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By Ana Soraia Francisco Garcia 

Background: More than half of asthma exacerbations are caused by infection with 

human rhinovirus. When infected with rhinovirus (RV), macrophages produce tumour 

necrosis factor α (TNF-α), a pro-inflammatory cytokine that has been reported to be 

increased in the bronchoalveolar lavage of severe asthmatics. MicroRNAs thought to be 

involved in inflammatory responses were seen to be upregulated in alveolar macrophages 

of asthmatic patients.  

Hypothesis: MicroRNA profile is altered in asthmatic macrophages and airway and this 

leads to an exaggerated pro-inflammatory response to rhinoviral infections. 

Results: MiR-27a, miR-155 and miR-152 contributed to RV-induced TNF-α 

overexpression in alveolar macrophages. Upregulation of these microRNAs had an effect 

not only the cells’ total RNA content but also polysome-bound genes, which only 

marginally overlapped with Targetscan 6.2 predictions. Only 24 of these genes were 

common to total and polysome-bound RNA. The microRNA and inflammatory profiles 

of these cells could be affected by the contents of bronchoalveolar lavage, in particular 

exosomes. Only 6% of exosomal RNA from severe asthmatic BAL is composed of 

microRNAs, compared to 27% in healthy controls. Dysregulated microRNAs could affect 

relevant pathways such as epithelial barrier, transforming growth factor β (TGF-β) and 

mitogen-activated protein kinases (MAPK) pathways, among others.  

Conclusions MiR-27a, miR-155 and miR-152 are upregulated in macrophages from 

asthmatic patients. These microRNAs are able to increase TNF-α production following 

RV infection which could lead to worsening of symptoms in an asthmatic exacerbation. 

Such dysregulation could arise from differential loading of exosomes by airway cells. 

In order to improve their efficacy, microRNA function studies should ally in silico 

prediction tools with sequencing of both total and polysome-bound RNA
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1 Introduction 

 

1.1 Asthma 
 

1.1.1 Pathophysiology 

 

Asthma is a chronic inflammatory disease of the airways and, according to asthma UK, 

affects 5.4 million people of all ages in the UK and approximately 300 million worldwide, 

killing one person every seven hours. It costs the British government £2.3 billion a year 

to manage the disease.   

The classical characteristics of this disease are reversible airflow limitation, airway 

hyperresponsiveness and inflammation of the bronchi. Symptoms include coughing, 

wheezing, shortness of breath and tightness of the chest. However, the duration and 

frequency of the symptoms highly depends on the severity of the disease (Asthma UK).  

Asthma can be extrinsic or intrinsic. Extrinsic asthma mostly refers to atopic individuals 

that show positive skin-prick reactions to allergens. This is the case in 90% of children 

(where respiratory symptoms are often accompanied by atopic dermatitis) and 70% of 

adults diagnosed with the disease. Intrinsic asthma, or “late onset” disease, mostly starts 

in middle age or adulthood. Patients are usually non-atopic for common allergens and no 

definite causative agents can be identified. However, extrinsic factors such as toluene 

diisocyanate exposure or intolerance to NSAIDs could still be important triggers to be 

considered (Frew, 2009).  

The disease has its onset mainly in children, half of them not presenting any symptoms 

by the time they enter adolescence. The factors that underlie the inception range from 

viral infections in infancy to exposure to triggers in adults (Jackson et al., 2008, Bush and 

Peden, 2009). In children, it is thought that most of the inflammatory and structural 

changes associated with this disease (increase of total cell count in broncoalveolar lavage, 

thickening of the basal membrane and eosinophilic infiltration) occur during preschool 

years. 
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The phenotype of asthma is rather heterogeneous as it is dependent on environmental 

factors, such as inhaled allergens, air pollutants, drugs, chemicals and tobacco smoke, and 

even social factors (Kim et al., 2010a). 

The vast majority of asthmatics have mild to moderate disease. Mostly, this type of 

disease is characterized by a selective upregulation of Th2 T cells with little presence of 

Th1 mediators such as TNF-α, IFN-γ and IL-2, and is well controlled with treatment. 

However, approximately 10% of patients suffer from severe asthma which fails to 

respond to treatment. These patients pose a more immediate clinical need and further 

research is essential to develop novel approaches to treatment of this disease (Frew, 

2009). 

The molecular and cellular mechanisms underlying the disease are varied and complex. 

However, certain inflammatory processes are common to most types of asthma. Increased 

numbers of mast cells in the airways and consequent increased production of histamine, 

tryptase, PGD2 and LTC4 , results in smooth muscle hyperresponsiveness and hyperplasia, 

increase in small blood vessels permeability and sensory nerves activation. IgE 

production by mast cells further triggers the release of histamine and cysteinyl 

leukotrienes that causes oedema and increased mucous secretion (Barnes, 1996).  

Dendritic cells and lymphocytes are also increased in the airways of asthmatics. Dendritic 

cells are involved in allergen presentation to lymphocytes, causing the activation of T 

helper cells (CD4+). These cells produce IL-4 and Il-13 which help maintain a Th2 

phenotype, conditioning B lymphocyte antibody production towards IgE. Furthermore, 

secretion of IL-3, IL-4, IL-9 and IL-13 by CD4+ cells results in mast cell activation and 

migration whilst IL-3, IL-5 and GM-CSF act on eosinophils (Holgate, 2008).   

Eosinophils are recruited to the airways by these cytokines and other chemokines 

(eotaxin, RANTES, MCP-1, MCP-3 and MCP-4). These factors activate eosinophils to 

produce LTC4, major basic protein (MBP), eosinophil cationic protein (ECP) and 

peroxidase, which causes damage to epithelial cells (Kariyawasam and Robinson, 2006).  

Epithelial cell damage causes myofibroblast hyperactivation, increase in mesenchymal 

thickness and structural changes to the airway wall known as remodelling. It also makes 

these cells more vulnerable to viral infections. Remodelling is possibly the most chronic 

event in asthma. It consists of an expansion of the submucosa underneath the epithelium 
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caused by deposition of matrix proteins, swelling and cellular infiltration (Holgate, 2008). 

Fibroblasts are activated into myofibroblasts which results in increased matrix secretion, 

as well as an increase secretion of tissue growth factors such as transforming growth 

factor (TGF)-α and -β, epidermal growth factor (EGF), connective tissue-derived growth 

factor (CTGF), among others. Deposition of collagen, proteoglycans and other matrix 

proteins causes, not only thickening of the basement membrane which contributes to 

airway narrowing during an exacerbation but also promotes ongoing inflammation by 

aiding cell-movement, prolonging inflammatory cell survival and priming them for 

mediator secretion (Knight et al., 2004).  

Increase in smooth muscle and change in its responsiveness to challenge together with 

airway remodelling and over stimulation of nerve endings in the epithelium and 

submucosa, results in variable airflow obstruction (Holgate and Davies, 2009).   

Figure 1 illustrates the main inflammatory and remodelling events in asthma. 

 

 

 

Figure 1 - Inflammatory and remodelling responses in asthma with activation of the EMT unit. Taken from 

(Holgate and Polosa, 2006). Used with permission from Elsevier. 
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1.1.2 Treatment 

 

Due to the heterogeneity of asthma causes, treatment currently focuses on disease control. 

According to the British Thoracic Society (BTS/SIGN guidelines for asthma 

management, 2012) an individual’s asthma is completely controlled if they have: 

• No daytime symptoms 

• No night-time awakening due to asthma 

• No need for rescue medication 

• No exacerbations 

• No limitations on activity including exercise 

• Normal lung function 

• Minimal side effects from medication 

National and international guidelines have agreed on a stepwise approach to manage 

asthma. In milder cases, treatment consists of short acting β2-agonists, used as required. 

Inhaled corticosteroids are the next step with a combination of inhaled steroids and long 

acting β2-agonists being used if the disease is still not controlled. High doses of inhaled 

corticosteroids, long acting β2-agonists and leukotriene receptor agonists should be tried 

before proceeding to the use of regular oral corticosteroids.  However, even the highest 

tiers of treatment do not fully control the disease in a significant number of patients.  
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1.1.3 Asthma exacerbations 

 

Asthmatic exacerbations are the main cause of morbidity, mortality and healthcare costs 

related with this disease. Difficult-to-treat or severe asthma is characterized by frequent 

exacerbations. An exacerbation could comprise a heavily reduced peak flow, increased 

breath rate and increased heart rate. 

Inhaled corticosteroids (ICS) are considered the most effective controllers of asthma and 

they have been shown to be effective in the treatment of many aspects of disease. Children 

admitted to hospital with an asthma episode were found less likely to have been 

prescribed inhaled corticosteroids compared to a control group (Johnston et al., 2005).  

However, ICS were unable to reduce the duration, frequency or severity of exacerbations 

in children and were only estimated to reduce exacerbation rate by 60% in adults (Doull 

et al., 1997, O'Byrne et al., 2001). Furthermore, some recent studies highlight the potential 

of ICS to inhibit the production of important anti-viral molecules such as MxA and OAS 

in macrophages which could result in poor virus clearance in patients who are already 

known to have an impaired type I IFN response (Davies et al., 2011).   

Worryingly, once an asthma exacerbation is underway, very little can be done to manage 

it pharmacologically (FitzGerald et al., 2004). Until today, no single or combination 

therapy has managed to completely control asthma exacerbations. This makes 

exacerbations a very prominent clinical need. 

Asthma exacerbations can be caused by allergens, bacterial infections and viral 

infections. More than half of these events are caused by rhinovirus infections (Asthma 

UK) and involve a variety of cells and cytokines. 
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1.2 Rhinovirus  

 

Human rhinoviruses, part of the picornavirus family, are small, positive strand RNA 

viruses. The icosahedral capsid of rhinovirus is composed of three proteins, virus protein 

(VP) 1, VP2 and VP3. A fourth protein, VP4, anchors the RNA content to the capsid of 

the virus and, along with VP2 is responsible for determining whether the virus is 

susceptible to antiviral agents or not. Susceptible serotypes are classed as human 

rhinovirus (HRV)-A whilst non-susceptible ones are referred to as HRV-B (Greenberg, 

2003, Andries et al., 1990).  

RVs can be further divided into two groups, depending on the mechanism of cell entry. 

The major group, including HRV16, bind to the intercellular adhesion molecule 1 

(ICAM-1) and are then internalized. The minor group, which includes HRV1-B, uses 

low-protein lipoprotein receptors to enter the cell. After binding, the virus-receptor 

complex is internalized into early endosomes, where the virus is uncoated. The viral RNA 

is then translated using the cell’s own machinery. Translation results in the presence of 

new proteins that facilitate the production of new virus particles. A negative RNA strand 

is also created, resulting in an intermediate double stranded RNA. This negative strand is 

then used as a template for new copies of the viral genome which can either be used for 

further production of viral proteins or packed into new virus particles in the cytoplasm. 

New virus particles are then shed by the cells and propagate infection by invading 

neighbour cells (Friedlander and Busse, 2005). 

Human RV life cycle takes roughly 6 h to complete (Gern et al., 1996, Savolainen et al., 

2003). The ideal temperature for RV replication is 33-35oC which means replication is 

less efficient at body temperature (Gern and Busse, 2002). This makes the upper airways 

the optimal site for replication even though more recent evidence describes the presence 

of RV in the lower airways too (Papadopoulos et al., 2000). 
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1.2.1 Host immune response to rhinovirus 

 

Rhinoviruses replicate in epithelial cells and provoke an innate immune response. In 

epithelium, replication induces the production of inflammatory cytokines and chemokines 

such as IL-1, IL-6, IL-8, GM-CSF, among others (Chen et al., 2006b). These cytokines 

are then able to interact with inflammatory cells and recruit them to the site of infection.  

Macrophages were thought to allow RV entry but not its replication (Gern et al., 1996). 

However, more recently macrophages have been described to produce TNF-α upon RV 

infection, in a replication dependent manner (Laza-Stanca et al., 2006). Other important 

cytokines produced by macrophages upon RV infection are IL-1, IL-8, IFN-γ and MIP-

1α, and the release of these pro-inflammatory cytokines results in leukocyte recruitment 

to the site (Johnston et al., 1997, Parry et al., 2000, Wolpe and Cerami, 1989). 

Macrophages also produce type I IFNs in an attempt to limit virus spread. These cytokines 

further act on epithelial cells by enhancing their anti-viral state (Subauste et al., 1995). 

Eosinophils are also increased in the airways of individuals exposed to RV (Fraenkel et 

al., 1995). These cells are thought to be activated by mediators produced by epithelial 

cells in response to the virus. Eosinophils then produce eosinophil-derived neurotoxin 

and eosinophil cationic protein which have been shown to have potent anti-viral activity 

(Rosenberg and Domachowske, 2001). 

T-cells are recruited to the lung during RV exposure, which contributes to the lower 

airway effects associated with the infection, particularly bronchial hyperresponsiveness 

(Fraenkel et al., 1995). These cells then produce Th1 cytokines such as IFN-γ and IL-2 in 

order to aid virus clearance. 

The abundance and variety of cell types attracted to the airways during RV infection, as 

well as the pro-inflammatory cytokines produced by these cells are responsible for the 

cold symptoms experienced by those affected.
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1.2.2 Rhinovirus and Asthma 

 

Over half of the exacerbations in adults with asthma are caused by rhinoviral infections 

which are known to affect asthmatic patients more severely than healthy subjects (Gern 

and Busse, 1999, Wark et al., 2005).  

Evidence suggests that the virus replicates more rapidly and late virus release in the 

supernatant is increased by 7-fold in asthmatic epithelial cells when compared to healthy 

controls (Gern and Busse, 1999, Wark et al., 2005).  Deficient response to viral infections 

in asthmatics is closely related to the impaired production of interferons, particularly in 

macrophages and epithelial cells (Contoli et al., 2006, Sykes et al., 2012, Wark et al., 

2005). 

Not only do asthmatics have an impaired anti-viral response, they also produce higher 

levels of pro-inflammatory cytokines than healthy subjects, which lead to an exaggerated 

inflammatory response and worse symptoms on infection. Particularly, it has also been 

shown that airway smooth muscle cells in asthmatics respond to rhinovirus by producing 

greater levels of pro-inflammatory cytokines (IL-6 and IL-8) when compared to a control 

group (Oliver et al., 2006).   Furthermore, IL-1β which is also raised in asthmatic patients 

is known to potentiate RV-induced pro-inflammatory responses by epithelial cells and 

macrophages (Tillie-Leblond et al., 1999, Stokes et al., 2011).  

Neutrophils are raised in the peripheral blood of patients with allergic asthma inoculated 

with RV16. This corresponded to an increase in IL-8 and G-CSF in nasal lavage (Jarjour 

et al., 2000). Coincidentally, adults presenting with asthma exacerbations associated with 

RV, have been shown to have increased neutrophils in their sputum, as well as increased 

levels of degranulation markers (Wark et al., 2002).  

Macrophages produce TNF-α when exposed to RV which could contribute to the increase 

levels of this cytokine present in the lavage of severe asthmatic patients (Laza-Stanca et 

al., 2006, Howarth et al., 2005). In this project, we will focus specifically on macrophages. 
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1.3 Macrophages 

 

Macrophages (MØ) are resident phagocytic cells in lymphoid and nonlymphoid tissues, 

first described in 1905 by Elie Metchnikoff. MØ derive from peripheral-blood 

mononuclear cells (PBMCs) that develop from a common myeloid progenitor cells in the 

bone marrow. Several cell types, such as neutrophils, basophils, eosinophils, dendritic 

cells, mast cells and macrophages, derive from these same progenitor cells. Myeloid 

progenitor cells, referred to as granulocyte/macrophage colony-forming units (GM-

CFU), give rise to monoblasts, pro-monocytes and monocytes which are then released 

from the bone marrow to the bloodstream. Monocytes then migrate to the tissues in steady 

state on in response to inflammation, where they replenish tissue-specific macrophages 

(Mosser and Edwards, 2008). In steady state homeostasis, macrophages are important to 

clear apoptotic cells and for the production of growth factors (Geissmann et al., 2010).  

As well as being highly phagocytic in the innate immune response, they are involved in 

adaptive immunity as antigen presenting cells, much like dendritic cells (DCs).  

MØ can be activated into two different profiles: M1 (classically activated) or M2 

(alternatively activated). M1 macrophages are described as more pro-inflammatory as 

they are specialized in dealing with intracellular pathogens and promoting inflammation 

and tissue damage in response to pathogen products such as LPS and pro-inflammatory 

cytokines such as IFN-Ƴ. M1 macrophages arise from a combination of TNF-α and IFN-

Ƴ signals. One source of IFN-Ƴ are NK cells. These cells respond to stress by producing 

IFN-Ƴ, which primes macrophages to produce pro-inflammatory cytokines, oxygen and 

nitrogen radicals and superoxide anions. However, IFN-Ƴ production by NK cells is 

transient and therefore maintenance of classically activated macrophages and stable host 

defence is only possible due to the production of this cytokine by T-helper 1 cells (Th1). 

It could be said that M1 macrophages have a pro-Th1 profile, following T-cell 

terminology. M1 macrophages stimulate cell-mediated responses through the production 

of pro-inflammatory cytokines such as IL-1, IL-6, IL-12, IL-23, TNF-α and high levels 

of signalling IL1 receptor type I (IL1R1) (Seruga et al., 2008). 

M2 macrophages on the other hand, could be described as having a pro-Th2 profile. Th2 

cells secrete IL-4, IL-13 and IL-10, the latter having been described as having a particular 

suppressive effect on Th1 cells (Mosmann and Coffman, 1989). IL-4 and IL-13 mediate 
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immune responses characterised by eosinophilia, basophilia, mastocytosis, enhanced B 

cell class switching and antibody production, with accumulation of IgE and IgG1 

(Martinez et al., 2009). They are mainly involved in the response to extracellular 

pathogens and contribute to allergy and fibrosis as a consequence of infection. The 

combination of the IL-4 and IL-13 stimuli has significant effects on MØ such as 

enhancing capacity for fluid-phase pinocytosis and endocytosis, inhibiting autophagy, 

inducing MØ fusion, inhibiting NO production, inhibiting MØ-mediated pathogen killing 

and inhibiting phagocytosis as well as contributing to tissue remodelling (mainly IL-4). 

They produce anti-inflammatory cytokines such as IL-10 and TGF-β and high levels of 

decoys that antagonize IL-1, such as IL-1RII and IL-1 receptor antagonist (Seruga et al., 

2008). IL-4 has also been shown to inhibit production of IL-8 and induce MHC II as well 

as mannose receptor (MRC1) expression in macrophages. This upregulation of MRC1 

and MHC class II antigens has become a marker of IL-4 activated macrophages and these 

became known as alternatively activated macrophages, or M2 (Martinez et al., 2009). 

However, some authors suggest that restricting the name “alternatively activated 

macrophages” to IL-4 activated macrophages is perhaps too exclusive. It implies that IL-

4 activated macrophages are the only alternative to IFN-Ƴ stimulated, classical activation. 

Recent discoveries have revealed different phenotypes that are alternatives to classical 

activation of MØ. Glucocorticoids, IL-10 and immune complexes, among others have 

been shown to be associated with alternative activation of MØ (Martinez et al., 2009, 

Mosser and Edwards, 2008). For example, wound-healing macrophages arise after 

stimulation by IL-4 release during tissue injury and Th2 response to mucosal damage. A 

mouse model has highlighted that arginase activity in these macrophages is stimulated, 

which leads to the production of ornithine which is a precursor of collagen and 

polyamines that would form the extracellular matrix. These macrophages also seem to be 

more susceptible to some intracellular infections such as Cryptococcus neoformans, 

Leishmania major, Mycobacterium tuberculosis, Yersinia enterocolitica and Francisella 

tularensis. Regulatory macrophages, on the other hand, arise due to the inhibition of the 

transcription of pro-inflammatory cytokine genes by glucocorticoids released by adrenal 

cells in response to stress. They retain the ability of presenting antigens to T-cells but do 

not contribute to the production of extracellular matrix (Edwards et al., 2006). Even 

though many macrophage functions seem to be impaired in these MØ, their ability to 

phagocytose apoptotic cells remains intact, if not increased (Liu et al., 1999). They require 
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an initial signal of immune complexes, prostaglandins, adenosine or apoptotic cells, 

followed by a second stimulus such as a TLR ligand for induction of their anti-

inflammatory activity. These two signals combined, lead to IL-10 production, along with 

the downregulation of IL-12 (Gerber and Mosser, 2001, Edwards et al., 2006). 

Even though this characterisation of MØ into different subsets is extremely helpful for 

our understanding of this cell type, we must not forget that an important characteristic of 

MØ is their heterogeneity and plasticity, which allows them to reverse their phenotype 

and reprogram their characteristics depending on the requirements (Porcheray et al., 

2005). A good balance between M1 and M2 activation is essential for an adequate and 

effective immune response and homeostasis. When the balance is skewed, it may result 

in the development of different pathologies. Asthma, for example, has been suggested to 

be related to an exacerbated M2/Th2 response (Wills-Karp, 2004, Brusselle et al., 1994). 

However, in asthma exacerbations (usually caused by viral infections), macrophages 

seem to behave in a more M1 profile. It has been shown that infection of human 

macrophages with rhinoviruses induces secretion of TNF-α by these cells (Laza-Stanca 

et al., 2006). This project is mainly concerned with the classical activation of 

macrophages during a viral infection and consequent production of inflammatory 

cytokines, particularly TNF-α, in the context of asthma exacerbations.  
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1.4 TNF-α 

 

1.4.1 TNF-α in inflammation 

 

TNF-α is a pro-inflammatory cytokine, mainly produced by macrophages, in response to 

activation of membrane-bound pattern-recognition molecules, for example toll-like 

receptors, by common bacterial products such as LPS. Several other inflammatory 

(monocytes, dendritic cells, B cells, neutrophils, mast cells, eosinophils) and structural 

cells (fibroblasts, epithelial cells and smooth muscle cells) produce TNF-α (Brightling et 

al., 2008). 

This cytokine is produced as a 26kDa membrane-anchored precursor protein (mTNF-α), 

which is then cleaved to release the 17kDa free protein. The soluble proteins form 

biologically active homotrimers that act on TNF-α receptors 1 and 2, which are 

ubiquitously expressed (Smith and Baglioni, 1987, Brockhaus et al., 1990). This 

interaction can lead to either or both of two pathways: induction of apoptosis or promotion 

of inflammation and/or cell survival. In the former, receptors containing a cytoplasmic 

death domain (DD) initiate apoptosis following ligand binding through the recruitment of 

adaptor proteins and procaspases to the plasma membrane. These then form the death 

inducing signalling complex (DISC) which results in activation of procaspase-3, leading 

to apoptosis (Zimmermann et al., 2001). The non-apoptotic TNFR signalling pathway 

involves the recruitment of TNF receptor-associated factor (TRAF) and kinases to the 

receptor following ligand binding (Baud and Karin, 2001). This can then lead to 

phosphorylation of intracellular IκBα and consequent activation of NFκB p50-p65 

heterodimer, which interacts with the DNA chromatin structure to increase transcription 

of genes, such as IL6, IL8, IL1B and TNF-α.  

Post-transcriptional control of TNF-α mRNA expression is regulated in part by adenylate 

uridylate (AU)-rich elements in the 3’UTR of its mRNA. 

As described above, TNF-α has a role in promoting inflammation as well as regulating 

cell death and survival (Benedict, 2003). Endothelial cells respond to TNF-α by 

displaying a different pattern of adhesion molecules for leukocytes, which leads to the 

recruitment of different populations of leukocytes. Furthermore, the endothelial cells 



Ana Francisco Garcia  1. Introduction 

35 

 

produce PGI2 in response to TNF-α, resulting in vasodilation and increased vascular 

permeability associated with oedema (Bradley, 2008). 

Another important role of TNF is associated with response to infection. TNF has been 

described as the main mediator of the lethal effect of E. coli –derived endotoxin. Mice 

deficient in TNF receptor 1 have been shown to be resistant to lethal doses of LPS or 

Staph aureus enterotoxin B. However, their ability to clear bacteria is also been shown to 

be severely impaired (Roach et al., 2002). TNF is also involved in the immune response 

to viruses. Researchers have observed a decrease in HBV mRNA following TNF-α 

administration (Gilles et al., 1992). As well as recruiting and activating macrophages, NK 

cells and T cells to perform their anti-viral functions, TNF-alpha can upregulate antigen 

processing, transport and MHC expression locally in the infected cells. It is thought that 

TNF can also directly act on the virus, however the mechanism by which it does this is 

still poorly described (Guidotti and Chisari, 2001). 

Increased concentrations of TNF-α have been seen in both acute and chronic 

inflammatory conditions, including rheumatoid arthritis and asthma (Choy and Panayi, 

2001, Silvestri et al., 2006). 

 

1.4.2 TNF-α and asthma 

 

Evidence of increased TNF-α mRNA and protein in the asthmatic airway and studies 

where administration of this cytokine to healthy subjects resulted in development of 

airway hyperresponsiveness (AHR) and airway neutrophilia, suggests that this TNF-α 

may contribute to the inflammatory response seen in asthmatic patients (Ying et al., 1991, 

Bradding et al., 1994, Thomas et al., 1995). Furthermore, studies have reported that 

concentration of TNF-α in BAL fluid, as well as levels of this cytokine’s protein and 

mRNA in bronchial biopsy, were increased in patients with severe asthma compared to 

mild asthmatics (Howarth et al., 2005).  

Evidence for the beneficial effect of anti-TNF-α therapies is somewhat complex. Howarth 

et al found that there was a significant improvement in methacholine AHR, FEV1 and 

quality of life when patients were treated with etanercept, an anti-TNF drug (Howarth et 

al., 2005). Berry et al reported that these findings correlated with the expression of TNF-
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α and TNF-α receptor 1 on peripheral blood monocytes. However, there was no effect on 

the number of sputum eosinophils or neutrophils (Berry et al., 2006). No improvement in 

morning peak flow occurred when patients were treated with infliximab, a monoclonal 

antibody for TNF-α, for 6 weeks. However, there was an improvement in peak flow 

variability and a reduction of 50% in the number of mild exacerbations (Erin et al., 2006). 

A segmental allergen challenge study saw no effect of anti-TNF-α on AHR (Rouhani et 

al., 2005). Morjaria et al reported a small but significant improvement in asthma control 

(ACQ) and systemic inflammation but saw no significant difference in improvements in 

AQLQ (Asthma Quality of Life Questionaire), lung function, PEF, BHR or exacerbation 

rates between treatment and placebo groups (Morjaria et al., 2008). 

This evidence suggests that TNF-α is a potentially important cytokine in patients with 

asthma, and anti-TNF therapy has been shown to improve lung function, AHR, asthma 

quality of life and exacerbation rate. However, whether these results are consistently 

reproducible has been questioned and it is likely that different subgroups of patients will 

respond differently to therapy. 

Overexpression of TGF-β and IL-13 is suggested to reduce secretion of the pro-

inflammatory cytokine TNF-α by macrophages, in the presence of LPS (Pan et al., 2010, 

de Waal Malefyt et al., 1993). Therefore, the increased expression of these Th2 cytokines 

in the asthmatic lungs should cause asthmatics to secrete reduced levels of TNF-α. 

However, as described above, this is not the case.  

Recent results obtained within the group have identified an important mechanism 

explaining the defective control of TGF-β and IL-13 responses in asthmatic 

bronchoepithelial cells (BECs) and macrophages by highlighting microRNAs as key 

players in this process (Martinez-Nunez et al, manuscript under revision).  

Thus, by affecting the IL-13 and TGF-β pathways, microRNAs may also modulate the 

virally induced expression of TNF-alpha in asthma.
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1.5 MicroRNAs 

 

1.5.1 MicroRNA biogenesis and activity 

 

MicroRNAs are small, endogenous, non-coding RNAs (Oglesby et al., 2010) known to 

be present in eukaryotes and act as post-transcriptional modulators, regulating protein 

coding genes and being able to finely coordinate regulation of groups of genes (Carthew 

and Sontheimer, 2009). Together with short-interfering RNAs (siRNAs) and piwi-

interacting RNAs (piRNAs), they figure in the RNA interference (RNAi) pathway (Mello 

and Conte, 2004). Like siRNAs and piRNAs, microRNAs work by silencing their targets. 

However, they are smaller and better conserved than piRNAs and unlike siRNAs, they 

do not rely on full complementarity to produce silencing of the target (Carthew and 

Sontheimer, 2009). MicroRNAs were firstly described in C. elegans in 1993 (Lee et al., 

1993, Wightman et al., 1993).  

MiRNA genes are transcribed by polymerase II. Mature microRNAs arise from Drosha 

processing of a longer pri-miRNA, which is 5’-capped and polyadenylated and contains 

hairpin structures, each representing a mature miRNA sequence (Cai et al., 2004). Each 

transcript may either encode an individual miRNA, a cluster of distinct miRNAs or a 

miRNA and protein (Bartel, 2004). A typical pri-miRNA consists of an imperfectly paired 

stem of approximately 33 bp, with a terminal loop and flanking segments. Ribonuclease-

containing protein complexes, along with Drosha in animals and Dcl1 in plants, excise 

the stem-loop from the remainder of the transcript, still in the nucleus. The pre-miRNA 

then binds to Exportin5 in the nuclear membrane and is exported to the cytoplasm by a 

Ran-GTP mechanism (Bohnsack et al., 2004).  Dicer-TRBP complexes bind to the 

double-stranded pre-miRNAs and generate mature miRNA::miRNA* duplexes of 

approximately 22nt. One strand of each duplex is incorporated into the RNA-induced 

silencing complex (RISC) that contains DICER, argonaute (AGO) and other effector 

proteins (Hutvagner and Zamore, 2002). RISC then binds to mRNA and initiates gene 

silencing. Although the other strand is usually degraded, it has been identified to have 

some targeting roles and has been shown to be conserved between several species 

(Okamura et al., 2009). 
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Animal miRNAs latch onto sequences on 3’-UTR of mRNA targets with partial 

complementarity and, most times, result in reduction of protein levels. Depending on the 

degree of complementarity with their target, microRNAs can exert their effect either 

through translation repression or mRNA degradation. Typically, it is thought that 

extensive complementarity between the mRNA 3’ UTR and the miRNA results in mRNA 

degradation whereas partial complementarity is thought to lead to translation repression 

(Valencia-Sanchez et al., 2006). Translation inhibition can be achieved through four 

different mechanisms: 

• Inhibition of translation initiation (Mathonnet et al., 2007); 

• Inhibition of translation elongation (Gu and Kay, 2010); 

• Premature translation termination and (Petersen et al., 2006) 

• Protein co-translational degradation (Nottrott et al., 2006); 

Plant miRNAs, on the other hand, usually bind to coding mRNA with full 

complementarity, allowing AGO II to cleave the RNA and initiate the process of its 

degradation. It is thought that 30 per cent of all eukaryotic genes are subject to miRNA 

regulation (Lewis et al., 2003).  

Figure 2 is a schematic representation of animal microRNAs’ biogenesis and mechanism 

of action. 
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Figure 2 - MicroRNA biogenesis and mechanism of action. Figure taken from (Lodish et al., 2008). Used with 

permission from Nature Publishing Group. 
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1.5.2 MicroRNA detection 

 

MicroRNA detection methods have evolved greatly over the years. They have mostly 

been developed using hybridization which relies on the interaction of complementary 

nucleotides between a target microRNA and a strand of nucleic acid to produce a double 

stranded molecule. Hybridization is then translated into a measurable signal which can be 

detected in a couple of ways: electrochemically or by measuring fluorescence/ 

bioluminescence intensities (Cissell and Deo, 2009).  

Hybridization methods have evolved over the years, with the aim of making microRNA 

detection an easier yet more sensitive process. For many years, perhaps the most widely 

used method of microRNA investigation was northern blotting. In this method the sample 

containing miRNA is run on a gel and transferred to a nitrocellulose membrane, which is 

then bathed in a fluorescent oligonucleotide probe complementary to the microRNA of 

interest. Measurement of fluorescence is then equated to the abundance of the particular 

microRNA being studied. However, this method is extremely laborious and its sensitivity 

is limited. 

Another hybridization method to detect microRNA is reverse transcriptase polymerase 

chain reaction (RT-qPCR). This method can detect microRNA in real time and offers a 

greater degree of sensitivity and accessibility than northern blotting. In this technique, 

RNA is processed into cDNA using reverse transcription. Two specific primers which 

anneal to cDNA are then added: the forward primer is miRNA-specific whereas the 

reverse primer is not. Monitoring happens through measuring the fluorescence of a dye 

such as SYBR Green (which intercalates double-stranded DNA) or of a fluorophore 

which is separated from its associated quencher by a polymerase (Cissell and Deo, 2009). 

With both northern blotting and RT-qPCR, a single microRNA can be detected in each 

sample at a time. A more high-throughput method to detect microRNAs is using a 

microarray. Like in RT-qPCR, cDNA is created using reverse transcription from a 

sample’s RNA and labelled with a fluorescent probe. Labelled cDNA samples are then 

loaded into a plate and hybridized to probes complementary to a vast number of described 

microRNAs. Fluorescence intensity of each well is measured.  

One of the downsides to hybridization methods is that they are limited to detection of 

already discovered microRNAs. In recent years, the development of next-generation 
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sequencing has added a new layer to the investigation of small RNAs with the 

development of Small RNA –Seq. In this type of analysis, libraries of cDNA are prepared 

and then sequenced, using either pyrosequencing, polymerase-based sequence-by-

synthesis or sequencing by ligation. After sequencing, raw sequence reads are filtered 

based on quality and then aligned against a miRNA sequence database. MicroRNA 

abundance levels are then estimated from the number of sequence reads obtained. Reads 

that do not appear in the microRNA database are then mapped to the genome and 

downstream analysis assesses whether these sequences could correspond to a novel 

microRNA (Hafner et al., 2010). 

 

1.5.3 MicroRNAs and asthma  

 

Not many studies have looked at the role of microRNAs in asthma pathogenesis. A study 

conducted in a mouse model identified a group of 21 miRNAs that were differently 

expressed in mice with allergic airway inflammation when compared to control mice. 

MiR-21 upregulation and miR-1 downregulation was observed in mice that over-

expressed IL-13 in the lung (Lu et al., 2009). IL-12p35, is targeted by miR-21, leading to 

downregulation of IL-12, a cytokine associated with pro-inflammatory/ Th1 responses. 

Downregulation of this cytokine would possibly tip the immune balance towards a more 

pro-Th2 phenotype. The same study also highlighted miR-1 as being downregulated in 

mice over-expressing IL-13 (Lu et al., 2009). Due to its role in myogenesis and 

cardiogenesis, and the fact that miR-1 downregulation is associated with cardiac and 

skeletal muscle hypertrophy, it is possible that it may also be involved in smooth muscle 

hypertrophy and remodelling seen in asthma (Chen et al., 2006a, McCarthy and Esser, 

2007).  

Mir-126 has also been reported to be significantly upregulated in a mouse model of dust-

mite induced allergic asthma. When administered intranasal antagomirs, mice showed a 

reduced airway responsiveness to methacholine, as well as attenuation of mucus 

hypersecretion and inhibition of eosinophil recruitment (Mattes et al., 2009). However, 

in a model reflecting more chronic asthma, inhibition of this miRNA was only able to 

control eosinophil recruitment but not airway wall inflammation or remodelling (Collison 

et al., 2011). 
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Increase in miR-146 expression has been suggested to reduce smooth muscle cell and 

alveolar epithelial cell, IL-1β-induced, production of IL-6 and IL-8 (Larner-Svensson et 

al., 2010, Perry et al., 2008). 

Also, increased abundance of IL-13 has been proposed to downregulate levels of miR-

133 in bronchial smooth muscle cells. This leads to an increased expression of RhoA, a 

key protein in smooth muscle contraction, and consequently leading to increased 

contraction of bronchial smooth muscle (Chiba et al., 2009a, Chiba et al., 2009b). 

Research within our group has identified miR-155 as of potential importance in regulating 

asthma phenotype. This microRNA targets the downstream signalling of TGF-β and IL-

13, more specifically SMAD2 and IL13Rα1 (Louafi et al., 2010, Martinez-Nunez et al., 

2011). Primary epithelial cells from asthmatics have been shown to express less miR-155 

and more SMAD2 than those of healthy subjects, contributing the fibrotic and pro-Th2 

inflammatory phenotype characteristic of the disease (Martinez-Nunez et al, manuscript 

under revision).  

A summary of this literature and the potential outcome of microRNA dysregulation in the 

context of asthma is illustrated in figure 3. 
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Figure 3 - Illustration of the potential role of microRNA dysregulation in promoting an asthma phenotype, as 

described in Section 1.5.3 MicroRNAs and Asthma. 
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1.6 Preliminary data 

 

1.6.1 MiR-27a, miR-155 and miR-152 are upregulated in macrophages from mild 

asthmatics and mild asthmatics challenged with methacholine  

 

MiR-155 has been described as a pro-inflammatory microRNA, and it is known to 

increase TNF-α secretion in macrophages stimulated with a pathogenic stimulus 

(O'Connell et al., 2007, Tili et al., 2007). Preliminary results within the group suggest that 

miR-155 overexpression in macrophages leads to an increase in TNF-α production after 

rhinoviral infection. 

Macrophages from asthmatics are thought to have a deficient response to viral infection 

by secreting less interferon β and λ which results in impaired protection of the epithelium 

(Contoli et al., 2006). Seeing as both IL-13 and TGF-β are important in tolerance of 

pathogen stimulation by controlling levels of TNF-α, it is possible that the high levels of 

miR-155 targeting these pathways will lead to over-expression of TNF-α in response to 

viral infection (de Waal Malefyt et al., 1993, Pan et al., 2010, Ohtani et al., 2009). 

Combined with low levels of interferon β and λ, this may contribute to the exacerbated 

response of macrophages to viruses and consequent pathological mechanism leading to 

acute exacerbations in asthma. 

In our group, other microRNAs have been found to be up-regulated in macrophages from 

asthmatics, by microarray. Nine of them are suggested to target both SMAD2 and 

IL13Rα1: miR-27a, miR-128, miR-135b, miR-141, miR-148a, miR-152, miR-340, miR-

345 and miR-274a, as well as miR-155. There is evidence that different microRNAs can 

act synergistically on the same target and therefore it would be plausible to suggest that 

a group of microRNAs could be responsible for the immune imbalance seen in asthmatics 

by targeting SMAD2 and IL13Rα1. 

Preliminary results suggest that two of these microRNAs (miR-27a and miR-152) are able 

to inhibit TGF-β and IL-13 pathways and appear to work synergistically inhibiting 

SERPINE1, a TGF-β dependent gene. It is important to establish specifically which 

microRNAs contribute to over-production of TNF-α in exacerbations in order to develop 

potential therapeutic targets in the future.  
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As well as investigating basal levels of microRNAs, we decided to measure the levels of 

microRNAs in alveolar macrophages of asthmatic patients challenged with methacholine, 

a synthetic choline ester that acts as a muscarinic receptor agonist in the parasympathetic 

nervous system and primarily used to diagnose bronchial hyperreactivity. We decided to 

measure microRNA levels in these patients based on a study that highlighted the 

importance of mechanical contraction of the airways in regulating airway remodelling 

(Grainge et al., 2011). We therefore hypothesized that response to mechanical contraction 

of the airways in the context of asthma exacerbations could involve microRNA 

dysregulation. 

We extracted RNA from macrophages from healthy subjects, mild asthmatic patients and 

patients challenged with methacholine and measured the levels of our microRNAs of 

interest, miR-27a, miR-155 and miR-152. 

However there was no significant difference in their levels when patients were challenged 

to methacholine (Figure 4). 

 

Figure 4 – MiR-27a, miR-155 and miR-152 are upregulated in alveolar macrophages from mild asthmatics. Unpaired 

student’s T-test was used for statistical analysis. P≤0.05 was deemed significant. RT-qPCR performed and figure 

kindly donated by Dr. F. Louafi.
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1.7 Hypothesis and aims 

 

1.7.1 Hypothesis 

 

MicroRNA profile is altered in asthmatic macrophages and airway and this leads to an 

exaggerated pro-inflammatory response to rhinoviral infections. 

1.7.2 Aims 

 

• To establish the expression of a group of microRNAs in asthma (based on 

preliminary results). 

• To investigate the collaborative role of microRNAs in the pro-inflammatory 

response of macrophages to viral infection in asthma. 

• To explore the exosomal microRNA content of bronchoalveolar lavage in 

severe asthmatic patients. 

Note: Specific aims will be stated at the beginning of each chapter
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2 Methods 

 

2.1 Materials 

 

2.1.1 Equipment 

 

• 7900HT Fast Real-Time PCR System (#4329001, Applied Biosystems, 

California, USA) 

• BD FACSAriaTM or a BD FACSCaliburTM cytometers (BD Biosciences) 

• DNA Engine TETRADTM 2 Peltier Thermal Cycler (#TA001175, Esco 

Technologies, Inc., USA) 

• Gradient Station (Biocomp Instruments, Fredericton, Canada) 

• Hemocytometer (#MNK-420-010N, Fisher Scientific UK Ltd, 

Leicestershire, UK) 

• Mini-PROTEAN Tetra Cell (#165-8002, Bio-Rad, California, USA) 

• Nanodrop (Fisher Scientific UK Ltd, Leicestershire, UK) 

• Thermo Scientific Heraeus FRESCO 17 Centrifuge (#CFH-203-010K, 

Fisher Scientific UK Ltd, Leicestershire, UK) 

• XCell SureLock® Mini-Cell and XCell II™ Blot Module Kit CE Mark 

(#EI0002, Invitrogen Ltd, Paisley, UK) 
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2.1.2 List of reagents 

 

• All Taqman qPCR primers were purchased from Applied Biosystems 

• 100 BP DNA LADDER 250 UG (#MW-0302-04, Eurogentec Ltd., 

Hampshire, UK) 

• 30% Acrylamide/Bis Solution 29:1 (#161-0157, Bio-Rad) 

• Agarose (#BPE 1356-100 C4, Thermo Fisher Scientific Inc, Leicestershire, 

UK) 

• Albumin from bovine serum ≥98% (BSA) (#A7906-100G, SIGMA-

ALDRICH COMPANY LTD., Dorset, UK) 

• Anti CD63 (H-193) (#sc-15363, Santa Cruz Biotechnology Inc., Heidelberg, 

Germany) 

• Anti Calnexin (H-70) (#sc-11397, Santa Cruz Biotechnology Inc., 

Heidelberg, Germany) 

• Beta-Mercaptoethanol (#6250, SIGMA-ALDRICH COMPANY LTD., 

Dorset, UK) 

• Bromophenol blue (#114405-25G, SIGMA-ALDRICH COMPANY LTD., 

Dorset, UK) 

• CD14 magnetic beads (#130-050-201, Miltenyi Biotech, Germany) 

• D-MEM Media - GlutaMAX™-I (#61965-059, GIBCO®, Invitrogen Ltd., 

Paisley, UK) 

• Doxycycline hyclate ≥98% (TLC) (#D9891-5G, Fluka, SIGMA-ALDRICH 

COMPANY LTD., Dorset,UK) 

• EDTA Disodium Salt (#D/0700/53 C30, Thermo Fisher Scientific Inc, 

Leicestershire, UK) 

• ExoMiR Kit (#5145-01, BiooScientific, Austin TX, USA) 

• Ficoll-Paque™ PLUS (#17-1440-03, GE Healthcare) 

• Foetal Bovine Serum (Heat Inactivated) (#10108-165, Life Technologies 

LTD, Paisley, UK) 

• Genopure Plasmid Maxi Kit (#03143422001, Roche Products Ltd., 

Hertfordshire, UK) 

• Glycerol (#G/0650/08 C35, Thermo Fisher Scientific Inc, Leicestershire, 

UK) 
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• Glycogen 20mg (#10901393001, Roche Products Ltd., Hertfordshire, UK) 

• High Capacity cDNA Reverse Transcription Kit (#4374967, Applied 

Biosystems, USA, California) 

• Isopropanol (#P/7505/17, Fisher Scientific) 

• LB Agar (#L2897 Sigma-Aldrich, Dorset, UK) 

• LB Broth (#L3022 Sigma-Aldrich, Dorset, UK) 

• LPS (#L4391, Sigma-Aldrich, Dorset, UK) 

• LS Columns (#130-042-401, Miltenyi Biotech, Germany) 

• Methanol (#M/4056/17, Fisher Scientific) 

• MACS® MultiStand (#130-042-303, Miltenyi Biotech, Germany) 

• mini Quick Spin RNA Columns (#11814427001, Roche Products Ltd., 

Hertfordshire, UK) 

• NaCl for molecular biology (#71376-1KG, Sigma-Aldrich, Dorset, UK) 

• NuPAGE® MOPS SDS Running Buffer (for Bis-Tris Gels only) (20x) 

(#NP0001, Invitrogen Ltd, Paisley, UK) 

• NuPAGE® Novex 4-12% Bis-Tris Gel 1.0 mm, 10 well (#NP0321BOX, 

Invitrogen Ltd, Paisley, UK) 

• NuPAGE® Novex 4-12% Bis-Tris Gel 1.0 mm, 15 well (#NP0323BOX, 

Invitrogen Ltd, Paisley, UK) 

• Oligofectamine Transfection Reagent (SKU#12252-011, Invitrogen Ltd, 

Paisley, UK) 

• One Shot Mach1 T1 Phage-Resistant Chemically Competent E.coli 

(#C8620-03, Invitrogen Ltd, Paisley, UK) 

• Opti-MEM® I Reduced-Serum Medium (1X), liquid (#31985-062, GIBCO 

®) 

• PBS tablets (#18912-014, GIBCO ®, Invitrogen Ltd, Paisley, UK) 

• Pen/Strep 100x (penicillin-Streptomycin) liquid (#15070-063, GIBCO, 

Invitrogen) 

• Ambion Pre-miR miRNA Precursors – Pre-miR Negative Control 

• Ambion Pre-miR miRNA Precursors – Pre-miR-27a 

• Ambion Pre-miR miRNA Precursors – Pre-miR-155 

• Ambion Pre-miR miRNA Precursors – Pre-miR-152 

• QIAquick Gel Extraction Kit  (#28704, Qiagen, Sussex, UK) 
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• QIAquick PCR Purification Kit (#28104, Qiagen, Sussex, UK) 

• Restriction enzymes used were purchased from New England Biolabs 

(Herts, UK) 

• Rh GM-CSF (#11343127, Immunotools) 

• Rh TGFβ1 (#100-21, PeproTech EC Ltd., USA) 

• Rh IL13 (#213-ILB-005, R&D, United Kingdom) 

• RPMI Medium 1640 - GlutaMAX™-I (#72400-054, GIBCO®, Invitrogen 

Ltd, Paisley, UK) 

• SmartLadder (#MW-1700-10, Eurogentec Ltd., Hampshire, UK) 

• Spectra™ Multicolor Broad Range Protein Ladder Lot 34744 (#SM1841, 

Fermentas, ) 

• SuperFect Transfection Reagent (#301305, Qiagen, Sussex, UK) 

• T7 RNA Polymerase (#10881767001, Roche Products Ltd., Hertfordshire, 

UK) 

• TaqMan® Universal PCR Master Mix, No AmpErase® UNG (#4364341, 

Applied Biosystems, USA, California) 

• TOPO® TA Cloning® Kit (#K450001, Invitrogen Ltd, Paisley, UK) 

• TRI Reagent Solution (#AM9738, Applied Biosystems, Warrington, UK) 

• TRIzol (#15596-018, Invitrogen Ltd, Paisley, UK) 

• Tween 20, Molecular Grade: 500ml (#41116134, Promega UK Ltd, 

Hampshire, UK) 

• Ultrapure DNAse⁄RNAse-Free distilled water (#10977035, Invitrogen Ltd., 

Paisley, UK) 

• Ultrapure LPS from Escherichia coli 0111:B4 (# tlrl-pelps, InvivoGen). 
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2.2 Ethics and subject recruitment 

 

Healthy and asthmatic subjects were recruited into the Medical Research Council funded 

study: Pathophysiology of airway diseases such as asthma and COPD. The study had been 

approved by the Southampton and South West Hampshire Local Research Ethics 

Committee REC number 05/Q1702/165. Samples from patients with mild asthma and 

patients challenged with methacholine were kindly provided by Dr. Christopher Grainge. 

Protocols for this study were approved by the Southampton and South West Hampshire 

Local Research Ethics Committee REC number 08/H0502/6. Patients with severe asthma 

were recruited from the Difficult Airways Clinic held at University Hospitals 

Southampton Foundation Trust. Healthy volunteers were recruited by advertisement and 

using the database of volunteers held by the respiratory department. 

 

2.3 Cell culture 

 

2.3.1 Cell lines 

 

THP-1 cells (human monocytic leukemia cell line) were cultured in Roswell Park 

Memorial Institute (RPMI) medium (GIBCO) supplemented with 10%, heat-inactivated, 

Foetal Calf Serum (FCS) and Glutamax I (GIBCO) (Tsuchiya et al., 1980). Lentivirus 

transduced cells were cultured with 50 IU/ml penicillin and 50 mg/ml streptomycin after 

sorting. Cells were passaged every 48 hours to maintain cell concentration between 3x105 

and 1x106 cells per ml. 

HEK-293 (Human Embryonic Kidney 293) cells were cultured in Dulbecco’s Modified 

Eagles Medium (DMEM, GIBCO) supplemented with 10%, heat-inactivated, Foetal Calf 

Serum (FCS) and Glutamax I (GIBCO) (Graham et al., 1977). Cells were passaged every 

72hours using 1ml of trypsin to detach them from the plastic. 

All cells were kept at 37oC in a humidified 5% CO2 incubator.  

 

 



Ana Francisco Garcia  2. Methods 

52 

 

2.3.2 Monocyte derived macrophages 

 

Monocytes were isolated from human peripheral blood mononuclear cells (PBMCs). 

Peripheral blood was diluted by half in warm PBS and pipetted on top of Ficoll for density 

gradient separation. Gradients were centrifuged without brake at 805rcf for 20mins at 

room temperature. The layer of PBMCs was removed using a Pasteur-pipette and washed 

twice in PBS to remove cell debris. The first centrifugation during the washes was done 

at 453rcf for 10min and the last one at 400rcf, again for 10min. PBMCs were then 

incubated at 4oCin 500 µl of MACS buffer and 50µl of CD14 magnetic beads (Miltenyi) 

during 15min. CD14+ cells were then separated by positive selection using a magnetic LS 

MACS column (Miltenyi). The column was firstly calibrated with 500µl of cold MACS 

buffer and CD14+ fraction was then loaded. Columns were washed 3 times with cold 

MACS buffer to remove unlabelled cells. Isolated monocytes were then counted and 

cultured in a 96-well plate for 5 days at a 1.25x106 cells/ml density, in RPMI 10% FBS 

1:100 Pen-Strep and 500 units/ml of GM-CSF (Granulocyte-Macrophage Colony 

Stimulating Factor). 

2.3.3 Alveolar macrophages 

 

Initial BAL processing was performed by Dr. Laurie Lau. Briefly, BAL fluid was filtered 

using a 100µm nylon filter and then centrifuged at 400rcf for 10 mins at 4oC. The 

supernatant was removed, aliquoted and stored at -80oC. The cells were resuspended in 

PBS and counted using a Neubauer hemocytometer. An aliquot of cells was used to 

prepare centrifuge slides. 

30mls of RPMI 1640 with GlutaMAX was added to the remaining cells and these were 

centrifuged at 453rcf for 10 minutes. Supernatant was discarded and cells were 

resuspended in RPMI 1640 with GlutaMAX at 1x106 cells/ml and 200μl were plated in a 

96-well plate (U-bottom). The plate was incubated at 37oC in a humidified 5% CO2 

incubator for 2 hours. Alveolar macrophages adhere to plastic and therefore, media was 

removed after 2 hours and, after washing with PBS, cells were cultured at 37oC in a 

humidified 5% CO2 incubator for 24-72 hours in RPMI 1640 with GlutaMAX 

supplemented with 10% heat inactivated FBS, 50 IU/ml penicillin and 50 IUmg/ml 

streptomycin, depending on the experiment. 
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2.4 Transient transfection using pre-miRs, treatment with TGF-β and 

IL-13 and RV16 infection of BAL or monocyte derived 

macrophages 

 

Alveolar macrophages were plated at 200 000 cells per well and 500nM of pre-miR-27a, 

500nM of pre-miR-155 and 500nM of pre-miR-152 (Ambion) (final concentration of 

1.5µM), or 1.5µM of pre-miR-negative control (same concentration) were added to the 

wells. RV16 (5.5x106 TCID50) or UV irradiated virus were then added to the wells 24h 

later, at an MOI of 0.3. Cells were solubilized in TRI-reagent (Ambion) 24 hours after 

infection. 

In the experiments with cytokine treatment (Chapter 5, Figure 21), cells were treated with 

0.4µl of TGF-β (R&D) (5ng/µl stock) and 1.2 µl of IL-13 (R&D) (50ng/µl stock), 16 

hours after transfection. All wells were then infected with RV16 as described above, 8 

hours after cytokine treatment. Cells were solubilised in TRI-reagent 24 hours after 

infection. 

In the case of monocyte-derived macrophages, 200 000 cells per well were transfected 

with either a mix of pre-miRs/anti-miRs or the individual pre-miRs. For the pre-miR mix 

experiments, cells were transfected with 500nM of pre-miR-27a, 500nM of pre-miR-155 

and 500nM of pre-miR-152 (final concentration of 1.5µM), or 1.5µM of pre-miR-

negative control and the infected with RV16 or UV irradiated virus at a MOI of 0.3, after 

24h. Cells were solubilized in TRI-reagent 24 hours after infection. 

For the individual pre-microRNA experiments, cells were transfected with 500nM of pre-

miR-27a, 500nM of pre-miR-155 or 500nM of pre-miR-152 (final concentration of 

500nM) or 500nM of pre-miR-negative control and the infected with RV16 or UV 

irradiated virus at a MOI of 0.3, after 24h. Cells were solubilized in TRI-reagent 24 hours 

after infection. 
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2.5 RNA analysis 

 

2.5.1 Total RNA extraction 

 

Whole-cell RNA was extracted using 200µl of TRI-reagent based on the manufacturer’s 

indications (Ambion). 45µl of chloroform was added to the lysate. Samples were then 

mixed thoroughly by vortexing for 15 seconds, incubated for 5 minutes and then 

centrifuged at 13000rcf in a bench top centrifuge at 4°C for 20 minutes causing the 

separation of the organic phase, containing DNA and proteins, from the aqueous phase 

which contains the total cellular RNA. The aqueous phase of each sample was then 

carefully collected into fresh RNAse-free eppendorfs. 10ug of glycogen and 100µl of 

isopropanol were then added to each sample. Samples were vortexed for 15 seconds and 

then incubated at - 20°C for at least 20 minutes. The precipitated RNA was then 

centrifuged in a bench top centrifuge at 13000rcf, 4°C for 35 minutes. The supernatants 

were discarded while the precipitated RNA was washed by adding 1ml of ice-cold 75% 

ethanol (v/v in water). Samples were centrifuged as before for 10 minutes. After 

discarding the supernatant, the pellets were allowed to air-dry and finally they were re-

suspended in generally 22µl of RNAase free water (GIBCO). Extracted RNA was then 

stored at -80oC. 

 

2.5.2 RNA Reverse Transcription 

 

Reverse transcription of total RNA, was performed using the High-Capacity cDNA 

Reverse Transcription Kit (Applied Biosystems cat no: 4368813). Random hexamers 

were used as primers and following the manufacturer’s protocol. cDNA was synthesised 

using 100ng of total RNA from. Specific primers were used for microRNAs.  

Samples were loaded onto a DNA Engine Tetrad 2 PTC-0240 Peltier Thermal Cycler 

(Bio-Rad, Hercules, CA, USA), and run according to a pre-established program: 

annealing for 30 min at 16°C, reverse transcription for 30 min at 42°C and reaction 

termination for 5 min at 85°C. Samples were then stored at -20°C until needed. 
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2.5.3 RT-qPCR 

 

RT-qPCR was carried out using TaqMan MicroRNA Assay TM primers and Taqman 

Universal PCR Mastermix II, no UNG (both Applied Biosystems).  Reaction volumes per 

well were: RNAase-free Water (1.25μl), TaqMan Universal PCR Mastermix (2.5μl), TM 

qPCR Primer (0.25μl) and cDNA (1μl).  

Reactions were performed in duplicate on a 384-well plate, using a 7900HT Fast Real-

Time PCR System (Applied Biosystems) with initial denaturation for 10 min at 95°C, 

followed by 40 cycles of denaturation for 15 sec at 95°C and 40 cycles of extension for 

60 sec at 60°C.  

Results were analyzed using SDS 2.3 software (Applied Biosystems), with the threshold 

for CT measurement set at 0.2 for all samples. 

Readings for the number of cycles required to reach the threshold value, set at 0.2 for all 

experiments, were taken, and the mean of duplicates taken to give a final CT value for 

each gene/condition combination. Fold change was calculated for each gene using either 

GAPDH as the housekeeping gene for mRNA studies or RNU for microRNAs, for 

correction purposes. These genes were observed to remain sufficiently unchanged in our 

treatment conditions, based on our own experience and expertise within the group. 
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2.5.3.1 Primer list 

 

Note: All primers were purchased from Applied Biosystems (Life Technologies) unless stated 

otherwise. 

• TNF (Hs01113624_g1) Cat # 4331182 

• SMAD2 (Hs00998190_m1) Cat # 4351372 

• IL13RA1 (Hs01124611_m1) Cat # 4351372 

• INPPD5 (Hs00183290_m1) Cat #4331182 

• NCOA1 (Hs00186661_m1) Cat # 4331182 

• NKIRAS1 (Hs00384611_m1) Cat # 4331182 

• GAPDH (Hs02758991_g1) Cat # 4331182 

• RNU44 Cat # 4427975 

• MiR-27a Cat # 4427975 

• MiR-155 Cat # 4427975 

• MiR-152 Cat # 4427975 

• miR-151a-3p Cat # 4427975 

• miR-224 Cat # 4427975 

• miR-500 Cat # 4427975 

• miR-125b Cat # 4427975 

• miR-145 Cat # 4427975 

• RV16 – Primer design Cat Path-HRV16 

• HRV1B - – Primer design Cat Path-HRV1B 

• 18S (Hs99999901_s1)– Cat #4331182 
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2.6 MDM exposure to BAL 

 

2.6.1 Patient selection 

 

Table 1 - Characteristics of subjects used for BAL exposure experiments. 

 

 

 Sex Age (y) Allergy 

response 

FVC % FEV1 

% 

Neutro 

 % 

Eosino  

% 

Healthy 

DS076 F 21 N 95 104 3.3 0 

DS078 F 54 N 145 141 1.8 0 

DS087 F 20 N 94 101 1.25 0 

DS097 F 20 N 111 109 1.25 0 

DS105 F 44 N 96 88 NA NA 

DS120 M 25 N 94 101 1.25 0 

DS171 F 51 N 140 124 2.5 0.25 

DS190 M 50 N 86 94 0.5 0 

Mean +/- 

SD 
 35.6 +/- 

14.4 
 107.6 +/- 

21.2 
107.8 +/- 

16 
1.7 +/- 

0.9 
0.04 +/- 

0.09 

Moderate 

Asthmatics 

DS162 M 54 Y 96 80 0 0 

DS165 F 35 Y 123 106 13.5 2.5 

DS170 M 68 Y 59 42 31.5 2 

DS172 F 49 Y 115 92 1 0 

DS173 M 52 Y 88.7 64 29.5 0.75 

DS178 F 25 Y 113 99.9 11 1.5 

DS183 M 34 Y 101 84 2.8 0.25 

Mean +/- 

SD 
 45.3 +/- 

13.6 
 99.4 +/- 

19.8 
81.1 +/- 

20.4 
12.8 +/- 

12.2 
1 +/- 0.9 

Severe 

Asthmatics 

DS075 M 28 NA 97 83 51.3 2.5 

DS079 M 61 Y 102 88 28.3 4.3 

DS116 M 45 Y 73 31 NA NA 

DS127 M 63 Y NA 38 54.0 6.8 

DS134 M 63 NA 100 82 69 0.75 

DS141 M 40 Y 71 44 32.5 30.3 

DS145 M 51 NA 94.4 41.7 2.5 0 

DS146 M 59 N 66.0 47.5 3.3 0.5 

DS153 M 62 Y 59.0 65 3.5 0 

DS155 F 61 N 62.2 41 2 4.5 

DS156 F 50 N 62.2 26.5 5.8 10.8 

DS157 F 66 N NA 33.2 52.8 25.3 

DS158 F 21 Y 57.7 46 8.3 0 

DS174 M 33 Y 99 81 1.25 0 

DS175 F 36 NA NA NA 50.3 2.0 

DS184 F 51 Y 84 77 6.5 0 

DS186 M 41 Y 82 60 2.25 2 

DS187 M 62 N 70 53 10 9.3 

DS188 M 56 Y 72 46 2.25 0 

DS192 F 30 Y 100 92 1.25 0 

Mean +/- 

SD 
 49 +/- 

13.5 
 79.5 +/- 

15.8 
56.6 +/- 

20.6 
20.4 +/- 

22.8 
5.2 +/- 8.4 
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2.6.2 MDM exposure to BAL 

 

MDMs were extracted and cultured as described before. After 5 days of GM-CSF 

stimulation, macrophages were exposed 100 µl of BAL and 100 µl of RPMI with 4% 

FBS. Supernatant and RNA-samples were collected in Trizol 48h after BAL exposure. 
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2.7 Creation of a THP-1 cell line overexpression miR-27a, miR-155 

and miR-152 and subsequent polysome analysis 

 

2.7.1 Cloning 

 

2.7.1.1 Amplification of microRNAs from Genomic DNA  

 

MicroRNAs were amplified from B-lymphocyte genomic DNA, by PCR. Table 2 shows 

the volumes used for the PCR reaction whereas table 3 refers to the conditions used. This 

step was performed by Dr. Tilman Sanchez-Elsner. 

 

Table 2 - Recipe for PCR reaction 

 

 

 

 

 

 

 

Table 3 - Conditions for PCR 

 Steps Temperature Duration 

Denaturation of genomic DNA 950C 2 mins 
 

35 x 
Denaturation 950C 30 sec 

Annealing 58 0C 30 sec 

Extension 720C 30 sec 
 Complete any partial fragments 720C 5 mins 

Storage 40C hold 

 

 

 

 

                  Vol (µL) 
Primers (specific for each micro RNA) 0.2 
Taq polymerase 0.4 
Buffer 4 
dNTP 0.2 

Water (Nuclease-free) 15.2 
DMSO 0.6 
Genomic DNA (50ng/µl) 1 
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2.7.1.2 Plasmid digestion and ligation 

 

Plasmids were digested for 2 to 3 hours at 37oC using 20 units of the relevant enzyme in 

the presence of the advised buffer (NEB) and BSA. They were then run on a 1.5% agarose 

gel for approximately 40 minutes at 80 volts. Bands for the vector and insert were then 

excised using a clean scalpel and DNA was purified using the QIAquick Gel Extraction 

Kit (Qiagen), according to the manufacturer’s instructions.  

Eluted DNA was then concentrated using a centrifugal vacuum concentrator for 

approximately 90 minutes. 

Ligation reaction was then set up by adding 6µl of insert, 2µl of vector, 1µl of Ligase 

enzyme (NEB) and 1µl of Ligase enzyme buffer (NEB), and incubating overnight at 

16oC. 

 

2.7.1.3 Competent cell transformation 

 

One Shot TOP10 Chemically Competent E. coli were transformed using 5µl of the 

ligation reaction and plated in a LB + Ampicillin plate overnight.  Individual colonies 

were then grown overnight in a shaking incubator (215rpm) at 37oC. 

 

2.7.1.4 Miniprep 

 

Plasmid DNA from bacterial cultures was purified by alkaline lysis (Birnboim and Doly, 

1979). We used either High Pure Plasmid Isolation kit (Roche) or Qiagen spin Miniprep 

kit (Qiagen). Briefly, cultures were pelleted and resuspended in Suspension Buffer with 

RNAse A. Bacteria were the lysed under alkaline conditions, and the lysate was 

subsequently neutralized and adjusted to high-salt binding conditions. After lysate 

clearing, the sample was purified on a silica membrane. Salts were removed by a brief 

wash step with Buffer PE. High-quality plasmid DNA was then eluted from the columns 

with 50 μl of water. 
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2.7.1.5 Maxiprep 

 

Similarly to the miniprep, plasmid DNA was released from bacterial cells by alkaline 

lysis. The lysate was then cleared of cell debris and chromosomal DNA (by filtration or 

centrifugation), and the remaining supernatant loaded onto a pre-equilibrated column in 

a low salt buffer, allowing plasmid DNA to bind to the macroporous anion-exchange 

material in the column. Cellular impurities were eluted from the column with a high salt 

wash. Finally, the plasmid DNA was eluted from the column. Recovered DNA was 

precipitated from the eluate with isopropanol to remove salt and concentrate the plasmid 

(Roche Applied Science, UK). 

 

2.7.2 Generation of THP1-27a-155-152 

 

2.7.2.1 Transduction of THP-1 cells with pLV-tTR-KRAB 

 

Transfection and transduction were carried out according to the Tronolab protocol 

(Wiznerowicz and Trono, 2003). The plasmids used were pMD2.G (encoding VSV-G), 

psPAX2 (encoding the other structural and non-structural genes necessary) and a 

construct encoding pLV-tTR-KRAB. 

The supernatants of HEK293 cells transfected with the two packaging plasmids (pMD2.G 

and psPAX2) and tTR-KRAB, were used to transduce THP-1 cells at 250 000 cells/well 

in 6-well plates. The supernatants were used at different ratios and the ratio that resulted 

in a higher number of transduced cells was then used (1:3). Cells were grown over 8 

weeks and DsRed positive cells were then sorted by fluorescence-activated cell sorting 

(FACS) using a BD FACSAria cell sorter (BD Biosciences). Data was analysed using the 

software provided by the manufacturer (BD CellQuest Pro). 
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2.7.2.2 Transduction of THP-1 WT with pLVTHM-27a-155-152 or PLVTHM-Ø 

 

Transfection and transduction were carried out according to the Tronolab protocol 

(Wiznerowicz and Trono, 2003). The plasmids used were pMD2.G (encoding VSV-G), 

psPAX2 (encoding the other structural and non-structural genes necessary) and either the 

construct encoding miR-27a, miR-155 and miR-152 (pLVTHM-27a-155-152) or an 

empty lentiviral construct (pLVTHM-Ø). 

The supernatants of HEK293 cells transfected with the two packaging plasmids (pMD2.G 

and psPAX2) and either pLVTHM-Ø or pLVTHM-27a-155-152, were used to transduce 

THP-1 WT cells at 250 000 cells/well in 6-well plates. The supernatants were used at 

different ratios and the ratio that resulted in a higher number of transduced cells was then 

used (1:3). Cells were grown over 8 weeks and GFP positive cells were then sorted by 

fluorescence-activated cell sorting (FACS) using a BD FACSAria cell sorter (BD 

Biosciences) and the data analysed using the software provided by the manufacturer (BD 

CellQuest Pro). 

 

2.7.2.3 Transduction of THP-1 KRAB with pLVTHM-27a-155-152 or PLVTHM-Ø 

 

Transfection and transduction were carried out according to the Tronolab protocol 

(Wiznerowicz and Trono, 2003). The plasmids used were pMD2.G (encoding VSV-G), 

psPAX2 (encoding the other structural and non-structural genes necessary) and either the 

construct encoding miR-27a, miR-155 and miR-152 (pLVTHM-27a-155-152) or an 

empty lentiviral construct (pLVTHM-Ø). 

The supernatants of HEK293 cells transfected with the two packaging plasmids (pMD2.G 

and psPAX2) and either pLVTHM-Ø or pLVTHM-27a-155-152, were used to transduce 

THP1-KRAB cells at 250 000 cells/well in 6-well plates. The supernatants were used at 

different ratios and the ratio that resulted in a higher number of transduced cells was then 

used (1:3). Cells were grown over 4 weeks and induced with doxycycline for 96h. GFP 

and DsRed positive cells were then sorted by fluorescence-activated cell sorting (FACS) 

using a BD FACSAria cell sorter (BD Biosciences) and the data analysed using the 

software provided by the manufacturer (BD CellQuest Pro). 
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2.7.2.4 Infection of THP-1 cell line with RV16 and HRV1B 

 

TCID50 or tissue culture infective dose is a measure of infectivity of a pathogenic agent, 

in this case, a virus. It is defined as the amount of a pathogenic agent that will produce 

pathological change in 50% of cell cultures inoculated. TCID50 of RV16 stock is 5.5x106 

and TCID50 of HRV1B stock is 1.7x105. THP-1 Untransduced, Empty and THP1-27a-

155-152 cell lines were infected at an MOI of 0.1 with RV16 or HRV1B. 1x106 cells were 

re-suspended in 500µl of RPMI 2% FBS with RV16 (2ml of RPMI 2% FBS + 80µl RV16 

stock) or 500µl of RPMI 2% FBS with HRV1B (1.8ml of RPMI 2% FBS + 240µl RV16 

stock). Vials were rotated for 1h at room temperature. Cells were then centrifuged at 5000 

rcf for 5mins and the supernatant discarded.  After one wash with PBS, cells were either 

incubated in RPMI 2%FBS for 24h on a 24-well plate (500 000 cells/well) or re-

suspended in TRI-reagent. 

 

2.7.2.5 Treatment of THP-1 with LPS  

 

Alternatively, THP-1 Empty cells were plated on a 24-well plate (500 000 cells per well) 

in RPMI with 10% FBS and 1:100 Pen-Strep. They were then incubated with 100ng/ml 

or 1µg/ml of LPS for 6, 24 or 48 hours and then collected in 500µl of TRI-reagent.  
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2.7.3 Polysome analysis of  THP1-27a-155-152 

 

2.7.3.1 LPS stimulus 

 

Ten million THP1-27a-155-152 induced and non-induced for 96h with 2.5µg/ml of 

Doxycycline, were plated at a concentration of 1x106 cells per ml in RPMI 10% FBS. 

They were then exposed to 100ng/µl of LPS and incubated for 4h at 37oC, 5% CO2.  

 

2.7.3.2 Polyribosome extraction 

 

Cells were incubated in the presence of cycloheximide for 10min at 37oC 5%CO2 prior 

harvesting. Cell lysis was performed in the following Lysis Buffer: 0.5% NP40, 20mM 

Tris HCl pH 7.5, 100mM KCl and 10mM MgCl2. Lysates were passed 3 times through a 

23G needle on ice and lysated during 7min. Extracts were then centrifuged at 10K rpm at 

4oC during 7min. Cytosolic extracts were laid on 15-45% sucrose gradients prepared in 

20mM Tris HCl pH 7.5, 100mM KCl and 10mM MgCl2 using a Gradient Station Master 

(Biocomp) following manufacturer’s instructions. Gradients were then ultracentrifugued 

at 40K rpm 4oC during 1h 20min using SW41 buckets in a Beckman Ultracentrifuge. 

Polyribosome monitoring and extraction of discrete complexes were made using the 

Gradient Station Master (Biocomp) following manufacturer’s instructions. 

 

2.7.3.3 Total RNA-Sequencing 

 

Total RNA samples from THP1-27a-155-152 induced and non-induced, both from 

polysome and steady-state RNA, were submitted to Expression Analysis, USA. The mass 

of the RNA samples was measured by nanodrop and the RNA quality was measured by 

Bioanalyzer assay on an Agilent RNA Nano microfluidic chip. 

DNA fragments were generated and amplified using Clonal Single Molecule Array 

technology. Sequences were determined using the Clonal Single Molecule Array and 

Sequencing-by-Synthesis was performed using Reversible Terminator Chemistry.  
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RNA-Seq was performed using stranded mRNA TruSeq protocol, 50 b PE sequencing, 

minimum of 12M clusters. 

FASTQ files for each specimen were obtained, containing all sequences passing 

Illumina’s purity filter (PF reads).  

Isoform and gene quantity was estimated using RSEM-based quantified on human 

transcriptome (based on UCSC definitions). Comparisons between groups were obtained 

using a t-test assuming equal variances. FDR was calculated based on Benjamini-

Hochberg for p-values. 
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2.8 Exosomal Small RNA-Sequencing 

 

2.8.1 Extraction of exosomal RNA from BAL 

 

Exosomal RNA was extracted from twenty millilitres of bronchoalveolar lavage using 

the ExoMir kit (Biooscientific) following manufacturer’s instructions. Briefly, BAL was 

loaded into a 20 ml syringe and passed through a sequence of two filters; the pore size of 

the top filter is 0.2μm whereas the bottom filter’s pore size is 0.02µm. Each of the filters 

was then flushed separately with 1ml of Bioopure reagent. RNA extraction was then 

performed according to manufacturer’s instructions. 

 

2.8.2 Western Blotting 

 

Aqueous phase of exosomal lysate was removed for RNA analysis. The remainder lysate 

was used for protein analysis. Briefly 1.5ml of isopropanol was added to the lysate and 

incubated at room temperature for 10 minutes. The samples were then centrifuged at 12 

000rcf for 10 min at 4oC and supernatant was discarded. Pellet was washed three times 

with 2 ml of wash solution consisting of 0.3M guanidine hydrochloride in 95% ethanol. 

After the third wash, pellet was washed in 2 ml of 100% ethanol and air dried. When dry, 

pellet was suspended in 25 microlitres of 1% SDS solution. After spinning for 10mins at 

10 000rcf, 4oC, supernatant was transferred into a new tube and stored at -20oC until ready 

to use. Lysates were mixed with 4x loading buffer with 1:50 beta-mercaptoethanol, to a 

final concentration of 746.5ng/µl. Samples were then boiled for 5minutes at 95oC before 

subjected to SDS-PAGE.  

For electrophoresis, 25µl of protein were loaded into Nu-PAGE Novex 4-12% Bis-Tris 

Gel 1.0mm, 10 well precast gels and ran at 120v to stack and then 150v in a XCell 

SureLock Mini-Cell and XCell II Blot Module Kit CE Mark (Invitrogen). 

Protein samples were then transferred onto an Immobilon polyvinylidene difluoride 

membrane for 90 minutes at 40v. For blocking, membranes were incubated in ECL Prime 

Blocking Agent (Amersham) for 1h at room temperature. Anti-CD63 or Anti-calnexin 

primary antibody (Santa Cruz Biotechnology) was incubated overnight, at 4oC, diluted 

1:250 in ECL Prime Blocking Agent. 



Ana Francisco Garcia  2. Methods 

67 

 

After washing the excess of primary antibody 3 times in TBS-0.05% Tween, membranes 

were incubated for 1h at room temperature with secondary antibody HRP conjugated anti-

rabbit in ECL Prime Blocking Agent. The excess of secondary antibody was washed three 

times with TBS-0.05% Tween and protein detection was performed using ECL Advance 

Western Blotting Detection Kit. 

 

2.8.3 Small RNA-Sequencing 

 

Total RNA samples from human BAL fluid exosomes were submitted to Ocean Ridge 

Biosciences. The mass of the RNA samples was measured by Ribogreen assay and the 

RNA quality was measured by Bioanalyzer assay on an Agilent RNA 6000 Pico 

microfluidic chip. All samples were digested with RNase-free DNase I, and re-purified 

on RNeasy MinElute columns (Qiagen) using an alternative high-ethanol binding 

condition (to preserve Low Molecular Weight RNAs). 

Template DNA molecules suitable for cluster generation were prepared from the re-

purified RNA samples using the NEBNext Small RNA-Seq Library Preparation Kit (New 

England BioLabs- Ipswich, MA) according to the manufacturer’s instructions, except that 

following the RNA linker ligation and after cDNA synthesis, the single stranded cDNA 

was fractionated using a 12% acrylamide-urea Gel. cDNA fragments of 58-88 nt 

corresponding to inserts of 11-41 nt were excised and purified, in order to ensure that a 

minimum size range of 17-35 nt inserts were recovered for each sample. Following the 

NEBNext protocol, the purified libraries were electrophoresed through a freshly cast 6% 

native Polyacrylamide Gel. The library fragments of appropriate size (~130-160 nt) were 

recovered by agitation of the fragments overnight at 37°C at 200 RPM in elution buffer, 

passage of the eluate through a 0.45uM filter, and ethanol precipitation. The quality and 

size distribution of the amplified libraries were determined utilizing an Agilent High 

Sensitivity DNA Bioanalyzer microfluidic chip. Libraries were quantified using the 

KAPA Library Quantification Kit (KK4824, Kapa Biosystems, Boston, MA).  

The libraries were pooled at equimolar concentrations and diluted prior to loading onto 

the flow cell of the cBot cluster station (Illumina Inc., San Diego, CA). The libraries were 

extended and bridge amplified to create single sequence clusters using the TruSeq SR 

Cluster Kit version 3 - HS (Illumina Inc., San Diego, CA). The flow cell carrying 
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amplified clusters was loaded on the HiSeq 2000 sequencing system (Illumina Inc., San 

Diego, CA) and sequenced with 50-bp single-end reads using the TruSeq SBS Kit version 

3 - HS (Illumina Inc., San Diego, CA).  10% ΦX174 phage DNA was spiked in all 

sequencing lanes for sequencer calibration. Real time image analysis and base calling 

were performed on the instrument using the HiSeq Sequencing Control Software (HCS). 

CASAVA software version 1.9 was used for demultiplexing and production of FASTQ 

sequence files.  

 

Raw FASTQ sequence files generated using CASAVA version 1.9 software were 

transferred to a dedicated Linux-based computing cluster for further processing. Low 

quality sequences were filtered out. FASTX application was used to trim adapter 

sequences from the 3’-end of the sequence read, discard any sequence of less than 17 

nucleotides after trimming, and to collapse identical reads in to single entries retaining 

the read count for each unique sequence. Non-redundant sequences were then aligned to 

genomic and mRNA sequence using bowtie 2; sequences with perfect-match and 1nt 

mismatch alignments were retained for further analysis.  

 

The mapped sequences were aligned to common and abundant non-coding RNAs 

(tRNAs, rRNAs, snoRNAs), again using bowtie 2 software. The genome mapped 

sequences were further aligned to both mature microRNA and primary microRNA 

databases (miRBase 20.0), using OMAP# alignment software developed at ORB. 

Alignment results files were parsed by a custom Perl script to generate FASTA files 

containing the read count for each unique sequence and information about the target from 

the database (e.g. microRNA name and ID). The FASTA files were tabulated using an 

additional custom OMAP Perl script in order to determine the raw sequence read count 

for each target database entry. Raw read counts for mature microRNA from all samples 

were then joined in to raw data tables. The raw reads were converted to reads per million 

mapped reads (RPM). The RPM values were filtered to retain a list of small RNAs with 

a minimum of approximately 10 mapped reads (Detection Threshold) in 25% of samples. 

Missing values were replaced with the average RPM value equivalent to 1 read. 
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2.8.4 Multiplex RT and RT-qPCR for exosome validations 

 

To create the multiplex RT primer pool, 10µl of each individual 5X RT primer was mixed 

with 880µl of 1X TE buffer. To create the preamplification primer pool, 10µl of each 

individual 20X Taqman MicroRNA Assay was mixed with 880µl of 1X TE buffer.  

Reverse transcription of total RNA, was performed using the High-Capacity cDNA 

Reverse Transcription Kit (Applied Biosystems cat no: 4368813).  

For the RT reaction, 6µl of RT primer pool, 0.30µl of dNTPs (100nM), 3µl of multiscribe 

reverse transcriptas (50U/µl), 1.50µl of 10X RT buffer, 0.19µl of RNase inhibitor 

(20U/µl) and 1.01µl of nuclease-free water, per sample, were mixed and 12µl of this mix 

was combined with 3µl of 2ng/µl total RNA. Samples were loaded onto a DNA Engine 

Tetrad 2 PTC-0240 Peltier Thermal Cycler (Bio-Rad, Hercules, CA, USA) and run 

according to table 4. 

Table 4 - RT conditions for multiplex RT. 

Step Time Temperature 

Hold 30 min 16oC 
Hold 30 min 42oC 
Hold 5 min 85oC 

Hold Forever 4oC 

 

To prepare the preamplification mix, 2.5µl of RT product, 12.50µl of Taqman PreAmp 

Master Mix (2X), 3.75 µl of PreAmp primer pool and 6.25 µl of nuclease-free water per 

sample were mixed and run on a DNA Engine Tetrad 2 PTC-0240 Peltier Thermal Cycler 

(Bio-Rad, Hercules, CA, USA) according to table 5. 

Table 5 - PreAmplification conditions for exosomal RNA preamp. 

Step Time Temperature 

Hold 10 min 95oC 

Hold 2 min 55oC 
Hold 2 min 72oC 
Cycle 
(12 Cycles) 

15 sec 95oC 

4 min 60oC 

Hold 10 min 99.9oC 
Hold Forever 4oC 

 

PreAmp prdocuted was then diluted in 175µl of 0.1X TE. 
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To prepare the RT-qPCR mastermix, 0.50 µl of 20X TaqMan microRNA assays, 0.10 µl 

of diluted PreAmp product, 5 µl of TaqMan Universal Master Mix II, No AmpErase UNG 

(2X) and 4.40 µl of nuclease-free water per sample were mixed and 9.5 µl of this 

mastermix was added to each well of a 384 well plate. 0.5 µl of TaqMan MicroRNA 

Assays (20X) was then added to appropriate wells and plate was sealed with MicroAmp 

Optical Adhesive Film. Plate was run on Applied Biosystems 7900 HT Fast Real-Time 

(Applied Biosystems) according to table 6. 

 

Table 6 - RT-qPCR conditions for exosomal microRNA quantification. 

Step Time Temperature 

Hold 10 min 95oC 
Cycle 
(12 Cycles) 

15 sec 95oC 
60 min 60oC 

Hold Forever 4oC 
 

 

2.8.5 Pathway analysis for differentially expressed microRNAs in severe asthmatic 

exosomes 

 

Pathway analysis was performed by Ocean Ridge Biosciences, USA. 

MicroRNAs showing a potential difference between the Healthy vs. SA group based on 

a raw p-value of less than 0.01 were selected for analysis.  

Separate queries of TargetScan version 6. 2 and mirDB version 4.0 were performed. A 

query to select the set of unique microRNA-gene target combinations that are shared 

between TargetScan and mirDB for each original microRNA list was carried out. 

Maximum prediction score for each microRNA-gene pair from each database was 

reported. 

Tables showing the list of microRNA-gene combinations expanded to include one row 

for each unique microRNA binding site were prepared and additional details of binding 

sites were reported from TargetScan. 

Unique gene lists from the steps above, for each original microRNA list were reported 

and gene set enrichment analysis using WebGestalt software was performed.  
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2.9 Statistical analysis 

 

Statistical analysis was performed using GraphPad Prism 6 (GraphPad Software, Inc). 

Briefly, unless stated otherwise, graphs include the mean of each group and standard error 

of the mean (SE), represented in the error bars. Normality of the quantitative data 

distributions was tested by the Shapiro-Wilk test. If the data were not normally 

distributed, a non-parametric test was applied. 

Data were analysed using Student’s t-tests or the non-parametric equivalent (Mann-

Whitney U test for unpaired samples and Wilcoxon signed rank test for paired samples)in 

the case of the comparison between two groups. Whenever multiple groups were 

compared, one-way analysis of variance (ANOVA) or the non-parametric equivalent test 

(Kruskal Wallis for unpaired samples or Repeated Measures ANOVA for paired samples) 

was used. Differences were deemed significant at p ≤ 0.05. Regarding sample size, n=3 

unless stated otherwise. 

To assess statistical relationships between variables, the Spearman’s rank correlation 

coefficient was calculated. A correlation was deemed significant when p ≤ 0.05. 

Power for BAL exposure experiments (Figures 7, 8 and 13) and exosomal microRNA 

analysis (chapter 7) was calculated using PS Power and Sample Size Calculations Version 

3.0, January 2009 (Dupont and Plummer, Vanderbilt University). This was calculated 

retrospectively as the availability of samples was a limiting factor. Specific details for 

these calculations are described in Appendix. 
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3 The effect of miR-155 upregulation on rhinovirus-induced TNF-

α expression in macrophages from asthmatics  
 

 

3.1 Introduction 

 

Asthma has been commonly described as a T-helper type 2 (Th2) driven disease. 

However, increasing evidence indicates that cytokines typically considered to belong to 

Th1-type profiles in mice are also associated with the inflammatory response that 

characterizes the disease. Amongst those is TNF-α, a pro-inflammatory cytokine mainly 

produced by macrophages in response to activation of membrane-bound pattern-

recognition molecules (eg. Toll-like receptors) (Thomas, 2001). 

Studies have reported that concentration of TNF-α in BAL fluid, as well as levels of this 

cytokine’s protein and mRNA in bronchial biopsy, were increased in patients with severe 

asthma compared to mild asthmatics (Howarth et al., 2005). 

Evidence of increased TNF-α mRNA and protein in the asthmatic airway and studies 

where administration of this cytokine to healthy subjects resulted in development of 

airway hyperresponsiveness  (AHR) and airway neutrophilia, suggests that this TNF-α 

may contribute to the inflammatory response seen in asthmatic patients (Ying et al., 1991, 

Bradding et al., 1994, Thomas et al., 1995).  

Alveolar macrophages are the most abundant leukocytes found in alveoli and conducting 

airways and have been shown to have potential anti- and pro-inflammatory roles (Balhara 

and Gounni, 2012). It has been shown that infection of human macrophages with 

rhinoviruses induces secretion of TNF-α by these cells (Laza-Stanca et al., 2006). As 

asthmatics have been shown to have an impaired immune response to rhinovirus (Wark 

et al., 2005), it is possible that expression of TNF-α by macrophages in the airway is 

contributing to the increased concentration of this cytokine in the BAL of patients with 

the disease. 

MicroRNAs have been shown to be implicated in the regulation of innate immune 

responses by monocytes and macrophages. In particular miR-155 has been shown to be 

required for normal immune function. Vaccination of miR-155-null mice with a live 
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attenuated vaccine against Salmonella typhimurinum failed to protect the mice against 

challenge with virulent Salmonella. This identifies miR-155 as indispensable for normal 

adaptive immune response (Rodriguez et al., 2007). In innate immunity, expression of 

miR-155 has been shown to be induced as a result of TLR activation by bacterial and viral 

pathogens, as well as by inflammatory cytokines such as IFN-β, IFN-γ through TNF-α 

signalling (O'Connell et al., 2007). CD8+ T cells deficienct in miR-155 were ineffective 

at controlling tumour growth and viral clearance (Dudda et al., 2013, Gracias et al., 2013). 

Interestingly, studies have suggested that miR-155 can both repress and favour the 

activation of the LPS/TNF-α pathway (Tili et al., 2007). Furthermore, miR-155 affects 

TNF-α mRNA stability so that over-expression of miR-155 increases TNF-α mRNA half-

life (Bala et al., 2011).  

Additionally, previous experiments in our laboratory have shown that miR-155 is 

upregulated in alveolar macrophages from mild asthmatic patients, compared to those of 

healthy subjects. 

 

3.2 Hypothesis and aims 

 

3.2.1 Hypothesis 

 

MiR-155 is upregulated in macrophages of asthmatic patients and this causes an 

increase in the production of TNF-α upon rhinovirus exposure. 

 

3.2.2 Aims 

 

• To investigate whether bacteria, virus or the cytokine milleu in the airways 

might contribute to the upregulation of miR-155 in alveolar macrophages from 

asthmatics. 

• To investigate the effect of miR-155 upregulation on RV-induced expression of 

TNF-α. 
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3.3 Results 

 

3.3.1 Rhinovirus exposure does not significantly upregulate miR-155 in alveolar 

macrophages 

 

Previous results in Dr. Tilman Sanchez-Elsner’s lab have identified miR-155 to be 

upregulated in alveolar macrophages from asthmatic patients (Figure 4). In order to 

investigate whether rhinovirus infection itself could be involved in the upregulation of 

this microRNA, we exposed alveolar macrophages to rhinovirus type 16 (RV16) for 24h. 

Our experiment showed no significant difference in levels of miR-155 after RV16 

exposure indicating that the virus itself is unlikely to be changing miR-155 levels in the 

cell (Figure 5). 

 

 

Figure 5 - MiR-155 expression is not significantly higher in alveolar macrophages after 24h of RV16 exposure (MOI 

0.3). MiR-155 levels were measured using RT-qPCR and normalized to RNU44. Significance was determined at 

P≤0.05 using a Paired Student’s T-test.  N= 3. Mean +/- SE RV16 = 1.506 +/- 0.7787. 
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3.3.2 LPS exposure significantly upregulates miR-155 in macrophages 

 

MiR-155 has been described to be involved in the response to pathogens and to be 

upregulated in response to LPS. In order to investigate this was the case in our system, 

we exposed macrophages derived from peripheral blood monocytes to different 

concentrations of LPS (10ng/ml and 100ng/ml) for 24h. MiR-155 levels were 

significantly raised when cells were exposed to 10ng/ml of LPS, which corroborates the 

literature results in THP-1 cells (Taganov et al., 2006). 

 

 

Figure 6 - MiR-155 expression in MDMs is significantly higher after 24h of exposure to different concentrations of 

LPS (10ng/ml and 100ng/ml). MiR-155 levels were measured using RT-qPCR and normalized to RNU44. Significance 

was determined at P≤0.05 using a Paired Student’s T-test. N = 3. Mean +/- SE 10 ng/ml LPS group = 6.115 +/- 0.9793. 

Mean +/- SE 100 ng/ml LPS group = 6.308  +/- 1.368. 
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3.3.3 MiR-155 expression is affected by the microenvironment in a patient 

dependent manner 

 

After investigating whether different individual asthma-relevant stimuli could have an 

effect on miR-155 expression, we wanted to assess whether the combination of cytokines 

and other factors present in the lumen of the airways could be conditioning the levels of 

this microRNA. Furthermore, we wanted to explore whether disease severity would have 

a differential effect on the cells’ microRNA profile.  

Therefore we exposed MDMs to 100µl of bronchoalveolar lavage from patients with 

different disease severity (moderate and severe asthmatics) as well as healthy subjects, or 

to a PBS control. BAL from 8 healthy subjects, 7 moderated asthmatics and 20 severe 

asthmatics was used. Cells were incubated with the lavage for 48h and levels of miR-155 

were then measured using RT-qPCR.  

 

 

Figure 7 - MiR-155 expression in monocyte derived macrophages is affected by exposure to bronchoalveolar lavage 

from 26 patients with different disease severity relative to a PBS control. Levels of miR-155 were measured by RT-

qPCR 48h after exposure and normalized to RNU44. Significance was determined where P≤0.05 using ANOVA. N = 

4. 
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Our results suggest that miR-155 levels are probably affected by the cell’s 

microenvironment in the airway, even if not in a statistically significant manner, probably 

due to donor variability (Figure 7). This seems to happen in a patient dependent manner 

independently of disease severity.  

As well as measuring microRNA level in these cells, we also measured their TNF-α 

mRNA levels when exposed to BAL. As with miR-155 levels, we observed TNF-α 

mRNA levels were also modified in a patient-dependent manner rather than disease-wide 

(Figure 8).  

Unsurprisingly, miR-155 levels seemed to moderately correlate with levels of TNF-α 

mRNA (Figure 9). Even though there seems to be a relationship between levels with this 

microRNA and cytokine, we were unable to ascertain whether there is a cause-effect 

relationship between these two measurements, from this experiment.  
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Figure 9 – Levels of mRNA miR-155 induction significantly correlate to TNF-αααα mRNA induction levels in cells 

exposed to BAL from patients with different disease severity relative to a PBS control. Significance was determined 

where P≤0.05 using Spearman correlation. 

 

 

 

Figure 8 - TNF-α mRNA levels in monocyte derived macrophages are affected by exposure to bronchoalveolar lavage 

from 26 patients with different disease severity relative to a PBS control. Levels of TNF-α were measured by RT-

qPCR 48h after exposure and normalized to GAPDH. Significance was determined where P≤0.05 using ANOVA. 
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3.3.4 MiR-155 transfection does not significantly increase RV-induced TNF-α 

expression 

 

In order to ascertain whether miR-155 up-regulation leads to TNF-α mRNA levels being 

raised, we transfected alveolar macrophages with a synthetic microRNA mimic, pre-miR-

155 and, after 24h, exposed the cells to RV16. TNF-α mRNA was measured after 24h.  

Figure 10 shows that there does not seem to be a significant difference in TNF-α mRNA 

levels in cells transfected with pre-miR-155 compared to those transfected with a control 

oligonucleotide, when these cells are exposed to RV16. 

Therefore it seems like miR-155 alone does not increase levels of RV-induced TNF-α in 

alveolar macrophages. 

 

 

 

Figure 10 - TNF-α mRNA levels are not significantly increased in alveolar macrophages transfected with pre-miR-

155 and exposed to RV16. Cells were transfected with either pre-miR-Control or pre-miR-155 at 500nM and 

exposed to RV16 24h later (MOI 0.3). Levels of TNF-α mRNA were measured by RT-qPCR after 24h of RV16 exposure 

and normalized to GAPDH. Significance was determined where P≤0.05 using Paired Student’s t-test. N = 4. Mean 

+/- SE Pre-miR-Control+RV16 group = 1.960 +/- 0.2446. Mean +/- SE Pre-miR-155+RV16 group = 2.991 +/- 0.6239. 
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3.4 Discussion 

 

In this chapter, we aimed to explore some of the potential causes and consequences of 

miR-155 upregulation in asthmatic macrophages. 

Firstly we investigated whether some asthma relevant triggers could cause upregulation 

of this microRNA. We found that RV16 exposure is not responsible for miR-155 

upregulation which suggests that the microRNA is likely to be altering the effect of the 

virus on the cell rather than being a consequence of such an infection. As miR-155 is a 

known pro-inflammatory regulator, this may mean that macrophages in asthma are 

already pre-disposed to a pro-inflammatory state even before infection with rhinovirus 

(Kurowska-Stolarska et al., 2011, Du et al., 2014). 

On the other hand, and in accordance with the literature, LPS was able to significantly 

increase miR-155 levels in MDMs. LPS-induced miR-155 is under the control of NFκB 

transcriptional activity and is able to influence TNF-α mRNA stability and increase its 

half-life (Bala et al., 2011, Tili et al., 2007). While viruses are a well-studied and 

established cause of asthma exacerbations, bacterial infections are also relevant, albeit 

less studied. One study identified that 27% of asthmatic patients presenting with an 

asthma exacerbation had bacteria in their sputum, including Streptococcus pneumonia, 

Streptococcus pyogenes, Staphylococcus aureus, Moraxella catarrhalis and 

Haemophilus influenza as the most common isolated bacterial species (Cazzola et al., 

1991). The presence of these bacteria and bacterial lipopolysaccharide could be a cause 

for the underlying miR-155 expression in macrophages. We recognize that there might 

be some differences between blood-derived macrophages and alveolar macrophages, 

especially due to MDMs’ longer culture time in vitro. However, since MDMs have been 

a well-established tool to study macrophage phenotype and responses, and due to the 

scarcity of alveolar macrophage samples, we used these cells in part of our work. 

Although bacterial presence would be likely to influence microRNA levels, we thought 

it would be relevant to explore whether the broader microenvironment could have a role 

in conditioning microRNA levels. Therefore we exposed MDMs to bronchoalveolar 

lavage from patients with different disease severity. After 48h, we measured miR-155 

levels. We noted that miR-155 is upregulated in macrophages exposed to BAL from some 

patients, however we could not observe any difference between different disease states. 
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There could be many explanations for this. One of them would be that we need to increase 

the number of healthy controls we include in our experiment to improve statistical power. 

Also, healthy controls that elicited a higher miR-155 upregulation could have had an 

unknown recent infection or have higher levels of LPS in their airway. MiR-155 has also 

been suggested to play a role in allergy and to be raised in patients with atopic dermatitis 

(Sonkoly et al., 2010). While this finding would be more relevant when studying 

asthmatics, it may be that some of our healthy controls were undergoing a mild allergic 

reaction (through exposure to things like pollen, house dust mite, etc.). As well as inter-

disease group variability, it is important to discuss inter-experiment variability. 

Macrophages were extracted from four different blood donors and exposed to the 

different lavages. One of the challenges this brought is that each donor had a slightly 

different response to the same BAL which resulted in larger error bars and difficult 

statistical analysis. Another factor to consider would be the freeze-thawing of BAL 

aliquots. As the lavage is aliquoted in 1ml tubes (or sometimes greater volumes) it is 

necessary to thaw the bigger volume of BAL in order to aliquot it into 100µl tubes, ready 

to use for each experiment. However, due to this freeze-thawing process, it is possible 

that the quality of the BAL for the second, third and fourth experiments was not the same 

as for the initial experiment, therefore increasing inter-experiment variability.  

Interestingly we observed a moderate correlation between induction of miR-155 and 

induction of TNF-α in cells exposed to BAL. These findings would suggest that there 

may be a relationship between the upregulation of the microRNA and cytokine but do not 

allow us to make any cause-effect assumptions. 

It would be important in the future to dissect which components present in the BAL are 

causing the patient-dependent effect. Cytokines or bacterial products would be the likely 

candidates and therefore, further work in the group is focussing on analysing these 

components. 

In order to investigate whether miR-155 upregulation was the cause for increase in TNF-

α expression, we transfected alveolar macrophages with a synthetic mimic of miR-155 

and then exposed the cells to RV16, as this virus is the most relevant inflammatory 

stimulus for our system. We observed that miR-155 transfection did not significantly 

increase TNF-α induction upon RV16 infection, compared to the transfection of a 

scrambled RNA control.  
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However, even if this increase is not significant, we seemed to observe a trend towards 

higher TNF-α expression in the transfected cells. This led us to hypothesize that perhaps 

the action of a network of microRNAs, rather than miR-155 on its own, could be involved 

in affecting TNF-α expression. Interestingly, previous results within the group had 

identified a network of microRNAs working synergistically by targeting TLR7, resulting 

in compromised IFN-β production in severe asthmatic patients (manuscript in 

preparation). We therefore decided to return to the microRNA microarray data that had 

been generated previously and investigate whether any other microRNAs that could affect 

TNF-α expression were differently regulated in asthmatic patients. We identified two 

other microRNAs that were upregulated in macrophages from asthmatic patients and this 

had been successfully confirmed by RT-qPCR (Figure 4). These microRNAs had the 

potential to be involved in TNF-α regulation by targeting regulatory cytokine pathways 

or inhibitors of inflammatory pathways. The effect of upregulation of these two other 

microRNAs, along with miR-155, will be discussed in the following chapters. 
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4 The effect of miR-27a, miR-155 and miR-152 upregulation on 

rhinovirus-induced TNF-α expression in macrophages from 

asthmatics 

 

4.1 Introduction 

 

Previous microRNA microarrays performed in Dr. Tilman Sanchez-Elsner’s lab had 

identified other microRNAs that, along with miR-155, were up-regulated in alveolar 

macrophages from asthmatic patients (Figure 4).  

Amongst these were miR-27a and miR-152. MiR-27a’s role in inflammation is a complex 

picture. For example, miR-27a is known to target PPARγ and activation of this nuclear 

receptor has been shown to negatively influence the production of pro-inflammatory 

cytokines such as TNF-α, IL-6 and IL-1β in macrophages (Kim et al., 2010b, Yang et al., 

2008). Furthermore, miR-27a is known to be downregulated in response to virus and LPS 

(Buck et al., 2010, Xie et al., 2014). However, when blood-derived macrophages are 

transfected with miR-27a mimics, expression of inflammatory cytokines, including TNF-

α, is raised (Xie et al., 2014).  

Results within the group have identified miR-152 as a regulator of macrophages’ response 

to RV16 by targeting TLR7 and consequently affecting IFN-β production (Rupani et al, 

manuscript in preparation). IFN-β is part of the Type I family of interferons and is a strong 

anti-viral gene activator. IFN-β deficiency could lead to poor virus clearance and 

consequent increase in pro-inflammatory cytokine release (Laza-Stanca et al., 2006). 

Interestingly, IFN-β has been shown to mediate TNF-induced cell death. Mice deficient 

in IFN-β seemed to be protected against TNF-induced lethal systemic inflammatory 

response syndrome (Huys et al., 2009). It is possible that this desensitization to TNF-α 

could result in macrophages not producing the negative feedback signal necessary to 

attenuate TNF-α transcription. 

The cooperative effect of microRNAs on the same target is still relatively poorly 

understood. Most mRNA 3’ UTR have multiple binding sites for different microRNAs 

and, in the same way, most microRNAs target more than one mRNA. There is clear 

evidence of microRNAs working together to regulate a certain mRNA target. Scientists 
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at the University of Colorado revealed that mild induction of several microRNAs was 

more effective than single microRNA upregulation at targeting breast cancer oncogenes 

by avoiding off-target effects (Wang et al., 2013). 

In particular, miR-27a, miR-155 and miR-152 share common predicted targets in the 

TGF-β and IL-13 pathways which act by dampening down inflammation. Furthermore, 

these microRNAs are predicted to target inhibitors of the NFκB pathway. Therefore we 

hypothesized that upregulation of these microRNAs could result in an exacerbated TNF-

α response. 

 

4.2 Hypothesis and aims 

 

4.2.1 Hypothesis 

 

MiR-27a and miR-152 are upregulated in macrophages from asthmatic patients and, in 

combination with miR-155 upregulation, this results in an increase in the production of 

TNF-α upon rhinovirus infection. 

4.2.2 Aims 

 

• To investigate whether bacteria, viruses or the cytokine milleu in the airways 

can contribute to the upregulation of miR-27a and miR-152 in mild asthmatic 

macrophages 

• To investigate the effect of miR-27a, miR-152 and miR-155 on RV-induced 

TNF-α expression in vitro 

 

 

 

 

 

 

 

 

 



Ana Francisco Garcia  4. Results 

87 

 

4.3 Results 

 

4.3.1 Rhinovirus infection does not significantly upregulate miR-27a or miR-152 

 

In order to establish whether miR-27a and miR152 could be upregulated by rhinovirus, 

we exposed alveolar macrophages to RV16 for 24 hours and then measured levels of miR-

27a and miR-152 by RT-qPCR 

We noted that miR-152 expression is not significantly modified when cells are exposed 

to rhinovirus and that miR-27a expression is even significantly reduced when this 

happens (Figure 11). We therefore concluded that rhinovirus infection does not seem to 

be the cause for miR-27a and miR-152 upregulation. 

 

 

 

 

Figure 11 - MiR-27a (A) is downregulated and miR-152 (B) is not altered in alveolar macrophages after 24h of RV16 

exposure (MOI 0.3). MiR-27a and miR-152 levels were measured using RT-qPCR and normalized to RNU44. 

Significance was determined at P≤0.05 using a Paired Student’s T-test. N= 3. (A) Mean +/- SE RV16 group= 0.504 +/-

0.05565. (B) Mean +/- SE RV16 group= 22.88 +/- 22.11. 
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4.3.2 LPS exposure does not significantly upregulate miR-27a or miR-152 in 

macrophages 

 

In order to investigate whether bacterial products could result in upregulation of miR-27a 

and miR-152, we exposed macrophages derived from peripheral blood monocytes to 

different concentrations of LPS (10ng/ml and 100ng/ml) for 24h. MiR-27a and miR-152 

levels were not significantly raised when cells were exposed to either concentration of 

LPS (Figure 12). 

Interestingly miR-27a was actually downregulated when cells were exposed to LPS, 

which corroborates our results in cells exposed to RV16 (Figure 12). 

 

  

 

 

 

 

 

 

 

Figure 12 - MiR-27a (A) is downregulated and miR-152 (B) is not altered in MDMs after 24h of exposure to different 

concentrations of LPS (10ng/ml and 100ng/ml). MiR-27a and miR-152 levels were measured using RT-qPCR and 

normalized to RNU44. Significance was determined at P≤0.05 using a Paired Student’s T-test. N = 3. (A) Mean +/- SE 10 

ng/ml LPS group = 0.129 +/- 0.008868. Mean +/- SE 100ng/ml LPS group = 0.1711 +/- 0.006404. (B) Mean +/- SE 10 

ng/ml LPS group = 0.7282 +/- 0.1430. Mean +/- SE 100ng/ml LPS group = 0.8160 +/- 0.1011. 

MiR-152 expression

R
e
la

ti
v
e
 f

o
ld

 e
x
p

re
s
s
io

n
/ 
R

N
U

4
4

B
la

nk

10 n
g/m

l L
P
S 

100 n
g/m

l L
PS

0.0

0.5

1.0

1.5 ns

ns

A B 



Ana Francisco Garcia  4. Results 

89 

 

4.3.3 MiR-27a and miR-152 upregulation is affected by the macrophages’ 

microenvironment 

 

Seeing as neither exposure to RV or LPS treatment resulted in miR-27a and miR-152 

upregulation, we wanted to explore whether, like in the case of miR-155, these 

microRNAs were regulated by the microenvironment in the airways. 

For that, and as described before, we exposed MDMs to 100µl of bronchoalveolar lavage 

from patients with different disease severity (moderate and severe asthmatics) as well as 

healthy subjects or to a PBS control. BAL from 8 healthy subjects, 7 moderated 

asthmatics and 20 severe asthmatics was used. Cells were incubated with the lavage for 

48h and levels of miR-27a and miR-152 were then measured using RT-qPCR. 

As with miR-155 expression, expression of miR-27a and miR-152 seems to be induced 

differently depending on each patient rather than according to disease type (Figure 13).  

Contrary to what we observed with miR-155, neither miR-27a or miR-152 expression 

significantly correlated to levels of TNF-α mRNA (Figure 14). 
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Figure 14 - Levels of miR-27a (A) or miR-152 (B) do not correlate to TNF-α mRNA induction in cells exposed to BAL 

from patients with different disease severity relative to a PBS control. Significance was determined where P≤0.05 

using Spearman correlation. 

Figure 13 - MiR-27a (A) and miR-152 (B) expression in monocyte derived macrophages is altered by exposure to 

bronchoalveolar lavage from 26 patients with different disease severity relative to a PBS control. Levels of miR-

27a and miR-152 were measured by RT-qPCR 48h after exposure and normalized to RNU44. Significance was 

determined where P≤0.05 using ANOVA. 

A 

B 
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4.3.4 MiR-27a and miR-152 transfection does not significantly increase RV-

induced TNF-α expression 

 

As these microRNAs are upregulated in macrophages from asthmatics (Figure 4), we 

wanted to investigate whether transfection of macrophages with miR-27a or miR-152 

resulted in increased TNF-α expression when these cells were stimulated by RV16. 

To test that, and due to the scarcity of alveolar macrophages available, we transfected 

MDMs with either miR-27a or miR-152 (500nM) and, after 24h, exposed the cells to 

RV16 (MOI 0.3) for a further 24h. 

As figure 15 shows, transfection of MDMs with either miR-27a or miR-152 individually, 

did not result in increased biologically relevant TNF-α mRNA levels upon RV16 

exposure. Even though miR-152 seems to significantly affect TNF-α, the difference 

between TNF-α induced by RV16 in the microRNA transfected cells and control is 

minimal (approximately 1.79 fold in control transfected cells to approximately 2.23 fold 

in cells transfected with miR-152). This corroborates our results with miR-155 which 

alone was also unable to cause TNF-α overexpression in response to RV. 

 

 

Figure 15 - TNF-α mRNA levels in alveolar macrophages transfected with pre-miR-27a (A) or pre-miR-152 (B) and 

exposed to RV16. Cells were transfected with either pre-miR-Control or pre-miR-27a (A) or pre-miR-152 (B) at 

500nM and exposed to RV16 24h later (MOI 0.3). Levels of TNF-α mRNA were measured by RT-qPCR after 24h of 

RV16 exposure and normalized to GAPDH. Significance was determined where P≤0.05 using Paired Student’s t-test. 

N = 3. (A) Mean +/- SE Pre-Control+RV16 group = 1.799 +/- 0.08961. Mean +/- SE Pre-miR-27a+RV16 group = 1.976 

+/- 0.1947. (B) Mean +/- SE Pre-Control+RV16 group = 1.799 +/- 0.08961. Mean +/- SE Pre-miR-152+RV16 group = 

2.228 +/- 0.09273. 
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4.3.5 Transfection of a combination of miR-27a, miR-155 and miR-152 

 

Our results show that transfecting miR-27a, miR-155 and miR-152 individually did not 

seem to alter RV-induced TNF-α mRNA levels. However, previous experiments within 

the group have shown that microRNAs can work in collaboration on a certain target, 

reducing the target’s mRNA levels in a synergistic way (Rupani et al, manuscript in 

preparation). 

We therefore hypothesized that transfecting macrophages with a combination of miR-

27a, miR-155 and miR-152 (Pre-Mix) would have a greater effect on RV-induced TNF-

α expression.  

We transfected alveolar macrophages with a combination of these three microRNAs and, 

24h later, exposed the cells to RV16. Cells were there harvested 24h after exposure to 

virus and levels of TNF-α mRNA were measured by RT-qPCR. 

Our experiment suggests that transfecting a combination of miR-27a, miR-155 and miR-

152, microRNAs found upregulated in alveolar macrophages of mild asthmatics, 

significantly increases TNF-α mRNA levels in cells infected with RV16, compared to 

infected cells transfected with a control oligonucleotide (Figure 16).  

 

Figure 16 - TNF-α mRNA levels are increased in alveolar macrophages transfected with pre-miR-27a, pre-miR-155 

and pre-miR-152 and exposed to RV16. Cells were transfected with pre-miR-27a, pre-miR-155 and pre-miR-152  at 

a concentration of  1.5μM and exposed to RV16 24h later (MOI 0.3). Levels of TNF-α mRNA were measured by RT-

qPCR after 24h of RV16 exposure and normalized to GAPDH. Significance was determined where P≤0.05 using 

Paired Student’s t-test. N = 3.  Mean +/- SE Pre-Control+RV16 group = 3.942 +/- 1.155. Mean +/- SE Pre-miR-

Mix+RV16 group = 5.814 +/- 1.457. 
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4.4 Discussion 

 

Following our study of the relationship between miR-155 and TNF-α levels in response 

to RV16 in the previous chapter, we decided to investigate the role of two other 

microRNAs identified to be upregulated in macrophages from mild asthmatic patients. 

We focused on miR-27a and miR-152 as these target important genes in TNF-α regulation 

(as will be discussed in Chapter 5).  

Firstly, and like in the case of miR-155, we wanted to assess whether miR-27a and miR-

152 were affected by RV infection. Therefore, we exposed alveolar macrophages to RV16 

and measured levels of these microRNAs 24h later. We observed that, similarly to miR-

155, miR-152 is not significantly increased by exposure to RV. Furthermore, we observed 

that miR-27a was actually significantly downregulated in response to this stimulus. 

Interestingly, miR-27a had already been reported to be downregulated at 

posttranscriptional level in murine macrophages during infection with cytomegalovirus 

(Buck et al., 2010). The same study suggested that miR-27a could have anti-viral 

properties, which means that downregulation of this microRNA could be important to 

allow for virus replication.  

Seeing as RV infection could not account for the observed increased miR-27a and miR-

152 levels in macrophages, we investigated whether bacterial products, such as LPS, 

could account for this upregulation. Like with virus infection, we observed that LPS 

exposure did not seem to have any effect on miR-152. However, miR-27a was 

significantly downregulated in these cells. Interestingly, since our experiments were 

performed, this finding has been published, suggesting also that miR-27a upregulation in 

macrophages leads to production of inflammatory cytokines upon LPS exposure (Xie et 

al., 2014).  

Again, neither LPS nor RV16 could account for the higher levels of miR-27a and miR-

152 observed in macrophages from mild asthmatics. In order to broaden our search for 

what could be the cause for the upregulation of these microRNAs, we exposed blood-

derived macrophages to BAL from patients with different disease severity as well as 

healthy controls. As we had observed with miR-155, we observed that exposure to some 

BALs caused upregulation of miR-27a or miR-152 but this was not a disease wide effect, 

ie exposure to BAL from severe asthmatics did not result in overall higher levels of these 
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microRNAs compared to exposure to BAL from healthy controls. The limitations of this 

type of experiment have already been discussed in the previous chapter. However, it is 

interesting to note that three BALs seemed to elicit a strong upregulation of both miR-

27a and miR-152: DS070, DS141 and DS175. We could hypothesize that somehow the 

upregulation of these two microRNAs could be linked. However, we could not find a 

significant correlation between the levels of these microRNAs and TNF-α levels. 

In order to investigate the effect of these microRNAs on RV-induced TNF-α, we 

transfected blood-derived macrophages with synthetic miR-27a or miR-152 and exposed 

the cells to RV16 24h later. Levels of TNF-α mRNA were measured after 24h of 

infection. Transfection with miR-27a did not seem to result in TNF-α increase upon RV 

exposure, contrary to the published results with LPS. Inflammatory response to LPS 

occurs through activation of TLR-4 rather than TLR-7 as in the case of RV16. Therefore, 

it could be that the effect of miR-27a on TNF-α is TLR4 and TLR2 activation specific 

(Xie et al., 2014). 

On the other hand, miR-152 transfection seemed to result in a significant increase in RV-

induced TNF-α levels. However, a closer look at the results would highlight that the 

significance of this increase is probably more related to statistical analysis of the results 

rather than biological relevance. Even though the increase seen in TNF-α upon 

transfection always behaves in the same way (causing the results to be statistically 

significant when a paired-t-test is employed), it is a very small increase, in the region of 

approximately 0.5 fold. This is unlikely to have a strong biological significance on its 

own. However, it is certainly possible that miR-152 could be contributing to a broader 

combination of factors that would result in TNF-α overexpression upon RV exposure.  

Since transfecting miR-27a, miR-155 and miR-152 individually did not yield any 

biologically relevant effects on RV-induced TNF-α, we postulated that transfecting a 

combination of these three microRNAs would have such an effect. This was based not 

only on results within the lab that had identified a network of three microRNAs targeting 

TLR-7 (manuscript in preparation) but also published evidence of microRNA synergy in 

other diseases (Xu et al., 2011). 

Indeed, when we transfected alveolar macrophages with a combination of miR-27a, miR-

155 and miR-152, levels of RV-induced TNF-α were increased. This highlights the 

importance of studying microRNA networks rather than individual microRNAs in the 



Ana Francisco Garcia  4. Results 

95 

 

context of disease. This finding could be extrapolated to provide a potential explanation 

for the increased levels of TNF-α detected in the BAL of severe asthmatic patients. 

However, since microRNA levels were only studied in mild asthmatics, it would be 

important in the future to study the levels of these microRNAs in the macrophages of 

severe asthmatics as well. 

In the next chapter we will discuss in more detail the mechanisms by which upregulation 

of these microRNAs may be leading to RV-induced TNF-α overexpression.
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5 Expression targets of miR-27a, miR-155 and miR-152 are 

altered in asthma 

 

5.1 Introduction 

 

MicroRNAs exert their function on their mRNA target by blocking translation or cleaving 

the mRNA. Typically the mechanism of action of the microRNA is thought to be 

determined by the complementarity between the microRNA and the target – better 

complementarity results in cleavage whereas insufficient complementarity will lead to 

translation repression (Hutvagner and Zamore, 2002).  

Therefore, the result of microRNA:mRNA interaction is typically either a reduction in 

mRNA and protein levels of a particular target (in the case of mRNA cleavage) or a 

reduction of only the protein levels (in the case of translation repression). 

In the previous chapter, we identified miR-27a, miR-155 and miR-152 as being 

upregulated in macrophages from asthmatic patients. It was then logical to investigate the 

effect of the seen upregulation on predicted targets for these microRNAs. In silico 

analysis of the targets for these microRNAs (using Targetscan 6.2, microRNA.org Jan 

2008 and Diana Path), as well as published results within our group (Louafi et al., 2010, 

Martinez-Nunez et al., 2011, Martinez-Nunez et al., 2009) suggested that these three 

microRNAs affected the TGF-β and IL-13 pathways, by targeting SMAD2 and IL13Rα1. 

Furthermore, we also noted that these microRNAs were predicted to target different 

inhibitors of the NFκB pathway, such as INPP5D, NCOA1 and NKIRAS1.  

IL-13 and TGF-β have both been described as being able to inhibit TNF-α upon 

inflammatory stimulus (Bogdan et al., 1992, de Waal Malefyt et al., 1993). Therefore, it 

would be logical to assume that deficient action of these cytokines could result in TNF-α 

upregulation by cells under an inflammatory stimulus. 

On another hand, activation of the NFκB pathway leads to TNF-α production (Barnes and 

Karin, 1997). Therefore, targeting inhibitors of this pathway could result in an 

exacerbated TNF-α response by macrophages which could play a role in explaining the 

high levels of this cytokine in macrophages transfected with miR-27a, miR-155 and miR-

152. 
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5.2 Hypothesis and aims 

 

5.2.1 Hypothesis 

 

Upregulation of miR-27a, miR-155 and miR-152 in asthmatic patients results in 

downregulation of essential players in the TGF-β and IL-13 pathways (SMAD2 and 

IL13RA1) as well as downregulation of inhibitors of the NFκB pathway (INPP5D, 

NCOA1 and NKIRAS1). 

5.2.2 Aims 

 

• To investigate the levels of microRNA targets in mild asthmatics, severe 

asthmatics and mild asthmatic patients challenged with methacholine. 

• To investigate whether upregulation of microRNAs abolishes the effect of 

regulatory cytokines of RV-induced TNF-α expression. 

• To investigate TNF-α expression of macrophages from severe asthmatics 

infected in-vitro with RV, comparatively to healthy controls 
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5.3 Results 

 

5.3.1 SMAD2 and IL13RA1 are significantly downregulated in macrophages from 

mild asthmatic patients challenged with methacholine 

 

Results within the group suggest that miR-27a, miR-155 and miR-152 are be able to 

inhibit TGF-β and IL-13 pathways and appear to work synergistically inhibiting 

SERPINE1, a TGF-β dependent gene (data not shown).  

Targetscan 6.2 and microRNA.org were used as in silico prediction tools and identified 

SMAD2 and IL13Rα1 as putative targets of miR-27a, miR-155 and miR-152. We 

therefore hypothesized that the mRNA levels of these genes would be lower in asthmatics, 

according to corresponding microRNA upregulation. 

Interestingly, we observed that SMAD2 and IL13Rα1 were only significantly 

downregulated in macrophages from mild asthmatic patients challenged with 

methacholine (Figure 17; data provided by Dr. Fethi Louafi). This suggests that 

mechanical contraction of the airways has an effect not only on the structural cells of the 

airway (epithelium and fibroblasts) but also on immune cells, more specifically on 

macrophages. 

 

Figure 17 - SMAD2 and IL13RA1 mRNA levels are decreased in alveolar macrophages of mild asthmatic subjects 

challenged with methacholine. One-way ANOVA was used for statistical analysis. P≤0.05 was deemed significant. 

RT-qPCR performed and figure kindly donated by Dr. F. Louafi 
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5.3.2 MiR-27a and miR-155 expression in severe asthmatic patients 

 

We had found miR-27a, miR-155 and miR-152 to be upregulated in mild asthmatic 

alveolar macrophages. However, we wanted to investigate the expression of these 

microRNAs in severe asthmatic patients. Previous results within the lab had identified 

miR-152 to be upregulated in severe asthmatic patients. However, it was important to 

study the expression of miR-27a and miR-155 in these same patients. Therefore we 

performed RT-qPCR on alveolar macrophages from healthy subjects, mild asthmatics and 

severe asthmatics and measured levels of these two microRNAs.   

We observed that miR-27a expression was not significantly different in severe asthmatic 

patients when compared to healthy controls. On the other hand, miR-155 seemed to be 

downregulated in this group of patients (Figure 18). 

 

 

 

 

A B 

Figure 18 - MiR-27a and miR-155 expression is not significantly increased in severe asthmatic patients. Mann-

Whitney test was used for statistical analysis. P≤0.05 was deemed significant. (A) Healthy group: n = 31, Mean +/-

SE = 1.206 +/- 0.1252. Mild asthmatic group: n = 19, Mean +/- SE = 1.931 +/- 0.3021. Severe asthmatic group: n = 22, 

Mean +/- SE = 1.023 +/- 0.1768. (B) Healthy group: n = 31, Mean +/- SE = 1.295 +/- 0.1206. Mild asthmatic group: n 

= 19, Mean +/- SE = 1.367 +/- 0.1506. Severe asthmatic group: n = 22, Mean +/- SE = 0.8285 +/- 0.1362. 
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5.3.3 SMAD2 is downregulated in macrophages from severe asthmatic patients 

 

In order to investigate how SMAD2 and IL13Rα1 were regulated in severe asthmatics, 

we extracted RNA from severe asthmatic alveolar macrophages and measured levels of 

SMAD2 and IL13Rα1 using RT-qPCR. 

Figure 19 shows that SMAD2 but not IL13Rα1 seem to be downregulated in severe 

asthmatic macrophages.  

 

Figure 19 - SMAD2 is downregulated in macrophages from severe asthmatics while IL13Ra1 mRNA levels are not 

altered. Mann-Whitney test was used for statistical analysis. P≤0.05 was deemed significant. (A) Healthy group: n 

= 28, Mean +/- SE = 1.023 +/- 0.04021. Severe asthmatic group: n = 19, Mean +/- SE = 0.8915 +/- 05864. (B) Healthy 

group: n = 28, Mean +/- SE = 1.063 +/- 0.07046. Severe asthmatic group: n = 19, Mean +/- SE = 0.9879 +/- 0.1247. 
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5.3.4 Expression of INPP5D, NCOA1 and NKIRAS1 in asthmatic macrophages 

 

We wanted to test an alternative hypothesis that our microRNAs of interest might be 

affecting the TNF-α pathway in a more direct manner. Activation of the NFκB pathway 

is known to result in TNF-α expression. Results from Prof Johnston’s group highlight the 

requirement of NFκB for RV induction of TNF-α in macrophages (Laza-Stanca et al., 

2006). So as well as SMAD2 and IL13Rα1, we decided to assess mRNA levels of other 

genes, targeted by one or more of these microRNAs, and that function as inhibitors of the 

NFκB pathway. The genes we chose were INPP5D, NCOA1 and NKIRAS1. INPP5D, 

also referred to as Ship1, is an inhibitor of NFκB activation and is known to inhibit TNF-

α production in macrophages post LPS stimulus (Oliver et al., 2008, Laza-Stanca et al., 

2006). NKIRAS1 also has an inhibitory effect on NFκB by preventing the degradation of 

NFκB inhibitor beta (Fenwick et al., 2000). NCOA1 or SRC1 is necessary for IkBα gene 

promoter activation, which leads to inhibition of NFκB (Gao et al., 2005).  

Table 7 shows the targeting of these NFκB by our microRNAs of interest as predicted by 

Targetscan 6.2. 

As figure 20 suggests, NKIRAS1 is significantly downregulated in severe asthmatics. 

Interestingly, none of the genes seems to be further downregulated upon methacholine 

challenge.  

 

Table 7 - Targeting of INPP5D, NCOA1 and NKIRAS1 by miR-27a, miR-155 and miR-152 according to Targetscan 

6.2. 

 MiR-27a MiR-155 MiR-152 

INPP5D No Yes No 

NCOA1 Yes No Yes 

NKIRAS1 Yes No No 
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Figure 20 - NKIRAS1 mRNA levels are decreased airway macrophages from severe asthmatics. mRNA levels of 

INPPD5, NCOA1 and NKIRAS1 in alveoplar macrophages of Healthy vs Mild, Severe and asthmatics challenged with 

methacholine were measured by RT-qPCR. One-way ANOVA was used for statistical analysis. P≤0.05 was deemed 

significant. (INPP5D) Healthy group: n = 28, Mean +/- SE = 1.037 +/- 0.05051. Mild asthmatic group: n = 19, Mean +/- 

SE = 1.256 +/- 0.1284. Severe asthmatic group: n = 22, Mean +/- SE = 1.140 +/- 0.2118. Challenged group: n = 9, Mean 

+/- SE = 1.159 +/- 0.1596. Paired mild asthmatic control for challenge n = 9, Mean +/- SE = 0.8707 +/- 0.1084. (NCOA1) 

Healthy group: n = 28, Mean +/- SE = 1.023 +/- 0.04200. Mild asthmatic group: n = 19, Mean +/- SE = 1.255 +/- 0.09311. 

Severe asthmatic group: n = 22, Mean +/- SE = 1.302 +/- 0.1694. Challenged group: n = 8, Mean +/- SE = 1.1.331 +/- 

0.1232. Paired mild asthmatic control for challenge n = 8, Mean +/- SE = 0.8811 +/- 0.1232. (NKIRAS1) Healthy group: 

n = 28, Mean +/- SE = 1.049 +/- 0.06419. Mild asthmatic group: n = 19, Mean +/- SE = 1.180 +/- 0.1016. Severe 

asthmatic group: n = 22, Mean +/- SE = 1.191 +/- 0.2632 Challenged group: n = 9, Mean +/- SE = 1.185 +/- 0.1543. 

Paired mild asthmatic control for challenge n = 9, Mean +/- SE = 0.9267 +/- 0.05385. 
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5.3.5 MiR-27a, miR-155 and miR-152 do not reproducibly alter the effect of TGF-β 

and IL-13 on macrophages exposed to RV 

 

IL-13 has been shown to inhibit the production on TNF-α by monocytes activated with 

LPS and TGF-β shown to reduce secretion of TNF-α by DC-T-cell co-cultures infected 

with RSV (de Waal Malefyt et al., 1993, Thornburg et al., 2010). In light of this, we 

hypothesized that the upregulation of a group of microRNAs targeting both SMAD2 and 

IL13Rα1, fundamental players in the TGF-β and IL-13 pathways respectively, could lead 

to an up-regulation of the TNF-α gene upon infection of rhinovirus. 

To test this theory, alveolar macrophages were transfected with either a mix of pre-miR-

27a, pre-miR-155 and pre-miR-152 or pre-negative control. Cells were then treated with 

TGF-β and IL-13, 16 hours post transfection and then infected with RV16, 8 hours after 

treatment. Cells were solubilized with TRI-reagent 24 hours post infection.  

The results in figure 21 show a clear effect of the microRNAs (miR-27a, miR-155 and 

miR-152) in blocking the action of TGF-β and IL-13 on TNF-α expression, following 

RV16 infection. However, these results were not totally reproducible in other experiments 

which may be due to the timing of the transfection, treatment or infection, as will be 

discussed later.  
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Figure 21 - MicroRNAs impair TGF-beta and IL-13 pathway leading to increased TNF-alpha expression. Airway 

macrophages plated in 96 well were transfected with miR-27a, miR-155 and miR-152. Cells were treated with 

TGF-beta and IL-13 16 hours later and infected with RV16 24 hours post treatment. Cells were collected in TRI-

reagent 24 hours post infection. N=1. 
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5.4 TNF-α expression in healthy and severe asthmatic subjects upon 

RV16 infection 

 

Since we found that SMAD2 and NKIRAS1 mRNA levels were significantly down-

regulated in macrophages from severe asthmatic patients, we decided to assess whether 

this would in fact translate into an increase in TNF-α expression by alveolar macrophages 

from this group of patients. We therefore infected alveolar macrophages from healthy 

subjects and severe asthmatic patients with RV16 (MOI 0.6) for 48h and measured the 

mRNA levels of TNF-α in the cells. Collection of samples and infections were carried 

out by Dr. Hitasha Rupani. Figure 22 shows that there does not appear to be a significant 

difference in TNF-α production between macrophages from healthy subjects and severe 

asthmatics, upon RV16 infection.  
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Figure 22 - TNF-a expression by alveolar macophages of Healthy and Severe Asthmatics, upon in vitro infection 

with RV16. Airway macrophages collected from healthy and severe asthmatic volunteers were isolated by adherence 

to plastic and infected with RV16 for 48 hours at an MOI of 0.6. Unpaired student’s T-test was used for statistical 

analysis. P≤0.05 was deemed significant. Healthy group: n = 8, Mean +/- SE = 2.043 +/- 0.2059. Severe asthmatic 

group: n = 9, Mean +/- SE = 2.231 +/- 0.3022. 
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5.5 Discussion 

 

In order to better understand how upregulation of miR-27a, miR-155 and miR-152 leads 

to TNF-α overexpression, we decided to study the targets of these microRNAs in more 

detail.  

Preliminary results within the group had focused on SMAD2 and IL13Rα1, important 

players in the TGF-β and IL-13 pathways respectively. Based on the findings of de Waal 

Malefyt et al, IL-13 has been shown to inhibit the production on TNF-α by monocytes 

activated with LPS (de Waal Malefyt et al., 1993). A different study showed that TGF-β 

was able to reduce secretion of TNF-α by DC-T-cell co-cultures infected with RSV 

(Thornburg et al., 2010). SMAD2 and IL13Rα1 have been published to be targeted by 

miR-155 (Louafi et al., 2010, Martinez-Nunez et al., 2009). However, they are also 

predicted to be targeted by our other two microRNAs of interest, miR-27a and miR-152.  

Therefore, our hypothesis was that levels of SMAD2 and IL13Rα1 mRNA would be 

reduced in mild asthmatics, in accordance with elevated microRNA levels. However this 

did not seem to be the case. A potential reason for this is that microRNAs do not always 

work by degrading mRNA. Often the effects of microRNA action are only seen at the 

protein level, which we did not have access to. Interestingly, though, we observed that in 

macrophages from mild asthmatic patients challenged with methacholine, levels of 

SMAD2 and IL13Rα1 were significantly reduced when compared to the baseline values 

from the same patients.  

Methacholine is used to induce bronchoconstriction without the eosinophil recruitment 

effects of an allergen challenge. A study conducted by Dr. Christopher Grainge identified 

methacholine challenge to be sufficient to induce changes in epithelial TGF-β and Ki67 

expression as well as increase in sub-basement membrane collagen thickness (Grainge et 

al., 2011). It is interesting to see that the effects of methacholine spread not only to the 

structural cells such as epithelium and fibroblasts but also to immune cells, in this case, 

macrophages. Whether the effect seen on macrophages is a direct one (based on 

mechanical forces applied to these cells during bronchoconstriction) or an indirect one 

(based on response to mediators released from structural cells during challenge) is 

unknown. To address this question, it would be interesting to perform mechanical 
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constriction on macrophages in vitro or expose macrophages to epithelial cell supernatant 

after contraction. 

Results within the group had already identified miR-152 to be significantly upregulated 

in macrophages from severe asthmatic patients (manuscript in preparation). When 

analysing the levels of miR-27a and miR-155 in these patients we noticed that these 

microRNAs did not seem to be upregulated in severe asthmatic macrophages. When 

investigating mRNA levels of SMAD2 and IL13Rα1, we observe that severe asthmatic 

macrophages seem to have significantly lower levels of SMAD2 but not IL13Rα1. Due 

to the scarcity of fresh samples, these results were obtained by reusing RNA collected up 

to 1 year before the cDNA was generated. Therefore, it is possible that RNA degradation 

might have affected our results. 

Based on the results from Prof S. Johnston’s group highlighting the involvement of NFκB 

pathway in RV induction of TNF-α in macrophages (Laza-Stanca et al., 2006)  we 

decided to assess the levels of genes involved in the NFκB pathway that were targeted by 

one or more of the microRNAs of interest. The genes we looked at (INPP5D, NCOA1and 

NKIRAS1) work as inhibitors of NFκB and one as a potentiator of transactivation. Our 

results suggested that the inhibiting gene NKIRAS1 was significantly downregulated in 

severe asthmatics, which could potentially lead to TNF-α upregulation, through increased 

levels of NFκB. Interestingly, none of these genes seem to be further altered upon 

methacholine challenge. It would be interesting to assess protein levels of NKIRAS1 in 

asthmatic macrophages and investigate if this gene is altered in macrophages transfected 

with pre- or anti- microRNAs. It could be microRNAs are affecting TNF-α by targeting 

several pathways. 

To further assess the effect of SMAD2 and IL13Rα1 targeting on TNF-α expression, we 

transfected alveolar macrophages with miR-27a, miR-155 and miR-152, treated the cells 

with TGF-β and IL-13 (16h after transfection), infected with RV16 (8h after treatment) 

and measured TNF-α levels 24h post infection. We saw that the group of microRNAs 

seemed to hinder the action of TGF-β and IL-13 on TNF-α, strengthening the hypothesis 

that abnormal TNF-α expression by asthmatic macrophages is related to the blockage of 

TGF-β and IL-13 pathways (figure 21). However, low availability of suitable samples 

and problems with the timing of the experiment slowed down the progress with this 

investigation. In some of our experiments, we could not see the expected effect of TGF-
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β and IL-13 on TNF-α. This may be due to the short amount of time TGF-β and IL-13 

are allowed to act for before infection (8 hours). Alveolar macrophages are only suitable 

for culture for a limited period of time and, for our experiment, it is important that the 

microRNAs are still up-regulated when the cells are infected with RV16. Therefore, we 

decided to prioritize microRNA effect rather than treatment with TGF-β and IL-13. This 

means that by the time the cells are infected with RV16, the effect of these cytokines may 

have not yet reached its peak. It is therefore difficult to test this hypothesis on alveolar 

macrophages and indeed blood-derived macrophages. 

Since we found that SMAD2 and NKIRAS1 mRNA levels were significantly down-

regulated in macrophages of severe asthmatic patients, we decided to assess whether this 

would in fact translate into an increase in TNF-α expression by alveolar macrophages. 

We therefore infected alveolar macrophages from healthy subjects and severe asthmatic 

patients with RV16 and measured the mRNA levels of TNF-α in the cells. Our results 

suggested that there did not appear to be a significant difference in TNF-α production 

between macrophages from healthy subjects and severe asthmatics, upon RV16 infection. 

These observations could result from the fact that SMAD2 and NKIRAS1 mRNA 

reduction in severe asthmatics is quite mild (figure 19 and 20).  

Essential future work would include measuring levels of TNF-α in macrophages from 

methacholine challenged patients, infected with RV16. 
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6 The role of a microRNA network on translation 

 

6.1 Introduction 

 

MicroRNAs are subtle regulators of gene expression which can work in a variety of ways 

to cause translation repression. Most studies investigating the role of microRNA in 

disease focus on the effect of one microRNA on one particular target. However, in 

biology, it is often the case that networks of microRNAs are up/downregulated at a time. 

Very few studies have studied mRNA profile of cells when more than one microRNA is 

dysregulated at a particular time. 

Most of the research done on microRNA collaboration relies on in silico analysis to 

predict the effect of microRNA manipulation on mRNA targets. These approaches, 

including platforms such as Targetscan, miRanda, DIANA-microT or PicTar, focus on 

conservation of 7-/8-mer seeds combined with free energy calculations of the 

microRNA:mRNA duplex to predict microRNA targets. However, the accuracy of these 

predictions is limited, with many predicted targets failing to be validated in vitro. Gene 

expression methods base microRNA target prediction on identifying genes 

downregulated in microRNA overexpressing cell lines, when compared to the respective 

wild-type cell lines. A combination of in silico and gene expression approaches has been 

suggested to increase the accuracy of target predictions and provide a more efficient 

starting point for microRNA manipulation experiments (Wang and Wang, 2006).  

Evidence within our group has suggested that microRNA networks have the potential to 

have a synergistic effect on their mRNA target (Rupani et al, manuscript in preparation). 

In fact, this evidence is strengthened by another study describing that mild induction of 

several microRNAs was more effective than single microRNA upregulation in tackling 

disease (Wang et al., 2013). 

In this study, we were interested in investigating the collaborative effect of miR-27a, miR-

155 and miR-152 in the context of asthmatic inflammation. As described in previous 

chapters, miR-27a, miR-155 and miR-152 are upregulated in alveolar macrophages of 

asthmatic patients. These microRNAs have been predicted to target the regulatory 

pathways TGF-β and IL-13, and we hypothesized that this could be resulting in 
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exaggerated RV-induced TNF-α production. In fact, we have found that transfection of 

synthetic microRNA mimics for miR-27a, miR-155 and miR-152 resulted in an increase 

of mRNA levels of this inflammatory cytokine in macrophages exposed to rhinovirus 

(Results Chapter 4, Figure 16). 

However, further results within the group have described a surprising outcome of 

manipulating microRNAs predicted to target a common mRNA. We observed that the 

downregulation of a combination of four microRNAs that had been validated in silico and 

in direct target assays (luciferase reporter) to target the TGF-β pathway, failed to increase 

its activity, as it was expected (Martinez-Nunez et al, manuscript in preparation). 

Surprisingly, we described the upregulation of genes (such as IL-6 and Il-8) that we had 

not predicted would be directly affected by microRNA manipulation and which were only 

upregulated when the entire group of microRNAS was downregulated.  

These results have highlighted the importance of not limiting our analysis to predicted 

targets. A broader non-hypothesis driven approach such as microarray or RNA-

Sequencing would allow us to have a more comprehensive notion of the transcriptome of 

the cell. RNA-Sequencing or RNA-Seq is a high-throughput method by which the 

transcriptome of a cell can be quantified without the need for hybridization. Most 

researchers use RNA-Seq to characterize gene expression through measurement of 

mRNA levels. Amongst its advantages is the ability to identify novel and low frequency 

RNAs. However, as well as characterizing mRNA profile of the cells, RNA-Seq is able 

to detect specific isoforms of a given gene, which are not usually distinguishable in 

microarray cards. 

Alternative splicing, post-transcriptional regulation mechanisms (direct cleavage or 

accelerated degradation of the mRNA, blocking of translation, etc.), different protein in 

vivo half-lives and poor accuracy of mRNA measurements can all contribute to a lack of 

correlation between mRNA and protein levels (Greenbaum et al., 2003). Therefore, even 

RNA-Seq of total cellular RNA could have limitations in its accuracy to estimate the 

effect of microRNA upregulation. 

Polyribosome profiling is widely used to estimate the translation status of mRNAs. This 

technique allows the extraction of RNA from different polyribosome subcellular fractions 

and has been shown to accurately reflect translation status of mRNAs (Masek et al., 
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2011). RNAs present in the heavier polyribosome fractions are thought to have a greater 

translation rate compared to those loaded into lighter fractions.  

Some studies have used polyribosome profiling as a method to explore the way in which 

microRNAs inhibit translation of mRNA targets. It is thought that if miRNA binding to 

an mRNA results in translation inhibition during the initiation step, targets are generally 

enriched in the lighter fractions of a sucrose gradient, as they are bound to fewer 

ribosomes (Pillai et al., 2005, Huntzinger and Izaurralde, 2011) This preferential binding 

to monosomes and lighter polysome fractions reflects a lower rate of translation of 

miRNA targets. However, in some cases, translation can be inhibited during elongation, 

in which case the miRNA targets still co-sediment with polysomes. In this event, even 

though miRNA targets appear in the actively translated fraction, corresponding protein is 

not detectable. Several explanations have been proposed for this. One study suggested 

that the polypeptide chain might be degraded during translation (Nottrott et al., 2006). 

Others propose that miRNA binding causes premature ribosome drop off, ie. ribosomes 

dissociate from the mRNA prematurely (Petersen et al., 2006). This highlights that even 

though polysome profile should not replace proteomic analysis, it can be a very useful 

tool to predict miRNA regulation of mRNA targets. 

Most of these studies have focused on the effect of the dysregulation of a single 

microRNA on one or more predicted targets. To date, no study has focused on the effect 

of dysregulation of a microRNA network on polyribosome loading of targets. We believe 

that each microRNA may have a different mechanism of action and that working with 

only one may bias the interpretation of results exploring only one specific case. 

Additionally, we also want to explore a situation that is closer to the endogenous one, 

where more than one microRNA, a network, is up-regulated and unexpected relationships 

and mechanisms of action may take place. 

In this chapter, we describe the generation of a monocytic cell line, stably overexpressing 

three microRNAs. This type of cell lines has already proved to be an valuable tool in the 

study of microRNA dependent regulation of mRNAs (Louafi et al., 2010, Martinez-

Nunez et al., 2011). When combined with in silico approaches, generation of a cell line 

overexpressing not one but three microRNAs and the analysis of consequent steady-state 

and polysome-bound mRNA profile, will hopefully allow us to better understand the 

function of this microRNA network in the context of asthmatic macrophages. 
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6.2 Hypothesis and aims 

 

6.2.1 Hypothesis 

 

MiR-27a, miR-155 and miR-152 upregulation conditions the transcriptome profile in 

THP-1 cells in response to LPS.  

 

6.2.2 Aims 

• To study the effect of upregulation of miR-27a, miR-155 and miR-152 on their 

direct targets SMAD2 and IL13Rα1. 

• To study the effect of microRNA upregulation on TNF-α expression. 

• To study the effect of microRNA upregulation on total steady-state mRNA in 

the context of inflammation. 

• To study the effect of microRNA upregulation on polysome-bound RNA in 

response to LPS, as an example of an inflammatory context. 
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6.3 Results 

 

6.3.1 Creating a stably transduced cell line overexpression miR-27a, miR-155 and 

miR-152 

 

In the previous chapters, our work relied on transient transfection of macrophages using 

synthetic nucleotides. This method is convenient and quick to perform and has proved to 

be useful as a way to transfect primary cells. However, due to the large number of cells 

needed for profiling experiments such as microarray or RNA-Sequencing, it was 

important to find a more cost-effective system, such as a stably transduced cell line. 

To create a stably transduced cell line, we started by cloning a lentiviral construct over-

expressing these microRNAs and later transduced it into the monocytic cell line THP-1. 

This section describes the cloning of the construct as well as the transduction and 

validation of the cell line in more detail.  

 

 

6.3.1.1 Cloning of pLVTHM-27a, 155,152 

 

In order to avoid potential problems in the maturation of the microRNAs cloned together 

into pLVTHM we decided to mimic a natural cluster, as a way to ensure that the three 

microRNAs would be processed adequately. The strategy followed was to mimic the 

cluster formed by hsa-miR-23a (chr19: 13836587-13836659 [-]), hsa-miR-27a  (chr19: 

13836440-13836517 [-]) and hsa-miR-24-2 (chr19: 13836287-13836359 [-]). The 

distance between the microRNAs in this cluster ranged from 70 to 80 nucleotides 

(mirbase.org). Therefore, we decided that it was safe to intercalate a sequence of 70 nt 

between each microRNA. To do so, we chose 35 nucleotides up and downstream from 

the stem loop sequence of each respective microRNA (miR-27a, miR-155 and miR-152). 

Human miR-27a, mir-152 and miR-155 mRNA fragments were amplified from genomic 

DNA of B-lymphocytes by PCR and cloned into pCR®2.1-TOPO®.  TOPO cloning was 

performed by Dr. Tilman Sanchez-Elsner. 

The primers used (including the sequence for restriction enzyme sites) were:  
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• HindIII-XbaI-MiR-27a FOR: AAG CTT TCT AGA AGA GAG 

GCC CCG AAG CCT GTG CC 

• BamHI-MiR-27a REV: GGA TCC AGG GGA CAG GCG GCA 

AGG CC 

• BamHI-MiR-155 FOR: GGA TCC CCT CTG AGT GCT GAA 

GGC TTG CTG 

• XhoI-MiR-155 REV: CTC GAG CCA TGT GAA TGC TAG TAA 

CAG GC 

• XhoI-MiR-152 FOR: CTC GAG CCG GCC AGG GAT CAG 

CTG G 

• KpnI-MluI-MiR-152 REV: GGT ACC ACG CGT GAG TGG 

GCG CTG TGC CCG TTG GG 

pCR®2.1-TOPO®-152 was then digested using the restriction enzymes XhoI and KpnI and 

cloned into the pSUPER vector. 

pCR®2.1-TOPO®-27a was digested using HindIII and BamHI and pCR®2.1-TOPO®-155 

with BamHI and XhoI. Fragments containing miR-27a and miR-155 were then cloned 

into pSUPER-152, that had been previously digested using HindIII and XhoI. The plasmid 

obtained was named pSUPER-27a,155,152 (figure 23). This step was necessary for the 

excision of the H1 promoter and subsequent cloning into the PLVTHM vector. The H1 

promoter drives transcription by RNA Polymerase III which allows for transcription of 

small RNAs, tRNAs, 5S ribosomal RNA and U6 spliceosomal RNA. 
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Figure 23 – Schematic representation of pSUPER-27a,155,152. 

 

The plasmid pSUPER-27a,155,152 was then digested using EcoRI and MluI, releasing 

the constuct containing miR-27a, miR-155 and miR-152 and the H1 promoter. The 

released fragment was then cloned into pLVTHM and called pLVTHM-27a,155,152 

(Figure 24). 

 

 

Figure 24 - Schematic representation of cloning microRNA fragment from pSUPER-27a,155,152 into pLVTHM, 

creating pLVTHM-27a,155,152. Restriction enzymes used were EcoRI and MluI. 
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6.3.1.2 Cell line transduction 

 

THP-1 cells were stably transduced with either pLVTHM-Ø or pLVTHM-27a,155,152 

as described in detail in Methods. Briefly, pLVTHM-Ø or pLVTHM-27a,155,152 were 

transfected into HEK293 cells, along with two other vectors encoding for lentiviral 

proteins. Viral particles were harvested 48h later and used to transduce THP-1 cells.  

Cells were then cultured and sorted according to GFP fluorescence using a BD FACSAria 

cell sorter (BD Biosciences). Figure 25 shows the proportion of GFP positive cells pre-

sorting.  

After sorting, cells were cultured for three weeks when GFP expression was measured 

using a FACSCalibur flow cytometer. FACS results are shown in figure 26. As this figure 

shows, the vast majority of cells containing the lentiviral constructs maintained their GFP 

expression. Interestingly, THP-1s transfected with the empty vector seem to be divided 

in two populations, with different GFP expressions.  

 

 

Figure 25 - Sorting of THP-1 Empty and THP1-27a-155-152. 

THP-1 Empty and THP1-27a-155-152 

successfully express GFP 

Sorted cells 

Sorted cells 
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Figure 26 - Analysis of sorted THP-1 Empty and THP1-27a-155-152. 

 

 

 

 

 

 

 

 

 

 

 

THP-1 Empty and THP1-27a-155-152 
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As well as testing GFP expression, we wanted to verify that the microRNAs coded in 

lentiviral vector were successfully over-expressed in our cell line. As figure 27 shows, 

the group of selected microRNAs was significantly over-expressed in THP1-27a-155-152 

compared to THP1-Empty.  

To assess the function of these microRNAs, levels of SMAD2 and IL13Rα1 mRNA 

(confirmed targets of miR-155 and predicted targets of miR-27a and miR-152) were 

measured by RT-qPCR. Figure 28 suggests that mRNA levels of SMAD2 and IL13Rα1 

in lentivirally transduced THP-1 cells were not affected by the upregulation of miR-27a, 

miR-155 and miR-152. Analysis of both microRNA and SMAD2 and IL-13 mRNA levels 

was carried out by Patience Brace, an undergraduate student working on her final year 

project with our group.  

To further investigate the effect of microRNA up-regulation in the THP-1 cell line, we 

measured levels of Serpine1 and Eotaxin1, two downstream genes in the TGF-β and IL-

13 pathways, respectively. 

Figure 29 shows the relative fold induction of Serpine1 and Eotaxin1 in our cell line, upon 

treatment with TGF-β and IL-13 respectively. The low number of repeats does not allow 

us to apply any statistical tests but figure 29 suggests that neither Serpine1 nor Eotaxin1 

mRNA levels are decreased in the THP-1 cell line over-expressing the microRNAs of 

interest.  
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Figure 27 - MicroRNAs 27a, 155 and 152 are over-expressed in THP1-27a-155-152. Cells were lysated in TRI-reagent. 

Unpaired student’s T-test was used for statistical analysis. P≤0.05 was deemed significant. N = 3. (A) Mean +/- SE THP-

1 Empty group = 0.3561 +/- 0.08089. Mean +/- SE THP1-27a-155-152 group = 3.257 +/- 0.1882. (B) Mean +/- SE THP-

1 Empty group = 0.4847 +/- 0.01914. Mean +/- SE THP1-27a-155-152 group = 2.185 +/- 0.3201. (C) Mean +/- SE THP-

1 Empty group = 0.8190 +/- 0.2829. Mean +/- SE THP1-27a-155-152 group = 57.67 +/- 12.05. 

THP1-27a-155-152 cell line successfully 

overexpresses miR-27a, miR-155 and miR-

152 



Ana Francisco Garcia  6. Results 

122 

 

 

Figure 28 - SMAD2 and IL13Ra1 mRNA levels are not significantly decreased in THP1-27a-155-152. Unpaired 

student’s T-test was used for statistical analysis. P≤0.05 was deemed significant. N = 3. (A) Mean +/- SE THP-1 Empty 

group = 0.9001 +/- 0.1193. Mean +/- SE THP1-27a-155-152 group = 0.8777 +/- 0.1095. (B) Mean +/- SE THP-1 Empty 

group = 0.7931 +/- 0.1804. Mean +/- SE THP1-27a-155-152 group = 0.6506 +/- 0.04293. 

 

 

Figure 29 - Levels of Serpine1 and Eotaxin1 are not increased in THP1-27a-155-152. THP-1 Untransduced, THP-1 

Empty and THP1-27a-155-152 were resuspended in RPMI with 2% FBS and treated with either TGF-beta (2ng/ml) or 

IL-13 (50ng/ml) for 24h. N=1. 

SMAD2 and IL13Rα1 mRNA levels are not 

decreased in THP1-27a-155-152 

Serpine1 and Eotaxin1 mRNA levels are 

not decreased in THP1-27a-155-152 
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6.3.2 Effect of microRNA upregulation on TNF-α production upon RV infection 

 

In the previous chapter, we found that transfection of miR-27a, miR-155 and miR-152 

increased levels of RV-induced TNFα. To assess whether the cell line is releasing TNF-

α upon viral infection, we infected THP-1 Untransduced, THP-1 Empty and THP1-27a-

155-152 with RV16 and HRV1B (MOI 0.1) and measured levels of TNF-α mRNA at 

24h. We used the THP-1 Untransduced cell line exposed to RV to control a potential 

effect of the lentiviral transfection on the viral detection pathways in the cells. Figure 30 

suggests a very moderate increase in TNF-α after 24h of virus infection, which does not 

allow us to make any confident comparisons between levels of TNF-α in THP-1 Empty 

and THP1-27a-155-152.  

Furthermore, RV16 does not seem to be replicating in the monocytic cell lines while 

HRV1B seems to be replicating slightly better in THP-1 Empty (figure 31) but not in the 

other cell lines.  

Additionally, in order to test whether this cell line could be used to study the effect of 

microRNAs on inflammation, we also tested whether this cell line would respond to 

bacterial lipopolysaccharide (LPS), an endotoxin that induces a strong response from the 

immune system. As suggested by figure 32, different concentrations of LPS were unable 

to stimulate TNF-α production. However, these results are representative of only one 

experiment, which does not allow us to perform any statistical analysis. 
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Figure 30 - TNF-a mRNA levels in THP-1 Untransduced, THP-1 Empty and THP1-27a-155-152 after infection with 

RV16 or HRV1B, at 0h and 24h. THP-1 Untransduced, Empty and THP1-27a-155-152 cell lines were infected at an MOI 

of 0.1 with RV16 or HRV1B. Cells were either incubated in RPMI 2%FBS for 24h on a 24-well plate (500 000 cells/well) 

or re-suspended in TRI-reagent. N=1. 
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Figure 31 - RV16 and HRV1B replication in THP-1 Untransduced, THP-1 Empty and THP1-27a-155-152. THP-1 

Untransduced, Empty and THP1-27a-155-152 cell lines were infected at an MOI of 0.1 with RV16 or HRV1B. Cells were 

either incubated in RPMI 2%FBS for 24h on a 24-well plate (500 000 cells/well) or re-suspended in TRI-reagent. Control 

(0h) refers to levels of viral RNA in that particular cell line at 0h after infection. N=1. 

 

 

 

Figure 32 - TNFa expression of THP-1 Empty in response to LPS stimulus. THP-1 Empty cells were plated in RPMI with 

10% FBS and 1:100 Pen-Strep and incubated with 100ng/ml or 1µg/ml of LPS for 6, 24 or 48 hours. Cells were then 

collected in TRI-reagent. N=1. 

RV16 and HRV1B replication in 

THP1-27a-155-152 

TNF-α expression in THP1-Empty in 

response to LPS 
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6.3.3 Creating an inducible, stably transduced cell line overexpression miR-27a, 

miR-155 and miR-152 

 

Seeing as our system was not responding to RV or LPS we hypothesized that perhaps the 

prolonged culture of this cell line was causing the cells to have an exacerbated 

inflammatory profile at baseline, resulting in poor induction of TNF-α when exposed to 

stimuli. We therefore decided to recreate the cell line using a fresh batch of THP-1 cells 

and to carefully monitor culture conditions such as cell concentration, to prevent an 

exacerbated inflammatory profile and improve reproducibility of the results. 

Furthermore, we established an inducible system of microRNA expression, based on a 

tetracycline dependent system, where expression of miR-27a, miR-155 and miR-152 

would be “switched-on” upon treatment with doxycycline, a semi-synthetic tetracycline.  

To create the inducible cell line, we transduced THP-1 cells with pLV/tTR-KRAB-Red. 

This vector encodes the tTR-KRAB fusion protein and DsRed2 protein. tTR-KRAB is a 

fusion protein with two modules: tetracycline TransRepressor (tTR) and KRAB. tTR is a 

DNA binding domain which is regulated by tetracycline or a derivative such as 

doxycycline (Doxy). KRAB is a repressor of both Polymerase II and III transcriptional 

activity within a distance of 3Kb from its binding site. Therefore, when cells containing 

this vector are exposed to tetracycline or doxycycline, tTR-KRAB is sequestered, freeing 

the promoter and allowing gene expression to occur. DsRed2 encodes for a fluorescent 

marker with an excitation wavelength of 563nm and emission at 582nm, which results in 

red fluorescence and allows for fluorescence assisted cell sorting. Once KRAB positive 

cells were sorted and expanded, we transduced this cell line with the pLTVHM-

27a,155,152 plasmid.  

 

Figure 33 is a schematic representation of this system. 
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Figure 33 - Schematic representation of inducible vector for microRNA overexpression. tTR-KRAB prevents GFP and 

microRNA transcription. Cells fluoresce red due to DsRed expression. Upon Doxycycline treatment, tTR-KRAB is allows 

GFP and microRNA expression. Cells acquire red and green fluorescence. 
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6.3.3.1 Cell line transduction 

 

THP-1 cells were stably transfected with pLV/tTR-KRAB and sorted according to red 

fluorescence (Figure 34). These cells were then grown and subsequently stably 

transduced with either pLVTHM-Ø or pLVTHM-27a,155,152 as described in Methods. 

Cells were then cultured and exposed to doxycycline for 96 hours. Cell that fluoresced 

green and red (indicating expression of GFP and DsRed) were sorted (Figure 35 and 36). 

Figures 35 and 36 illustrate the sorting of GFP and DsRed/KRAB positive cells after 96 

h of doxycycline treatment. 

Once cells were sorted, it was necessary to test whether microRNAs were upregulated in 

response to doxycycline. Figure 37 shows that THP1-27a-155-152 cells had increased 

levels of miR-27a, miR-155 and miR-152 when exposed to doxycycline for 96h, 

compared to non-induced cells. In this case, we also exposed cells to LPS (100ng/ml) for 

4h for use in future experiments. 

 

Figure 34 - Sorting of DsRed positive cells. Sorted cells were positive for the repressor protein tTR-KRAB. 

THP-1 KRAB cell line expresses DsRed 

Sorted 
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Figure 35 - Sorting of GFP and DsRed positive THP1-Empty cells. Sorted cells should contain the sequestered tTR-

KRAB protein, allowing for GFP expression.  

THP-1 Empty cell line expresses 

DsRed and GFP when treated with 

Doxycycline 

Sorted cells Sorted cells 
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Figure 36 - Sorting of GFP and DsRed positive THP1-27a-155-152 cells. Sorted cells should contain the sequestered 

tTR-KRAB protein and allow for GFP and microRNA expression. 
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Figure 37 – MicroRNAs are upregulated in THP1-27a-155-152 cell line induced with doxycycline when compared to 

non-induced cells. Cells were exposed to doxycycline for 96h and exposed to LPS (100ng/ml) for 4h. Student’s paired 

T-test was used and significance was determined at P≤0.05. N = 3. (A) Mean +/- SE THP-1 Mix plus doxy group = 3.854 

+/- 0.1229. (B) Mean +/- SE THP-1 Mix plus doxy group = 1.877 +/- 0.1224. (C) Mean +/- SE THP-1 Mix plus doxy group 

= 10.28 +/- 1.887. 
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6.3.3.2 TNF-α is upregulated upon LPS stimulus 

 

To study the effect of microRNA upregulation in the context of inflammation, we exposed 

the THP1-27a-155-152 cell line to LPS, before and after treatment with doxycycline for 

96h. 

We measured TNF-α as a marker of the inflammatory profile of cells treated with LPS 

for 4h. We observed that in both the non-induced and induced cells, TNF-α was 

upregulated after exposure to LPS for 4h (Figure 38).  

 

 

Figure 38 - TNF-α induction in THP1-27a-155-152 cells, induced and non-induced with doxycycline, upon LPS 

stimulus (100ng/ml for 4h). N=1. 

 

 

 

 

 

TNF-α mRNA is increased in induced THP1-27a-

155-152  
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6.3.4 The effect of microRNA upregulation on polysomal loading in the context of 

inflammation 

 

 

6.3.4.1 Ribosomal profiling of induced and non-induced THP1-27a-155-152 

 

Seeing as miRNAs work as translation regulators, we hypothesized that analysis of 

polysome-bound mRNA would be a more accurate tool to investigate miRNA function 

than steady-state mRNA analysis. In order to study this, and after establishing that THP1-

27a-155-152 was responding to LPS, we used a Gradient Station (Biocomp Instruments) 

to establish the polyribosome profile of these cells. These profiles are represented in 

figure 39. Each peak represents a ribosomal population. 

Briefly, non-induced and induced cells were exposed to LPS for 4h. They were then 

incubated with cycloheximide (100µg/ml) for 10 minutes and then lysed in lysis buffer 

as described in Methods. Cyclohexamide is an inhibitor of protein synthesis by blocking 

the elongation of translation and thus helps keep mRNAs bound to the ribosomes. 

Cytosolic extracts were overlaid on a sucrose gradient and ultracentrifuged as described 

in Methods. Individual polyribosome fractions were purified using a Gradient Station 

(Biocomp Instruments). 

Each polysomal fraction was extracted separately and later combined for RNA-Seq. As a 

result, we obtained three different samples for each non-induced and induced cell line: 

Total RNA (cytosolic steady-state RNA), Monosomal RNA (extracted from the 80S 

peak) and Polysomal RNA (combination of equal amounts of all polysomal RNA peaks). 

Total RNA and Polysomal RNA were used for RNA-Seq experiments, after appropriate 

quality control measurements (data not shown).  
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Figure 39 - Ribosomal profile of induced and non-induced THP1-27a-155-152 (duplicate experiment). Results were 

obtained using a Biocomp fractionation machine. Absorbance peaks represent ribosomal populations on a sucrose 

gradient.  
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6.3.4.2 Total RNA and polysome bound RNA profiles are different in THP1-27a-155-

152 exposed to LPS 

 

Analysis of mRNA bound to polysomes allows us to estimate their translation potential. 

If a particular mRNA species is bound to heavier polysomes (reflecting more ribosomes 

attached to that mRNA) in a given situation (eg. microRNA upregulation) then it is 

estimated that it will be more heavily translated than if it is bound to monosomes or lighter 

polysomes (eg. in basal condition). 

In light of this, we extracted polyribosome fractions of LPS treated THP1-27a-155-152 

before and after exposure to doxycycline. We used LPS because we wanted to examine 

the effect of the microRNAS on genes that are up-regulated during inflammation. 

Polysome bound mRNA as well as total cellular RNA was sequenced by Expression 

Analysis, USA after appropriate quality control measurements (data not shown).  

We found that 203 genes were dysregulated when comparing induced (microRNA up-

regulation) versus non-induced (control) total RNA of THP1-27a-155-152. When 

comparing polysome bound mRNA, 307 genes were deemed to be altered depending on 

microRNA upregulation. Interestingly, only 24 of those genes were common to both 

analyses (Figure 40).  
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Figure 40 - Dysregulated genes in induced THP1-27a-155-152 compared to non-induced cell line. Total mRNA 

analysis revealed a total of 203 (179 + 24) dysregulated with a fold change of at least 2, at P≤0.05. Polysome-bound 

mRNA analysis revealed 307 (283+24) dysregulated with a fold change greater than 2 or lower than -2, at P≤0.05. Out 

of these, 24 genes overlapped between the two groups. 
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6.3.4.3 Gene expression is altered in total RNA of THP-1 cells overexpressing miR-

27a, miR-155 and miR-152 

 

To determine the effect of microRNA overexpression on the transcriptome of a monocytic 

cell line, we compared gene expression of non-induced and induced THP1-27a-155-152 

cells, exposed to LPS for 4h using RNA-Seq.  

Figure 41 illustrates the regulation of the top hundred differently expressed genes in total 

RNA. Unsupervised clustering identified the induction groups as clustering together. 

Table 8 describes the top ten genes that were seen to dysregulated in total steady-state 

mRNA of THP1-27a-155-152 induced and non-induced at p≤0.05 and at a fold change 

(Log2) greater than 2 or lower than -2. 

Overrepresentation pathway analysis using CPDB algorithm 

(http://consensuspathdb.org/) allowed us to select pathways that seemed to be enriched in 

these genes.  Pathways predicted to be significantly affected are represented in Table 9. 

Eight pathways were seen to be significantly over-represented when analysing altered 

genes.  The two most significantly enriched pathways were the chemokine signalling 

pathway and the cytokine-cytokine receptor interaction, with nine and eight candidates 

contained, respectively. Also of interest to us was the TLR pathway, which was also 

shown to be affected. Figures 42 to 44 illustrate the pathways and genes affected. Figures 

42 to 44 were adapted from the Kyoto Encyclopedia of Genes and Genomes 

(http://www.genome.jp/kegg/pathway.html). 



Ana Francisco Garcia  6. Results 

138 

 

 

Figure 41 - Heatmap of the top 100 significant fold changes between induced and non-induced THP1-27a-155-152 

total mRNA. 
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Table 8 – Total RNA top 10 significant fold changes above 2 fold. Top 10 significant fold changes with the lowest 

fold change below -2. 

 

 

 

 

 

 

 

 

 

Gene 

Non-induced 

mean  

(Log 2) 

Induced 

mean 

(Log 2) 

Fold 

change 
FDR P-value 

ACTR3C 0.000 5.010 32.230 0.204562 0.0007 

FLJ00326 0.000 4.230 18.759 0.134526 0.0001 

AK300962 0.000 3.338 10.109 0.624516 0.0039 

DRD5 0.000 2.825 7.088 0.34255 0.0014 

LOC100499484 0.000 2.661 6.327 0.764046 0.0078 

LDHAL6A 0.000 2.505 5.675 0.751295 0.0072 

HIST1H1D 0.000 2.318 4.987 0.134526 0.0001 

UNQ6494 0.000 2.318 4.987 0.134526 0.0001 

AK056524 0.000 2.256 4.776 0.960358 0.0479 

GCNT3 0.000 2.206 4.615 0.960358 0.0498 

CLEC18B 2.967 0.000 -7.822 0.537136 0.0028 

NPFF 2.995 0.000 -7.975 0.944673 0.0221 

DHRS4L1 3.075 0.000 -8.428 0.887274 0.0167 

FLJ13224 3.129 0.000 -8.751 0.814532 0.0102 

GPR88 3.129 0.000 -8.751 0.814532 0.0102 

NTRK1 3.160 0.000 -8.939 0.134526 0.0001 

FLJ36644 3.194 0.000 -9.153 0.869627 0.0141 

FLJ37201 3.300 0.000 -9.847 0.751295 0.007 

BX537909 3.686 0.000 -12.870 0.242511 0.0009 

FW340055 4.142 0.000 -17.656 0.960358 0.0354 
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Table 9 - Pathways significantly affected by genes dysregulated in total RNA of induced THP1-27a-155-152. Blue 

shading represents downregulation wile red shadding represents upregulation. 

 

 

 

 

 

 

 

 

 

 

 

P-value Pathway Genes dysregulated 

6.65E-06 Chemokine signaling pathway - Homo 

sapiens (human) 

ADCY5; NCF1; CCL4L1; CCR10; 

CCL4L2; XCL1; CCL27; CCL24; 

CCL3L1 

0.00055 Cytokine-cytokine receptor interaction - 

Homo sapiens (human) 

CCL4L1; CCR10; CCL4L2; XCL1; 

CCL27; TNFRSF4; CCL24; 

CCL3L1 

0.001663 Thyroid hormone synthesis - Homo 

sapiens (human) 

ADCY5; GPX3; SLC5A5; PRKCG 

0.004061 Morphine addiction - Homo sapiens 

(human) 

ADORA1; ADCY5; PRKCG; 

GABRA4 

0.004704 Endocrine and other factor-regulated 

calcium reabsorption - Homo sapiens 

(human) 

PRKCG; DNM3; KL 

0.005578 Glutathione metabolism - Homo sapiens 

(human) 

GPX3; GSTM2; GSTM5 

0.006539 cGMP-PKG signaling pathway - Homo 

sapiens (human) 

ADORA1; ADCY5; ADRB3; 

NPR1; CNGB1 

0.006704 Toll-like receptor signaling pathway - 

Homo sapiens (human) 

CCL4L1; CCL4L2; SPP1; CCL3L1 
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Genes dysregulated in total steady-state mRNA of induced 

THP1-27a-155-152 cells and their effect on relevant pathways  

Figure 42 -Diagram of the KEGG pathways affected by microRNA upregulation as analysed in total mRNA -

Chemokine signalling pathway - Chemokine signalling pathway. Red lines indicate a dysregulated gene. 
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Figure 43 - Diagram of the KEGG pathways affected by microRNA upregulation as analysed in total mRNA - 

Chemokine signalling pathway– Cytokine-cytokine receptor interaction. Red lines indicate a dysregulated gene. 

 

Genes dysregulated in total steady-state mRNA of induced 

THP1-27a-155-152 cells and their effect on relevant 

pathways - continued 
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Figure 44 - Diagram of the KEGG pathways affected by microRNA upregulation as analysed in total mRNA – Toll-

like receptor signalling pathway. Red lines indicate a dysregulated gene. 

 

 

 

 

 

 

 

Genes dysregulated in total steady-state mRNA of induced 

THP1-27a-155-152 cells and their effect on relevant 

pathways - continued 
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6.3.4.4 Gene expression is altered in polysome bound RNA of THP-1 cells 

overexpressing miR-27a, miR-155 and miR-152 

 

 

To determine the general effect of overexpression of miR-27a, miR-155 and miR-152 on 

translation, we compared polysome-bound mRNA of non-induced and induced THP1-

27a-155-152 cells, exposed to LPS for 4h. 

Figure 45 illustrates the regulation of the top hundred differently expressed genes in 

polysome-bound RNA. Unsupervised clustering, which consists in finding a pattern to 

unlabelled data and clustering it together according to similarities between the samples, 

identified the induction groups as clustering together. Table 10 describes the top ten genes 

that were differentially regulated in polysome bound mRNA of THP1-27a-155-152 

induced and non-induced, with a significance value at p≤0.05 and at a fold change (Log2) 

greater than 2 or lower than -2. 

Overrepresentation pathway analysis using CPDB algorithm 

(http://consensuspathdb.org/) allowed us to select pathways that seemed to be enriched in 

these genes.  Pathways predicted to be significantly affected are represented in Table 11. 

Six pathways seem to include more than two dysregulated genes.  The phagosome 

pathway was the most affected, with six candidate genes converging on it.  

Figures 46 to 49 illustrate the pathways and genes affected. Figures 46 to 49 were adapted 

from the Kyoto Encyclopedia of Genes and Genomes 

(http://www.genome.jp/kegg/pathway.html). 
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Top 100 dysregulated genes in polysome-bound mRNA THP1-

27a-155-152 cell line induced with Doxycycline and exposed 

to LPS 

Figure 45 - Heatmap of the top 100 significant fold changes between induced and non-induced THP1-27a-155-152  

polysome-bound mRNA. 
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Table 10 – Polysome-bound RNA top 10 significant fold changes above 2 fold. Top 10 significant fold changes with 

the lowest fold change below -2. 

Gene 

Non-

induced 

mean  

(Log 2) 

Induced 

mean 

(Log 2) 

Fold 

change 
FDR P-value 

ACTR3C 0.116 6.344 74.945 0.411879 0.0008 

KLHL23 0.000 5.309 39.636 0.201520 <.0001 

LILRB3 0.000 3.769 13.637 0.411879 0.0006 

ARMC3 0.000 3.625 12.339 0.672288 0.0085 

BTF3P11 0.000 3.518 11.458 0.823732 0.0156 

FLJ39080 0.000 3.516 11.440 0.672288 0.0042 

THBS2 0.000 3.386 10.458 0.999964 0.0462 

S100B 0.000 3.297 9.828 0.999964 0.0383 

PPT2-EGFL8 0.000 3.208 9.238 0.692375 0.0106 

TF 0.000 3.181 9.070 0.411879 0.0011 

CTAGE4 3.455 0.000 -10.969 0.471758 0.0020 

FBXW10 3.530 0.000 -11.549 0.775372 0.0136 

FLJ26850 3.600 0.000 -12.124 0.411879 0.0007 

LIMS3-LOC440895 3.704 0.000 -13.030 0.594909 0.0026 

FAM209A 3.712 0.000 -13.107 0.389449 0.0004 

ADAM19 3.881 0.000 -14.729 0.411879 0.0006 

FCGR2B 3.881 0.000 -14.732 0.672288 0.0080 

RTEL1-TNFRSF6B 4.274 0.000 -19.343 0.201520 <.0001 

TMEM110-MUSTN1 4.338 0.000 -20.224 0.743761 0.0122 

PHOSPHO2-KLHL23 4.860 0.000 -29.039 0.672288 0.0034 

 

 

Table 11 - Pathways significantly affected by genes dysregulated in polysome-bound RNA of induced THP1-27a-

155-152. Blue shading represents downregulation wile red shadding represents upregulation. 

P-value Pathway Genes dysregulated 

0.00431 Phagosome - Homo sapiens (human) NCF1; HLA-DOB; THBS2; FCGR2B; 

CD14; HLA-G 

0.005805 Bile secretion - Homo sapiens (human) ADCY5; ABCG2; ATP1A2; SLCO1A2 

0.005927 Allograft rejection - Homo sapiens 

(human) 

CD80; HLA-G; HLA-DOB 

0.006572 cGMP-PKG signaling pathway - Homo 

sapiens (human) 

ADCY5; CNGB1; CREB5; MYLK3; 

GUCY1A2; ATP1A2 

0.0079 Graft-versus-host disease - Homo 

sapiens (human) 

CD80; HLA-G; HLA-DOB 

0.009014 Type I diabetes mellitus - Homo sapiens 

(human) 

CD80; HLA-G; HLA-DOB 
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Figure 46 - Diagram of the KEGG pathways affected by microRNA upregulation as analysed in total mRNA – 

Phagosome. Red lines indicate a dysregulated gene. 

Genes dysregulated in polysome-bound mRNA of induced 

THP1-27a-155-152 cells and their effect on relevant pathways  
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Figure 47 - Diagram of the KEGG pathways affected by microRNA upregulation as analysed in total mRNA – Allograft 

rejection pathway. Red lines indicate a dysregulated gene. 

Genes dysregulated in polysome-bound mRNA of induced 

THP1-27a-155-152 cells and their effect on relevant pathways 

– continued 
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Figure 48 - Diagram of the KEGG pathways affected by microRNA upregulation as analysed in total mRNA – Diabetes 

mellitus. Red lines indicate a dysregulated gene. 

 

 

 

 

 

 

Genes dysregulated in polysome-bound mRNA of induced 

THP1-27a-155-152 cells and their effect on relevant pathways 

– continued 
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Figure 49 - Diagram of the KEGG pathways affected by microRNA upregulation as analysed in total mRNA – Graft-

vs-host disease. Red lines indicate a dysregulated gene. 

Genes dysregulated in polysome-bound mRNA of induced 

THP1-27a-155-152 cells and their effect on relevant 

pathways – continued 
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6.3.4.5 Enrichment of in silico microRNA targets in genes downregulated in 

polysomes 

 

As microRNAs can also work by inhibiting translation rather than degrading mRNA, we 

hypothesized that polysome bound mRNA would be a more useful and accurate tool to 

predict miRNA targets than total mRNA. Differences in total, steady-state mRNA could 

be due to mRNA degradations as a result of microRNA upregulation. However, other 

factors such as alternative splicing can also contribute to those differences. Therefore, we 

hypothesized that polysome-bound mRNA would show more microRNA-induced 

specific alterations. 

To test this, we cross referenced genes found to be significantly downregulated (fold 

change < -2) with predicted targets of miR-27a, miR-155 and miR-152 as described by 

the in silico prediction platform Targetscan 6.2. 

Figure 50 shows that polysome-bound downregulated genes seem to overlap marginally 

better with Targetscan 6.2 predictions than total cytosolic RNA genes. In the case of miR-

27a, out of 1212 predicted targets from Targetscan 6.2, 4 were downregulated in total 

cytosolic RNA and 6 were downregulated in polysome bound RNA. For miR-155, out of 

the predicted 440 targets, 1 was downregulated in total cytosolic RNA and 2 in polysome 

bound RNA. Out of the 698 predicted targets of miR-152, only 2 were shown to be 

downregulated in cytosolic RNA while 6 were significantly downregulated in polysome 

bound RNA. These results show a very low concordance between the in silico data and 

our experimental results. 

 



Ana Francisco Garcia  6. Results 

152 

 

 

 

Figure 50 - Overlap of Targetscan predictions and downregulated genes in total and polysome-bound mRNA. 

Overlap of genes downregulated in total and polysome-

bound mRNA with an in silico prediction platform 
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6.4 Discussion 

 

The popularity of microRNAs as regulators of immune function in the context of disease 

is evidenced by the extensive number of publications on this topic, focusing on 

identifying the regulation, function and potential of these small RNAs as therapeutic 

targets. 

To date, most of this type of research has focused on the interaction of one microRNA on 

a particular target and the consequences that interaction can ensue in biology. More 

recently, however, the seemingly beneficial outcome of using combinations of 

microRNAs with potential implications in therapy has been highlighted (Wang et al., 

2013). It is known that microRNAs tend to be regulated in networks so the fact that 

networks should be considered in the quest for a potential therapeutic target is not 

surprising (Kim et al., 2009). 

Furthermore it has been shown that microRNAs can act on multiple targets at once (Liu 

et al., 2010a). Therefore in this study, we aimed to look at the effect of a microRNA 

network on the transcriptome of the cell. We aimed to do this using a monocytic cell line 

overexpressing three microRNAs found to be upregulated in asthmatic macrophages. We 

were particularly interested in the role of these three microRNAs in the context of 

inflammation.  

We created and cloned a cluster of three microRNAs, miR-27a, miR-155 and miR-152 

into a single lentiviral vector and transfected THP-1 with this construct, using a lentiviral 

transduction system (see Methods). This cell line was tested and upregulation of 

microRNAs was confirmed. However, it was also clear that, even though these 

microRNAs were predicted in silico to target SMAD2 and IL13Rα1, they did not appear 

to decrease levels of mRNA for these genes. This is not unexpected seeing as microRNAs 

are post-transcriptional modulators and they often act by blocking initiation proteins from 

binding to the 5’ cap of the mRNA sequence and thus inhibiting translation. Therefore 

we would expect to see a decrease in protein levels and downstream genes but not 

necessarily mRNA levels. A similar pattern was seen in previous results obtained by the 

group, where a THP-1 cell line overexpressing miR-155 only showed a decrease on PU1 

and IL13Rα1 protein levels and not mRNA levels (Martinez-Nunez et al., 2011, 

Martinez-Nunez et al., 2009).  
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To ascertain this, we measured the mRNA levels of Serpine1 and Eotaxin1, genes 

working downstream of SMAD2 and IL13Rα1 respectively. These genes would 

theoretically be affected by a decrease in the protein levels of SMAD2 and IL13Rα1. 

However, our results suggested that levels of Serpine1 and Eotaxin1 were not lower in 

the cell line overexpressing the microRNAs compared to the empty vector control. We 

also observed that our THP-1 cells did not seem to produce significant amounts of TNF-

α when stimulated with RV16 or LPS. It might be that they require differentiation into 

more macrophage-like THP-1 or a higher concentration of pathogenic stimuli. Also, 

perhaps the prolonged culture of this cell line was causing the cells to have an exacerbated 

inflammatory profile at baseline, resulting in poor induction of TNF-α when exposed to 

stimuli. We therefore decided to recreate the cell line using a fresh batch of THP-1 cells 

and to carefully monitor culture conditions such as cell concentration, to prevent an 

exacerbated inflammatory profile and improve reproducibility of the results. This was 

further enhanced by the development of a tetracycline dependent inducible system. The 

introduction of this system prevented the constant upregulation of microRNAs and 

consequent potential changes in cell behaviour and phenotype related to long term 

microRNA upregulation.  

Working as modulators of translation, microRNAs do not always degrade their mRNA 

targets. As discussed before, translation inhibition can be achieved through inhibition of 

translation initiation or elongation, premature translation termination and protein co-

translational degradation (Mathonnet et al., 2007, Gu and Kay, 2010, Petersen et al., 2006, 

Nottrott et al., 2006). By sequencing total, steady-state mRNA and polyribosomal bound 

mRNA in induced and non-induced cells, we obtained a clearer picture of the role of 

microRNA on the transcriptome of these cells.  

Our results showed that analysis of total, steady-state mRNA, as used by most scientists, 

may not assess all the different mechanisms of control of gene expression by microRNAs. 

Out of the 203 genes seen to be deregulated in steady-state RNA, only 24 were also 

differentially expressed in the polyribosome-bound fraction. On the other hand, 307 genes 

were seen to be altered in polyribosome-associated RNA. A recent study had established 

that cellular abundance of proteins is predominantly controlled at the level of translation 

(Schwanhausser et al., 2011). Our results show that analysis of polysome bound mRNA 

reveals almost twice as many differentially expressed genes than steady-state mRNA 

analysis revealing a fundamental role of microRNAs in the translation of mRNAs 
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Over-representation pathway analysis of steady-state mRNA differences highlighted 

eight significantly affected pathways. Of particular interest to us in an inflammatory 

context are the chemokine signalling pathway (ADCY5; NCF1; CCL4L1; CCR10; 

CCL4L2; XCL1; CCL27; CCL24; CCL3L1), the cytokine-cytokine receptor interaction 

(CCL4L1; CCR10; CCL4L2; XCL1; CCL27; TNFRSF4; CCL24; CCL3L1) and the toll-

like receptor signalling pathway (CCL4L1; CCL4L2; SPP1; CCL3L1). The genes seen 

to be involved in these pathways are downregulated, suggesting their deficient activity.  

Deficient TLR pathway has already been described in the context of asthma. Asthmatic 

monocytes have been shown to have a significantly decreased expression of TLR2 and 

TLR4 as well as TLR6 (Lun et al., 2009, Chun et al., 2010). In our study, we found that 

monocytic cells overexpressing miR-27a, miR-155 and miR-152 had reduced levels of 

the cytokine secreted phosphoprotein 1, which could lead to deficient IFN-β production 

and consequent poor viral clearance (Figure 46). Downregulation of MIP-1α and MIP-1β 

in our study corroborates the lower expression of these proteins in peripheral T-cells in 

mild allergic asthma (Grob et al., 2003). Furthermore, results within our group have 

identified TLR7 as a direct target of miR-152. These results have also shown that miR-

152 downregulation results in increased levels of this TLR (Rupani et al, manuscript in 

preparation). It appears that upregulation of these three microRNAs has a different effect 

than would be predicted for upregulation of miR-152 alone. Indeed the TLR pathway is 

still affected but through downregulation of other genes that not TLR7. There can be a 

variety of reasons for this, one of them being the use of THP-1 cells rather than alveolar 

macrophages. Overall, our results aim to describe the mechanistic action of microRNAs 

rather than a direct effect on disease, and as such the model used was not chosen with the 

intention of mimicking a specific pathological process. 

More surprising perhaps is the apparent impairment of chemokine and also, to a smaller 

extent, cytokine pathways in cells overexpressing these microRNAs, especially in light 

of the predominant role of cytokines and chemokines in asthma pathology (Barnes, 2002). 

However, deficiency in these pathways is mostly related to the interaction between 

chemokine/cytokine and their receptor. Therefore, it might be that our results are not 

suggesting a deficiency in expression of these chemokines by macrophages, but instead 

a poor response of these cells to extrinsic stimuli. Perhaps, even a deficient negative 

feedback loop that would result in increased chemokine/ cytokine secretion by these cells. 
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These results are supplemented by differential gene expression in polysome-bound RNA. 

Our analysis indicated that the most affected pathways by differentially regulated genes 

in polysomes were the phagosome (NCF1; HLA-DOB; THBS2; FCGR2B; CD14; HLA-

G), bile secretion (ADCY5; ABCG2; ATP1A2; SLCO1A2), allograft rejection (CD80; 

HLA-G; HLA-DOB), cGMP-PKG signalling (ADCY5; CNGB1; CREB5; MYLK3; 

GUCY1A2; ATP1A2), graft-versus-host disease (CD80; HLA-G; HLA-DOB) and type 

I diabetes mellitus pathways (CD80; HLA-G; HLA-DOB). The most significantly 

affected pathway, phagosome, had already been shown to be affected in the context of 

asthma. One study has shown that alveolar macrophage phagocytosis is impaired in 

children with poorly controlled asthma (Fitzpatrick et al., 2008). Therefore, it may be that 

microRNA upregulation in these cells results in deficient pathogen clearance and 

consequent persistent inflammation that characterizes asthma. 

Other significantly affected pathways were the allograft rejection, graft-versus-host 

disease and type I diabetes. The genes highlighted were common to these three pathways 

which suggested a similar resulting effect. Furthermore, according to the literature, these 

three pathways seem to share the involvement of relevant cells. Macrophages, along with 

T-lymphocytes, were recognized as the dominant cell types infiltrating acutely rejecting 

allografts (Wyburn et al., 2005). Also, these cells have been suggested to have a central 

role in the phenotype of type 1 diabetes, along with T-cells (Espinoza-Jimenez et al., 

2012).  Together, our results suggest a microRNA associated deficiency in antigen-

presenting processes which can be relevant to a variety of other pathways. Indeed, miR-

155 has already been described to be implicated in antigen presentation. Surprisingly, in 

light of our results, evidence in the literature has indicated that cells lacking miR-155 fail 

to effectively activate T cells (Rodriguez et al., 2007). This disparity of results could be 

a consequence of upregulation of a microRNA network rather than a single microRNA. 

Indeed, other groups have showed identical levels of CD40, CD80, CD83, CD86 and 

MHC II in LPS-matured BM-derived DCs from wild-type or miR-155 knockout mice (Lu 

et al., 2011a). Furthermore, our group has identified transcription factor PU.1 as a direct 

target of miR-155. Upregulation of this microRNA resulted in poor pathogen binding 

ability which could consequently impair antigen presentation (Martinez-Nunez et al., 

2009). On the other hand, miR-152 has already been published to impair antigen 

presentation of TLR-triggered dendritic cells;this microRNA targeted CaMKIIα and 
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inhibited the upregulation of MHC class II expression and DC-initiated Ag-specific T cell 

proliferation (Liu et al., 2010b). 

Impaired phagocytic ability, along with deficient response to chemokines and poor TLR 

response seems to suggest a potential detrimental effect of miR-27a, miR-155 and miR-

152 over-expression on macrophage-mediated pathogen clearance. This could lead to 

prolonged inflammation and frequent infections which are characteristic of diseases such 

as asthma. 

Furthermore, we identified that neither total, steady state or polysome-bound 

downregulated mRNA was comparable to in silico prediction tools (Figure 50). There are 

several potential explanations for this. Firstly, in silico prediction tools rely on 

conservation of 7-/8-mer seeds combined with free energy calculations of the 

microRNA:mRNA duplex to predict microRNA targets. However, sometimes these 

predictions are not entirely accurate these targets are not validated experimentally. 

Another potential reason would be the upregulation of three microRNAs simultaneously. 

As was already mentioned, another study within the group has found that downregulation 

of four microRNAs simultaneously had a different effect on common targets when 

compared to the downregulation of only one of those microRNAs. It is possible that this 

difference is also being observed in our study. Furthermore, the levels of upregulation of 

these microRNAs may condition how targets are regulated. It could be that the microRNA 

upregulation induced in our cell line is insufficient to cause downregulation of some of 

the predicted targets, but still enough to result in decreased levels of other mRNAs.  

Luciferase assays are the most accurate method to confirm microRNA binding. However, 

as microRNAs can work in networks, as evidenced, and due to the laborious and time-

consuming nature of these assays, in silico analysis is still the most popular option for 

many researchers. Furthermore, the integration of gene expression and in silico target 

prediction is still lacking substantial development. Hopefully, with the increased 

availability of RNA-Seq and as online repositories are updated, it will soon be possible 

to quickly validate predicted targets and extrapolate the effect of microRNA network 

deregulation on the cell’s phenotype. 

Using an inflammatory context relevant to asthma, we observed that monocytic cells 

overexpressing miR-27a, miR-155 and miR-152 presented an impaired response to 

chemokines and cytokines, as well as deficient TLR function. These results were obtained 
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by analysing total steady-state mRNA. However, analysing polysome-bound mRNA 

allowed us to identify a potential further deficiency in the phagocytic and antigen 

presentation ability of these cells. Impairment of these pathways has been established in 

asthma and linked to overexpression of miR-155 and miR-152. Essential future work 

would involve the validation of the mRNAs deregulated with RT-qPCR, and further 

analysis of isoform loading into polysomes.  

Furthermore it would be important to ascertain the effect of doxycycline treatment on 

gene expression. During our analysis, we searched the literature for genes potentially 

affected by this treatment in the context of inflammation. An interesting study had 

investigated the role of doxycycline and monocycling in THP-1 inflammatory responses 

to Borrelia burgdorferi (Bernardino et al., 2009). As this seemed to be a similar context 

to our research, we overlapped the list of altered genes in this publication with our results. 

We found that very few genes overlapped between the two lists and these did not seem to 

be converging on any specific pathway. However, due to the obvious differences between 

our experimental design and the one described in the article (exposure to live bacteria, 

different exposure time, different doxycycline treatment time and different doxycycline 

dose, etc) it is still essential to validate our results in our THP-1 Empty cell line with or 

without doxycycline treatment. These experiments were not performed by the author due 

to time constraints. We hope to be able to carry these out in the near future. 

Also, it would be interesting to investigate the role of each microRNA in the system. For 

this, we are currently creating three separate cell lines overexpressing miR-27a, miR-155 

or miR-152 which we hope in the future will serve for total and polysome-bound RNA 

sequencing. 

Primarily, our results shed a new light on the role of this group of microRNAs and the 

effect of co-upregulation on total and polysome-bound mRNA. We observed that 

focusing specifically on polysome-bound mRNA allowed us to identify potentially 

affected pathways that we would have otherwise missed if we were only analysis total, 

steady-state mRNA. We have also emphasized the importance of combining in silico 

prediction tools and transcriptome analysis, not only of steady-state RNA but also 

polysome-bound RNA, to establish microRNA function.   

Furthermore, and as a secondary outcome, our results could shed a new light on the 

potential role of microRNA deregulation on the poor pathogen clearance seen in asthma. 
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However, it is important to be aware of the obvious limitations of this study when it comes 

to clinical applications. The use of a cell and the artificial microRNA upregulation 

mechanism used means that this system is likely to be fairly different from macrophages 

in vivo. 

Analysis of polysome-bound mRNA is an exciting new tool to investigate gene 

expression dysregulation, which could be applied to a variety of cells, in response to 

different stimuli and even potentially in the context of disease.  Our results may have an 

important impact in the way we study microRNA role and function in a biological context 

and even in disease
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7 Exosomal small RNA cargo in severe asthma 

 

7.1 Introduction 

 

Exosomes are microvesicles of approximately 30-150 nm in diameter that were first 

described in 1981, as a shedding product of monolayer cultures and containing 5’-

nucleotidase and ATPase activity (Keller et al., 2006, Trams et al., 1981).  

In eukaryotic cells, early endosomes are formed through engulfing small amounts of 

intracellular fluid. These endosomes then mature and develop intraluminal vesicles inside 

their lumen, through inward budding of the endosomal membrane, or by engulfing 

cytosolic contents and incorporating proteins into the invaginating membrane. These 

mature endosomes are also called multivesicular bodies (MVB) (Beach et al., 2014). 

MVBs may then fuse with the cell’s plasma membrane, releasing intraluminal vesicles 

into the extracellular environment. These vesicles are then referred to as exosomes (van 

Niel et al., 2006). Exosomes have been found to be released from a broad range of cells 

such as B and T cells (Zech et al., 2012), epithelial cells (Kapsogeorgou et al., 2005), 

mesenchymal stem cells (Lai et al., 2010), dendritic cells (Thery et al., 1999) and cancer 

cells (Rabinowits et al., 2009, Llorente et al., 2013), amongst others. They are also found 

in most body fluids such as breast milk (Zhou et al., 2012), saliva (Lasser et al., 2011), 

plasma (Caby et al., 2005), urine (Keller et al., 2007) and bronchoalveolar lavage 

(Admyre et al., 2003). 

Exosomes are known to carry proteins, lipids, miRNAs, mRNAs, non-coding RNAs 

(Mathivanan et al., 2012). They are rich in MHC I and II (Lynch et al., 2009, Lamparski 

et al., 2002), as well as tetraspanins (Escola et al., 1998), adhesion molecules (Kim et al., 

2007a) and heat shock proteins (Lancaster and Febbraio, 2005). In regards to RNA, the 

2012 ExoCarta, a database of exosomal proteins, RNA and lipids, reported 2375 entries 

for mRNA and 764 entries for miRNAs (Mathivanan et al., 2012). In this study, we were 

particularly interested in the miRNA component of exosome cargo. 

Exosomes are thought to participate in intercellular communication. They are able to bind 

to cells through receptor-ligand interactions or, alternatively, they can attach to the cell’s 

membrane and be internalized (Clayton et al., 2004, Morelli et al., 2004). One of the ways 
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exosomes aid cellular communication is through RNA transfer (Valadi et al., 2007). 

Studies have identified cells have the ability to transfer both functional mRNAs and 

microRNAs through exosomes, in some cases in a cell type specific manner (Valadi et 

al., 2007).  

As well as its relevance in better understanding cellular communication, exosomal 

microRNA has also been studied as a potential biomarker for disease (Ogata-Kawata et 

al., 2014, Taylor and Gercel-Taylor, 2008, Kosaka et al., 2010a). Using biofluid 

microRNA profiling as a tool to characterize disease could help reduce invasive 

procedures such as biopsies and allow for a quick, accurate and personalised diagnosis. 

Exosome profile and function in the context of human asthma is still relatively poorly 

understood. Studies found that exosomes in BAL of asthmatic patients were able to 

promote cysteinyl leukotriene and IL-8 release from bronchoepithelial cells as well as 

induce proliferation and chemotaxis of undifferentiated macrophages (Torregrosa 

Paredes et al., 2012, Kulshreshtha et al., 2013).  

Furthermore, a recent study found that miRNA profile in BAL from asthmatic patients is 

significantly different from that of healthy subjects. These researchers were able to predict 

allergy response according to particular microRNA profile and correlate the expression 

of 24 microRNAs to FEV1 of asthmatic patients. This was the first analysis performed 

on exosomal microRNA in the context of asthma (Levanen et al., 2013). However, the 

patients included in this study had mild, intermittent stable disease. No study to date has 

yet explored the microRNA profile of exosomes in severe, poorly controlled asthma. 

Also, the study was conducted using microarrays. This technique is widely used to 

analyse differential expression of described microRNAs. However, it has the limitation 

of not allowing for discovery of novel microRNAs or identification of other small RNA 

species that might be present in BAL exosomes. 

Small RNA-Seq is a novel technique that allows for detailed sequencing of small RNA 

species, including microRNAs. The advantages of this technique and the increased 

availability of resources have increased its popularity significantly in recent years. Unlike 

microarrays, small RNA-Seq is able to analyse any small RNA or miRNA without prior 

sequence or secondary structure information allowing for novel miRNA discovery. It also 

makes no assumptions on the type of small RNA present in any sample.  
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Recently, researchers have used next generation sequencing of microRNAs to analyse 

differential expression in disease. In particular, this technique has been used to establish 

small RNA profile in diseases like prion disease (Bellingham et al., 2012), Parkinson’s 

disease (Soreq et al., 2013), Alzheimer’s disease (Hebert et al., 2013), arthritis (Jiang et 

al., 2014), cancer (Hesse et al., 2013, Chen et al., 2008), amongst others. 

In our project we aimed to explore the differences between exosomal microRNA in the 

lavage of severe asthmatic patients and healthy controls. We recruited 8 healthy subjects 

and 12 severe asthmatic patients and performed bronchoalveolar lavage as part of a 

bronchoscopy procedure. Exosomes were then extracted from 20 ml of BAL using a 

sequential filter method (ExomiR, Biooscientific). Exosomal total RNA was extracted 

and subjected to small RNA-sequencing using a low-input RNA protocol. 

We identified not only differences in individual microRNA regulation but also an overall 

deficiency in microRNA levels in severe asthmatic patients when compared to healthy 

controls. 

 

7.2 Hypothesis and aims 

 

7.2.1 Hypothesis 

Exosomal microRNA profile in BAL of severe asthmatic patients differs from that of 

healthy controls. 

7.2.2 Aims 

• To successfully extract exosomal RNA from BAL and demonstrate its purity 

using a filtration method. 

• To investigate microRNA profile in BAL from severe asthmatics and compare it 

to healthy controls. 

• To explore the potential implications of differential microRNA content in severe 

asthmatic BAL using bioinformatics tools. 

• To identify other small RNA biomarkers in severe asthma 

• To investigate the potential origin of exosomes identified in the BAL. 

• To investigate other small RNA types (non-microRNA) in BAL from severe 

asthmatics and compare this to healthy controls. 
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7.3 Results 

 

7.3.1 Exosomal RNA contains microRNAs but little evidence of mRNA or ribosomal 

RNA 

 

Most exosome extraction methods use a differential centrifugation protocol to recover 

intact exosomes. As our samples were very diluted, we needed to use a large amount of 

fluid to obtain sufficient RNA for future experiments. After investigating other methods, 

we settled on using a sequential filtration method. The ExoMir kit is a published method 

of exosome extraction that allows recovery of exosomal RNA from large volumes with a 

simple protocol which increases its reliability. Briefly, 20ml of BAL fluid were passed 

through a combination of two filters: the first one with a 0.2µm pore size and the next 

composed of a 0.02µm pore sized filter. The first filter should retain all bacteria, cell 

debris and larger microvesicles. The second filter then retains the exosome enriched 

fraction, with all floating microRNAs that are not enclosed in vesicles flowing through 

and being discarded.  

In order to make sure we are able to detect microRNA in the volume of BAL available to 

us, we performed RT-qPCR on RNA extracted from both the 0.2µm and the 0.02 µm 

filters on two different subjects. We also measured ribosomal RNAs such as RNU44 and 

18S as well as GAPDH. As we expected, we were able to extract and detect microRNA 

in both fractions, indicating that there is microRNA present in both exosomes and larger 

microvesicles. Furthermore, levels of GAPDH were very low and we were mostly unable 

to detect RNU44 and 18S. These findings allow us to have increased confidence that the 

RNA extracted from a 0.02µm filter is exosomal RNA. From now onwards we will solely 

focus on RNA extracted from the 0.02µm filter. 
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Table 12 - Ct value of miR-27a, miR-155, GAPDH, RNU44 and 18S in BAL exosomal RNA samples extracted using 

ExoMiR filters. Threshold = 0.2. 

Ct miR-27a miR-155 GAPDH RNU44 18S 

DS138 

0.2μm 

filter 
34.29686 32.28572 34.01091 38.347904 Undetermined 

0.02μm 

filter 
32.24837 32.77445 38.23873 Undetermined Undetermined 

DS135 

0.2μm 

filter 
29.42272 31.44931 34.3231 Undetermined Undetermined 

0.02μm 

filter 
26.63747 30.47126 35.39455 Undetermined Undetermined 

 

In order to increase our confidence that the lower filter was retrieving exosomes, we 

performed a Western Blot on three samples processed using an ExomiR kit. We tested 

the protein extracts for the presence of CD63 and for the absence of Calnexin (Lasser et 

al., 2012) (Figure 51) 

CD63 is a tetraspanin protein present in internal vesicles of MHC class II-enriched 

compartments and can be involved in antigen presentation, T-cell signalling and T-cell 

activation. This protein has been shown to be enriched in exosomes (Escola et al., 1998).  

Calnexin is an endoplasmic reticulum marker that should not be present in exosomes, 

which are derived from multivesicular bodies. Presence of this protein in our extracts 

would indicate cellular contamination or that the vesicles analysed originated in the 

endoplasmic reticulum, meaning they would not be exosomes and that our extraction 

method would not be suitable (Lasser et al., 2011).  
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As predicted, we were able to clearly detect CD63 in the exosome protein extracts. In 

addition, we could not find evidence of calnexin in these samples which suggests our 

extraction method is yielding pure exosome population. 

When profiled using a bioanalyser, exosomal RNA is characterized by the lack of a peak 

for 18S and 28S ribosomal RNA (Figure 52).To further characterize the RNA extracted 

with our kit, we subjected twenty BAL exosomal RNA samples to bioanalyser analysis, 

including eight healthy controls and twelve severe asthmatic patients which we would 

later use for Small RNA-Sequencing (Figure 53).  

As can be seen from figure 53, all the samples lack any significant 18S and 28S ribosomal 

RNA peaks.  

Table 13 shows the clinical characteristics of the subjects used. These samples were later 

used for Small RNA-Sequencing. 

 

 

 

 

 

Figure 51 – Presence of CD63 and absence of calnexin on BAL exosomes. Western Blot was performed 

for CD63 and Calnexin in BAL exosomes (n=3) and HEK293 cells (n=1). 
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Table 13 -Clinical characteristics of subjects used for RNA-Seq analysis. F – Female; M – Male; FVC – Forced Vital 

Capacity; FEV1 – Forced Expiratory Volume at 1 second. NA – Data Not Available. Allergy was tested for aspergillus 

fumigatus, alternaria taenia, mixed grass pollen, birch pollen, mixed tree pollen, rape, Dermatophagoides 

pteronyssinus, Dermatophagoides farinae , feathers and animal allergens (cat, dog, horse and rabbit).   

 

 

 

 

 

 

Figure 52 - Bioanalyzer results showing presence RNA in cells (A) and exosomes (B). Arrows indicates the 18S and 

28S rRNA subunits present in cells  (Lasser et al., 2012). 

 Sex Age 

(y) 

Atopy FVC % FEV1 % Neutro 

% 

Eosino  

% 

Healthy 

DS171 F 51 N 140 124 2.5 0.25 

DS190 M 50 N 86 94 0.5 0 

DS105 F 44 N 96 88 1.8 0 
DS164 F 38 N 106 97 3.5 0.5 

DS191 F 58 N 144 137 4.5 0.25 
DS148 M 29 N 79.2 85.3 4.3 0.25 

DS194 M 26 N 117 104 1.25 0 
SA228 F 31 Y NA 110 0.75 1 

Severe 

Asthma 

DS187 M 62 N 70 53 10 9.3 
DS189 F 31 NA 61 57 2.8 0 
DS146 M 59 N 66 47.5 3.3 0.5 
DS158 F 21 Y 57.7 46 8.3 0 
DS020 F 63 N 77.8 77.8 10 2 
DS024 F 43 Y 46.5 46.5 3.3 0.3 
DS055 F 26 N 71.5 71.5 4.3 0 

DS079 M 61 Y 102 88 28.3 4.3 
DS091 F 58 NA 71 56 4.5 1.25 
DS122 F 45 Y 100 94 7.8 0.25 
DS149 F 37 Y 108 77 1 1.5 
DS184 F 51 Y 84 77 6.5 0 

Representative bioanalyzer profiles 

Cellular RNA Exosomal RNA 
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Figure 53 - Bioanalyser plots for samples described in Table 13. Agilent Bioanalyser 2100 Nano RNA chips were used. 

Performed by Ocean Ridge Biosciences. 

 

 

 

 

 

 

Bioanalyser plots of exosomal RNA extracted from BAL 
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7.3.2 MicroRNA profile is altered in exosomes from severe asthmatics. 

 

After confirming our extraction method was working correctly, we performed small-RNA 

sequencing on the twenty samples analysed in figure 53. We used a low-input RNA 

method to determine differences in the small RNA content of 8 healthy controls and 12 

severe asthmatics. 

Quality control principal component analysis performed by Ocean Ridge Biosciences, 

USA, revealed that there were no technical outliers in the data. Also, according to this 

type of analysis, it seems that healthy controls and severe asthmatics mostly cluster in 

distinct groups. However, we observed some of the severe asthmatic patients clustering 

with the healthy control group (DS146, DS158 and DS187 specifically). Furthermore, it 

seemed like the healthy controls DS148 and SA228 clustered better with severe 

asthmatics (Figure 54).  

 

 

Figure 54 – PCA analysis for exosomal RNA samples. Graph A shows separation of samples based on their PC1 and 

PC2 composite value. Graph B shows correlation of individual miRNA to PC1 and PC2 pattern. RPM normalized 

microRNA counts.Results based on  

 

 

 

PCA analysis of exosomal microRNA 

A B 
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Small RNA-Sequencing was able to detect 373 microRNAs present in exosomes (RPM 

> 10 in more than 25% of the samples). Out of all of the microRNAs detected, only two 

were suggested to be upregulated in asthmatics (not statistically significant). The 

overwhelming majority of microRNAs were suggested to be downregulated in severe 

asthmatics when compared to healthy controls (Figure 55). 

Figure 56 shows a heatmap of levels of all detectable microRNAs in the eight Healthy 

Controls and twelve Severe Asthmatics (separated by red line). Yellow colour symbolizes 

high expression whereas blue stands for lower expression. Mostly, severe asthmatics tend 

to have lower levels of microRNAs as evidenced by the overall representative blue 

shading in this group. 

 

 

71%

28%

1%

Regulation of microRNA regulation in 

SA patients compared to HC

Downregulated > 2 fold

Unchanged

Upregulated > 2 fold

Figure 55 - Percentage of microRNAs suggested to be downregulated by more than two fold, unchanged or 

upregulated by more than two fold in exosomes from severe asthmatic patients. Total 373 microRNAs detected.
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Severe Asthmatics Healthy Controls 

Figure 56 - Heatmap representing expression of microRNAs detected by Small -RNA Sequencing in exosomes of 

Healthy Controls and Severe Asthmatics. Yellow represents high expression whereas blue represents low expression.
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Statistical analysis of microRNA expression revealed that 90 microRNAs were 

significantly altered (p<0.05) in exosomes from severe asthmatic BAL, 24 of which were 

downregulated at p<0.01. Only two significantly different microRNAs had a false 

discovery rate below 0.01. Table 14 shows the microRNAs seen to be significantly 

altered, at p<0.01 using ANOVA. 

 

 

Table 14 - MicroRNAs significantly downregulated at P<0.01 in severe asthmatic BAL exosomes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Mature miRNA 

Name 

Anova P-

value 

Anova 

FDR 

Fold Changes 

(Healthy vs SA) 

hsa-miR-625-3p 4.00E-05 1.35E-02 12.74 

hsa-miR-202-5p 3.20E-04 5.98E-02 17.31 

hsa-miR-181d-5p 9.70E-04 1.06E-01 3.91 

hsa-miR-568 1.57E-03 1.06E-01 33.68 

hsa-miR-224-5p 1.90E-03 1.06E-01 9.17 

hsa-miR-581 1.96E-03 1.06E-01 9.11 

hsa-miR-1 2.22E-03 1.06E-01 5.15 

hsa-miR-615-3p 2.27E-03 1.06E-01 12.65 

hsa-miR-151a-5p 3.47E-03 1.40E-01 4.68 

hsa-miR-202-3p 3.76E-03 1.40E-01 15.47 

hsa-miR-125b-5p 5.98E-03 1.52E-01 3.65 

hsa-miR-425-3p 6.13E-03 1.52E-01 2.86 

hsa-miR-10b-5p 6.15E-03 1.52E-01 3.82 

hsa-miR-500a-5p 7.24E-03 1.52E-01 5.85 

hsa-miR-520a-3p 7.35E-03 1.52E-01 9.13 

hsa-miR-145-5p 7.40E-03 1.52E-01 14.14 

hsa-miR-7706 7.75E-03 1.52E-01 4.25 

hsa-miR-151a-3p 7.77E-03 1.52E-01 3.99 

hsa-miR-628-3p 8.07E-03 1.52E-01 4.19 

hsa-miR-206 8.17E-03 1.52E-01 8.08 

hsa-miR-9-5p 8.80E-03 1.53E-01 6.60 

hsa-miR-578 9.18E-03 1.53E-01 4.89 

hsa-miR-122-5p 9.43E-03 1.53E-01 5.65 

hsa-miR-646 9.84E-03 1.53E-01 8.33 
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We used RT-qPCR to attempt to validate some of the differences observed with RNA-

Seq. Due to the extremely limited amount of RNA available, it was not possible to 

validate all significantly altered microRNAs. Therefore a number of criteria were used to 

select which microRNAs to validate. These were as follows: 

• Downregulated at p≤0.01 when reads are normalized to reads mapped to the 

genome. 

• Downregulated at p≤0.05 when reads are normalized to total filtered reads. 

• MicroRNAs where the mean of at least one of the groups is above 10 RPM. 

• Top 10 fold changes. 

• Additional two microRNAs with high expression values as a positive control.  

The resulting list of microRNAs is below: 

• miR-202-5p 

• miR-145-5p 

• miR-224-5p 

• miR-520a-3p 

• miR-581 

• miR-206 

• miR-500a-5p 

• miR-122-5p 

• miR-1 

• miR-578 

• miR-151a-3p 

• miR-125b-5p 

RT-qPCR on 3ng of exosomal RNA from the twenty samples previously sequenced was 

performed using primers for these twelve microRNAs. Out of these, only miR-151a-3p, 

miR-224-5p, miR-500a-5p, miR-125b-5p and miR-145-5p were detectable and are 

represented in figure 57. Due to the absence of a housekeeping gene results were 

normalized to RNA input (3ng). None of the microRNAs was seen to be significantly 

different when comparing the two groups by RT-qPCR. However, a trend towards lower 

levels in severe asthmatics could be seen in the case of miR-151a-3p, miR-224-5p and 

miR-125b-5p (Figure 57). 
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Figure 57 - RT-qPCR validation of RNA-Seq results. The twenty samples previously sequenced were used and miR-

151a-3p, miR-224-5p, miR-500a-5p, miR-125b-5p and miR-145-5p were detectable. Mann-Whitney statistical test was 

used and statistical significance was determined at p≤0.05.  Error bars represent minimum and maximum values. 

Healthy group: N = 8. Mean +/- SE miR-151a-3p = 3.510 +/- 1.518. Mean +/- SE miR-206 = 1.094 +/- 0.2242. Mean +/- 

SE miR-224-5p = 3.355 +/- 2.028. Mean +/- SE miR-500a-5p = 14.89 +/- 10.86 Mean +/- SE miR-125b-5p = 4.724 +/- 

2.363. Mean +/- SE miR-145-5p = 15.33 +/- 9.423. Severe asthmatic group: N = 12. Mean +/- SE miR-151a-3p = 4.274 

+/- 1.879. Mean +/- SE miR-206 = 12.95 +/- 11.82. Mean +/- SE miR-224-5p = 1.363 +/- 0.5258. Mean +/- SE miR-500a-

5p = 10.49 +/- 4.644. Mean +/- SE miR-125b-5p = 1.963 +/- 0.6670. Mean +/- SE miR-145-5p = 64.83 +/- 36.89.  
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7.3.3 Pathways affected by microRNA dysregulation 

 

We investigated which pathways were affected by the dysregulated microRNAs in severe 

asthma. We used the list of microRNAs downregulated in severe asthma at p≤0.01 and 

assessed which pathways were significantly affected by two or more of these. 

Table 15 refers to the list of pathways that are potentially dysregulated in severe asthma. 

As shown in table 15, all of these pathways have already been shown to be associated 

with either asthma or allergy. However, no publication to date has suggested that 

exosomal microRNA deficiency may be contributing to their dysregulation. 

The specific genes affected in each pathway as well as potential outcomes are represented 

in figure 58 to 72 (from the Kyoto Encyclopedia of Genes and Genomes). 

Pathway analysis was performed by Ocean Ridge Biosciences, USA. 
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Table 15 - Pathways shown to be significantly affected by significantly downregulated exosomal microRNAs in 

severe asthmatics. 

Adjusted p-

value 

Pathway References 

0.0059 Chronic myeloid leukemia (Ramanujam et al., 2009) 

0.0059 Adherens junction (Hardyman et al., 2013, Hackett et 

al., 2009, Lambrecht and Hammad, 

2012) 

0.0059 MAPK signalling pathway (Duan and Wong, 2006, Bhavsar et 

al., 2010, Pelaia et al., 2005) 

0.0059 Focal adhesion (Dekkers et al., 2013) 

0.0059 Neurotrophin signalling pathway (Nockher and Renz, 2006) 

0.0059 mTOR signalling pathway (Fredriksson et al., 2012, Kramer et 

al., 2011) 

0.0101 TGF-beta signalling pathway (Duvernelle et al., 2003, Makinde et 

al., 2007, Holgate et al., 2000, Brown 

et al., 2012, Balzar et al., 2005) 

0.0133 Regulation of actin cytoskeleton (Hughes-Fulford et al., 1992, Holgate 

et al., 1999) 

0.0138 Endocytosis (Huang et al., 2011) 

0.0231 Prostate cancer (Severi et al., 2010) 

0.0231 Pancreatic cancer (Cotterchio et al., 2014) – association 

with allergies but not asthma. 

0.0231 Melanoma (He et al., 2013) 

0.0231 Insulin signalling pathway (Singh et al., 2013) 

0.0266 Glioma (Il'yasova et al., 2009, Amirian et al., 

2010) 

0.0295 Dilated cardiomyopathy (Coughlin et al., 1989) 
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Figure 58 - KEGG representation of the Chronic Myeloid Leukemia pathway. Genes predicted to be targeted by 

downregulated microRNAs are highlighted in red. 

Pathways potentially dysregulated as a 

result of exosomal microRNA deficiency in 

severe asthma – Chronic Myeloid Leukemia 
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Figure 59 - KEGG representation of the Adherens Junction pathway. Genes predicted to be targeted downregulated 

microRNAs are highlighted in red. 

 

Pathways potentially dysregulated as 

a result of exosomal microRNA 

deficiency in severe asthma – 

Adherens junction 
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Figure 60 - KEGG representation of the MAPK signaling pathway. Genes predicted to be targeted by downregulated 

microRNAs are highlighted in red. 

Pathways potentially dysregulated as 

a result of exosomal microRNA 

deficiency in severe asthma - MAPK 
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Figure 61 - KEGG representation of the Focal Adhesion pathway. Genes predicted to be targeted by downregulated 

microRNAs are highlighted in red. 

Pathways potentially dysregulated as a 

result of exosomal microRNA deficiency in 

severe asthma – Focal Adhesion 
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Figure 62 - KEGG representation of the Neurotrophin signalling pathway. Genes predicted to be targeted by 

downregulated microRNAs are highlighted in red. 

Pathways potentially dysregulated as a 

result of exosomal microRNA deficiency 

in severe asthma - Neurotrophin 
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Figure 63 - KEGG representation of the mTOR signalling pathway. Genes predicted to be targeted by downregulated 

microRNAs are highlighted in red. 

Pathways potentially dysregulated as a 

result of exosomal microRNA deficiency 

in severe asthma - mTOR 
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Figure 64 - KEGG representation of the TGF-beta signalling pathway. Genes predicted to be targeted by 

downregulated microRNAs are highlighted in red. 

Pathways potentially dysregulated as 

a result of exosomal microRNA 

deficiency in severe asthma – TGF-β 
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Figure 65 - KEGG representation of the Actin cytoskeleton regulating pathway. Genes predicted to be targeted by 

downregulated microRNAs are highlighted in red. 

Pathways potentially dysregulated as a 

result of exosomal microRNA deficiency 

in severe asthma – Actin cytoskeleton 
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Figure 66 - KEGG representation of the endocytosis pathway. Genes predicted to be targeted by downregulated 

microRNAs are highlighted in red. 

Pathways potentially dysregulated 

as a result of exosomal microRNA 

deficiency in severe asthma – 

Endocytosis 
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Figure 67 - KEGG representation of the Prostate Cancer pathway. Genes predicted to be targeted by downregulated 

microRNAs are highlighted in red. 

Pathways potentially dysregulated as a 

result of exosomal microRNA deficiency 

in severe asthma – Prostate Cancer 
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Pathways potentially dysregulated as a 

result of exosomal microRNA deficiency 

in severe asthma – Pancreatic Cancer 

Figure 68 - KEGG representation of the Pancreatic Cancer pathway. Genes predicted to be targeted by downregulated 

microRNAs are highlighted in red. 
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Figure 69 - KEGG representation of the Melanoma pathway. Genes predicted to be targeted by downregulated 

microRNAs are highlighted in red. 

Pathways potentially dysregulated as a 

result of exosomal microRNA deficiency 

in severe asthma – Melanoma 
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Figure 70 - KEGG representation of the Insulin signalling pathway. Genes predicted to be targeted by downregulated 

microRNAs are highlighted in red. 

Pathways potentially dysregulated as 

a result of exosomal microRNA 

deficiency in severe asthma – Insulin 
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Figure 71 - KEGG representation of the Glioma pathway. Genes predicted to be targeted by downregulated 

microRNAs are highlighted in red. 

Pathways potentially dysregulated as 

a result of exosomal microRNA 

deficiency in severe asthma – Glioma 
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Figure 72 - KEGG representation of the Dilated Cardiomyopathy pathway. Genes predicted to be targeted by  

downregulated microRNAs are highlighted in red. 

Pathways potentially dysregulated as a 

result of exosomal microRNA deficiency in 

severe asthma – Dilated Cardiomyopathy 
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7.3.4 Non-microRNA small RNA species identified in exosomes 

 

As microRNA levels in our samples were fairly low, we wanted to investigate what other 

RNA types were detected in the sequencing.  MicroRNA and rRNA make up the majority 

of known small RNA types detected.  

Transfer-RNA (tRNA), small nucleolar RNA (snoRNA) and piwi-interacting RNA 

(piRNA) were also present as well as transcript encoding RNAs. All of these RNA types 

had already been described as being present in exosomes and in the future, it would be 

important to study them in depth (Huang et al., 2013). It is interesting to see that severe 

asthmatic exosomes have a significantly lower percentage of reads attributed to 

microRNA (only 6.63% compared to 27.74% in healthy controls) but a significant higher 

percentage of ribosomal RNA (33.22% compared to 13.58% in healthy exosomes). 

Percentage of reads mapped to transcript was also slightly lower in severe asthma (3.38% 

in asthmatics compared to 10.87% in healthy exosomes) (Figure 73). 

 

 

Figure 73 - Percentage of different RNA species in BAL exosomes of healthy subjects and severe asthmatics. 
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7.3.5 Identifying biomarkers for disease severity and immunology 

 

The previous study looking at microRNAs in asthma had identified a correlation between 

FEV1 and microRNA levels (Levanen et al., 2013). Lung function, which includes FEV1, 

is one of the fundamental measurements of asthma control. We therefore decided to 

investigate whether any of the microRNAs that were identified to be significantly 

regulated in our RNA-Seq results would significantly correlate with FEV1. We found that 

the number of reads of five of the microRNAs differently regulated in severe asthma, hsa-

miR-625-3p, hsa-miR-202-5p, hsa-miR-568, hsa-miR-615-3p and hsa-miR-151a-5p, 

significantly correlated with percentage of predicted FEV1 (Figure 74). 
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Correlation of Exosomal microRNA RPM and FEV1 
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Correlation of Exosomal microRNA RPM and FEV1 (continued) 
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Figure 74 - Correlation of differentially expressed microRNAs in exosomes from BAL of Healthy Controls and Severe 

Asthmatics with subject’s FEV1. Spearman’s Rank Correlation was used and significance was determined at P≤0.05. 

Exponential growth regression lines seemed to be the best fit for the data and were therefore used. 

Correlation of Exosomal microRNA RPM and FEV1 (continued) 
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In addition to correlation with FEV1, we wanted to investigate whether we could correlate 

expression of these microRNAs with other components of asthma phenotype and 

inflammatory status. We were particularly interested in investigating how microRNA 

levels related to the infiltration of eosinophils and neutrophils, important cell types in the 

phenotype of asthma and frequently used to predict outcome of treatment (Cowan et al., 

2010, Berry et al., 2007). For this, we tested whether microRNA RPM correlated with the 

percentage of BAL cell count that was identified as eosinophils or neutrophils. 

We identified that the expression of a few microRNAs seemed to correlate with the 

inflammatory profile of severe asthmatics (Figures 75 and 76). In the case of eosinophil 

infiltration, only levels of has-miR-615-3p presented a mild inverse correlation with 

percentage of this cell type in BAL differential count. Hsa-miR-202-5p, hsa-miR-181d-

5p, hsa-miR-224-5p, hsa-miR-581, hsa-miR-151a-5p and hsa-miR-9-5p were also 

significantly inversely correlated with neutrophil infiltration. 
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Correlation of Exosomal microRNA RPM and Eosinophil % in BAL 

cell count 
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Correlation of Exosomal microRNA RPM and Eosinophil % in 

BAL cell count (continued) 
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Figure 75 - Correlation of differentially expressed microRNAs in exosomes from BAL of Healthy Controls and Severe  

Asthmatics with percentage of eosinophils in BAL cell count. Spearman’s Rank Correlation was used and 

significance was determined at P≤0.05. Exponential growth regression lines seemed to be the best fit for the data 

and were therefore used. 

Correlation of Exosomal microRNA RPM and Eosinophil % in BAL 

cell count (continued) 
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Correlation of Exosomal microRNA RPM and Neutrophil % in BAL 

cell count 
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Correlation of Exosomal microRNA RPM and Neutrophil % in BAL 

cell count (continued) 
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Figure 76 - Correlation of differentially expressed microRNAs in exosomes from BAL of Healthy Controls and Severe 

Asthmatics with percentage of neutrophils in BAL cell count. Spearman’s Rank Correlation was used and significance 

was determined at P≤0.05. Exponential growth regression lines seemed to be the best fit for the data and were 

therefore used. 

Correlation of Exosomal microRNA RPM and Neutrophil % in BAL 

cell count (continued) 
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7.3.6 Investigating the origin on exosomal microRNA 

 

Several cell types have been identified to produce exosomes, including macrophages and 

epithelial cells (Yang et al., 2011, Kulshreshtha et al., 2013). We have already discussed 

the importance of macrophages in asthma as the most abundant inflammatory cell type in 

the airway.  

Over recent years, the role of bronchoepithelial cells in inflammation has been thoroughly 

described. These cells have been implicated in the phenotype of asthma by producing 

excessive amounts of pro-fibrotic cytokines and having a deficient anti-viral response 

(Knight and Holgate, 2003, Wark et al., 2005). Therefore, our group has been particularly 

interested in the role of microRNAs in regulating the phenotype of both macrophages and 

epithelial cells in asthma. Using ABI TLDA microRNA microarray cards, we had 

previously identified microRNA differences in macrophages and epithelial cells in mild 

asthmatic patients, compared to healthy controls. 

Our results have shown that severe asthmatic patients have a distinct exosomal 

microRNA profile from healthy controls. In order to assess whether these differences 

could be related to a poor production of exosomes by either of these cell types, we 

correlated the expression of each microRNA found in our small RNA-Sequencing (that 

passed the threshold of detection of 10 RPM for at least 25% of the samples) to the 

microarray Ct values of each of these microRNAs in macrophages or epithelial cells. 

Based on this analysis, we noted that exosomal microRNA levels seemed to significantly 

correlate with microRNA levels in macrophages and epithelial cells, both in healthy 

controls and severe asthmatics (Figure 77). The correlation between cellular and 

exosomal microRNA was weaker but still significant in asthmatic patients. This could 

indicate deficient cellular communication. However this could also result from the fact 

cellular microRNA was extracted from cells of mild asthmatics, whereas exosomal 

microRNA was extracted from the BAL of severe asthmatics. All these correlations are 

inverse seeing as a higher Ct value microarray represents a lower amount of a particular 

microRNA whereas higher number of reads in RNA-Sequencing corresponds to higher 

microRNA levels.  
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A B 

C D 

Exosomal microRNA levels significantly correlates 

with microRNA expression in Alveolar Macrophages 

and Bronchoepithelial cells 

Figure 77 – Correlation of exosomal and cellular microRNA. A. Correlation of microRNA levels between exosomes and 

alveolar macrophages in Healthy Controls. B. Correlation of microRNA levels between exosomes and bronchoepithelial 

cells in Healthy Controls. C. Correlation of microRNA levels between exosomes and alveolar macrophage in Mild/Severe 

Asthmatics. D. Correlation of microRNA levels between exosomes and bronchoepithelial cells in Mild/Severe Asthmatics. 

Spearman’s Rank Correlation was used and significance was determined at P≤0.05. 
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Strikingly, the correlation between macrophages and exosomes was very similar to the 

correlation between BECs and exosomes. We therefore decided to investigate how 

macrophage microRNA profile compared to that of BECs, in healthy controls and mild 

asthmatic patients (Figure 78). 

Analysis of the levels of microRNAs in alveolar macrophages and bronchoepithelial cells 

revealed a very tight correlation between these two cell types. However, this analysis was 

only performed in the microRNAs dectected above >10RPM in BAL exosomes. Since 

exosomes have been known to function as important players in cell to cell 

communication, we hypothesized that they could be responsible for such a tight 

correlation. We therefore wondered whether analysing the cellular levels of the 

microRNAs not detected in BAL would result in a weaker correlation between 

macrophages and bronchoepithelial cells. 

 

As can be noted in figure 78, microRNAs not present in exosomes are also well correlated 

between macrophages and bronchoepithelial cells. Therefore, it does not seem that 

exosomal transport of microRNAs is solely responsible for the tight correlation in 

microRNA levels seen between the two cell types. 
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Figure 78 – Correlation of macrophage and epithelial cells’ microRNA content. A. Correlation of levels of microRNAs 

present in exosomes between alveolar macrophages and bronchoepithelial cells in Healthy Subjects. B. Correlation 

of levels of microRNAs present in exosomes between alveolar macrophages and bronchoepithelial cells in Mild 

Asthmatics. B. Correlation of levels of microRNAs absent in exosomes between alveolar macrophages and

bronchoepithelial cells in Healthy Subjects. D. Correlation of levels of microRNAs absent in exosomes between 

alveolar macrophages and bronchoepithelial cells in Mild Asthmatics. Spearman’s Rank Correlation was used and 

significance was determined at P≤0.05. 

 
A B 

C D 

MicroRNA expression in Alveolar Macrophages correlates 

to expression levels in Bronchoepithelial cells 



Ana Francisco Garcia  7. Results 

208 

 

7.4 Discussion 

 

Over the past few years, exosomes have been extensively studied in the context of disease. 

These microvesicles have been identified as potential biomarkers for disease 

characterization and phenotype (Fleming et al., 2014, Taylor and Gercel-Taylor, 2008, 

Duijvesz et al., 2013). Regarding their role in biological processes, exosomes are known 

to be implicated not only in obsolete protein clearance as initially described, but also in 

antigen presentation and shuttling of RNA and infection agents (Johnstone et al., 1984, 

Wolfers et al., 2001, Valadi et al., 2007, Porto-Carreiro et al., 2005) .  

Our group was particularly interested in the microRNA content of exosomes in the 

context of asthma. It had already been shown that exosomes in BAL of mild asthmatics 

had a distinct microRNA profile from healthy subjects (Levanen et al., 2013). 

Furthermore, this microRNA profile seemed to correlate significantly with measurements 

of asthma control, such as FEV1. However, to date, there have been no studies exploring 

the role of exosomes in severe asthma. In this chapter we described the microRNA profile 

of exosomes in the BAL of severe asthmatic patients using Small RNA-Seq, a novel 

technique that allows us to investigate the pattern of existing microRNAs and also to 

describe novel microRNAs and other small RNA markers. 

The novel techniques employed and the use of precious human samples made this a 

challenging but enlightening endeavour. One of the challenges of the study was the 

extraction of exosomal RNA itself. Commonly used methods for exosome recovery 

involve the use of expensive and specialized equipment and are extremely labour 

intensive and time consuming. In particular, the use of ultracentrifugation up to a speed 

of 100 000rcf as most protocols describe, would pose a challenge to us due to the 

relatively large volumes of BAL needed to obtain sufficient amounts of RNA. Therefore, 

we explored the possibility of using a commercially available kit for exosome extraction. 

Most commercially available kits use magnetic bead selection or exosome precipitation. 

However, these kits are designed for relatively small volumes of concentrated input 

biofluid. In our study, we used brochoalveolar lavage, which is considerably more diluted 

than serum or cell supernatant in its exosome content. This meant we required a larger 

volume of fluid to obtain enough RNA for small RNA-Seq (150ng). After investigating 

other methods, we decided to use an ExomiR kit for our extractions (Biooscientific, 

USA). This kit relies on sequential filtration of the biofluid to recover exosomal RNA. 
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Briefly, BAL was passed through two filters connected in series: the upper filter has a 

larger pore size of approximately 200 nanometers and captures larger particles such as 

apoptotic bodies and microvesicles; the lower filter has a smaller pore size of 

approximately 20 nanometers in order to capture exosomes (which are approximately 30-

100 nanometers in size). The lower filter is then flushed with BiooPure-MP, a trizol like 

solution which lyses the captured particles and causes the release of the contents. Even 

though this kit does not allow us to extract intact exosomes which makes characterization 

using flow cytometry or electron microscopy impossible, we were able to assess the purity 

of our exosomal RNA through different approaches. Firstly, we performed qPCR on RNA 

extracted from two BAL samples, after passing the fluid through the stack of filters. We 

observed that in both cases, we were able to detect microRNAs at a reasonable level 

(highest Ct of 34 at 0.2 threshold) from both filters. Furthermore, we could not detect 

RNU44 or 18S ribosomal RNA and levels of GAPDH were fairly low (lowest Ct at 0.2 

threshold was approximately 34). As one of the characteristics of exosomes is the 

enrichment in microRNAs along with relatively low amounts of rRNA, these results gave 

us confidence that the RNA extracted was from exosomes. Furthermore, we performed a 

Western Blot on the lysate from the filter. In this, we were able to identify enriched 

expression of CD63, a tetraspanin enriched in exosomes, but not calnexin, an 

endoplasmic reticulum cellular protein that should not be present in these vesicles. 

Importantly, we also established that all the twenty RNA samples we would perform 

RNA-Seq on, had an adequate bioanalyser profile, ie. a lack of 18S and 28S peaks.  

After assuring we were able to extract good quality exosomal RNA from such diluted 

samples, we proceeded with Small RNA-Seq. Twenty BAL exosomal RNA samples 

(from eight healthy controls and twelve severe asthmatics) were subjected to Small RNA-

Sequencing to look for a potentially distinct small RNA pattern between severe asthmatic 

and healthy controls.  

Our results show that mostly healthy controls and severe asthmatics seemed to cluster 

separately, which suggests an overall difference between the groups and no technical 

outliers. However, some samples, such as SA228 (HC), DS148 (HC), DS146 (SA) and 

DS158 (SA) seemed to cluster with their comparison group. SA228 was an atopic healthy 

control which could explain the similarities this healthy control has with the severe 

asthma group. DS148, on the other hand was not positive for atopy. However, this subject 

had the lowest FVC % and FEV 1 % in the control group. Furthermore, this subject’s 
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FVC% is on the lower limit of normality (79%). These observations could provide insight 

into why these healthy subjects are clustering better with the severe asthma group, since 

they potentially share some characteristics that could be affecting exosome profile. 

Clustering of severe asthma patients with healthy controls is more surprising, seeing as 

DS146 and DS158 even have the lowest percentage of predicted FEV1 out of the severe 

asthma group. It is important to mention that severe asthma is a rather heterogeneous 

disease, with some patients responding better to treatment than others and many times 

with inflammatory profile varying from patient to patient. This makes this disease group 

challenging to compare and study since patient variation makes statistical analysis very 

difficult. It would be important to increase the numbers of this study in the future, 

including different severe asthma subtypes to test whether these now seemingly outliers 

would cluster would different types of inflammation, for example.  

Interestingly, our data suggested that the great majority of the microRNAs identified 

during the sequencing seemed to be downregulated in the severe asthma group. 

Strikingly, we observed that approximately 71% of the microRNAs identified were 

downregulated more than two fold in severe asthma. Out of these, 24 microRNAs were 

downregulated at P<0.01. 

When trying to validate these results by qPCR, we were unable to detect most of the 

microRNAs with the highest significant fold changes, despite having selecting 

microRNAs with number of reads above 10 RPM in at least one of the groups. 

Furthermore, even though we observed a tendency for downregulation of microRNAs in 

severe asthma, this did not reach significance. There could be a variety of reason for this, 

including the lack of a suitable housekeeping gene. RT-qPCR results had to be normalized 

to RNA concentrations as measured by nanodrop. This method has obvious sensitivity 

limitations and could be underlying the lack of significance observed.  These results 

emphasize the importance of using RNA-Seq, a method with increased sensitivity and 

accuracy in the detection of exosomal microRNA.  

The microRNAs downregulated seemed to be important in regulating fifteen pathways. 

Some of these have been extensively shown to be dysregulated in asthma.  

For example, the adherens junction, focal adhesion and actin cytoskeleton regulating 

pathways are important regulators of the epithelial barrier in the airway. Several studies 

have shown that airway epithelial barrier is compromised in asthmatic patients. Lower 
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transepithelial resistance has been observed in asthma and the epithelium in these patients 

is thought to be fragile and leaky which can facilitate the passage of allergens and other 

agents into the airway tissue, leading to immune activation characteristic of asthma (Xiao 

et al., 2011, Hardyman et al., 2013, Lambrecht and Hammad, 2012). There is also 

evidence that E-cadherin and ZO-1 levels are reduced in asthmatic patients (de Boer et 

al., 2008). 

TGF-β has been shown to be increased in biopsies from severe asthma and BAL of atopic 

asthmatics (Minshall et al., 1997, Vignola et al., 1997, Redington et al., 1997). This 

abundance results in increased remodelling and can have chemotactic and either anti- or 

pro- inflammatory effects on inflammatory cells which are characteristic of asthma 

(Duvernelle et al., 2003).  

Mitogen-activated protein kinases (MAPKs) have also been shown to be involved in the 

pathogenesis and have been explored as potential therapeutic targets. They have a crucial 

role in processing extracellular signals that can lead to airway inflammation and 

remodelling. Inhibition of MAPK activation may be involved in the molecular 

mechanisms underlying the action of corticosteroids and inhaled chemical inhibitors are 

promising potential therapies for this disease (Pelaia et al., 2005).  

Studies have found that targeting of the mTOR pathway with rapamycin inhibits 

inflammation and AHR in a house dust mite-induced asthma model when administered 

along with allergen challenge. However, results are paradoxical seeing as rapamycin 

exacerbated these measurements when administered to an established allergic model. It 

seems like alteration to the mTOR pathway could be involved in asthma pathogenesis but 

the mechanism remains unclear (Fredriksson et al., 2012).  

Macrophage phagocytosis has already been shown to be impaired in asthmatic children 

(Fitzpatrick et al., 2008). Furthermore, endocytosis was seen to be increased in monocyte-

derived dendritic cells after house dust mite extract exposure (Huang et al., 2011). 

Endosomes are also involved in the initial stages of exosome formation and as such, our 

results could highlight a potential impairment in exosome formation. 

Neurotrophins are a family of mediators known by their neuronal growth activity. They 

have been shown to act and on several immune cells that are involved in the pathogenesis 

of allergic disease. Levels of neurotrophins are upregulated in allergic disease and could 
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be involved in the development of airway hyperresponsiveness seen in asthma. Therefore, 

the dysregulation we observed in our results can provide a potential explanation for this 

(Nockher and Renz, 2006). 

Increased insulin has also been suggested to lead to development of lung disease in 

particular suggesting a role for this pathway in asthma pathogenesis (Singh et al., 2013).  

Other pathways involving disease such as chronic myeloid leukemia, prostate cancer, 

pancreatic cancer, melanoma and dilated cardiomyopathy have all been suggested to be 

associated with asthma or allergy risk (Ramanujam et al., 2009, Cotterchio et al., 2014, 

Severi et al., 2010).  

Our data supports the current evidence that these pathways are dysregulated in asthma 

and provides a potential mechanism for their alteration in severe asthma patients. Poor 

microRNA loading into exosomes could result in deficient regulation of these pathways 

which could contribute to severe asthma pathogenesis and clinical outcome both at 

baseline and in response to treatment.  

When comparing the small RNA content of exosomes from healthy controls and severe 

asthmatics separately, we observe that severe asthmatic have got strikingly lower levels 

of microRNAs loaded into exosomes (27.54% of healthy reads compared to 6.63% in 

severe asthmatics). Conversely, severe asthmatics seem to have great part of their reads 

attributed to ribosomal RNA (33.22%).  

Looking at these results, it is important to address the high percentage of rRNA in 

exosomes, especially as part of exosomal RNA characterization is the absence of 18S and 

28S peaks in a bioanalyser plot (which had been confirmed by us prior to sequencing).  

The authors of a recent study debated themselves with a similar problem. When 

characterizing RNA in exosomes secreted by human breast cancer cell lines, they found 

that, despite the absence of 18S and 28S peaks, deep sequencing revealed the presence of 

18S and 28S in exosomes. It is likely that the 18S and 28S RNA detected is fragmented 

either by RNases loaded into the exosomes together with RNA or by these enzymes prior 

to loading (Jenjaroenpun et al., 2013). This group suggested that perhaps, a ribodepletion 

step should be added to the protocol of Small RNA-Sequencing of exosomes to increase 

sequencing depth for other RNA species. However, in their study they highlighted some 
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of the difficulties of performing this step using commercially available kits, which should 

be taken into account. 

This overall deficiency in microRNAs had already been mentioned briefly in the previous 

publication studying mild asthmatics (Levanen et al., 2013). Interestingly, other studies 

had concluded that exosome secretion and production of exosome-associated proteins are 

higher in lungs of asthmatic mice compared to controls (Kulshreshtha et al., 2013).  

Furthermore, another study suggests an increase in MHC-class II expressing exosomes in 

the BAL of mild asthmatic patients (Torregrosa Paredes et al., 2012). It is important to 

note that our study does not suggest decreased exosome production in severe asthma but 

a difference in exosomal loading. In fact, as evidenced by Figure 73, the number of reads 

of exosomal RNA mapped to the genome is actually slightly higher in severe asthma than 

in healthy (2,860,932 and 2,223,710 respectively). A recent article states that increased 

exosome secretion by bronchoepithelial cells potentiates inflammation by increasing 

monocyte/macrophage proliferation in mice (Kulshreshtha et al., 2013). In the same study, 

administration of an inhibitor of exosome production (GW4869) significantly reduced 

methacholine-induced AHR, inflammation, mucus production, infiltrated cells in BAL, 

levels of serum IgE and various inflammatory cytokines (IL-13, IL-4 and IL-5). It could 

be that the differential loading of exosomes in severe asthma, including the deficient 

cargo of regulatory microRNAs, could be contributing to the pro-inflammatory effect of 

these particles and consequently to the exaggerated inflammatory response seen in asthma 

exacerbations.   

The previous study looking at exosomes in the BAL of mild asthmatics had identified a 

correlation between FEV1 and levels of microRNA in exosomes (Levanen et al., 2013). 

Therefore we decided to assess whether the expression of any of the 24 microRNAs 

differently regulated in exosomes of our asthmatic group would correlate with this 

measurement of lung function. Indeed, we found that hsa-miR-625-3p, hsa-miR-202-5p, 

hsa-miR-568, hsa-miR-615-3p and hsa-miR-151a-5p, significantly correlated with 

percentage of predicted FEV1. The correlations observed were always positive, meaning 

that the higher levels of microRNA corresponded to better lung function. We also found 

a mild inverse correlation between some microRNAs and percentage of eosinophils and 

neutrophils. Namely, levels of has-miR-615-3p mildly correlated with percentage of 

eosinophils. Hsa-miR-202-5p, hsa-miR-181d-5p, hsa-miR-224-5p, hsa-miR-581, hsa-

miR-151a-5p and hsa-miR-9-5p were also significantly inversely correlated with 
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neutrophil infiltration. The reason for the discrepancy between our results and the 

published data could be due to a variety of things. Firstly, our asthmatics suffer from 

severe disease rather than mild which could affect the nature of inflammation seen in the 

airways. Secondly, our analysis was performed on all our subjects whilst the published 

analysis only focused in the asthmatic group. Seeing as some of our patients clustered 

with the control group and vice versa, we thought it appropriate to include all our subjects 

in this type of analysis in order not to miss any relevant information. 

These results suggest that microRNA pattern could also possibly be used as a biomarker 

of specific disease severity or inflammatory status. This is particularly helpful in light of 

severe asthma’s heterogeneous nature as it would allow us to distinguish different disease 

phenotypes and perhaps tailor treatment accordingly. In the future, it would be interesting 

to perform further analysis on patients suffering from specific severe asthma subsets, such 

as eosinophilic, neutrophilic or paucicellular inflammation. 

A recent study has identified that marker proteins for BAL exosome production were 

mostly localized to bronchoepithelial cells and macrophages (Kulshreshtha et al., 2013). 

In light of this, and as our group has been involved in extensive research on the microRNA 

profile of alveolar macrophages and bronchoepithelial cells, we decided to study the 

correlation between microRNAs identified in exosomes from BAL and the levels of these 

microRNAs in our cells of interest. Using previous microarrays comparing healthy 

controls and mild asthmatic patients, we were able to plot our RNA-Sequencing results 

against the Ct values obtained from one microRNA microarray studying alveolar 

macrophages and another studying bronchoepithelial cells. We observed that both in 

healthy patients and in asthmatics, the correlation between levels of microRNA in 

exosomes and both cellular types was significant (Figure 75).  

We noted that the correlation between exosomal microRNA and cellular microRNA was 

perhaps weaker in asthmatic patients than healthy controls. This could indicate deficient 

cellular communication in disease. However, this could be due to the fact the microRNA 

microarrays for the cellular microRNA were performed using mild asthmatics rather than 

severe asthmatics. Differences in disease severity could therefore be conditioning these 

results and it would be important to obtained paired samples of cellular and exosomal 

RNA in the future. 
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Interestingly, we observed that the correlation between exosomes and macrophages was 

almost identical to the correlation between exosomes and epithelial cells (Figure 77). 

When comparing alveolar macrophages and bronchoepithelial cells, we noted that these 

two cell types were very similar in microRNA content (correlation of approximately 0.7), 

in both health and disease (Figure 78). We wondered whether this was a consequence of 

only analysing the microRNAs that were expressed in exosomes. However, when 

correlating the microRNAs that were not present in exosomes, we obtained the same 

result (Figure 78). Therefore it seems like exosome microRNA profile ably reflects 

microRNA profile in alveolar macrophages and bronchoepithelial cells in both health and 

disease. MicroRNA studies still focus on differences seen within the cell context to 

characterize disease. If we were able to accurately extrapolate cellular microRNA content 

from circulating microRNA analysis, this could be an important step in profiling disease. 

It would help reduce some of the time, money and labour necessary to extract and culture 

these cells in vitro.  

Taken together, our results shed the first light on exosomal microRNA profile in severe 

asthmatic patients. Exosomes in the BAL of severe asthmatics have a striking deficiency 

in microRNA loading when compared to healthy controls. This finding highlights 

potential issues in cell to cell communication in these subjects, which could be affecting 

homeostasis in the airways resulting (Valadi et al., 2007).  

Furthermore, exosomal microRNA profiling could be used as a biomarker for disease 

severity and immunology as well as potentially being able to reflect cellular microRNA 

content. 
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8 Discussion and Future work 

 

8.1 Discussion 

 

In our study, we found that upregulation of miR-27a, miR-155 and miR-152 could be 

contributing to the exaggerated inflammation observed during an asthma exacerbation. 

To complement in silico predictions of microRNA function, we sequenced total and 

polysome-bound RNA from THP-1 cells overexpressing these three microRNAs. We 

identified a role for these microRNAs in causing poor pathogen clearance and antigen 

presentation, impairment in TLR function and deficient response to chemokines and 

cytokines, in the context of inflammation. Furthermore, we identified a deficiency in 

exosomal microRNA cargo in severe asthmatic patients which could be contributing not 

only to cellular microRNA dysregulation but also in inflammatory and remodelling 

processes relevant to asthma pathology.  

We chose to focus on asthma due to the widespread effect on the population and lack of 

effective treatment for approximately 10% of patients. Asthma is considered a common 

disease, affecting 5.4 million people of all ages in the UK and approximately 300 million 

worldwide (Asthma UK). Despite the huge financial investment made by the British 

government to manage the disease (£2.3 billion a year), it still kills one person every 

seven hours.  

The major cause of mortality, morbidity and health care costs associated with asthma are 

exacerbations. These acute episodes are a frequent characteristic of uncontrolled asthma 

and can be triggered by allergens, bacterial infections or viral infections. It is estimated 

that over half of asthma exacerbations are caused by rhinovirus infections (Nicholson et 

al., 1993).  

Deficiency in viral defence in asthmatics could lead to persistent viral infections which 

would result in severe and prolonged illness (Contoli et al., 2006, Wark et al., 2005, Sykes 

et al., 2012).  As well as lower levels of antiviral cytokines in the airways, severe 

asthmatics have got higher levels of the pro-inflammatory cytokine TNF-α in 

bronchoalveolar lavage fluid and bronchial biopsies (Howarth et al., 2005). This cytokine 

could be involved in promoting inflammation as well as regulating cell death and survival 
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and has been seen to be increased in both acute and chronic inflammatory conditions, 

including rheumatoid arthritis as well as asthma (Choy and Panayi, 2001, Silvestri et al., 

2006, Benedict, 2003, Howarth et al., 2005).  Macrophages express TNF-α in response 

to a variety of stimuli. Perhaps the best studied TNF-α elicitor in these cells is bacterial 

lipopolysaccharide, through activation of TLR4 (Chow et al., 1999). More recently, these 

cells have been shown to also express TNF-α in response to rhinovirus infection, in a 

replication dependent manner (Laza-Stanca et al., 2006). Due to the relevance of 

rhinovirus in the context of asthma, and the abundance of macrophages in the airway 

lumen, we hypothesized that rhinoviral infection of these cells could be contributing to 

the increased levels of TNF-α detected in severe asthmatic bronchial lavage. 

MicroRNAs are popular candidates for pathway regulation, also when it comes to 

inflammation and immunity. In particular miR-155 has been shown to be indispensable 

for normal adaptive immune response (Rodriguez et al., 2007). In innate immunity, 

expression of miR-155 has been shown to be induced as a result of TLR activation by 

bacterial and viral pathogens, as well as by inflammatory cytokines such as IFN-β, IFN-

γ through TNF-α signalling (O'Connell et al., 2007).  

Interestingly, results within the group had identified miR-155 to be upregulated in 

alveolar macrophages of mild asthmatic patients (Chapter 5, figure 4).  

Alveolar macrophages differentiate in the lung and are exposed to the components of 

bronchoalveolar lavage. Our results show that these can influence the microRNA and, to 

an extent, the inflammatory profile of these cells at baseline, even before they are exposed 

to a viral or bacterial infection (Chapter 3 and 4, Figures 7 and 13).  

Interestingly, upregulation of miR-155 in exposed macrophages signficantly correlated 

with levels of TNF-α mRNA in these cells, perhaps suggesting a causal relationship 

between miR-155 upregulation and TNF-α overexpression. This relationship had already 

been explored by several authors and one study in particular found that miR-155 

upregulation is able to increase TNF-α mRNA stability (Bala et al., 2011). Due to the 

relevance of rhinovirus in the context of asthma exacerbations, we decided to investigate 

whether miR—155 would also influence RV-induced TNF-α upregulation. We observed 

that when transfected with miR-155 analogues, alveolar macrophages tend to express 

elevated levels of RV-induced TNF-α, but this did not reach significance (Chapter 3, 

Figure 10).  
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The fact that this increase did not reach statistical significant led us to hypothesize that 

perhaps other microRNAs may also be involved TNF-α regulation. Two other 

microRNAs with potential roles in regulating TNF-α were seen to be upregulated in mild 

asthmatic macrophages: miR-27a and miR-152. Like miR-155, these microRNAs seemed 

to be upregulated when naïve macrophages were exposed to different lavages. 

Transfecting these microRNAs individually had little to no effect on RV-induced TNF-α 

production in macrophages. However, when transfected together into these cells, miR-

27a, miR-155 and miR-152 were able to increase TNF-α mRNA expression of alveolar 

macrophages upon rhinoviral stimulus (Chapter 4, Figure 16).  

Levels of SMAD2 and IL13Rα1, predicted targets of these three microRNAs, seemed to 

be downregulated in macrophages from asthmatics subjected to methacholine challenge 

to mimic the physical aspects of an exacerbation (Chapter 5, Figure 17). Furthermore, 

SMAD2 seemed to be downregulated in severe asthmatics (Chapter 5, Figure 19). As 

well as being predicted targets of the three microRNAs, these genes are essential 

components of the TGF-β and IL-13 pathways. Both these pathways have been described 

to inhibit TNF-α upon inflammatory stimulus (Bogdan et al., 1992, de Waal Malefyt et 

al., 1993).  Inhibitors of the NFκB pathway were also downregulated in severe asthmatics 

which could indicate an exacerbated TNF response (Chapter 5, Figure 20). In our study, 

we were unable to prove upregulation of these microRNAs in severe asthmatics or that 

infection of severe asthmatic macrophages with RV resulted in higher TNF-α expression 

than in healthy macrophages. These results were possibly related to the lack of fresh 

samples from these patients and reliance on RNA that had been stored for up to a year, 

which could compromise its quality. However, our results showing microRNA targets 

such as SMAD2 and NKIRAS downregulated in these patients (Chapter 5, Figures 19 

and 19), along with the already shown abundance of TNF-α in the airways of severe 

asthmatics, increased our confidence that the role of miR-27a, miR-155 and miR-152 was 

still worth investigating (Howarth et al., 2005). 

On a molecular level, our study shows that the upregulation of three microRNAs has a 

different effect to the upregulation of one microRNA. This finding changed our way of 

thinking about microRNA regulation of mRNA targets. Our results show that even though 

these three microRNAs seem to collaborate to increase TNF-α expression (Chapter 4, 

Figure 16), the effects on direct targets such as IL13Rα1 were less clear (Chapter 5, Figure 

19). In concordance with these results, other experiments within our group showed that 
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downregulation of four microRNAs in epithelial cells resulted in the unexpected increase 

of IL-6 secreted by these cells while having no significant effect on in silico predicted 

targets. Interestingly, we found this may be resulting from the ability of one microRNA 

to regulate levels of expression of other microRNAs within the goup (Martinez-Nunez et 

al, manuscript under revision).  

We focused our experiments on three microRNAs. For experimental reasons, transfection 

of any more of these oligonucleotides, or indeed the cloning of a vector expressing more 

than three microRNAs would prove very challenging. However, often in biology many 

more than three microRNAs are exerting their effects at a given time. We were able to 

detect over 350 microRNAs in exosomes from bronchoalveolar lavage, alone. In light of 

our results, one should be cautious when hypothesizing the effect of so many microRNAs 

on their targets. Basing predictions only on in silico analysis would not account for 

potential interactions between microRNAs or other factors that could be affecting 

microRNA interaction with its target.  

Some of the limitations of in silico predictions can be addressed by using gene expression 

methods that base microRNA target prediction on identifying genes downregulated in 

microRNA overexpressing cell lines, as indeed some authors have shown (Wang and 

Wang, 2006). Our results using a monocytic cell line overexpressing miR-27a, miR-155 

and miR-152 showed that only a very small minority of targets predicted using Targetscan 

6.2 were significantly downregulated when analysing total transcriptome of these cells. 

Interestingly, transcriptome sequence revealed a vast number of dysregulated genes that 

had not been predicted by the in silico algorithm (Chapter 6, Figure 50).  This strengthens 

the need for wet lab experiments to complement in silico prediction tools.  

However, in their elegant review, Vogel and Marcotte estimate that only 40% of protein 

variation can be explained by mRNA abundance (Vogel and Marcotte, 2012). This is due 

to translation regulation, in which microRNAs can play an important role. Polysome 

analysis has been shown to allow for a more accurate estimation of protein levels from 

mRNA data (Ingolia et al., 2009). To study this, we created a cell line overexpressing 

miR-27a, miR-155 and miR-152. In light of our results showing the influence of these 

microRNAs on RV-induced TNF-α and the literature available supporting their role in 

inflammation, we exposed the cells to LPS as an inflammatory system and sequenced not 

only their steady-state transcriptome but also polysome-bound RNA. Polysome isolation 
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allied to RNA-Seq allows us to extract RNA from different polyribosome subcellular 

fractions and investigate the translation status of mRNAs where RNAs present in the 

heavier polyribosome fractions are thought to have a greater translation rate compared to 

those loaded into lighter fractions (Masek et al., 2011).   

In fact, analysis of polysome-bound mRNA in our cell line, revealed 283 genes 

dysregulated in polysome-bound but not in total cytosolic RNA, highlighting yet another 

layer to consider in gene expression analysis.  

Although ribosomal analysis is thought to provide a better tool for predicting protein 

levels, it would be extremely interesting to perform proteomic analysis on our cell line. 

This would allow us to establish how well quantification of polysome-bound RNA and 

protein levels correlate and exactly how useful this mRNA analysis tool could be to the 

study of microRNA function. 

As well as investigating the levels of individual genes that could be controlled by 

microRNAs, we suggest that focusing on pathways could increase the confidence of 

microRNA studies. With so many factors affecting microRNA function in biology and 

perhaps more importantly, our ability to study this, it would be easy to be mislead by an 

incomplete interpretation of the data. This could lead to a long pusuit of ineffective and 

expensive functional experiments that could have otherwise been better directed. For 

example, in our experiment upregulating three microRNAs, we identified that different 

pathways seemed to be significantly dysregulated when analysing  total and polysome-

bound RNA, again confirming the importance of combining these two techniques 

(Chapter 6, Table 9 and 11). We hypothesize that the convergence of several genes 

dysregulated by microRNAs on a particular pathway, increases our confidence that this 

is dysregulated with biological and perhaps even pathological consequences.  

Analysing total mRNA highlighted a deficiency in chemokine and cytokine pathways, as 

well as impaired TLR signalling as a result of microRNA upregulation. This suggests a 

dysregulated response of these cells to pathogens such as virus and bacteria. MiR-27a, 

miR-155 and miR-152 had already been shown to be implicated in response to pathogens 

(Buck et al., 2010, Xie et al., 2014, Rodriguez et al., 2007, O'Connell et al., 2007)(Rupani 

et al, manuscript in preparation).  Analysis of polysome-bound RNA allowed us to 

identify different pathways. Of particular interest to us were the phagosome pathway and 

other pathways involved in antigen presentation. MiR-155 has already been shown to 
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impair macrophage phagocytosis and intracellular killing of bacteria (Yang et al., 2014). 

As well as miR-155, miR-152 has also been shown to regulate antigen presentation (Liu 

et al., 2010b, Rodriguez et al., 2007, Mao et al., 2011). Our results are therefore consistent 

with the existing literature and suggest that upregulation of these three microRNAs could 

lead to poor macrophage performance in the context of inflammation. 

We used upregulation of miR-27a, miR-155 and miR-152 as an example of a combination 

of microRNAs that seemed to be important in the inflammatory context. However, taken 

together, our results reveal the challenging complexity of studying microRNA function 

and mRNA/ protein abundance. This particularly struck us in light of our results 

describing the microRNA content of exosomes in bronchoalveolar lavage. 

The detection of such a large number of microRNAs in exosomes from this biofluid 

suggested their important role in the homeostasis of the lung (Chapter 7, Figure 57).  

Exosomes are present in most body fluids (Zhou et al., 2012, Lasser et al., 2011, Caby et 

al., 2005, Keller et al., 2006, Admyre et al., 2003). These extracellular microvesicles have 

been found to be released from a broad range of cells such as B and T cells (Zech et al., 

2012), epithelial cells (Kapsogeorgou et al., 2005), mesenchymal stem cells (Lai et al., 

2010), dendritic cells (Thery et al., 1999) and cancer cells (Rabinowits et al., 2009, 

Llorente et al., 2013), amongst others. They are known to carry proteins, lipids, miRNAs, 

mRNAs and non-coding RNAs which can be involved in cell-to-cell communication 

(Mathivanan et al., 2012). Importantly, exosomal microRNAs have been shown to be 

functional in target cells where they are able to produce effective gene silencing, 

resembling a manner of in vivo transfection (Kosaka et al., 2010b). It is therefore very 

likely that the microRNAs we identified in exosomes from BAL will have an effect on 

airway cells, in both health and disease. 

However, having already described the complexity and challenges of trying to study 

microRNA function using only three microRNAs, exploring the pathways affected by 

373 microRNAs would be immensely challenging and it would require extensive 

experimental validation. As stated before, it would be impossible to transfect 373 

microRNAs into each cell type in the lung, adjusting their transfection levels to match 

their levels in exosomes.  
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A possible way to do this would be to recover intact exosomes from BAL and deliver 

them to different airway cell types. RNA-Seq of total and polysome-bound RNA could 

then be used to estimate the effect of these translational regulators on lung homeostasis. 

A similar approach was taken by Kulshreshtha et al. where by exposing macrophages to 

epithelial-derived exosomes, the authors observed that exosomes from this cell type were 

able to induce macrophage proliferation (Kulshreshtha et al., 2013). This further supports 

a role for exosomes and possibly exosomal microRNA in the regulation of cellular 

processes in the airway. 

Interestingly, our results showed a striking difference in microRNA content of exosomes 

in the lavage of severe asthmatic patients. As described in Chapter 7, Figure 75, only 6% 

of all RNA mapped in asthmatic exosomes was attributed to microRNAs, compared to a 

much higher 27% in healthy patients. Severe asthmatic patients have poor disease control 

(including frequent exacerbations) despite being on the highest possible tier of treatment. 

Their airways resemble a chronic wound exhibiting ongoing epithelial cell injury and 

repair, high levels of growth factors and inflammatory cytokines such as TNF-α and IL-

13, increased levels of inflammatory cell infiltration, remodelling and increase in size and 

number of smooth muscle bundles around the airway (Holgate and Polosa, 2006). 

Currently, severe asthma poses a pressing unmet clinical need for disease treatment and 

control.  

It is unclear whether differential loading is a cause or consequence of the disease, or even 

potentially both. However, we do believe that such a difference in microRNA loading of 

exosomes is very likely to have an effect on various airway cells. This is strengthened by 

our results exposing naïve macrophages to bronchoalveolar lavage where we found that 

this fluid was able to condition microRNA and cytokine levels of monocyte-derived 

macrophages (Chapter 3 and 4, Figure 7 and 13).  

A recent study has identified a different microRNA profile in BAL exosomes from mild 

asthmatic patients. The microRNAs dysregulated seemed to suggest that IL-13 expression 

would be affected in these patients. MicroRNA profile also seemed to correlate with 

clinical features such as patients’ FEV1 percentage (Levanen et al., 2013). As well as 

showing that epithelial cells treated with IL-13, an abundant cytokine in the asthmatic 

airway, increased monocyte proliferation through exosome release, Kulshreshtha et al 

also showed that administration of the exosome inhibitor GW4869 to OVA mice resulted 
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in reduced methacholine-induced AHR, mucus production, number of infiltrating cells in 

the BAL, levels of serum IgE and several inflammatory cytokines. This suggests that 

exosomes from asthmatic patients are different in their composition and function 

(Kulshreshtha et al., 2013). No study to date has investigated the small RNA content of 

exosomes in the BAL of severe asthmatics. In our study we established that exosomes 

from severe asthmatic patients differ greatly in their composition which is likely to alter 

their function on airway cells. 

Pathway analysis of differentially expressed microRNAs revealed several pathways 

known to be relevant to asthma such as the TGF-β, MAPK, mTOR, neurotrophin and 

insulin pathways, as well as processes related to epithelial barrier and others with more 

tenuous links to this disease (Chapter 7, Table 15), all of which have been thoroughly 

discussed in chapter 7.  Each of these pathways had significant number of target genes 

predicted to be affected by more than two microRNAs, increasing our confidence that 

dysregulated microRNAs may be playing a role in the regulation of these pathways 

(Chapter 7, Figures 58 to 72). 

Establishing the molecular, cellular and pathological role of microRNAs has the potential 

to not only aid our understanding of biology but also to identify and develop new 

therapeutic approaches. 

The therapeutic potential of microRNAs has been studied by several groups. Many 

diseases have been shown to involve microRNA dysregulation and therefore the 

possibility to restore normal levels of these microRNAs in disease seems to be a 

promising step in personalized medicine. Interestingly, administration of anti-miR-126 

intranasally to an asthma mouse model resulted in decreased AHR and inflammatory cell 

infiltration (Mattes et al., 2009). Systemic anti-miR-122 helped improve hepatic steatosis 

in obese mice without obvious side effects (Esau et al., 2006). In the context of cancer, 

miR-155 over-expression in nasopharyngeal carcinoma cells decreased their resistance to 

ionizing radiation (Du et al., 2011). MiR-26a and miR-16 administration in vivo were 

proven effective in reducing tumorigenicity and tumor growth in nasopharyngeal and 

prostate cancer models respectively (Lu et al., 2011b, Takeshita et al., 2010, Du et al., 

2011). Injection of let-7b into non-small cell lung tumours impaired tumour growth and 

downregulated cell-cycle promoters (Trang et al., 2010). Clinical trials are now underway 

for the use of microRNAs in cancer therapy. 
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One of the challenges of using microRNAs in therapy is the ability to control delivery to 

the desired cell type. For example, in our study, we identified the aberrant expression of 

miR-27a, miR-155 and miR-152 in macrophages of asthmatic patients, which could lead 

to exaggerated inflammation and consequent poor prognosis during viral or bacterial 

infections. However, one of these microRNAs, miR-155, has been seen to be 

downregulated in asthmatic epithelial cells, making the use of its inhibitor as a therapy a 

challenging concept (Louafi et al., 2010). Exosomal targeted delivery of microRNA 

inhibitors makes this potential therapy more accessible as it would increase the specificity 

of their action to macrophages and minimize collateral toxicity. 

Exosomes have been used as potential therapeutic delivery vehicles. The Wood 

laboratory has used exosomes expressed by altered dendritic cells to deliver GAPDH 

siRNA specifically to neurons, microglia and oligodendrocytes in the brain of mice 

(Alvarez-Erviti et al., 2011). Systemic injection of THP-1 macrophages containing a 

chemical modified microRNA increased the levels of this microRNA in the serum, 

tumour and kidney of host mice (Akao et al., 2011). Systemically injected exosomes were 

able to deliver let-7a, an anti-tumour microRNA to EGFR-expressing breast cancer cells 

(Ohno et al., 2013). Exosome-mediated anti-microRNA-155 delivery resulted in more 

efficient inhibition of LPS-induced TNF-α production and less cellular toxicity than other 

transfection methods (Momen-Heravi et al., 2014).  

So far, most studies have used cell lines or animal models to study exosomal microRNA 

manipulation but there is certainly potential for translation into the clinical setting.  

Throughout our research, one of the most noticeable and sometimes challenging aspects 

was the heterogeneity of patient samples. Especially when studying severe asthma 

patients, we noted that many times samples from some patients had a very different 

reaction to stimulus or indeed elicit different responses from the rest. This made it 

sometimes difficult to characterize a whole group or to identify a tight and neat profile 

that would allow us to extrapolate our results to a wider population of asthmatics. It is 

well known that asthma is not so much a single disease but more a syndrome with slightly 

different causes and manifestations that is grouped together to aid a quick diagnosis and 

treatment. However, these results have reinforced to us the urgent and striking need for 

the development and implementation of personalized medicine in the clinic and indeed in 

the way we approach research.  
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Even though the need for personalised medicine in asthma was identified over 30 years 

ago there is still a long way to go before it is implemented in the clinic (Spector and Farr, 

1976, Wadsworth and Sandford, 2013).  Although current asthma treatments have few 

obvious serious side effects, the complications associated with β-agonists and steroids, as 

well as the relatively large percentage of asthmatic patients with uncontrolled disease 

highlight the need for tailored and more effective treatment.  

Clinical trials are underway to target specific inflammatory pathways such as IL-4/IL-13, 

IL-5 and IL-9 using monoclonal antibodies and others are already in clinical use 

(Omalizumab targeting IgE) or have been discontinued (IL-13 and TNF-α) (Holgate, 

2011). Targeting of these single pathways cannot be explored in a “one size fits all” 

manner and has to be accompanied by rigorous patient phenotyping.   

Our knowledge of asthma pharmacogenetics has increased over the past few years. 

Polymorphisms in several genes have been associated with poor response to β2-

adrenergicreceptor agonists, leukotriene modifiers and corticosteroids. For example, a 

variety of ADRB2 polymorphisms are suggested to affect patients’ response to β2-

adrenergicreceptor agonists and, in some cases, result in subsensitivity of response for 

bronchoprotection (Tan et al., 1997). SNPs within ALOX5, ALOX5AP, LTC4S, 

CYSLTR1, CYSLTR2, MRP1 and OATP2B1 genes have been associated with deficient 

response to leukotriene modifiers (Tantisira et al., 2009, Sampson et al., 2000, Currie et 

al., 2003, Kim et al., 2007b, Mougey et al., 2011, Lima, 2007). Mutations in the 

glucocorticoid receptor gene (GR;NR3C1) have been shown to affect dexamethasone 

binding affinity, whilst SNPs in the corticotrophin-releasing hormone receptor 1 

(CRHR1) and TBX21 are associated with response to inhaled corticosteroid treatment 

(Stevens et al., 2004, Tantisira et al., 2004). 

Using pharmacogenetics to target specific mediators by identifying subpopulations has 

demonstrated clinical efficacy in some studies (Haldar et al., 2009, Corren et al., 2011, 

Slager et al., 2010).  

The use of microRNAs as a therapeutic approach to asthma should be regarded in light 

of these studies, ie on an individual basis. Our results reveal the great complexity of 

microRNA function on their targets at a molecular, cellular and pathological level. The 

potential implications of modulating a group of microRNAs needs to be studied carefully 

and thoroughly as its outcome cannot be easily predicted using the tools available. If 
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microRNA therapy is to be taken further, an in depth awareness of an individual’s 

microRNA profile is essential to know how best to regulate these fine tuners of translation 

in order to obtain the desired effects. 

Taken together, we feel that our research has made a small contribution towards the field 

of personalised medicine in asthma. We identified the upregulation of miR-27a, miR-155 

and miR-152 as a potential underlying mechanism for exaggerated inflammation in the 

context of asthma exacerbations. We thoroughly explored the outcome of microRNA 

upregulation in the context of inflammation using RNA-Seq and identified a role for these 

microRNAs in causing poor pathogen clearance and antigen presentation, impairment in 

TLR function and deficient response to chemokines and cytokines. Furthermore, we 

identified a potential cause for microRNA dysregulation by describing a clear deficiency 

in exosomal microRNA cargo in severe asthmatic patients whilst hypothesizing about the 

exciting role these microvesicles could play in microRNA therapy by aiding targeted 

therapeutic delivery of anti-microRNAs. 

As described at length before, asthma is an extremely heterogeneous disease. Our results 

may not benefit every single patient diagnosed with asthma. However we believe that our 

research, when combined with the correct technology, could benefit a subgroup of 

asthmatic patients by improving their response to the most common trigger of asthma 

exacerbations. 
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8.2 Future work 

 

8.2.1 The effect of microRNA upregulation of rhinovirus-induced TNF-α 

expression in macrophages from asthmatics 

 

In our study, we have described how simultaneous upregulation of miR-27a, miR-155 

and miR-152 is able to increase RV-induced TNF-α expression. 

Further work is needed to explore the mechanism for this upregulation and understand 

which pathways are affected by these microRNAs. Our cell line overexpressing miR-27a, 

miR-155 and miR-152 could be useful for this and indeed our RNA-Seq results have 

highlighted potentially relevant pathways. However, it is still not clear how these 

microRNAs specifically affect TNF-α.  

It would also  be interesting to explore the potential of anti-miR-27a, anti-miR-155 and 

anti-miR-152 as a therapy for asthma exacerbations, both in vitro and in vivo. 

 

8.2.2 The role of a microRNA network on translation 

 

We have highlighted the importance of using a broad, extensive approach such as RNA-

Seq to explore the role of microRNAs on translation. We looked at gene expression in 

both steady-state and polysome-bound mRNA of THP1-27a-155-152 exposed to LPS.  

More experimental work is needed to validate our RNA-Seq findings with RT-qPCR and 

it would be particularly urgent to investigate which of the changes observed were caused 

by doxycycline treatment. For this, we have already created an inducible cell line 

expressing an empty vector which can be used. 

One of the greatest advantages of using RNA-Seq to establish a cell’s transcriptome is 

the access to isoform-specific data. Isoforms have been shown to be under microRNA 

regulation and to be loaded different into polysomes (Deng et al., 2011). In the future, it 

would be particularly interesting to investigate the differential loading of gene isoforms 

into polysomes in our system, as a further measurement of microRNA regulation.  
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8.2.3 Exosomal small RNA cargo in severe asthma   

 

We identified a deficiency in exosomal small RNA cargo in the BAL of severe asthmatic 

patients. It would be interesting to see whether this deficiency is also present in serum 

exosomes. This information alied with an increase in the number of our cohort (see 

Appendix 10.2.2) could help us potentially develop a molecular signature that would 

serve as a biomarker for this disease. 

Extensive work in analysing the pathways regulated by exosomal microRNA in health 

and disease is still needed. Our results have highlighted some interesting processe that 

could be affected by the microRNA deficiency we detected. It would be very interesting 

to study these in more depth and perhaps measure their levels in relevant severe asthmatic 

cells. 

Exosomes could also potentially be used as target delivery tools. This could be useful if 

we were explore the potential of anti-miR-27a, anti-miR-155 and anti-miR-152 as 

therapies for asthma exacerbations. Exosomes would allow specific delivery to 

macrophages and less off-target effect. Further work into developing this would be 

needed.
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10 Appendix 

 

10.1 Statistics for MDMs exposed to BAL (Chapters 3 and 4) 
Table 16 - Mean +/- Standard Deviation of microRNA and TNF-α levels in MDMs exposed to BAL (Figures 7, 8 and 

13) 

 MiR-27a MiR-155 MiR-152 TNF-α 

DS076 0.7715 +/- 0.5947 26.75 +/- 37.84 1.217 +/- 0.7304 5.678 +/- 5.794 

DS078 1.634 +/- 0.5633 8.9 +/- 11.52 1.775 +/- 1.112 0.6715 +/- 0.1458 

DS087 1.649 +/- 0.1709 7.209 +/- 7.69 1.196 +/- 0.5466 0.3866 +/- 0.1408 

DS097 1.498 +/- 0.4839 6.145 +/- 8.213 1.56 +/- 0.1765 0.6646 +/- 0.1804 

DS105 2.265 +/- 1.851 21.16 +/- 28.91 1.301 +/- 0.9337 451.4 +/- 763 

DS120 2.709 +/- 1.684 18.21 +/- 27.05 2.231 +/- 0.7647 1.168 +/- 1.055 

DS171 2.562 +/- 3.641 101.8 +/- 165.9 2.554 +/- 3.415 164.7 +/- 230.6 

DS190 1.254 +/- 0.7614 6.676 +/- 6.754 1.443 +/- 0.8765 0.7522 +/- 0.09454 

DS138 1.756 +/- 0.7302 11.19 +/- 14.23 1.624 +/- 1.129 NA 

DS162 1.725 +/- 0.3477 16.19 +/- 25 1.317 +/- 0.4989 0.8004 +/- 0.1527 

DS165 1.784 +/- 1.622 20.21 +/- 31.5 0.3731 +/- 0.2086 151.7 +/- 252.2 

DS170 9.547 +/- 14.63 103.5 +/- 170.8 4.559 +/- 7.121 65.6 +/- 79.65 

DS172 0.1972 +/- 0.1383 8.368 +/- 8.502 0.712 +/- 0.5804 513.7 +/- 989.2 

DS173 1.727 +/- 2.098 3.719 +/- 4.753 0.8799 +/- 0.2253 1.126 +/- 0.5222 

DS178 1.3 +/- 0.4658 8.21 +/- 5.387 1.132 +/- 0.2813 26.39 +/- 37.41 

DS183 1.438 +/- 0.8329 8.105 +/- 11.74 1.21 +/- 0.2674 0.7427 +/- 0.2753 

DS075 1.241 +/- 0.3087 5.845 +/- 8.08 1.662 +/- 0.9956 1.152 +/- 0.9548 

DS079 1.519 +/- 0.2604 10.18 +/- 13.89 1.924 +/- 0.7186 0.5625 +/- 0.08798 

DS116 2.628 +/- 2.064 27.92 +/- 38.82 2.488 +/- 1.65 226.5 +/- 362 

DS127 1.292 +/- 0.6282 10.07 +/- 13.98 1.409 +/- 0.9367 24.47 +/- 14.23 

DS134 3.274 +/- 2.818 61.17 +/- 96.13 2.549 +/- 1.714 32.73 +/- 44.91 

DS141 53.75 +/- 50.04 78.5 +/- 76.35 23.49 +/- 18.62 72.13 +/- 113.7 

DS145 1.648 +/- 0.2465 61.05 +/- 90.02 1.168 +/- 0.1015 167.1 +/- 249.4 

DS146 1.141 +/- 0.6462 5.08 +/- 6.28 1.337 +/- 0.6411 0.7366 +/- 0.2009 

DS153 2.494 +/- 2.891 15.7 +/- 9.698 1.656 +/- 1.16 182.6 +/- 281.9 

DS155 1.847 +/- 0.8122 10.59 +/- 16.54 1.9 +/- 0.8297 0.8635 +/- 0.3903 

DS156 0.6018 +/- 0.536 17.18 +/- 10.71 1.658 +/- 1.472 80.03 +/- 68.57 

DS157 2.084 +/- 1.41 27.5 +/- 35.06 2.524 +/- 1.173 424.9 +/- 792.6 

DS158 1.899 +/- 0.4548 30.04 +/- 44.17 2.014 +/- 0.07819 41.1 +/- 80.85 

DS174 0.7737 +/- 0.7336 59.1 +/- 88.46 1.297 +/- 0.2235 483.1 +/- 944.1 

DS175 35.7 +/- 24.95 163.1 +/- 232.6 52.96 +/- 37.37 2.472 +/- 2.331 

DS184 0.9764 +/- 0.3872 4.622 +/- 4.31 1.712 +/- 0.8613 0.7813 +/- 0.1833 

DS186 0.8905 +/- 0.4659 8.528 +/- 10.83 0.7994 +/- 0.1194 13.59 +/- 25.8 

DS187 1.894 +/- 1.029 18.47 +/- 22.59 1.635 +/- 0.9961 151.4 +/- 129.3 

DS188 1.434 +/- 0.8365 12.05 +/- 15.35 1.92 +/- 2.418 326.4 +/- 651.2 

DS192 0.3419 +/- 0.3086 9.013 +/- 8.185 0.7524 +/- 0.4095 1.949 +/- 1.272 
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10.2 Power calculations (Chapters 3, 4 and 7) 

 

10.2.1 Chapters 3 and 4 

 

As stated in Chapter 2, power for BAL exposure experiments (Figures 7, 8 and 13) was 

calculated using PS Power and Sample Size Calculations Version 3.0, January 2009 

(Dupont and Plummer, Vanderbilt University). This was calculated retrospectively as the 

availability of samples was a limiting factor.  

From previous experience within the laboratory, we used a minimum difference in 

population means of half that of the control group (healthy subjects). For example, if the 

exposure to healthy subject’s BAL caused an upregulation of 1.79 in miR-27a, we deemed 

1.79+/-0.895 to be a biologically relevant difference between the healthy and asthmatic 

groups for this microRNA. In our calculations, we compared Effect of Severe Asthmatic 

BAL and Effect of Moderate Asthmatic BAL against Effect of Healthy Subject BAL. 

Table 17 includes the established minimum difference deemed to be biologically 

significant for each group and microRNA based on results from healthy subjects, and the 

power with which we would be able to reject the null hypothesis that the population means 

of the experimental and control groups are equal. The Type I error probability associated 

with all the tests of this null hypothesis is 0.05. The same rules applied to measurement 

of TNF-α. 

We also calculated the number of subjects needed in each group (assuming the ratio of 1 

experimental subject per control subject) to obtain the desired power of 0.8, which is 

worth considering for future experiments. 

The calculations assumed normal distribution and extrapolation of standard deviation of 

the mean from the control group (Healthy subjects). The mean and standard deviation of 

the effect of exposure of MDMs to BAL from healthy subjects, measured in terms of 

miR-27a, miR-155, miR-152 and TNF-α is presented in Table 18. 
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Table 17 - Power calculations for BAL exposure experiments (Figures 7,8 and 13). 

 Subject 

number 

Minimum 

difference 

Power Subjects 

needed in 

each 

group 

Moderate 

Asthmatics 

MiR-27a 8 0.895 0.700 10 

MiR-155 8 12.3 0.100 108 

MiR-152 8 0.825 0.869 7 

TNF-α 8 39 0.069 269 

Severe 

Asthmatics 

MiR-27a 21 0.895 0.886 10 

MiR-155 21 12.3 0.141 108 

MiR-152 21 0.825 0.973 7 

TNF-α 21 39 0.085 269 

 

 

 

Table 18 - Mean and standard deviation of the Healthy subject group of BAL exposure experiments. Mean refers 

to mean induction of each microRNA when MDMs are exposed to BAL from this subject group. 

 Mean Std Deviation 

MiR-27a 1.792813 0.667643 

MiR-155 24.60625 32.13348 

MiR-152 1.659625 0.497998 

TNF-α 78.17761 161.2582 
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10.2.2 Chapter 7 

 

We also calculated the power of our microRNA sequencing experiment looking at small 

RNA content of exosomes in BAL from severe asthmatic patients (Chapter 7). These 

calculations were based on three differentially expressed microRNAs: hsa-miR-625-3p, 

hsa-miR-202-5p and hsa-miR-181d-5p. Power was calculated retrospectively as the 

availability of samples was a limiting factor.  

Table 19 includes the difference in means between the healthy and severe asthmatic 

groups as observed in our sequencing study. This table also includes the power with which 

we would be able to reject the null hypothesis that the population means of the 

experimental and control groups are equal. The Type I error probability associated with 

all the tests of this null hypothesis is 0.05.  

We also calculated the number of subjects needed in each group (assuming the ratio of 1 

experimental subject per control subject) to obtain the desired power of 0.8, which is 

worth considering for future experiments. 

The calculations assumed normal distribution and extrapolation of standard deviation of 

the mean from the control group (Healthy subjects). The mean and standard deviation of 

microRNA levels in healthy subjects is presented in Table 20. 

 

Table 19 - Power calculations for exosomal microRNA experiments (Chapter 7). 

 Subject 

number 

Minimum 

difference 

Power Subjects 

needed in each 

group 

Severe 

Asthmatics 

hsa-miR-625-

3p 

12 0.895 0.831 9 

hsa-miR-202-

5p 

12 16.46 0.234 42 

hsa-miR-

181d-5p 

12 18.15 0.435 21 
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Table 20 - Mean and standard deviation of hsa-miR-625-3p, hsa-miR-202-5p and hsa-miR-181d-5p for the healthy 

subject group of exosomal microRNA experiments.  

 Mean Std Deviation 

Hsa-miR-625-3p 5.45 3.55 

Hsa-miR-202-5p 17.47 26.54 

Hsa-miR-181d-5p 24.39 20.49 

 

 

 

 


