect in HSPCs 

from CATT7 mice. A After isolation from the bone marrow of CATT7 mice, HSPCs were stimulated 

with HDM for 24hr and co-cultured with MSCs using a 0.4µm transwell inserts. Cells were in a rest 

period from day 6 to 10, before being stimulated with LPS for 24hr. B TNFα and C IL-6 protein 

production in differentiated-BMDM supernatants were analysed by ELISA. Data are presented as mean 

± SEM; N=3 mice per group. *p<0.05, **p<0.01, ***p<0.001. 
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4.5 Discussion 
 

 
 The concept of immunological memory was first thought to be exclusive to the adaptive 

immune system, however evidence of adaptation of the immune system has since been defined 

within the previously thought to be non-specific innate response of certain invertebrates, plants, 

animals and humans (Conrath et al., 2015; Gourbal et al., 2018; Kurtz, 2005). We have 

previously illustrated the important role of high levels of human MIF expression in the 

development and maintenance of asthma severity in vivo, using novel transgenic human MIF 

expressing CATT7 mice (Dunbar and Hawthorne et al., 2023). This study is the first to elucidate 

the role of this human pro-inflammatory cytokine in facilitating training of the innate immune 

system, demonstrating that HDM can prime and train human MIF expressing CATT7 

macrophages and their precursors, resulting in a heightened inflammatory response to a 

secondary heterologous insult.  

 

 To first characterise their baseline polarisation ability, CATT7 and WT mice were treated 

with a primary stimulus of LPS, IFNg or IL-4 and the expression of M1 (tnfα, il-6, il-1β, nos2, 

ifng) or M2 (arg1, retnla, chi3l3) markers were elucidated through gene expression (Figure 3) 

and protein analysis (Figure 4). These markers were selected as a representative panel, as they 

each play pivotal roles in macrophage function. In allergic asthma, TNFα and IL-1β are induced 

after LPS-stimulation of monocyte-derived macrophages (Haimerl et al., 2021), with 

macrophages previously shown to acquire an TNF-dependent memory in the type 2 

inflammatory asthmatic environment (Lechner et al., 2022). Furthermore when macrophages 

are classically activated, IL-6 is known to be upregulated (Lechner et al., 2022). Type 2 nitric 

oxide synthase, referred to as nos2 or inducible NOS, is highly upregulated in classically 

activated M1 macrophages, documented to play a defensive role in innate immunity (Bogdan 
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et al., 2000; Yao et al., 2022). Furthermore, nos2 is interlinked with IFNg expression (Gao et 

al., 2016; Riquelme et al., 2013). Both macrophage phenotypes can act in a pro-inflammatory 

or anti-inflammatory manner depending on their surrounding microenvironment. However M2 

alternatively-activated macrophages tend to sway towards a more anti-inflammatory function, 

indicated by an increase in arg1, retnla and chi3l3 expression. As nitric oxide (nos2) and 

arginase (arg1) both compete within macrophage arginase pathway, perhaps indicating a 

metabolic switch (Rath et al., 2014), arg1 expression was a prominent marker of macrophage 

function throughout this study. As arginase can limit the availability of L-arginine and therefore 

having a regulatory impact on NO synthesis, despite NOS enzymes being theoretically 

intracellularly saturated with said L-arginine, this creates somewhat of an “arginine paradox”, 

where macrophage dichotomy relies on the arginine pathway (Lee et al., 2003; Rath et al., 

2014). Found in inflammatory zones 1 (FIZZ1), also known as RELM𝛼 or retnla (resistin-like 

alpha) was first discovered to have an association with pulmonary inflammation in 2000 

(Holcomb et al., 2000). Moreover, retnla does not have a human homolog and thus is a 

signature marker of M2 alternatively-activated murine macrophages (Martinez et al., 2013). 

Lastly, chitinase 3-like 3, chi3l3 (YM1), also with no known human homolog, is upregulated 

in allergic asthma due to correlating increased levels of type 2 cytokines IL-4, IL-5 and IL-13 

(Abdelaziz et al., 2020). Due to its binding to carbohydrates (Webb et al., 2001; Zhao et al., 

2005) and recruitment of eosinophils (Rosenberg et al., 2013; Zhao et al., 2013), this M2 

marker is thought to contribute to airway remodelling (Kang et al., 2022). Investigating these 

markers after polarising conditions, naïve BMDMs from WT and high human MIF expressing 

CATT7 mice did not show evidence of a significant activation trend. Notably, at both the mRNA 

and protein level, high human MIF CATT7 BMDMs had significantly increased levels of 

TNFα. However this was expected, as a profound correlation between LPS-induced 

macrophage TNFα production and MIF expression is documented, where LPS-induced TNFα 
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production from peripheral blood mononuclear cells from cystic fibrosis patients was 

attenuated in the presence of the MIF inhibitor ISO-1 (Adamali et al., 2012). Similarly, in a 

model of septic shock and also Salmonella typhiurium infection, MIF mediated increased 

TNFα production (Calandra et al., 2000; Koebernick et al., 2002).  

 

We have previously depicted how human MIF drives airway inflammation in a HDM 

model (Dunbar and Hawthorne et al., 2023). This study sought to elucidate the effects of HDM 

on CATT7 and WT macrophage polarisation. Mice were challenged with HDM intranasally 

three times a week for three weeks as depicted in figure 5A and their bone marrow was 

harvested on day 18, 4hr after the last challenge. On day 7, differentiated BMDMs were 

stimulated with LPS, IFNg and IL-4 as described (Figure 1A). Interestingly, BMDMs from 

high human CATT7 mice that received HDM had a significantly enhanced M1 profile, with 

increased levels of tnfα, il-6, il-1β and nos2 compared to naïve CATT7 mice (Figure 5, 6). 

Conversely, whilst WT mice that do not express human MIF had lower levels of M1 markers, 

BMDMs from these mice had significantly elevated levels of the M2 markers, arg1 and retnla. 

This was expected as in diseases such as allergic asthma that have a well-documented type 2 

inflammatory profile, M2 macrophages are known to have a central impact after HDM 

challenge, suspected to be orchestrated by the ormyl peptide receptor 2–TNF–2-HG–

PGE2/PGE2 receptor 2 axis (Lechner et al., 2022). Interestingly, although CATT7 BMDMs 

illustrated increased arginase activity after HDM challenge (Figure 5), they did not show an 

increase in relative arg1 expression, maintaining low levels of this enzyme in both the lung 

(Figure 2B and supplementary table 1) and bone marrow (Figure 3B). Previously, mice that 

lack arginase-1 have exhibited increased levels of liver fibrosis (Pesce et al., 2009). As we have 

illustrated a MIF-dependent significant increased percentage of subepithelial fibrosis in CATT7 

mice (Dunbar and Hawthorne et al., 2023), our hypothesis may be that the lack of arginase-1 
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in both the lung and bone marrow may be contributing to this. Additionally to their striking M1 

phenotype, CATT7 BMDMs have demonstrated a significant increase in chi3l3 and il-10 

expression after HDM challenge (Figure 5). After infection induced by the helminth parasite 

Brugia malayi, homologs of the human cytokine MIF were shown to boost chi3l3 expression 

and eosinophil recruitment (Falcone et al., 2001). As MIF is also known to be a eosinophil 

chemoattractant (Bozza et al., 2020), along with driving significantly increased eosinophilia in 

a HDM-induced airway inflammation model in high human MIF expressing CATT7 mice 

(Dunbar and Hawthorne et al., 2023), it is hypothesised that MIF expression is also driving 

chi3l3 expression in BMDMs of HDM-treated CATT7 mice. The increased il-10 expression 

noted in CATT7 mice after HDM challenge may be indicative of innate immune training, as il-

10 is known to induce T regulatory cells via STAT3, Foxo1 (Hsu et al., 2015) and Jagged-1 

(Cahill et al., 2015).  

 

 After establishing that this robust pro-inflammatory response after HDM challenge was 

MIF-dependent by incorporating the potent MIF inhibitor SCD-19 twice a week for three 

weeks of the allergic asthma model (Figure 7, 8), we next set out to elucidate the influence of 

hBM-MSCs on BMDM polarisation. Our group and others have continuously demonstrated 

the powerful immunomodulatory role MSCs exert through paracrine means, primarily via their 

secretome (Cahill et al., 2016; Kennelly et al., 2016; Szabłowska-Gadomska et al., 2023; Xia 

et al., 2019) (Dunbar et al, in preparation). Furthermore, MSCs need to be licensed to enhance 

their therapeutic effects (Carty et al., 2021; Corbett et al., 2021; Dunbar et al., 2021; English, 

2013), with high levels of human MIF driving MSC-mediated wound healing (Dunbar et al, in 

preparation) and the abrogation of HDM-induced pathology (Hawthorne, Dunbar et al, in 

review). MSCs become apoptotic 24hrs after administration in vivo, by which they are 

phagocytosed by macrophages (Supplementary Figure 2) (Braza et al., 2016; Eggenhofer et al., 
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2012; Ferrini et al., 2021; Giri & Galipeau, 2020; Pang et al., 2021). Due to their short-life 

span, it is hypothesised that MSCs mediate their immunosuppressive effects by re-

programming macrophages after being engulfed (Carty et al., 2017), where MSCs are capable 

of calming macrophages in asthma (Kim et al., 2022; Mo, Kang, et al., 2022; Morrison et al., 

2017). Thus, this study set out to further understand if MSCs can calm or re-programme HDM-

primed macrophages in an in vitro transwell assay (Figure 9A).  

 

 hBM-MSCs co-cultured with CATT7 BMDMs significantly suppressed the M1 pro-

inflammatory signature previously demonstrated after HDM priming (Figure 9, 10). 

Furthermore, MSCs significantly reduced M2 markers of arg1 and retnla in BMDMs from WT 

mice. Investigating chi3l3, MSCs significantly increased WT BMDM expression of this 

eosinophil chemoattractant. As noted, the receiving microenvironment of MSCs need to meet 

a pro-inflammatory threshold in order to license and activate these cells upon administration. 

WT mice do not have a sufficient inflammatory status, as our group have seen no significant 

effects with MSCs in these mice (Hawthorne, Dunbar et al, in review). Thus, in this in vitro 

assay we hypothesise that MSC are not sufficiently activated and thus may actually drive M2 

polarisation in the context of chi3l3 expression in WT mice (Figure 9). When co-cultured with 

CATT7 BMDMs, MSCs had no significant effect on these M2 markers, but decreased il-10 

expression. Cyclo-oxygenase (COX) enzymes are known to mediate MSC immunomodulation 

and thus, to elucidate the mechanism by which MSCs can modulate the pro-inflammatory M1 

phenotype of CATT7 BMDMs in this study, a non-specific COX-1 and COX-2 inhibitor 

indomethacin, and a specific COX-2 inhibitor NS-398 were used to pre-treat MSCs prior to co-

culture with CATT7 BMDMs. COX inhibition abolished MSCs ability to suppress tnfα 

expression and production, and retnla expression (Figure 11), however when this enzyme was 

inhibited, MSCs further reduced arg1 expression. Albeit, it is important to note that M2 arg1 
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expression is categorically induced by IL-4 stimulation, yet this enzyme can also be induced 

through LPS stimulation. To fully elucidate the conclusive role of COX activity in MSC’s 

suppressive function, further investigation with increased numbers of replicates are required. 

MSCs are known to release intracellular agents that were previously internalised, such as 

budesonide or cyclosporine (Ankrum, Dastidar, et al., 2014; Girdlestone et al., 2015). To rule 

out this occurring in our co-cultures, controls of CATT7 BMDMs directly treated with 

indomethacin or NS-398 for 24hrs were carried out (Supplementary Figure 1). No changes in 

LPS-induced gene expression were noted between BMDMs that were treated with COX 

inhibitors and those that were not. 

 

As this in vitro assay was carried out utilising differentiated-macrophages that were 

cultured in M-CSF supplemented media for the duration of the assay, this data can only be 

classified as innate ‘priming’, according to table 1. Thus, we set out to investigate if this robust 

increase in macrophage activation and thus MIF-mediated production of pro-inflammatory 

cytokines (Figure 7, 8) which were decreased by co-culture with hBM-MSCs (Figure 9, 10) in 

a possible COX-manner (Figure 11) was evidence of true innate immune training.  

 

We confirmed that HDM primes macrophages from CATT7 mice and so this study next 

sought to elucidate if HDM also trains macrophages from these novel mice. Innate immune 

training occurs in the hematopoietic stem and progenitor cells (HSPCs), pre-cursors of our 

previously analysed BMDMs. Thus, HSPCs were isolated from naïve mice and stimulated with 

HDM on day 0 in vitro. A hallmark indicator of innate immunity is epigenetic re-programming 

through histone modification, such as DNA methylation. A methyltransferase inhibitor, MTA, 

was added to HSPCs 30 mins prior to the addition of the primary stimulus (HDM). Importantly, 

differentiated-macrophages derived from these HSPCs were rested prior to receiving a 
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secondary heterologous insult of LPS, allowing their active gene transcription to resume to 

basal levels (Table 1). We found that CATT7 HSPC-derived macrophages that received both a 

primary and secondary stimulus had increased TNFα and IL-6 production compared to those 

that only received the first or secondary stimulus alone (Figure 12). This illustrates that in vitro 

HDM exposure on day 0 of this assay trained HSPCs from CATT7 mice. Importantly, we saw 

no significant signs of innate immunity in BMDMs from WT mice (Supplementary Figure 3), 

demonstrating that this process was human MIF-dependent. Furthermore, innate immunity was 

confirmed when DNA methylation in these CATT7 HSPCs was blocked upon receiving a 

methyltransferase inhibitor MTA, as they had significantly reduced TNFα production, and 

reduced IL-6 production compared to those that received a vehicle control. The use of MTA 

not only confirmed that innate immune training was occurring, but that the primary stimulus 

of HDM was re-programming CATT7 HSPCs at an epigenetic level.  

 

 
 
 

Figure 14. Timeline illustrating innate immune response. HSPCs isolated from the bone marrow of 

CATT7 mice were stimulated with a primary stimulus of HDM +/- MSCs or methyltransferase inhibitor 

MTA for 24hr. Cells were washed and left to rest for 7 days. Differentiated-macrophages were treated 

with a secondary heterologous stimulus of LPS for 24hr.  
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 MSCs can block HDM-priming in CATT7 BMDMs (Figure 9, 10). MSCs can 

communicate with HSPCs within the bone marrow niche through extracellular soluble 

mediators and exosomes (Fichtel et al., 2022; Yin et al., 2019), but also by intracellular means 

through organelles called migrasomes (Deniz et al., 2023). Therefore hBM-MSCs were co-

cultured with HSPCs from CATT7 mice using transwell inserts to elucidate if these 

immunomodulatory cells could block or suppress the occurrence of innate immune training. 

Strikingly, MSCs were able to significantly reduce TNFα production, and reduce IL-6 

production by CATT7 BMDMs when co-cultured with HSPCs from day 0 (Figure 13). MSCs 

had no significant effect in HSPC-derived BMDMs that only received the secondary LPS 

stimulus. These data clearly illustrate the ability of MSCs to block HDM-imprinting on HSPCs 

on day 0, and leave a lasting immunomodulatory memory seen in HSPC-derived macrophages 

on day 11 (Ng et al., 2015).  

 

 These data presented in this novel chapter demonstrate evidence of enhanced innate 

immune priming and training occurring in the bone marrow niche of transgenic high human 

MIF expressing CATT7 mice. Furthermore, this short-term (priming) and long-term (training) 

innate immunity was blocked by co-culturing hBM-MSCs with CATT7 BMDMs and HSPCS 

respectively. Utilising the aeroallergen HDM, an evident driver of allergic airway inflammation 

as a primary stimulus to induce innate immune training, it would be beneficial to investigate if 

alveolar macrophages are also re-programmed in the same manner. However, from an 

experimental perspective, low cell numbers of alveolar macrophages are obtained from the 

bronchoalveolar lavage fluid (BALF), especially from naïve mice. Thus, we chose to work with 

BMDMs due to their ease of isolation, high cell return and also in the interest of reducing the 

number of animals used. Importantly, we did see the same polarisation trends in the lung and 

bone marrow, with WT mice having an increased M2 phenotype compared to CATT7 mice 



 165 

(Figure 2, 3, Supplementary Table 1). Another limitation important to note is the presence of 

endotoxin within house dust mite batches, perhaps acknowledging the argument that the 

primary and secondary stimuli used in our assay were not heterogeneous. However the 

literature has indicated the importance of endotoxin in facilitating a HDM-induced 

inflammatory response (Patil et al., 2013), especially when driving a type 2 response in 

C57BL/6 mice, as illustrated in this chapter. To ensure reproducible and robust results utilising 

this allergen, transparency surrounding endotoxin levels in batches of HDM is encouraged 

(Supplementary Table 2) (Pascoe et al., 2020).   

 

 To further elucidate the longevity of this trained immunity, it would be beneficial to 

translate this work to an in vivo model in future experiments. As in the context of helminth 

infection, trained HSPCs can generate immunosuppressive monocytes for up to 8 months 

(Cunningham et al., 2021). Additionally, analysing other aspects of innate re-programming 

such as the metabolism of these cells before and after HDM-induced training would be 

invaluable, using SCENITH or seahorse assays to probe the impact of a glycolytic to oxidative 

phosphorylation metabolic switch (Lundahl et al., 2022). Furthermore, the incorporation of 

different histone modification inhibitors such as those that target histone deacetylases (HDAC, 

Givinostat) (Ripamonti et al., 2022; Roger et al., 2011) or bromodomains (I-BET151) 

(Domínguez‐Andrés et al., 2019; Xu et al., 2021), would assist in describing the full extent of 

epigenetic re-programming happening in these CATT7 mice (Domínguez-Andrés et al., 2023; 

Mulder et al., 2019). 

 

Overall, this unique study elucidates how macrophages and innate immunity can act as 

a bridge between the two-armed innate and adaptive immune response, in addition to the ability 
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of MSCS to calm macrophages and their HSPC precursors in novel humanised high human 

MIF expressing CATT7 mice in a model of HDM-induced allergic airway inflammation.   

 
 
4.6 Conclusion 
 
 
 

The concept of immunological memory and how exposure to consecutive stimuli can 

train the immune response to have a heightened response to future pathogens has become 

increasingly popular in recent years. Moreover, the induction of innate immune training can 

occur in a subtle manner, where evidence of repeated day-to-day habits such as eating a western 

diet can trigger this trained immunity (Christ & Latz, 2019). This research utilises novel 

humanised CATT7 MIF mice expressing the 7-repeat tetranucleotide MIF promotor 

polymorphism known to exist in the human population (Plant et al., 2006), demonstrating that 

high human MIF expression enhances trained immunity and its associated pro-inflammatory 

response to stimuli such as HDM and LPS. When progenitor-derived macrophages from 

CATT7 mice were co-cultured with MSCs using transwell inserts, this trained innate 

immunological response was suppressed, illustrating the ability of MSCs to modulate CATT7 

pro-inflammatory M1 macrophages by paracrine means. Collectively, these data demonstrate 

the role of the highly ubiquitous HDM allergen to prime and train the immune response in mice 

expressing the human MIF polymorphism, perhaps suggesting a pathogenic role of this pro-

inflammatory cytokine in the development of human disease. Furthermore, this research 

illustrates that MSCs may be a suitable therapeutic intervention, where they could act to calm 

an over-zealous, trained immune response in individuals expressing the 7-7 MIF 

polymorphism.  
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4.7 Supplementary Figures 
 
 
 
Supplementary Table 1. Mean CT values generated by investigating gene expression by RT-PCR2 
 

Gene tnf𝛼	 il-6 il-1β nos2 ifng arg1 retnla chi3l3 

WT 33.90 
 

31.49 
 

33.24 
 

32.70 
 

31.35 
 

29.38 
 

22.94 
 

25.06 
 

CATT7 34.77 
 

32.12 
 

34.07 
 

33.15 
 

31.62 
 

30.02 
 

23.12 
 

24.66 
 

 
 

 
 
 
 
Supplementary Table 2. House dust mite species used, with details on source material, lot number, 
endotoxin levels, protein content, dry weight and der p1 content. 
 

House Dust Mite Content Testing Method 

Species Dermatophagoides pteronyssinus - 

Source Material Whole bodies crushed by mortar and pestle - 

Lot Number 394844 - 

Endotoxin 9937.5 EU/vial Limulus Amoebocyte Lysate (LAL) 

Protein 50.75 mg/vial Bradford 

Dry Weight 247.1 mg/vial Gravimetric 

Der p 1 3003.75 mcg/vial Double Blind ELISA 

 
 
 

 
2 HDM drives type 2 lung inflammation in WT and CATT7 mice. WT and high human CATT7 MIF 

mice were challenged with HDM three times a week for three weeks. Lungs were harvested and snap 

frozen in liquid nitrogen. Once homogenised, RNA was isolated and cDNA was synthesised. RT-PCR 

was carried out to measure the expression of genes indicating macrophage polarisation: M1; tnfα, il-6, 

il-1β, nos2 and ifng. M2; arg1, retnla and chi3l3. Data represented as mean of N=6 mice per group. 
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Supplementary Figure 1. COX inhibitors Indomethacin and NS-398 have no indirect effect on 

BMDMs. To investigate if the COX-1/2 inhibitors indomethacin and NS-398 used on MSCs prior to 

MSC co-culture with CATT7 BMDMs were having indirect effects on the macrophage population, 

BMDMs from CATT7 mice were incubated with indomethacin or NS-398 for 24hrs and gene expression 

was analysed. A Indomethacin or NS-398 had no non-specific effects on CATT7 BMDMs. Data are 

presented as mean ± SEM; N=1-3 mice per group.  
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Supplementary Figure 2. Alveolar macrophages engulf apoptotic hBM-MSCs.  Alveolar 

macrophages (AMs) were isolated from bronchoalveolar lavage fluid from naïve WT mice and seeded 

onto a coverslip. Apoptosis was induced in MSCs using with 0.5 µM of staurosporine for 18hr. 

Biotinylated deep red dye stained apoptotic MSCs were added to the DAPI stained AMs at a ratio of 

1:4 (AM:MSC). Wells were centrifuged to ensure cell contact and cells were incubated for 1hr at 37°C. 

Cells were washed with warm PBS to remove any non-engulfed MSCs, before staining remaining cells 

with FITC dye. Cells were washed, fixed with 4% paraformaldehyde before being mounted onto a slide 

with aqueous mounting medium. Slides were imaged at 20X using an Olympus fluorescent microscope. 

Image representative of N=3 mice. 
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Supplementary Figure 3. HDM does not induce trained immunity in WT BM-derived HSPCs. A 

HSPCS were isolated from bone marrow of WT mice and incubated with a methyltransferase inhibitor 

MTA 30 minutes prior to HDM stimulation. Differentiated BMDMs were stimulated with LPS on day 

10 for 24hr. No changes in TNFα production and thus no evidence of trained immunity was observed 

in WT mice. MTA had no significant effects. B MSCs co-cultured with HSPCs from WT mice on day 

0 using transwell inserts had no effect on TNFα production. Data are presented as mean ± SEM; N=3 

mice per group. 
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Discussion 

 

Allergic asthma is a chronic atopic respiratory disease affecting millions of people 

worldwide, carrying a substantial economic burden. 50-85% of asthmatics are allergic to the 

house dust mite (HDM) aeroallergen, which can trigger symptoms such as a recurrent cough, 

chest tightness and wheezing (Gregory & Lloyd, 2011). After inhalation, HDM can damage the 

airway epithelial barrier, compromising the integrity of this protective layer of mucosa. This 

facilitates the infiltration of this allergen to the lung submucosa, where it can prime and train 

macrophages, a population of phagocytic cells that are pivotal in asthma pathogenesis 

(Abdelaziz et al., 2020; Jacquet, 2013; Lechner et al., 2022). Innate immune training results in 

a modification of the epigenetics within the bone marrow-resident progenitor cells of 

macrophages, causing a rapid, intense inflammatory response to subsequent infection or 

inflammatory insults (Domínguez-Andrés et al., 2023; Netea et al., 2016). Current prescription 

medications and biologics struggle to efficiently control asthma at a physiological level. 

Furthermore, medical non-compliance is a problem associated with asthma treatment, as 

therapeutics are often high in cost, forcing those in lower socio-economic backgrounds to go 

without. As a result, approximately half of the asthmatic population have uncontrolled 

symptoms (“The Global Asthma Report 2022,” 2022).  

 

 Macrophage migration inhibitory factor (MIF) is a pro-inflammatory cytokine that 

contains a functional promotor polymorphism at position -794 in the MIF gene. Found to be 

secreted by eosinophils and thus having a role in asthma (Rossi et al., 1998), MIF levels are 

elevated in the bronchoalveolar lavage fluid (BALF) and sputum of asthmatic patients (Mizue 

et al., 2005). Furthermore, the 5-repeat variant of this MIF polymorphism, termed CATT5, has 

been associated with milder forms of disease (Baugh et al., 2002; Plant et al., 2006). This 
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research set out to evaluate the role of the high 7-repeat allele, CATT7, and its implications on 

disease severity in a mouse model of house dust mite-induced airway inflammation. To confirm 

MIF’s involvement in this airway inflammation a potent MIF antagonist, SCD-19, was utilised. 

To increase the translational relevance of this study, novel transgenic mice expressing the 

human MIF gene were utilised throughout.  

 

Mesenchymal stromal cells (MSCs) are a population of heterogenous cells which can 

be isolated from the bone marrow, adipose tissue and even the umbilical cord. Boosting their 

immunomodulatory and cytoprotective properties, the activation or licensing of these cells 

augments their therapeutic efficacy (Boland et al., 2018; Carty et al., 2021; Corbett et al., 2021; 

Dunbar et al., 2021). With MIF levels being increased in response to infection and 

inflammation, this innate cytokine can act to license MSCs in the inflammatory lung after they 

are administered intravenously (Hawthorne, Dunbar et al., in review). This Ph.D. thesis 

evaluates the impact of MIF-licensing on MSC efficacy in vitro, investigating the impact of 

their secretome to enhance bronchial epithelial repair after injury. Moreover, this research 

elucidated the ability of MSCs to modulate macrophage polarisation from CATT7 and WT 

mice, in addition to their ability to reduce or abrogate innate immune training after HDM 

challenge.  

 

At the outset of this work, there was a lack of robust acute house dust mite models 

which depicted both cellular inflammation and airway remodelling. Furthermore, the interplay 

between high human MIF expression and asthma severity was unproven. Chapter 2 of this 

thesis illustrates for the first time the impact of the human CATT7 MIF polymorphism in a 

preclinical asthma mouse model. We investigated clinically relevant readouts which capture 

the pathophysiology of asthma, at a cellular, histological and functional level. BALF retrieved 
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from CATT7 mice that received HDM intranasally three times a week for three weeks 

demonstrated a significant increase in eosinophil infiltration and Th2 cytokine production 

compared to WT mice. At a histological level, high human MIF expressing CATT7 mice 

exhibited significantly increased numbers of periodic acid schiff (PAS) positive cells relative 

to the control, along with a significantly increased percentage of subepithelial collagen 

deposition. This increase of PAS-stained goblet cells, indicative of goblet cell hyperplasia, and 

masson’s trichrome staining of collagen deposition, an indirect marker of fibrosis, indicate that 

high levels of human MIF exacerbated changes in the lung architecture after HDM challenge. 

Thus, we investigated the functional impact of high MIF expression using the gold standard 

FlexiVent® system. Mice were challenged with increasing doses of the bronchoconstrictor 

methacholine and their lung mechanics were measured. Using this state of the art instrument, 

CATT7 mice exhibited an increased percentage of airway resistance, damping and elasticity 

compared to WT mice. To confirm the role of MIF in this model, 35mg/kg of the isocoumarin 

small molecular weight MIF inhibitor SCD-19 was administered intraperitoneally twice a week 

for the duration of this model. CATT7 mice that received SCD-19 had significantly decreased 

levels of HDM-induced inflammation and airway remodelling. After SCD-19 administration, 

CATT7 lung function measurements also returned to levels comparable with those measured in 

WT mice, illustrating that a decline in lung function after HDM challenge was MIF-dependent. 

By generating a robust physiological scale of airway inflammation implicating the human 

CATT7 MIF polymorphism, our findings demonstrate that high levels of human MIF increased 

the severity of allergic asthma after HDM challenge (Dunbar and Hawthorne et al., 2023). This 

novel research is of translational significance, as it depicts the important role of human MIF in 

the development and maintenance of a highly prevalent atopic respiratory disease, induced by 

an environmentally-relevant dust allergen. Moreover, as this MIF-dependent exacerbation of 

allergic asthma was abrogated using a small molecular weight MIF inhibitor, the data presented 
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in this chapter highlights the potential of therapeutically targeting this pro-inflammatory 

cytokine to suppress rampant inflammation and tissue remodelling in patients possessing the 

high MIF expressing CATT7 allele. Going forward, this humanised MIF mouse model can be 

utilised to facilitate the pharmacological development of therapeutics aimed at blocking MIF 

biological activity, having a positive impact in not only asthma, but also other MIF-dependent 

diseases in the realm of respiratory conditions, oncology, infection, and autoimmunity. 

 

In environments of excessive inflammation and airway remodelling, such as in the lung 

of HDM-challenge CATT7 mice, the airway epithelial barrier may become compromised. The 

mucosal epithelium acts as a line of defence against invading pathogens, specifically those that 

are airborne and known to trigger asthmatic exacerbations. Thus, if this epithelial barrier is 

compromised or dysregulated, allergens can infiltrate into the airway submucosa and mount an 

immune response after being phagocytosed by professional antigen presenting cells such as 

dendritic cells. Importantly, MIF is produced by bronchial and alveolar epithelial cells 

(Donnelly et al., 1997; Kevill et al., 2008). The MIF-CD74 axis plays a role in the proliferation 

of alveolar epithelial cells by activating Akt survival pathways (Marsh et al., 2009). However 

in an allergic asthma microenvironment, HDM challenge can promote MIF expression (Figure 

1), where increased MIF can accelerate aerobic glycolysis in bronchial epithelial cells and 

facilitate the secretion of Th2 cytokines, thus contributing to airway inflammation (Lan et al., 

2020). There is evidence that MIF can also enhance the survival and protection of MSCs, 

specifically against antibiotic and hypoxic injury (Palumbo et al., 2014; Xia et al., 2018; Xia 

& Hou, 2017), however little is known about the role of MIF-licensing on MSCs’ 

cytoprotective function. The MSC secretome is gaining traction as an alternative cell-free 

therapy (Műzes & Sipos, 2022; Szabłowska-Gadomska et al., 2023; Xia et al., 2019), as it 

contains soluble mediators which can have distal cytoprotective and reparative effects (Cahill 
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et al., 2016; Carty et al., 2021; Corbett et al., 2021; Kennelly et al., 2016). Thus, we sought to 

investigate if these high levels of human MIF, indicative of those found during epithelial-MSC 

interactions in vivo, could license and enhance MSC’s pro-reparative function in vitro, utilising 

an airway epithelial wound healing assay. Chapter 3 illustrated the effects of human 

endogenous MIF on MSC cytoprotective function, where CATT7-licensed MSCs, but not WT 

or MIF-/--licensed MSCs, significantly promoted bronchial epithelial wound healing in a 

VEGF-dependent manner in vitro. Similarly, MIF has previously been shown to upregulate 

VEGF production in the conditioned media of synovial fluid mononuclear cells, stimulating 

endothelial tube formation in the context of rheumatoid arthritis (Kim et al., 2007). Thus, this 

correlates with our data illustrating that MIF-licensed MSCs exhibit a significant increase in 

VEGF production. However, although increased levels of VEGF have been shown to possibly 

contribute to airway remodelling in the context of asthma, VEGF-A and its receptor VEGFR2 

have demonstrated a protective role by preventing the metaplasia of goblet cells in this atopic 

condition (Jiang et al., 2021). Moreover, this growth factor also has a positive impact in 

diseases such as idiopathic pulmonary fibrosis (Murray et al., 2017; Stockmann et al., 2010), 

emphysema (Byers, 2019) or even coronary heart disease (Zhou et al., 2021). The question 

regarding if VEGF is a friend or foe, further elucidates the importance of VEGF homeostasis, 

where this growth factor can support epithelial repair, without promoting excessive tissue 

remodelling or fibrosis (Tuder & Yun, 2008). We believe that the MSC secretome, known to 

contain a plethora of both cytoprotective and immunomodulatory factors can facilitate this 

homeostasis, as we have shown that MIF-licensing also increases the activity of MSC 

immunomodulatory enzymes such as COX-2 (Hawthorne, unpublished), leading to increased 

production of anti-inflammatory mediators such as PGE2 which could balance the possible 

negative effects of VEGF in an asthmatic in vivo setting. Thus, although we identified human 
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MIF to be the key driver of asthma pathogenesis in vivo (chapter 2), we have also discovered 

a novel positive effect this pro-inflammatory cytokine can have on MSC therapeutic efficacy. 

 

 In addition to the mechanical damage to the airway epithelium caused by frequent 

exacerbations, HDM is known to directly induce airway epithelial apoptosis after inhalation 

(Hoffman et al., 2013). Using an in vitro bronchial epithelial survival assay, MSCs licensed 

with endogenous human CATT7 MIF, but not murine MIF from WT mice, offered protection 

from HDM-induced apoptosis. We speculate that this protection against HDM-induced 

apoptosis is VEGF-dependent, as VEGF is known to upregulate the Akt survival pathway 

(Fujio & Walsh, 1999; Gerber, McMurtrey, et al., 1998; Mondru et al., 2023), along with 

increasing the expression of survival genes such as Bcl-2, A1, survivin and XIAP in cells 

(Gerber, Dixit, et al., 1998; Nör et al., 1999; Pidgeon et al., 2001; Tran et al., 1999; Wang et 

al., 2020), including MSCs (Ni et al., 2017). Furthermore, these cytoprotective effects were 

noted to be MIF-dependent, as addition of the MIF inhibitor SCD-19 to CATT7 supernatants 

prior to MSC licensing, blocked the enhanced wound healing and epithelial protective effects. 

This provides a novel mechanistic insight into how MIF, possibly produced by damaged 

epithelial cells, can license MSCs and enhance their cytoprotective function, specifically their 

ability to provide protection against a dysregulated airway epithelial barrier and thus, perhaps 

even prevent the development of airway inflammation after allergen challenge in vivo (Figure 

1). As asthma patients are likely to be sensitised by new allergens over the course of their life 

time, these data illustrate the potential benefit of the prophylactic administration of human 

MIF-licensed MSC or their secretome, to fortify the integrity of the airway epithelial barrier 

and thus, prevent disease development and future exacerbations. Furthermore, epithelial barrier 

disruption not only has implications for asthma, but also in other membrane-dependent diseases 

such as atopic dermatitis, allergic rhinitis, eosinophilic oesophagitis or inflammatory bowel 
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disease, some of which are associated with elevated levels of MIF (de Souza et al., 2015; Oliver 

et al., 2007; Shimizu et al., 1999). Thus, this research demonstrates the beneficial consequences 

of licensing these stromal cells with this pro-inflammatory cytokine, bringing awareness to the 

possibility of utilising MIF-licensed MSCs, or their secretome as a therapeutic intervention in 

a broad range of inflammatory diseases.  

 

 

 

Figure 1. CATT7 MIF-licensed MSC CM promotes wound healing. A. (1) HDM can damage the 

airway epithelium, (2) increasing MIF expression. (3) MIF can bind to a CD74 receptor on the surface 

of epithelial cells, creating a positive feedback loop. B. (4) MIF can license MSCs and increase their 

production of VEGF into their secretome.(5) MIF MSC CM promotes airway epithelial wound healing 

in a VEGF-dependent manner, preventing the future infiltration of airborne pathogens.  

 

 

Macrophages play a dominant role in the innate immune system and the development 

of airway inflammation. Responsible for the detection, phagocytosis and disposal of foreign 

pathogens in the airways, macrophages act as a link to the adaptive immune system, by alerting 

and recruiting effector cells to sites of inflammation. Depending on the inflammatory profile 

of their microenvironment, macrophages can be polarised to a pro-inflammatory M1 or anti-
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inflammatory M2 phenotype. Specifically in the context of allergic asthma, type 2 helper T 

cells pump out IL-4, a cytokine involved in immunoglobulin class switching (Pelaia et al., 

2022). These increased levels of IL-4 alternatively activate macrophages to a reparative M2 

subtype. However as airway remodelling is a problematic feature of this respiratory disease, 

macrophages can accelerate and worsen this process, as they are trying to ‘heal’ this damage 

(Abdelaziz et al., 2020). Furthermore, MIF is also known to have a detrimental effect on 

macrophages, as this pro-inflammatory cytokine is known to inhibit p53, which is pivotal for 

the apoptosis and removal of an excessive accumulation of these cells (Mitchell et al., 2002). 

As a result, MIF can drive macrophage-mediated inflammation.  

 

 Continuing with this narrative, chapter 4 of this thesis first set out to elucidate the role 

of the human CATT7 MIF allele on macrophage polarisation. Besides the expected significant 

increase in TNFα production, as MIF is known to drive the production of TNFα after 

lipopolysaccharide (LPS) stimulation (Calandra et al., 2000), no clear M1 or M2 activation 

trend was identified in naïve CATT7 or WT mice. After generating our novel model of HDM-

induced allergic airway inflammation in humanised MIF mice, we next sought to investigate if 

HDM exposure would drive a specific macrophage phenotype in these mice. Bone marrow-

derived macrophages (BMDMs) from HDM-challenged CATT7 mice displayed a significant 

M1 signature, compared to WT controls. This pro-inflammatory macrophage activation was 

MIF-dependent, as M1 markers were suppressed when CATT7 mice received the MIF inhibitor 

SCD-19. However it is important to note, that MIF has also been documented to favour 

monocyte differentiation, and thus perhaps high human MIF expressing CATT7 mice may have 

increased levels of monocyte differentiation in comparison to WT mice (Pronier et al., 2022; 

Sorg et al., 1984). More research through the use of flow cytometry could clarify if this is the 

case in our in vitro assay. The data depicted in this chapter demonstrates that high expression 
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of human MIF can favour, and amplify a pro-inflammatory response driven by macrophages 

in a disease setting. Although alternatively-activated M2 macrophages are known to have a 

pathogenic role in the exacerbation of airway inflammation in asthma (Abdelaziz et al., 2020), 

these novel data describing the impact of the human MIF polymorphism, specifically the high 

CATT7 allele, provides a novel insight into the M1 activation status of macrophages in 

asthmatics expressing this high MIF allele. Furthermore, these data also contribute to the field 

of knowledge surrounding the role of pro-inflammatory macrophages in other MIF-dependent 

diseases, such as rheumatoid arthritis (Bilsborrow et al., 2019; Xu et al., 2022).  

 

As mounting evidence has found that MSC therapeutic efficacy is dependent on the 

presence of macrophages (Carty et al., 2017; Galipeau, 2021; Mathias et al., 2013), we next set 

out to investigate if MSCs could suppress this human MIF-mediated M1 macrophage signature 

after HDM challenge. When co-cultured with BMDMs from CATT7 mice using transwell 

inserts, MSCs significantly reduced this pro-inflammatory macrophage polarisation, 

demonstrating their ability to modulate these cells and curate a more-balanced M1/M2 

macrophage population in CATT7 mice. Our hypothesis is that MSCs are more efficacious at 

calming macrophages from CATT7 mice than WT mice, as these CATT7 macrophages are also 

pumping out human MIF and thus, licensing MSCs when in a co-culture system. MIF has been 

shown to upregulate COX-2 expression and thus prostaglandin E2 synthesis (Sampey et al., 

2001; Zhang, Zhou, et al., 2019), a lipid mediator which is known to be vital in MSCs’ 

immunomodulatory function (Burand et al., 2020; Carty et al., 2021; English, 2013; English et 

al., 2009; Kulesza et al., 2023). Thus to further understand MSCs’ mechanism of action when 

modulating macrophage polarisation, MSCs’ were pre-incubated with a COX-1/2 inhibitor 

indomethacin or a COX-2 specific inhibitor NS-398. After gene expression analysis, COX-

enzymes were seen to be involved in MSC’s ability to suppress tnfα	and retnla expression in 
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CATT7 macrophages, as when COX was inhibited MSCs could no longer suppress these 

macrophage markers. However, not all macrophage markers were impacted when MSC COX 

enzymes were inhibited, implicating that other mechanisms of action are at play. MSCs may 

also be suppressing this HDM-induced primed effect by altering macrophage metabolism 

(Luque-Campos et al., 2021; Vasandan et al., 2016), or perhaps through the secretion of other 

mediators such as kynurenine or IL-10 (Carty et al., 2017; English, 2013). This chapter not 

only elucidates the role of the CATT7 MIF allele in differential macrophage polarisation under 

basal (naïve) and disease (HDM exposure) conditions, but also the ability of MSCs to modulate 

this process, suggesting the use of MSCs as a potential therapeutic approach for controlling 

macrophage-mediated inflammation in a wide range of chronic inflammatory diseases. 

 

Upon directly comparing macrophages from naïve and HDM-challenged CATT7 mice, 

we noted a striking increase in pro-inflammatory markers at the mRNA and protein level in 

mice that encountered HDM prior to being stimulated with polarising conditions such as LPS. 

This indicated that after being exposed to a primary stimulus of HDM, BMDMs from CATT7 

and WT mice were primed prior to receiving a secondary heterologous stimulus, resulting in 

an enhanced inflammatory response. Importantly, this priming effect was significantly 

amplified in BMDMs from CATT7 mice that express high levels of human MIF, compared to 

WT mice, illustrating that this innate priming was specific to human MIF. This was confirmed 

as this heightened inflammatory response was abrogated with the incorporation of the MIF 

inhibitor SCD-19. As previously stated, evidence has indicated that HDM can prime the 

immune system after challenge. A distinct difference between in vivo innate priming and innate 

training is that innate training occurs centrally in the hematopoietic stem and progenitor cells 

(HSPCs) within the bone marrow niche (Ochando et al., 2023). Another key difference between 

the priming and training of the innate immune system, is that training occurs at an epigenetic 
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level (Netea et al., 2020). Thus, bone marrow cells containing HSPCs were isolated from naïve 

CATT7 mice and treated with a methyltransferase inhibitor (MTA) to inhibit DNA methylation. 

This demonstrated that HDM-stimulation was training the bone marrow-derived progenitor 

cells from CATT7 mice at an epigenetic level, further solidifying our data that high levels of 

human MIF expression augments the ability of HDM to train the innate immune system. In the 

first paper illustrating the ability of HDM to train macrophages in a model of allergic asthma, 

macrophages from WT mice exhibited an M1 profile mediated through the formyl peptide 

receptor 2–TNF–2-HG–PGE2/PGE2 receptor 2 axis (Lechner et al., 2022). Similarly, we also 

saw this M1 profile in macrophages from our HDM-challenged WT mice. However our 

humanised CATT7 BMDMs demonstrated an amplified M1 pro-inflammatory signature, 

compared to WT mice (Chapter 4). We are the first to present evidence of HDM training in 

humanised CATT7 MIF mice, whilst also documenting the immunological response to a 

secondary LPS stimulation in vitro. Firstly, this is important as trained immunity 

characteristically facilitates an immune response to heterogenous stimuli (i.e., HDM and LPS). 

Secondly, these data are not only relevant in the context of allergic asthma, but also for bacterial 

infections such as sepsis, as it indicates that asthmatics that possess the CATT7 allele may have 

an amplified immune response to microbial infection. This research is also the first to 

demonstrate that the inhibition of methyltransferase enzymes using methylthioadenosine 

(MTA) blocks this HDM-training imprint in HSPCs from CATT7 mice, strengthening this 

evidence of HDM-induced epigenetic re-programming in HSPCs from the bone marrow of 

CATT7 mice. Overall, the data presented throughout chapter 4 unravels a novel story 

elucidating the impact of human MIF on macrophage polarisation in naïve and HDM-challenge 

mice. Furthermore, this research reveals a novel finding regarding the MIF-specific 

macrophage activation profile in the context of allergic asthma, where this study demonstrated 

a distinct, amplified M1 pro-inflammatory signature in macrophages from humanised CATT7 
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mice. Importantly, this suggests that the presence of high levels of human MIF alters the 

macrophage response to HDM exposure, leading to an activation profile that can have 

implications for asthma pathogenesis in patients expressing this CATT7 human MIF allele. 

Lastly, these data not only demonstrate that human MIF expression enhances the ability of 

HDM to induce an epigenetic imprint in bone marrow progenitor cells, but it also captures the 

pro-inflammatory consequences after a secondary LPS stimulation. Overall, these data 

illustrate a possible mechanism explaining why CATT7 mice expressing high levels of human 

MIF exhibited exacerbated HDM-induced airway inflammation, discussed in chapter 2 of this 

thesis. Moreover, this novel information can be applied translationally to humans, perhaps 

uncovering why specific subsets of people may exhibit an exacerbated immune response to 

environmental triggers.   

 

 Our final experiments sought to elucidate MSCs’ capacity to inhibit this epigenetic re-

programming in CATT7 HSPCs. Therefore, when HSPCs were isolated from the bone marrow 

of these mice and stimulated with HDM, they were co-cultured with MSCs in transwell inserts. 

Importantly, MSCs significantly reduced TNFα and reduced IL-6 production, demonstrating 

that these stromal cells could inhibit the process of epigenetic modification in response to HDM 

training. This ability of MSCs to inhibit epigenetic modifications in response to HDM training 

within CATT7 HSPCs has novel clinical implications. By disrupting the epigenetic 

programming of immune cells, MSCs can exert immunomodulatory effects and reduce 

amplified inflammatory responses associated with a trained immune system. These findings 

strengthen the argument that MSC-based therapies could be beneficial for individuals with 

conditions characterised by these aberrant immune responses, such as asthma. In addition to 

the data depicted in chapter 3, these data further demonstrate the universal therapeutic efficacy 

of MSCs at different time points of disease progression, where they can not only calm an 
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established immune response (Hawthorne, Dunbar et al., in review), but also prophylactically 

prevent HDM-induced epigenetic re-wiring, thus modulating the immune response against 

future infection or immunological insults. 

 

An Important question arising from”this’research is does this pro-inflammatory 

cytokine, MIF, play a crucial role in the susceptibility or the severity of disease? In a Ugandan 

cohort, low MIF expressers were shown to have a 2.4 increased risk of Mycobacterium 

tuberculosis infection (Das et al., 2013). Furthermore, mice deficient in MIF had a higher level 

of infection, but a lower innate immune response measured by TNFα. Macrophages from these 

MIF deficient mice were less effective at killing mycobacterium, likely to be associated with 

their lower expression of the pattern recognition receptor Dectin-1 (Das et al., 2013). Moreover, 

MIF deficient mice were also more susceptible to a cutaneous Leishmania infection as MIF-/- 

macrophages also demonstrated impaired killing activity (Satoskar et al., 2001). Lastly, MIF-/- 

mice failed to control a Salmonella typhimurium infection, with this increased susceptibility 

being due to a reduced Th1 response (Koebernick et al., 2002). These data, along with our own, 

demonstrates the important role of MIF in driving an innate immune response against invading 

pathogens and subsequent infection or inflammation (Figure 2). Thus, lower levels of MIF may 

correlate with increased susceptibility to infection, with low MIF expressers succumbing to 

infection quicker than those expressing high levels of this cytokine (Flores et al., 2008; 

Satoskar et al., 2001). Conversely, high levels of MIF may increase protection against infection 

(Roger, David, et al., 2001), although an over-active MIF-mediated immune response may be 

maladaptive, exacerbating the chronicity or severity of disease (Mitchell et al., 2002), as 

demonstrated in our CATT7 mice after HDM challenge (Dunbar and Hawthorne et al., 2023). 

This argument further demonstrates the importance of MIF-mediated macrophage activity 

within the innate response and the clinical relevance of our work.  
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Figure 2. MIF expression controls the intensity of the innate immune response. The expression of 

MIF is controlled by its gene promotor. A functional promotor polymorphism in the MIF gene can cause 

MIF expression to be up- or down-regulated, depending on the number of repeats of a tetranucleotide 

‘CATT’ sequence. MIF is important for innate immunity, where lower levels of this cytokine are 

associated with an increased risk of susceptibility to infection or disease due to a decreased immune 

response and impaired macrophage function. Conversely, high MIF expression results in an increased 

immune response and thus can protect against infection. However, if high MIF expressers develop 

disease, high levels of MIF can contribute to the severity and chronicity of the condition due its ability 

to promote an over-zealous, maladaptive inflammatory response, with this excessive inflammation 

being mediated by pro-inflammatory, over-active macrophages.  

 

 

As there is currently no cure for asthma, effective treatments that can reverse or 

modulate the associated immune response are still required. Using genotyping techniques to 

stratify patients on the basis of a high expressing MIF promotor polymorphism or perhaps 

utilising the new state of the art digital tool ‘INCA’ developed in Ireland to differentiate patients 

who have severe asthma versus those with difficult-to-treat asthma (Hale et al., 2023), 

mesenchymal stromal cell therapeutic efficacy can be predicted prior to administration, as 

threshold levels of inflammation are required to license these cells in vivo (Hawthorne, Dunbar 

et al, in review) (Dunbar et al., 2021). This study has shown that high human MIF expression 

exacerbates HDM-induced allergic airway inflammation at both a cellular and histological 
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level, with MIF-associated pathology being abrogated after the administration of a small 

molecular weight MIF inhibitor SCD-19. When human bone marrow-derived MSCs were 

licensed with endogenous MIF from humanised CATT7 mice, MSCs demonstrated a significant 

increased production of VEGF, increasing their ability to promote wound closure in bronchial 

epithelial cells, and protect against HDM-induced apoptosis in vitro. As MSCs are known to 

interact with macrophages in vivo, this work sought to investigate if MSCs could calm pro-

inflammatory macrophages from these CATT7 mice after HDM challenge. Excitingly, MSCs 

could not only modulate macrophage polarisation, but also reduce MIF-dependent, HDM-

induced innate immune training in CATT7 macrophage-precursors. This research is of great 

clinical importance, as we hypothesise that asthmatics who possess this CATT7 genetic allele 

may have a heightened immune response to infection resulting in chronic inflammation, as 

their immune system is trained to exert a strong inflammatory response. Moreover, this thesis 

demonstrates that the administration of MSCs into a high human MIF microenvironment may 

be a promising therapeutic intervention to calm an over-zealous, trained immune system, 

halting disease progression. 

 

To conclude, this thesis thoroughly investigates the complex relationship between the 

human MIF polymorphism and the innate immune response, investigating its impact on asthma 

pathogenesis using novel humanised MIF mice in a robust model of HDM-induced airway 

inflammation. Moreover, these data elucidated the ability of human MIF to license MSCs, 

boosting the protective effects of their secretome to heal mechanical damage in airway 

epithelial cells and protect them against subsequent HDM-induced damage in vitro. For the 

first time, this thesis shows that MSCs can efficiently modulate an over-active, MIF-dependent 

trained immune response, exhibited by macrophages from CATT7 mice after HDM and LPS 

exposure. Along with elucidating the causative role of the human MIF polymorphism in the 
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development and severity of allergic asthma, this thesis also proposes a novel cell-based 

approach, utilising the elevated levels of this MIF cytokine to license MSCs and administer 

them or their secretome to address epithelial damage, modulate macrophage polarisation, 

suppress innate immune training and reduce subsequent airway inflammation. The findings 

presented throughout this thesis hold significant clinical importance and make a substantial 

contribution to the fields of MIF and MSC research, by offering promising prospects for the 

development of a new therapeutic approach to target uncontrolled allergic airway asthma.    
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Future work  

 

 To continue this work, the significance of the cytoprotective role of MSCs and their 

increased production of VEGF after human MIF exposure on the airway epithelial barrier 

should be elucidated in an in vivo model of HDM-induced allergic asthma. To further explore 

the phenomenon of innate immune training, it would be beneficial to investigate if intranasal 

HDM challenge can reach the bone marrow niche and train the resident hematopoietic stem 

and progenitor cells of human MIF expressing CATT7 mice in vivo. As innate immunity is 

associated with long term memory, it is necessary to understand how long CATT7 macrophages 

maintain this pro-inflammatory, boosted response, both in vitro and in vivo. Furthermore, to 

elucidate the role of HDM-trained macrophages in asthma pathogenesis, and also the impact 

of these macrophages on MSC efficacy in vivo, the depletion of resident-macrophages would 

facilitate a mechanistic insight to this research. To clarify if MSCs reduce HDM-primed 

macrophage production of tnfα and retnla in a COX-2 dependent manner, the measurement of 

PGE2 production, along with utilising inhibitors which target prostaglandin E2 receptors EP2 

and EP4 would be invaluable to definitively determine MSCs’ mechanism of action. 

Furthermore, elucidating the metabolic status of naïve and HDM-trained macrophages would 

add value to this research, as the metabolism is also modified in cells under-going trained innate 

immunity. Lastly, new evidence has demonstrated MSCs can communicate with HSPCs 

through migrasomes, thus this could be an alternative avenue to investigate their mechanism 

of action in blocking innate immune training in progenitor cells (Deniz et al., 2023). 
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Abstract 

Current asthma therapies focus on reducing symptoms but fail to restore existing structural 

damage. Mesenchymal stromal cell (MSC) administration can ameliorate airway inflammation 

and reverse airway remodelling. However, differences in patient disease microenvironments 

seem to influence MSC therapeutic effects. Polymorphic CATT tetranucleotide repeat at 

position 794 of the human macrophage migration inhibitory factor (hMIF) gene has been 

associated with increased susceptibility and severity of asthma. We investigated the efficacy 

of human MSCs in high vs low hMIF environments and the impact of MIF pre-licensing of 

MSCs using humanised MIF mice in a clinically relevant house dust mite (HDM) model of 

allergic asthma. MSCs significantly attenuated airway inflammation and airway remodelling 

in high MIF expressing CATT7 mice, but not in CATT5 or wildtype littermates. Differences in 

efficacy correlated with increased MSC retention in the lungs of CATT7 mice. MIF licensing 

potentiated MSC anti-inflammatory effects at a previously ineffective dose. Mechanistically, 

MIF binding to CD74 expressed on MSCs leads to upregulation of COX-2 expression. 

Blockade of CD74 or COX-2 function in MSCs prior to administration attenuated the efficacy 

of MIF-licensed MSCs in vivo. These findings suggest that MSC administration may be more 

efficacious in severe asthma patients with high MIF genotypes (CATT6/7/8).  
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Introduction 

Allergic asthma is characterised by chronic airway inflammation and airway remodelling 

which refers to the structural changes in the airways. Currently, there is a heavy reliance on 

inhaled corticosteroids and long acting b2-adenoceptor agonists in the treatment of allergic 

asthma. The recent introduction of novel biologics such as benralizumab and dupilumab 

targeting Th2 cytokine receptors and tezepelumab targeting the alarmin thymic stromal 

lymphopoietin (TSLP) have been shown to significantly reduce allergic airway inflammation 

leading to reduced exacerbations and improved FEV1 values (1–4). However, not all patients 

are responders, and evidence for biologics to reverse existing airway remodelling in patients is 

thus far limited (5). Thus, there is scope for novel therapeutics with capacity to attenuate 

inflammation and reverse remodelling to address the pitfalls in the current treatment and 

management of allergic asthma. Mesenchymal stromal cells (MSCs) have immunomodulatory 

and anti-fibrotic properties and have proven therapeutic effects in a range of allergic airway 

inflammation models and are currently under investigation in two clinical trials for asthma 

(NCT05147688, NCT05035862). Administration of MSCs intratracheally or intravenously has 

been shown to be effective in reducing airway inflammation and airway hyperresponsiveness 

in ovalbumin (OVA) (6–17), HDM (18–24), and aspergillus hyphal extract (25,26) models. 

However, other studies fail to demonstrate efficacy in experimental asthma models 

(7,14,23,24,27,28). To understand the mechanisms involved and to make MSCs a viable 

therapeutic in the clinic more focussed translational work is needed. Under basal conditions, 

for example in healthy animals or individuals, MSC administration does not seem to alter 

immunological status or function (homeostasis is preserved). MSCs only become licensed to 

an anti-inflammatory phenotype in the presence of extrinsic factors (29). Once licensed, MSCs 

modulate their surrounding microenvironment (30). Importantly, their therapeutic effect is 

blunted in the presence of IFN-g, NF-kB or TNF-a receptor blockade/inhibition (31–33). 

Moreover, in the absence of appropriate signals to license anti-inflammatory functions, MSCs 

may even exacerbate disease (34–36). Licensing has been shown to improve MSC therapeutic 

efficacy by activating MSC anti-inflammatory characteristics prior to administration. 

Licensing through exposure to hypoxia (37,38), inflammatory cytokines (39,40), and 

pharmacological factors (41) have all been shown to improve MSC efficacy in a range of 

inflammatory diseases. Moreover, licensing of MSCs with serum from HDM-challenged mice 

(18) or with serum from ARDS patients (42) enhanced MSC therapeutic efficacy in vivo in pre-

clinical lung disease models. However, there are also in vitro studies reporting differential and 

https://clinicaltrials.gov/ct2/show/NCT05147688
https://clinicaltrials.gov/ct2/show/NCT05035862
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in some cases negative effects of patient samples (acute respiratory distress syndrome (ARDS) 

versus cystic fibrosis (CF)) on MSC survival and function (42–44). Macrophage migration 

inhibitory factor (MIF) is an important regulator of host inflammatory responses demonstrated 

through its ability to promote the production of other inflammatory mediators. For example, 

MIF has been shown to amplify the expression of TNF, IFN-g, IL-1b, IL-2, IL-6 and IL-8 from 

immune cells (45–48). This augmentation of immune signals contributes to MIF mediated 

pathogenesis by acting to sustain inflammatory responses. This has been shown in a range of 

inflammatory diseases where the absence of MIF is associated with lower levels of pro-

inflammatory cytokines resulting in reduced pathology. For example, MIF knockout (MIF-/-) 

mice display a less severe phenotype when exposed to OVA compared to control mice (49–52) 

and the use of anti-MIF antibodies or small molecule inhibitor (ISO-1) results in reduced Th2 

cytokines in models of allergic airway inflammation (51,53–56). High levels of MIF as a result 

of longer CATT repeats such as CATT7 have been shown to increase severity in a range of 

diseases including severe anaemia (57), pneumococcal meningitis (58), multiple sclerosis (59), 

tuberculosis (60) and COVID-19 (61). Importantly, associations between the CATT 

polymorphism and asthma incidence and severity have been observed (52). Not only do these 

studies show the pivotal role that MIF plays in pro-inflammatory diseases they also affirm the 

importance of differences in the MIF CATT polymorphism. Our previous work established a 

dominant role for MIF allelic variants in the severity of HDM-induced allergic asthma (62). 

Using humanised high-expressing and low-expressing MIF mice in a HDM model of allergic 

airway inflammation we demonstrated the pivotal role MIF plays in exacerbating asthma 

pathogenesis. High levels of human MIF resulted in a significant increase in airway 

inflammation as a result of elevated levels of Th2 cytokines promoting infiltration of 

eosinophils into the airways. Furthermore, high levels of MIF were associated with airway 

remodelling with significant mucus hyperplasia, subepithelial collagen deposition, and airway 

hyperresponsiveness generating a more severe asthma phenotype. MIF has been shown to 

promote MSC migration in vitro (63), however, the effect of MIF on MSC immunosuppressive 

function or therapeutic efficacy in vivo is unknown. Here, we sought to investigate the 

relationship between MIF and MSCs in vivo and to define conditions for optimal MSC 

therapeutic efficacy. The high MIF expressing CATT7, low MIF expressing CATT5, and WT 

mice were used as a platform to investigate the role of MIF on MSC efficacy in a clinically 

relevant HDM-induced mouse model of allergic airway inflammation.  
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Materials and Methods 

Ethical Approval 

All procedures involving the use of animals or human materials were carried out by licensed 

personnel. Ethical approval for all work was granted by the biological research ethics 

committee of Maynooth University (BRESC-2018-013). Project authorization was received 

from the scientific animal protection unit of the health products regulatory agency (HPRA) 

under AE19124/P022 whereby the terms of the animal experiments within this project were 

outlined and adhered to in accordance with the ARRIVE criteria. 

Human bone marrow derived MSC culture 

Three different human bone marrow-derived MSC (BM-MSC) donors were obtained from 

RoosterBio Inc. (Frederick, MD, USA). MSCs were first expanded in RoosterBio proprietary 

expansion medium (RoosterBasal and RoosterBooster) for the first two passages according to 

manufacturer’s instructions. Following this MSCs were cultured and maintained in Dulbecco’s 

Modified Eagles Media Low Glucose (DMEM, Sigma-Aldrich, Arklow, Wicklow, Ireland) 

supplemented with 10% (v/v) foetal bovine serum (FBS) (BioSera, Cholet, France) and 1% 

(v/v) Penicillin/Streptomycin (Sigma-Aldrich). Human MSCs were seeded at 1x106 cells per 

T175 flask and cultured at 37 °c in 5% CO2. Media was replenished every 2-3 days, and cells 

split once they achieved 80% confluency. All experiments were carried out between passages 

2-5. 

Animal Strains 

Two C57BL/6 mouse strains expressing the human high- or low-expression MIF alleles 

(MIFCATT7 [(C57BL/6NTac-Miftm3884.1(MIF)Tac-Tg(CAG-Flpe)2Arte] and MIFCATT5 

[C57BL/6NTac-Miftm3883.1(MIF)Tac-Tg(CAG-Flpe)2Arte] mice) were created using 

vector-based recombinant replacement of murine Mif by Taconic Biosciences (Rensselaer, 

NY) (Fig. 1). Validation of the expression of human and not murine MIF mRNA was verified 

by qPCR, and -794 CATT-length dependent stimulated MIF production was confirmed in vivo 

(61). Littermate wildtype (WT) and Mif--\- (MIF KO) (64) (a kind donation from R. Bucala, 

Yale School of Medicine, Yale University, New Haven, CT, USA) mice were used as controls. 
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HDM-induced Airway Inflammation Model and Therapeutic Protocol 

Both male and female MIFCATT7, MIFCATT5 or WT mice aged 6-12 weeks were challenged with 

25 µg HDM extract (Dermatophagoides pteronyssinus, Greer Laboratories, Lenoir, NC, USA) 

in 25 µl phosphate buffered saline (PBS) intranasally (i.n.) 3 days weekly for 3 weeks under 

light isoflurane anaesthesia. Control mice were challenged with 25 µl PBS under the same 

conditions. On day 14, after HDM challenge, mice received an intravenous (i.v.) injection of 

1x106 MSCs in 300 µl into the tail vein (65). For the dose curve 1x106, 5x105, 1x105, and 5x104 

were administered i.v. into HDM challenged CATT7 mice on day 14. 5x104 was selected as the 

dose at which MSCs lose efficacy. 

Licensing of MSCs with Endogenous Human MIF 

Supernatants containing endogenous human MIF were generated from bone marrow- derived 

macrophages (BMDMs) of C57BL/6 mouse strains expressing the high-expressing MIF allele 

(CATT7). CATT7 mice were challenged with HDM in 25 μl phosphate buffered saline (PBS) 

intranasally 3 days weekly for 3 weeks under light isoflurane anaesthesia. 4 hr post final 

challenge, femurs and tibias were flushed with warm Roswell Park Memorial Institute (RPMI) 

1640 medium GlutaMAXTM (Gibco, Paisley, UK) supplemented with 10% (v/v) heat 

inactivated foetal bovine serum (FBS) (BioSera) and 1% (v/v) Penicillin/Streptomycin (Sigma-

Aldrich). Cells were collected and seeded into T175 flasks in cRPMI supplemented with 10% 

L929 conditioned medium. L929 cell line produces high amounts of macrophage colony 

stimulating factor (M-CSF) and other proteins stimulating macrophage differentiation. After 

96 hours, supernatants were collected, sterile filtered (0.22 μM pore size) and stored at -20°c. 

The conditioned media generated in this manner will be referred to as CATT7 CM. 

Additionally, KO CM was generated from MIF KO mice as a control. Licensing MSCs was 

performed by removing existing media, washing with PBS, and incubating cells with CATT7 

CM (CATT7MSC) or MIF KO CM (KOMSC) for 24 hr. To account for variability of human MIF 

levels between CATT7 mice and to ensure WT mice did not produce human MIF, CATT7, 

CATT5 and WT supernatants were measured by human MIF ELISA (R&D) as described 

previously (62). 5x104 licensed MSCs were administered i.v. into HDM challenged CATT7 

mice on day 14. Where indicated, MSCs were treated with COX-2 inhibitor indomethacin (10 

µM) for 30 min. Following pre-treatment, MSCs were licensed with CATT7 CM for 24 hr as 

described above. Moreover, mouse anti-CD74 neutralising antibody and isotype control were 
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added to the assay. MSCs were pre-treated with anti-CD74 neutralising antibody (clone LN2) 

(10 µg/ml) or IgG1 k isotype control (clone T8E5) (10 µg/ml) for 30 min. MSCs were then 

licensed with CATT7 CM for 24 hr before administration. 

Collection of Bronchoalveolar Lavage (BAL) Fluid 

On day 18, 4 hr post final challenge, mice were sacrificed for cell and cytokine analysis of the 

BAL fluid. BAL fluid was obtained through 3 gentle aspirations of PBS. After centrifugation, 

protease inhibitor cocktail (Roche Diagnostics, Mannheim, Germany) was added to the 

supernatants before Th2 cytokine analysis. Total numbers of viable BAL cells were counted 

using ethidium bromide/acridine orange staining on a haemocytometer then pelleted onto 

microscope slides by cytocentrifugation. Slides were stained with Kwik Diff kit stain (Richard-

Allan Scientific, Kalamazoo, MI, USA) and coverslips were mounted using DPX mounting 

medium (Sigma-Aldrich). Differential cells counts were derived by counting a minimum of 

300 leukocytes on randomly selected fields under a light microscope at 20X magnification. 

Enzyme-linked immunosorbent assay (ELISA) 

Levels of mIL-4 (Biolegend, San Diego, CA, USA) and mIL-13 (eBioscience, San Diego, CA, 

USA) were determined using commercial ELISA kits, according to manufacturer’s 

instructions. 

Lung Histology 

On day 21, mice were sacrificed for histological analysis. Lungs were removed and fixed in 

10% neutral buffered formalin, paraffin embedded and 5 µm slices were mounted onto slides 

for histological analysis. Lung tissue was stained with haematoxylin and eosin (H&E), periodic 

acid-Schiff (PAS) or Masson’s Trichrome to analyse immune cell infiltration, goblet cell 

hyperplasia or extracellular matrix deposition respectively. H&E analysis was carried out as 

previously described (66). Goblet cell hyperplasia was determined by the % of PAS positive 

cells in airways relative to airway diameter. Extracellular matrix deposition was calculated by 

analysing the % of positive staining using the trainable Weka segmentation plugin on Fiji open-

source software. 
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Cryo-Imaging 

1x106 MSCs were labelled with the Qtracker® 625 labelling kit (Invitrogen, Paisley, UK) 

according to manufacturer’s instructions before being administered i.v. on day 14. On day 15, 

mice were humanely euthanised, and the lungs were embedded in mounting medium for 

cryotomy (O.C.T compound, VWR Chemicals, Leuven, Switzerland), frozen in liquid nitrogen 

and stored at -80°c. Sectioning. Lungs were sectioned into 40 µm slices and imaged with the 

automated CryoViz™ imaging system (BioInvision Inc., Cleveland, OH, USA). Images were 

then processed to generate 3D images using CryoViz™ processing, and the number of detected 

cells was quantified using cell detection software (BioInvision) (39). 

MSC Expansion Assay  

1.4x105 MSCs were seeded out into T25 flasks in cDMEM or 50:50 cDMEM and WT CM or 

CATT7 CM for 72 hr. Cells were trypsinised and stained with ethidium bromide/ acridine 

orange and counted on a haemocytometer. MIF inhibitor SCD-19 (100 μM) was used to 

determine MIF specificity. In such cases, conditioned media was pre-incubated with SCD-19 

1 hr before the expansion assay.  

Intracellular Staining of COX-2  

MSCs were seeded at 1x105 cells per well in 6 well plates. MSCs were stimulated with CATT7 

CM for 24 hr. Cells were prepared for intracellular staining using the Intracellular FoxP3 kit 

as per manufacturer’s instructions. Cells were stained with COX-2 (PE; clone AS67) (BD 

Pharmingen, San Diego, CA, USA) for 45 min. Cells were then washed in flow cytometry 

staining buffer and acquired using the Attune Nxt Flow Cytometer.  

T Cell Suppression assay  

Human PBMCs were isolated from buffy packs (Irish Blood Transfusion Service), by Ficoll 

density gradient centrifugation. 5x104 Carboxyfluorescein succinimidyl ester (CFSE) labelled 

PBMC were co-cultured (ThermoFisher Scientific, Eugene, OR, USA) with BM-MSC in a 

1:20 ratio (2.5×103 cells/well). 24 hr prior to co-culture, BM-MSCs were incubated with 

CATT7 CM or CATT7 CM + SCD-19 (100 μM). After 24 hr, BM-MSCs were washed with 

PBS before adding the PBMCs. Activation and expansion of human T cells was carried out 
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using ImmunoCultTM human CD3/CD28 T cell activator antibody mix (STEMCELL 

Technologies, Cambridge, UK). After 4 days, PBMCs were harvested and the % and number 

of proliferating CD3+ cells were analysed by flow cytometry (Attune Nxt Flow Cytometer).  

Statistical Analysis 

Mice were randomized. Observers assessing end-points were blinded to group assignment. 

Data for individual animals and independent experiments are presented as individual symbols. 

All data are presented as mean ± SEM. Results of two or more groups were compared by one-

way analysis of variance (ANOVA) followed by the post-hoc Tukey’s multiple comparison 

test. GraphPad Prism (GraphPad Software Inc, San Diego, CA, USA) was used for all statistical 

analyses. 

 

Results 

Human BM-MSCs significantly reduce airway remodelling in CATT7 mice challenged 

with HDM 

Firstly, to investigate the impact of high- and low-expressing MIF alleles on MSC treatment of 

allergic airway inflammation we examined the lung histology. CATT7, CATT5, and WT were 

randomized to HDM or mock (saline) intranasally 3 times a week for 3 weeks. Mice were then 

further randomized to 1x106 human BM-MSCs or equal volume saline administered via tail 

vein injection on day 14. On day 21, lung tissue was removed, formalin fixed and sectioned 

onto slides (Fig. 1A). Slides were stained with PAS to highlight mucin production to assess the 

level of goblet cell hyperplasia. CATT7 mice exhibit significantly higher levels of goblet cell 

hyperplasia compared to WT and CATT5 mice. Administration of BM-MSCs into HDM 

challenged CATT7 mice significantly reduced the number of mucin secreting cells in the 

airways (Fig. 1B, 1C). There was a slight, not statistically significant, reduction in the number 

of PAS positive cells in the CATT5 mice which received BM-MSCs. No change in goblet cell 

hyperplasia in WT mice treated with BM-MSC was noted (Fig. 1B, 1C). As MSCs only 

significantly decreased HDM-induced histopathology in CATT7 mice, but not CATT5 or WT 

mice, this suggests that MSCs may be more efficacious at reducing goblet cell hyperplasia in 

more severe inflammatory CATT7 environment. 
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Subepithelial fibrosis was significantly increased in HDM challenged CATT7 mice compared 

to the lower MIF expressing CATT5 and WT groups. BM-MSC administration significantly 

reduced subepithelial collagen deposition in HDM challenged CATT7 mice (Fig. 1D, 1E). In 

CATT5 and WT mice challenged with HDM, BM-MSC administration had a small but not 

significant therapeutic effect. BM-MSC administration significantly mitigated increased 

inflammatory infiltrate and H&E pathological score in  CATT7 mice challenged with HDM 

(Supplementary Figure 1). 

Human BM-MSCs significantly reduce airway inflammation in CATT7 mice challenged 

with HDM 

Total cell counts were significantly elevated in the BAL fluid of CATT7 mice following HDM 

challenge (Fig. 2A). MSCs  significantly reduced the number of total infiltrating cells in the 

BALF of CATT7 mice (Fig. 2A). Differential cell counts identified eosinophils as the main cell 

infiltrating into the lung tissue following HDM challenge and MSCs significantly decrease 

infiltrating eosinophils in CATT7 mice yet had no effect in the CATT5 and WT groups (Fig. 

2B). IL-4 and IL-13 were significantly elevated in the BAL fluid of CATT7 mice following 

HDM challenge (Fig. 2C, 2D). These Th2 cytokines are not significantly upregulated in CATT5 

or WT mice. While MSCs significantly decreased IL-4 and IL-13 in CATT7 mice, MSC 

treatment did not reduce and in some cases increased Th2 cytokines in the BAL fluid of CATT5 

and WT mice (Fig. 2C, 2D). These data show that BM-MSCs are effective at alleviating 

eosinophil infiltration and reducing Th2 cytokines in a high MIF expressing model of allergic 

asthma and that MSCs require a threshold level of inflammation to mediate their therapeutic 

effects. 

High levels of hMIF significantly enhance BM-MSC retention in a HDM model of allergic 

asthma 

Next, we analysed the biodistribution of MSCs following administration into HDM challenged 

WT, CATT5 and CATT7 mice. 1x106 fluorescently labelled BM-MSCs were administered i.v. 

via tail vein injection on day 14. On day 15 mice were sacrificed and the lungs prepared for 

CryoViz imaging (Fig. 3A-C). Significantly higher numbers of labelled MSCs were detected 

in the lung of high MIF expressing CATT7 mice compared to the low expressing CATT5 or 

WT littermate control (Fig. 3C, 3D). However, the number of clusters of labelled BM-MSCs 

within the lungs remained unchanged among the groups (Fig. 3E). Taken together, these data 
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suggest prolonged MSC-pulmonary retention time increases the number of MSCs retained at 

the site of inflammation 24 hr post administration. These data suggest that high levels of MIF 

may provide a longer window for MSCs to carry out their therapeutic effects. 

MIF licensing enhances MSC expansion and immunosuppressive function in vitro. 

Human MSCs express the MIF receptor CD74 and this expression is maintained and not 

increased following exposure to human MIF containing supernatants (Fig. 4A). Previous 

studies have shown that MIF has the ability to support cell proliferation in vitro (67–69). 

Increasing the number of MSCs within the inflammatory niche could prove to be important in 

enhancing MSC immunoregulatory effects. High levels of MIF significantly enhanced MSC 

expansion in vitro compared to the complete medium control group (Fig. 4B). Blockade of 

MIF using SCD-19 confirmed the role of MIF in driving MSC expansion (Fig. 4B).  

MIF has an established role as an upstream regulator of cyclooxygenase 2 (COX-2) through 

the activation of the MAPK signalling pathway (70,71). COX-2 and PGE2 are widely reported 

mediators of MSC immunosuppression (39,72). MSCs constitutively express COX-2 and the 

percentage of COX-2 expressing MSCs was significantly increased following MIF stimulation 

(Fig. 4C, 4D). MSCs licensed with high levels of hMIF from CATT7 CM displayed enhanced 

suppression of T cell proliferation compared to the untreated MSCs and the presence of SCD-

19 abrogated the enhanced suppression mediated by hMIF licensed MSCs (Fig. 4E, 4F). MIF 

has an established role as an upstream regulator of cyclooxygenase 2 (COX-2) through the 

activation of the MAPK signalling pathway (70,71). COX-2 and PGE2 are widely reported 

mediators of MSC immunosuppression (39,72). MSCs constitutively express COX-2 however 

the percentage of COX-2 expressing MSCs was significantly upregulated following MIF 

stimulation (Fig. 4C, 4D). MSCs licensed with high levels of hMIF from CATT7 CM displayed 

enhanced suppression of T cell proliferation compared to the untreated MSCs, however this 

was not statistically significant in the frequency of proliferating CD3+ T cells (Fig. 4E) or the 

number of proliferating CD3+ T cells (Fig. 4F). The presence of SCD-19 abrogated the 

enhanced suppression mediated by hMIF licensed MSCs, as the number of proliferating CD3+ 

T cells was significantly increased compared to the CATT7MSC group (Fig. 4F). The same trend 

was observed in the frequency of proliferating CD3+ T cells after the addition of SCD-19, 

however this was not significant (Fig. 4E). 
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Titration of BM-MSC doses in CATT7 mice challenged with HDM 

Next, we investigated if MIF licensing could improve MSC efficacy in the high MIF expressing 

CATT7 mice challenged with HDM. To do this we first investigated the dose at which MSCs 

lose efficacy. MSCs at doses of 1x106, 5x105, 1x105, and 5x104 were administered i.v. into 

HDM challenged CATT7 on day 14 (Fig. 5A). MSCs maintained efficacy as low as 1x105 cells 

with reduced immune cell infiltration (Fig. 5B, 5C) and reduced Th2 cytokines IL-4 (Fig. 5D) 

and IL-13 (Fig. 5E). We observed that BM-MSCs were no longer able to carry out their 

immunosuppressive effects at a dose of 5x104. At 5x104 BM-MSCs were unable to reduce the 

number of eosinophils infiltrating into the lungs (Fig. 5B, 5C) or regulate Th2 cytokine 

production (Fig. 5D, 5E).  

MIF licensing restores MSC efficacy at low doses in CATT7 mice 

To investigate the effect of MIF licensing on MSC therapeutic efficacy MSCs were first 

licensed in vitro by stimulation with bone marrow derived macrophage (BMDM) conditioned 

media from CATT7 or KO mice for 24 hr. 5x104 MSCs, MIF licensed MSCs (CATT7MSC), or 

MIF KO licensed MSCs (KOMSC) were administered i.v. into CATT7 mice via tail vein 

injection on day 14 in HDM challenged mice. On day 18, BAL fluid was collected, cell counts 

were performed and Th2 cytokines were measured (Fig. 6A). Only CATT7MSC administration 

significantly reduced total cell counts and number of eosinophils in CATT7 mice challenged 

with HDM (Fig. 6B, 6C). CATT7MSCs markedly reduced IL-4 and IL-13 levels compared to 

control group although not significant (Fig. 6D, 6E). The control MSC group and the KOMSC 

group displayed similar levels of immune cell infiltration and Th2 cytokine production 

suggesting the effects observed in the CATT7MSC group are specific to MIF licensed MSCs. 

These data show that MIF licensing can restore MSC immunosuppressive function at doses 

that would normally be ineffective. 

Blocking COX-2 abrogates therapeutic efficacy of MIF licensed BM-MSCs  

COX-2 is the rate-limiting enzyme involved in the synthesis of arachidonic acid to PGE2, a 

key mediator in the immunomodulatory effects of MSCs (73). To assess the role of COX-2 on 

MIF licensed MSCs we inhibited COX-2 with indomethacin. MSCs were treated with 

indomethacin (10 µM) for 30 min. Following the 30 min pre-treatment, cells were incubated 

with CATT7 CM for 24 hours. To further validate the involvement of MIF in the improvement 

of MSC efficacy, MSCs were exposed to an anti-CD74 neutralising antibody (10 µg/ml) or 
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IgG1 isotype control (10 µg/ml) for 30 min. MSCs were then incubated with CATT7 CM for 

24 hours (Fig. 7A). Analysis of the BAL fluid cell counts showed that pre-treating MSCs with 

indomethacin before administration significantly reduces CATT7MSCs ability to suppress 

immune cell infiltration in the BAL fluid of CATT7 mice challenged with HDM (Fig. 7B, 7C). 

Additionally, the analysis of the Th2 cytokines in the BALF showed a marked increase in IL-

4 (Fig. 7D) and a significant increase in the levels of IL-13 (Fig. 7E) in the indomethacin group 

compared to the control MIF licensed MSC group. Taken together, these results show that 

COX-2 is an important mediator in the enhancement of therapeutic efficacy associated with 

MIF licensing. Furthermore, blocking of CD74 abrogates MIF licensed BM-MSC 

immunosuppression. The anti-CD74 group displayed significantly higher numbers of 

eosinophils in the BAL fluid than the non-treated control (Fig. 7B, 7C). Like the indomethacin 

group, blocking CD74 significantly abrogated MIF licensed MSCs ability to reduce cytokine 

levels in the BAL fluid. Markedly higher levels of IL-4 and IL-13 were detected (Fig. 7D, 7E). 

These data indicate that MIF enhances MSCs immunomodulatory capacity mainly through 

CD74 signalling to upregulate COX-2 production. 

 

Discussion 

Our main results advance the field of MSC-based therapeutics for asthma by demonstrating 

that (i) MSC treatment is highly effective in ameliorating airway inflammation; (ii) their 

therapeutic potential can be enhanced by MSC-MIF licensing as demonstrated in high MIF 

expressing CATT7 mice; and finally (iii) that the mechanism of MIF-licensing is dependent 

upon MSC-CD74 expression levels that drive COX-2 expression in MSCs. We explored the 

effect of high and low levels of endogenous human MIF on MSC efficacy in a HDM model of 

allergic asthma. Our findings show that MSC administration significantly reduced airway 

inflammation in the high MIF expressing CATT7 mice challenged with HDM. MSCs 

significantly decreased levels of IL-4 and IL-13 in the BAL fluid and in turn significantly 

abrogated pulmonary eosinophilia in CATT7 mice. Our data aligns with the literature 

demonstrating the ability of human MSCs to ameliorate eosinophil infiltration by reducing the 

levels of Th2 cytokines (8,10–12,25,74). In addition to ameliorating inflammation, MSCs also 

alleviate features of airway remodelling in the CATT7 mice, significantly reducing collagen 

deposition within the subepithelial space and goblet cell hyperplasia. Interestingly we did not 

observe the same changes in the WT and the low MIF expressing CATT5 mice suggesting that 
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high levels of MIF were responsible for improving MSC efficacy. The reduced efficacy of 

MSCs in the WT and CATT5 mice is likely attributed to lack of inflammation present 

associated with a bias towards Th1 immunity in C57BL/6 mice compared to the more Th2 bias 

in BALB/c mice, influencing the level of Th2 response in our HDM challenge model (75). 

There have been several instances where researchers also observed poor responses to MSC 

treatment of allergic airway inflammation in C57BL/6 mice (7,23). More recently, Castro et al. 

presented their findings on the requirement of at least 2 doses of human AD-MSCs to reverse 

airway remodelling and alleviate inflammation in HDM challenged C57BL/6 mice (21).  

We show that a single human MSC dose is capable of significantly decreasing airway 

remodelling in CATT7 mice by reducing subepithelial collagen deposition and goblet cell 

hyperplasia. This suggests that high levels of MIF may facilitate activation of MSCs improving 

their therapeutic efficacy and leading to reversal of airway remodelling. The literature 

surrounding MSC’s effect on airway remodelling is conflicting. Overall, our data aligns with 

the majority of the current literature demonstrating that MSCs are able to attenuate airway 

remodelling by reducing collagen deposition and/ or goblet cell hyperplasia 

(8,10,14,15,17,18,28). However, it has also been reported in the literature that MSCs are 

ineffective at ameliorating goblet cell hyperplasia (14,19,23) or subepithelial collagen 

deposition (9,28). A reason for these discrepancies could be associated with the source of 

MSCs or genotypic differences in the mice. It is well documented that MSCs from different 

sources can behave in different ways and possess different immunomodulatory properties 

depending on the extracellular milieu (8,23,76). Other factors such as severity of model, time 

of infusion, MSC fitness, dosing, and route of administration may also be reasons for the 

contradictory findings (27). 

Our previous studies have demonstrated that pro-inflammatory cytokine licensing of MSCs or 

MSC-like cells; multipotent adult progenitor cells (MAPCs) enhances their retention in 

inflammatory conditions and correlates with enhanced therapeutic efficacy (39,77). We 

detected significantly higher numbers of MSCs in the lungs of HDM challenged CATT7 mice 

compared to CATT5 or littermate controls 24 hours following administration (Fig. 2). It is 

suggested that short-term effects of MSCs are mediated by their diverse secretome and the 

longer-term effects of MSC therapy are a result of direct interaction with other cell types (78). 

Increased longevity at the site of injury allows MSCs a longer period to secrete soluble factors 

and interact with cells in the inflammatory microenvironment. MSC retention in the CATT7 
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HDM challenged mice is an important observation and future work will determine if enhanced 

retention is also involved in the enhanced MSC efficacy observed.  

Taken together these data suggest that MSCs are more efficacious in the high MIF environment 

of CATT7 mice. By investigating the effects of different concentrations of a human cytokine 

on the efficacy of human MSCs in a model of allergic asthma using a clinically relevant 

allergen, we have identified a specific disease microenvironment which supports and enhances 

MSC efficacy. The use of our humanised model aims to provide a more accurate depiction of 

how human MSCs would interact in subsets of patients compared to conventional murine 

models. Of course, despite exploring the effect of a human cytokine on human MSCs there are 

still limitations as we are unable to fully mimic clinical severe allergic asthma and the use of 

transgenic MIF mice on a C57BL/6 background meant that control WT mice do not develop a 

high level of type 2 inflammation. However, these results may have implications in tailoring 

MSC treatment in cases of severe asthma. Our results have demonstrated that MSCs are less 

efficacious in low MIF environments. Patients with 5/5 haplotypes tend to have lower levels 

of circulating MIF and therefore may not respond as well to MSC treatment. Whereas patients 

with 6/6/, 7/7 or 8/8 haplotypes are more likely to have high levels of circulating MIF which 

may lead to greater MSC activation and enhanced therapeutic efficacy.   

Following on from the discovery that MSC administration into CATT7 mice led to improved 

MSC efficacy, we investigated strategies to use the high MIF microenvironment to potentiate 

the effects of MSCs. Past work in our lab has focussed on different licensing strategies of MSCs 

to enhance MSC efficacy. Previously, we have demonstrated how IFN-g licensing can improve 

MSC efficacy in a humanised model of acute GvHD and how endogenous factors such as 

peroxisome proliferator-activated receptor (PPAR)δ ligands or treatments like cyclosporine A 

can influence this (39,40).  Other studies have shown how licensing with pharmacological 

agents or endogenous factors can further enhance the effects of MSC therapy in preclinical 

models of asthma (18,19,79). We sought to investigate whether licensing MSCs with CM 

derived from the high MIF expressing CATT7 mice could potentiate their immunomodulatory 

effects. Using a low MSC dose (5x104 cells) which failed to protect against HDM-driven 

allergic airway inflammation, we showed that pre-licensing low dose MSCs with CATT7 CM 

enhanced low dose MSC therapeutic efficacy. Licensing with BMDM CM from MIF knockout 

mice failed to restore MSCs immunosuppressive function suggesting that our findings were 

MIF specific. Our findings agree with the current literature as doses reported for the systemic 
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administration of MSCs in preclinical models of asthma range from 1x106 to 1x105 cells per 

mouse (17,24).  

One of the main criticisms of preclinical research is the use of doses which far exceed what 

would be reasonable in the clinic. Analysis of clinical trials using i.v. injection of MSCs reveals 

that the minimal effective dose used ranges from 1-2 million cells/kg (80). Studies which have 

investigated the i.v. administration of MSCs in preclinical models of allergic asthma administer 

doses which equate to 4-40 million cells/kg with the majority at the higher end of the scale 

(8,10,12,16,20–22,25,26,28,74,81–84). The efficacy observed with MIF licensed MSCs using 

5x105 cells per mouse results in an effective dose of 2 million cells/kg. This shows that through 

MIF licensing we are able to restore MSC efficacy at a dose akin to what is used in clinical 

trials. 

We then sought to elucidate the mechanisms involved. MIF mediated signal transduction is 

primarily initiated by binding to MIF’s classical receptor CD74 (85). We showed that blocking 

CD74 on the surface of MSCs ultimately abolished their immunosuppressive abilities. These 

findings not only reaffirmed that the licensing with CATT7 CM was MIF mediated but it also 

showed that these effects were dependent on binding to CD74. MIF signal transduction through 

CD74 binding has been shown to initiate a range of signalling pathways which induce cell 

proliferation, resistance to apoptosis, and the promotion of repair (86–90). Furthermore, MIF 

binding to CD74 has been shown to activate cytosolic phospholipase A2 (cPLA2). Moreover, 

cPLA2 activation results in the mobilisation of arachidonic acid from membrane phospholipids 

which is a precursor to the synthesis of prostaglandins (91). Interestingly MIF can upregulate 

COX-2 expression, a rate limiting step in the synthesis of prostaglandins such as PGE2 

(70,71,92), however, MIF has been shown to have no effect on the expression of COX-1 (70). 

The COX-2/PGE2 pathway has been extensively documented as being one of the key mediators 

driving MSC immunomodulation (39,93–95). We hypothesised that the COX-2/PGE2 pathway 

could be involved in the restoration of MSCs immunomodulatory capacity following CATT7 

licensing. To investigate, we pre-treated MSCs with indomethacin prior to licensing. 

Indomethacin is a potent non-selective inhibitor of COX-1 and COX-2 (96). We showed that 

blocking COX-2 abrogated therapeutic efficacy of CATT7 licensed MSCs. Interestingly we 

observed that blocking of COX-2 via indomethacin had more pronounced effect than blocking 

CD74. COX-2 is constitutively expressed in human MSCs, therefore, inhibition with 
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indomethacin also blocks basal COX-2 expression which will contribute to the effects 

observed.  

These data show that MIF licensing can improve MSC therapeutic efficacy through the 

upregulation of COX-2 which likely drives PGE2 production. Our data agrees with several 

studies in the literature which also reveal the ability of MIF to improve MSC efficacy in vivo 

(97–99). The Zhang group demonstrated the ability of MIF to improve MSC therapeutic 

efficacy by transducing MSCs with a lentiviral vector containing Mif cDNA thus promoting 

MIF overexpression (97–99). Furthermore, Zhang et al. demonstrated the ability of MIF to 

upregulate COX-2 expression and promote PGE2 production in astrocytes (100). Here, we 

further demonstrate the effects of ex vivo MIF licensing on MSC therapeutic efficacy by 

showing binding to CD74 and increased COX-2 expression enhances MSCs 

immunomodulatory abilities.  

The knowledge gained from this study can be used to further optimise MSCs as a therapy and 

provide a basis for future studies regarding the effects of MSCs on the immune response in 

high MIF environments such as in asthma patients exhibiting the CATT7 polymorphism. 
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Figure 1. Human BM-MSCs significantly reduce goblet cell metaplasia and collagen deposition in CATT7 

mice challenged with HDM. A PBS and HDM groups received PBS or HDM i.n. 3 times a week for 3 consecutive 

weeks. 1x106 human BM-MSCs were administered i.v. to the HDM+MSC groups on day 14. Mice were sacrificed 

on day 21 (Schematic created with BioRender.com). B Representative images of lung tissue from WT, CATT5 

and CATT7 mice stained with Periodic acid Schiff (PAS) at 20X magnification, scale bar = 20 µm. Arrows show 

examples of mucin-containing goblet cells. C Goblet cell hyperplasia was investigated through the quantitation 

of PAS positive cells. D Representative images of lung tissue stained with Masson’s trichome at 4X magnification, 

scale bar = 200 µm. E Quantitation of % subepithelial collagen. Data are presented as mean ± SEM; N=6 per 

group. Human BM-MSC donors 001-177 and 003-310 were used (RoosterBio Inc., Frederick, MD, USA). 

Statistical analysis was carried out using one-way ANOVA followed by the post-hoc Tukey’s multiple comparison 

test where *p<0.05, ***p<0.001, ****p<0.0001 ns non significant. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Human BM-MSCs significantly reduce levels of Th2 cytokines in the BAL fluid of CATT7 mice 

challenged with HDM. PBS and HDM groups received PBS or HDM i.n. 3 times a week for 3 consecutive weeks. 

1x106 human BM-MSCs were administered i.v. to the HDM+MSC groups on day 14. BAL was performed 4 hr 

post final HDM challenge on day 18. A Total cell count recovered from the BAL. B BAL fluid eosinophil count 

determined by differential staining of cytospins. Cytokine levels of C IL-4 and D IL-13 in the BAL fluid 
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determined by ELISA. White bar: PBS; Grey bar: HDM; Blue bar: HDM+MSC. Data are presented as mean ± 

SEM; N=5-6 per group. Human BM-MSC donors 001-177 and 003-310 were used (RoosterBio Inc., Frederick, 

MD, USA). Statistical analysis was carried out using one-way ANOVA followed by the post-hoc Tukey’s multiple 

comparison test where *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, ns non significant. 

 

 

 

 

Figure 3. High levels of hMIF significantly enhance BM-MSC retention in a HDM model of allergic asthma. 

HDM was administered i.n. 3 times a week for 2 weeks. On day 14, 1x106 Qtracker 625- labelled hMSCs were 

administered i.v. in WT, CATT5 or CATT7 mice. 24 hr later the lungs were harvested, embedded in OCT 

compound and frozen at -80. Tissue blocks were sectioned and imaged using the CryoVizTM (Bioinvision, 

Cleveland, OH, USA) imaging system. 3D images show representative lung images from A WT, B CATT5 and 

C CATT7 mice with detected MSCs shown in yellow. D Total number of MSCs detected in the lung and E number 

of clusters were quantified using CryoVizTM Quantification software. Data are presented as mean ± SEM; N=3 

per group. Human BM-MSC donor 001-177 was used (RoosterBio Inc., Frederick, MD, USA). Statistical analysis 

was carried out using one-way ANOVA followed by the post-hoc Tukey’s multiple comparison test where 

**p<0.01. 
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Figure 4. MIF licensing enhances MSC expansion and immunosuppressive function in vitro. A Human BM-

MSC express the canonical MIF receptor CD74 in the presence or absence of endogenous hMIF generated from 

BMDMs from CATT7 HDM challenged mice. B Licensing of MSCs with supernatants generated from BMDMs 

from CATT7 HDM challenged mice but not WT HDM challenged mice enhances MSC expansion in vitro. 

Addition of MIF inhibitor SCD-19 (100 µM) to supernatants generated from BMDMs from CATT7 HDM 

challenged mice 1 hr before MSC licensing prevents MIF enhanced MSC expansion. Licensing of MSCs with 

supernatants generated from BMDMs from CATT7 HDM challenged mice significantly increases % MSC 

expression of C COX-2 and D COX-2 MFI. Licensing of MSCs with supernatants generated from BMDMs from 

CATT7 HDM challenged mice enhances MSC suppression of E frequency (%) and F number of CD3+ T cell 

proliferation. Blockade of MIF using SCD-19 (100 µM) in the BMDM supernatants 1 hr before addition to MSCs 

abrogates the enhanced effect of MIF on MSC suppression of T cell proliferation (E & F). Data are presented as 

mean ± SEM and are representative of 3 independent experiments. Human BM-MSC donors 001-177, 003-310 

and 003-307 were used (RoosterBio Inc., Frederick, MD, USA). Statistical analysis was carried out using unpaired 

t test where *p<0.05, ***p<0.001, ****p<0.0001  
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Figure 5. Titration of BM-MSC doses in CATT7 mice challenged with HDM. A To determine the point where 

MSCs lose efficacy in CATT7 mice, a range of doses were administered on day 14. BAL was performed 4 hr post 

final HDM challenge on day 18 (Schematic created with BioRender.com). B Total cell count recovered from the 

BAL. C Number of eosinophils obtained from the BAL fluid. Cytokine levels of D IL-4 and E IL-13 in the BAL 

fluid determined by ELISA. Data are presented as mean ± SEM; N=2-3 per group. Human BM-MSC donors 001-

177 and 003-310 were used (RoosterBio Inc., Frederick, MD, USA). Statistical analysis was carried out using 

one-way ANOVA followed by the post-hoc Tukey’s multiple comparison test where *p<0.05. 
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Figure 6. MIF licensing restores MSC efficacy at low doses in CATT7 mice. A Once it was determined that 

MSCs lose their efficacy in the HDM model at 5x104, we used that dose as a benchmark for licensing. 5x104 

MSCs were administered to HDM challenged CATT7 mice on day 14. CATT7MSCs were licensed with CATT7 

BMDM supernatant for 24 hr prior to i.v. administration. The control group KOMSCs were generated by licensing 

MSCs with BMDM supernatant from MIF KO mice 24 Hr prior to i.v. administration. BAL was performed 4 Hr 

post final HDM challenge on day 18 (Schematic created with BioRender.com). B Total number of cells in the 

BAL were determined and differential cell counts were performed on the collected cells to determine the numbers 

of C eosinophils. Cytokine levels of D IL-4 and E IL-13 in the BAL fluid determined by ELISA. Data are 

presented as mean ± SEM; N=5-6 per group. Human BM-MSC donors 001-177 and 003-310 were used 

(RoosterBio Inc., Frederick, MD, USA). Statistical analysis was carried out using one-way ANOVA followed by 

the post-hoc Tukey’s multiple comparison test where *p<0.05. 
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Figure 7. MIF-Licensed MSCs mediate their protective effects in HDM-induced allergic airway 

inflammation in a CD74 and COX-2 dependent manner in CATT7 mice. A 5x104 MSCs were exposed to the 

COX-2 inhibitor indomethacin, an anti-CD74 neutralising antibody or an isotype control antibody for 24 hr in 

vitro. All MSCs were licensed with CATT7 BMDM supernatant for 24 hr prior to i.v. administration. BAL was 

performed 4 hr post final HDM challenge on day 18 (Schematic created with BioRender.com). B Total number 

of cells in the BAL were determined and differential cell counts were performed on the collected cells to determine 

the numbers of C eosinophils. Cytokine levels of D IL-4 and E IL-13 in the BAL fluid determined by ELISA. 

Data are presented as mean ± SEM; N=5-6 per group. Human BM-MSC donors 001-177 and 003-310 were used 

(RoosterBio Inc., Frederick, MD, USA). Statistical analysis was carried out using one-way ANOVA followed by 

the post-hoc Tukey’s multiple comparison test where *p<0.05. 
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Supplementary Figure 1. Human BM-MSCs significantly reduce inflammatory infiltrate surrounding 

airways in CATT7 mice challenged with HDM. Haematoxylin and eosin (H&E) staining of lung tissue from 

WT, CATT5 and CATT7 mice. PBS and HDM groups received PBS or HDM i.n. 3 times a week for 3 consecutive 

weeks. 1x106 human BM-MSCs were administered i.v. to the HDM+MSC groups on day 14. Mice were sacrificed 

on day 21. A Representative images of lung tissue stained with H&E at 20X magnification. B Quantitation of 

airway inflammation in H&E-stained lung tissue. Data are presented as mean ± SEM; N=6 per group. Human 

BM-MSC donors 001-177 and 003-310 were used (RoosterBio Inc., Frederick, MD, USA). Statistical analysis 

was carried out using one-way ANOVA followed by the post-hoc Tukey’s multiple comparison test where 

*p<0.05, **p<0.01, ****p<0.0001. 
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