Airway Epithelial Orchestration of Innate Immune Function in Response to Virus Infection: a Focus on Asthma
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Abstract
Asthma is a very common respiratory condition with worldwide prevalence predicted to increase in the future. There are significant differences in airway epithelial responses in asthma which are of particular interest during exacerbations. Preventing exacerbations is a primary aim when treating asthma as they often necessitate unscheduled healthcare visits, hospitalizations and are a significant cause of morbidity and mortality. The commonest aetiology of asthma exacerbations is a respiratory virus infection of which the most likely type is rhinovirus infection. This article focuses on the role played by the epithelium in orchestrating the innate immune responses to respiratory virus infection. Recent studies show impaired bronchial epithelial cell innate antiviral immune responses, as well as augmentation of a novel bronchial epithelial cell – IL-25/IL-33 – Th2/type 2 innate lymphoid cell – Th2 cytokine response to virus infection in asthma. A better understanding of the mechanisms of these abnormal immune responses has the potential to lead to the development of novel therapeutic targets for virus-induced exacerbations. The aim of this article is to highlight current knowledge regarding the role of viruses and immune modulation in the asthmatic epithelium and discuss exciting areas for future research and novel treatments.
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Introduction
In excess of 300 million people worldwide suffer from asthma making it a significant source of morbidity and mortality worldwide. Asthma prevalence has increased over recent decades, such that in many European countries up to 30% of children report wheeze in the last year [1]. The pathogenesis of asthma is complex and varies across clinical phenotypes. Complex interactions between genetic, epigenetic, and environmental factors predispose patients to develop a limited number of dysfunctional immunologic regulatory patterns, which in turn dictate the presentation of clinical phenotypes.
Asthma has a typical disease course of chronic respiratory symptoms, such as wheeze and breathlessness, punctuated by periods of markedly increased symptomatology, termed ‘acute exacerbations’ [2]. Acute exacerbations are significant events as they impair quality of life and are the predominant cause of mortality. Moreover, they often necessitate unscheduled healthcare visits, treatment costs and hospitalizations[3]. 
Preventing exacerbations is a major, currently incompletely met, therapeutic goal. A crucial step towards this goal is the recognition that acute exacerbations are most commonly due to respiratory virus infection [4, 5]. The response to virus infection differs between healthy and asthmatic individuals as highlighted by a study of co-habiting partners, one of whom had asthma, which found that asthmatics exhibit significantly more severe and longer lasting lower respiratory symptoms and greater changes in airway physiology than non-asthmatics [6]. Therefore, it follows that the balance between protective anti-viral responses and inflammatory responses may be skewed in asthmatics, while likely account for the differences in symptom duration and severity. Underpinning this is the airway epithelium, which is highly dynamic and orchestrates the immune, inflammatory and host defence response observed in both stable and exacerbated disease. 
This article discusses current knowledge of the airway epithelium’s orchestration of innate immunity and the current understanding of how this differs in asthma since a better understanding has the potential to lead to the development of new therapies.

The Epithelial Response to Rhinovirus Infection 
The majority of experimental work on epithelial responses in asthma focus on rhinovirus infections since they are the most commonly detected virus type during exacerbations in epidemiological studies [4, 5, 7]. Rhinoviruses are small (30 nanometer), non-enveloped, single-stranded RNA viruses, that are members of the Picornaviridae family [8]. Rhinoviruses can be classified according to genetic similarity, as rhinovirus-A, -B and –C giving an estimated ~160 species [9]. It is estimated that a substantial proportion of these viruses are currently in circulation. The A & C subtypes are most often associated with wheezing illnesses. Historically the RV-C subtype has proved difficult grow and therefore characterise but recent work suggests that human cadherin-related family member 3 (CDHR3) is a functional binding receptor facilitating cell entry [10].
A cascade of immune and inflammatory responses is triggered when rhinoviruses enter and replicate in epithelial cells . The airway epithelium is of great interest during viral respiratory infections because it serves as the major host cell for viral replication The airway epithelium isare of great interest during viral respiratory infections because they serve as the major host cell for viral replication [11].
A product of rhinovirus replication is synthesised viral RNA, which is recognised by innate immune pattern recognition receptors. These receptors include the cytosolic RNA helicases, retinoic acid inducible gene I (RIG-I), melanoma differentiation-associated protein-5 (MDA-5), dsRNA/protein kinase receptor (PKR) and the toll-like receptors (TLR)-3, -7 and -8 [12-15]. The resulting ligand and receptor binding triggers a signalling cascade which leads to the activation of transcription factors including interferon regulatory factors (IRF)-3 and-7, nuclear factor-κB (NF-κB), p65/p50, activating transcription factor 2 (ATF2) and c-Jun [16-18]. Following activation, the transcription factors translocate to the nucleus of bronchial epithelial cells to induce transcription of type I and type III interferons (IFN-α/-β and IFN-λ1, 2, 3 respectively) and a plethora of pro-inflammatory cytokines and chemokines including interleukin(IL)-6, IL-8 (also known as C-X-C motif ligand 8, CXCL8), epithelial-derived neutrophil-activating peptide 78 (ENA-78, or CXCL5), C-C motif ligand 5 (CCL-5, also known as Regulated on Activation, Normal T cell Expressed and Secreted, RANTES), and IFN-γ-induced protein 10 kDa (IP-10, or CXCL10)[11, 19-26]. 
[bookmark: bbib18]IFNs are key components in the innate immune response of the airway epithelium to viral infection[27]. Their antiviral properties are brought about directly through inhibition of viral replication in cells, and indirectly through stimulation of innate and adaptive immune responses. Type I IFNs effect their antiviral activity by a number of mechanisms including blocking viral entry into cells, control of viral transcription, cleavage of RNA, blocking translation, and induction of apoptosis [28]. Underpinning these protective effects are the induction of IFN-stimulated genes (ISGs) and the production of antiviral proteins[27]. The indirect effect of IFNs is brought about through induction of cytokines and chemokines leading to recruitment of natural killer cells and CD4 and CD8 T cells [29], up-regulation of the expression of MHC-I on cells and up-regulation of antigen-presenting cell co-stimulatory molecules. Therefore, the epithelium’s IFN response is central to effective antiviral responses and resolution of virus infection.

Deficient innate anti-viral immunity in the airway epithelium
In 2005, Wark and colleagues published novel work showing mechanistically, the impaired innate immune response to virus infection in the asthmatic epithelium. Primary human bronchial epithelial cells (HBECs) taken from normal and asthmatic subjects at bronchoscopy demonstrated increased rhinovirus replication in the HBECs obtained from asthmatic subjects [30]. Furthermore, they concluded induction of IFN-β was both delayed and deficient in asthmatics and administration of exogenous IFN-β resulted in induced apoptosis and reduced virus replication, thereby demonstrating a causal link between deficient IFN-β and increased virus replication. The observation of a restored antiviral response with administration of type I IFN was validated in a subsequent study [31]. Similarly deficient IFN-λ induction was shown by Contoli et al [23] in HBECs and alveolar macrophages from atopic asthmatics infected ex vivo with rhinovirus-16. This study utilised a human rhinovirus induced asthma exacerbation model to demonstrate that exacerbation severity was inversely proportional to IFN-λ generation. These early studies have provided the stimulus for further work to examine, characterise and understand the mechanisms of IFN deficiency in asthma (see table 1). 
However, not all studies have found deficient epithelial IFN responses in asthma [32-35] although it must also be noted that the in vitro studies discussed are small, with different experimental conditions, such as cell culture techniques and virus dose (see table 2). Therefore, the role of the epithelium in the IFN deficient state remains an extremely interesting and plausible explanation for the observed increased severity of virus infection in asthma.
Interestingly there are multiple studies that report relationships between markers of asthma/allergy severity and IFN responses [36-39], and it may be that IFN delay/deficiency is more readily detected in more severe/less well-controlled disease. Analysis of the pre-specified subgroup, containing subjects with more severe disease and ongoing symptoms despite treatment (BTS Steps 4–5), in a recent inhaled IFN-β clinical trial demonstrated IFN-β effectively prevented virus-induced worsening of asthma symptoms, leading authors to conclude that future studies of IFN-β should target patients with moderate or severe disease.[40]. It is also possible that the exact nature of IFN deficiency is specific to certain asthmatic phenotypes. Further studies which involve greater subject numbers and careful patient selection and characterisation are indicated to better understand these mechanisms.


Table 1: Studies supporting type I and/or III IFN deficiency in the asthmatic airway epithelium:
	Studies demonstrating type I and/or III IFN deficiency in asthma

	Study
	Asthmatic subtype studied (vs. healthy control unless stated) 
	Cell type
	Stimulating Virus/analogue
	IFN studied

	Wark et al, 2005 [30]
	Atopic asthmatic
	HBECs
	Rhinovirus
	↓ IFN-β

	Contoli et al, 2006 [23] 
	Atopic asthmatics

	HBECs and alveolar macrophages
	Rhinovirus
	↓ IFN-λ

	Gill et al, 2010 [41]
	Allergic asthmatics
	Plasmacytoid dendritic cells
	Influenza A
	↓IFN-α

	Uller et al, 2010 [42]
	Asthma (GINA criteria). Mild to severe disease studied.
	HBECs
	dsRNA
	↓ IFN-β

	Edwards et al, 2013 [36]
	Children with severe therapy resistant atopic asthma 
	HBECs
	Rhinovirus
	↓ IFN-β and IFN-λ

	Baraldo et al, 2012 [37]
	Asthmatics (atopic and non-atopic) and atopic non-asthmatics
	HBECs
	Rhinovirus
	↓ IFN-β and IFN-λ

	Parsons et al, 2014 [43]
	Asthma (GINA criteria)
	HBECs
	Rhinovirus
	↓ IFN-λ

	Spann et al, 2014 [44]
	Children with wheeze and/or atopy.
	Nasal epithelial cells
Tracheal epithelial cells
	Respiratory syncytial virus
	↓ IFN-β***

	Wagener et al, 2014 [45]
	allergic asthma with concomitant rhinitis and allergic rhinitis.
	Primary nasal and HBECs
	dsRNA
	↓ several interferon-related genes


*** but not IFN-λ
Table 2: Studies not supporting type I and/or III IFN deficiency in the asthmatic airway epithelium:
	Studies not demonstrating type I and/or III IFN deficiency in asthma

	Study
	Asthmatic subtype studied
	Cell type
	Stimulating Virus/analogue
	IFN studied

	Lopez-Souza et al, 2009 [33]
	Allergic asthma
	Nasal epithelial cells and HBECs
	Rhinovirus
	↔ IFN-β

	Bochkov et al, 2010 [32]
	atopic asthmatics and atopic-non asthmatics
	HBECs
	Rhinovirus
	↔ Type I or III IFN expression

	Sykes et al, 2014[34]
	Mild, well controlled atopic asthma
	HBECs
	Rhinovirus
	↔ IFN-λ and, to a lesser degree, IFN-β

	Patel et al, 2014 [46]
	Asthma (9 of 11 recruits atopic)
	HBECs
	Influenza A and RSV
	↔ Type I or III IFN expression

↓ IFN- λ (in response to RSV)

↑ IFN- λ (in response to influenza virus in asthmatic groups

	Sykes et al, 2014 [35] 
	Atopic asthma
	HBECs and PBMCs
	TLR agonist
	↔ Type I or III IFN expression

	Spann et al, 2014 [47]
	Children with wheeze and/or atopy.
	Tracheal epithelial cells
	RSV or hMPV
	↔ IFN-β or -λ production



The mechanisms underpinning impaired induction of IFN in response to virus infection in asthmatics are not fully understood. Suppressor of cytokine signalling (SOCS) 1 and SOCS3 are proteins known to act on the respiratory epithelium as negative regulators of cytokines. In murine models, SOCS1 and 2 negatively feedback on Th2 immunity, [48-51], whilst in human studies a genetic polymorphism enhancing SOCS1 is associated with asthma [52] and T cell SOCS3 mRNA levels are increased in asthmatic patients [53]. Edwards et al have shown that rhinovirus infection and Th2 and pro-inflammatory cytokines increase levels of SOCS1 and SOCS3 mRNA in HBECs, while epithelial SOCS1, but not SOCS3, was increased in bronchial biopsies in asthmatic patients [54]. Increased SOCS1 mRNA expression was associated with impaired IFN induction and increased virus replication in HBECs from children with severe asthma. As SOCS1 inhibits both virus-stimulated and IFN signalling dependant IFN induction, antagonism of SOCS1 is an attractive therapeutic target. 
Transforming growth factor (TGF)-β is a multifunctional cytokine of interest because it mediates suppression of both IFN-λ and IFN-β in primary bronchial epithelial cells from healthy subjects exposed to rhinovirus [55]. In asthmatics, rhinovirus replication and virus release into supernatants of primary fibroblast cultures incubated with TGF-beta1 is enhanced [56]. Work by Mathur and colleagues further investigated the role of TGF-β mediated IFN suppression by co-culturing rhinovirus infected BEAS-2B monolayers with eosinophils to demonstrate enhanced suppression of IFN induction [57]. This fits with the observation that airway eosinophilia is associated with an increased risk of exacerbation in asthma.
An alternative mechanism of IFN suppression is through the prominent Th2 cytokine, IL-13, which induces IL-1 receptor associated kinase M (IRAK-M). IRAK-M over-expression is present in the asthmatic airway, where it appears to promote lung epithelial rhinovirus replication and autophagy but crucially inhibits rhinovirus-induced IFN-β and IFN-λ1 expression [58]. In vitro, recombinant IL-13 suppressed dsRNA-induced expression of IFN-λs in airway epithelial cells whilst a Janus kinase inhibitor prevented the IL-13 mediated suppression [59]. IL-13 can also reduce RV induced IFN in cell culture experiments [60] again suggesting a link between the actions of Th2 cytokines and IFN expression. 
The effects of asthmatic treatment on innate anti-viral immunity were investigated in peripheral blood mononuclear cells infected with rhinovirus and pre-treated with budesonide with and without formoterol. There was reduced type I IFN induction in budesonide treated cells from both healthy and asthmatic donors [61]. Whilst examining theses responses in the epithelium, an influenza A murine infection model demonstrated more severe disease in the steroid treated group and interestingly went on to show adjuvant IFN treatment markedly reduced glucocorticosteroid-amplified infections in human airway cells and in mouse lung [62].

Virus induction of type 2 immunity
Virus infection typically promotes a type 1 immune response however there is clear evidence to support it induces a type 2 inflammatory pattern which is coordinated by the asthmatic epithelium(see figure 1). For example, in a recently completed study, our group has utilised novel methods to sample airway lining fluid from the nose (nasosorption) and the bronchus (bronchosorption) which in combination with low volume protein detection methods demonstrate that the type 2 cytokines IL-4, IL-5, and IL-13 are all induced in vivo in asthmatics, but not in healthy control subjects in a rhinovirus-induced exacerbation model [63]. Moreover, the work demonstrated that levels of IL-5 and IL-13 during infection correlated significantly with exacerbation severity, suggesting that the induction of type 2 cytokines might be functionally important.
Recently important evidence that epithelial-derived mediators including thymic stromal lymphopoietin (TSLP), IL-25, and IL-33, are capable of promoting the type 2 immune response has emerged from animal studies of helminth infections and allergen driven inflammation. Their importance in human asthma exacerbations was, until very recently, unknown. Investigating the role of IL-25 in this context, our group found that rhinovirus-infected HBECs from asthmatic donors had greater IL-25 induction, which correlated with donor atopic status. Human IL-25 levels were induced by experimental rhinovirus infection in vivo and expression was greater in asthmatics at baseline and during infection. In mice, rhinovirus infection also induced IL-25 and augmented allergen-induced IL-25 and blockade of the IL-25 receptor markedly suppressed many rhinovirus-induced exacerbation-specific responses, including type 2 cytokines and chemokines, mucus production, and recruitment of eosinophils, lymphocytes and neutrophils, IL-4+ basophils and Th2 cells, as well as ILC2s. Therefore, asthmatic epithelial cells have an increased intrinsic capacity for IL-25 expression in response to a viral infection, and IL-25 is a key mediator of rhinovirus induced exacerbations of pulmonary inflammation [64]. 
[bookmark: _GoBack]Our group also recently investigated the mechanisms underpinning induction of type 2 inflammation by IL-33. IL-33 was induced by rhinovirus in the asthmatic airway in vivo and levels in asthmatic subjects related to rhinovirus-induced asthma exacerbation severity. Furthermore, induction of IL-33 correlated with viral load and levels of IL-5 and IL-13 induced by infection. Rhinovirus infection of human primary BECs in vitro strongly induced IL-33, and culture of human T cells and ILC2s with supernatants of rhinovirus-infected BECs (but not with supernatants of mock-infected BECs) strongly induced type 2 cytokines (IL-4, IL-5 and IL-13 in T cells, and IL-5 and IL-13 in ILC2s). These inductions were entirely dependent on IL-33, as blocking the IL-33 receptor in these co-cultures completely suppressed the inductions observed in the cultures with supernatants of rhinovirus infected BECs. Thus, virus-induced IL-33 released from BECs and IL-33-responsive T cells and ILC2s are key mechanistic links between viral infection and exacerbation of asthma (figure 2)  [63]. 
In summary, there is evidence that anti-viral immune responses in the asthmatic respiratory epithelium are impaired (delayed and deficient) and this likely underlies increased disease severity following virus infection in asthma. Further studies are required to determine whether these impairments are common to all asthmatics or whether they are unique to a phenotypic cluster or to more severe and less well controlled asthma. A novel virus infection/epithelial cell-derived cytokine/type 2 cytokine pathway has been identified, in which IL-25 and IL-33 and their receptors appear exciting new targets for development of novel therapies for asthma exacerbations. 
Augmented Th2 responses are very clearly associated with the pathogenesis of allergies and asthma, as IL-4 and IL-13 are required for IgE synthesis and IL-5 is required for eosinophil recruitment, maturation and survival. Their importance in the context of virus induced asthma exacerbations is much more controversial however, as Th1 responses not Th2 responses are classically associated with viral infections. Despite this, it is reasonable to hypothesise that a relatively strong Th2 bias at the time of a viral infection might impair Th1 responses to the viral infection and thereby increase the severity of outcomes. 
Until now measurement of many soluble mediators (including IL-4, -5, and -13) in airway samples has been difficult with conventional techniques (such as nasal and bronchoalveolar lavage) that wash the airway with large volumes of saline. The subsequent dilution of mediators below detection limits of assays has prevented direct measurement of protein levels in vivo, leading to a reliance on in vitro approaches as described above.

Therapeutic approaches
As the understanding of the key airway epithelial pro-inflammatory mediators in asthma increases, advances have led to development of novel therapeutic approaches (see Table 3). The demonstrable deficient and delayed IFN responses found in asthma, has led to the investigation of inhaled IFN-β as a novel approach to therapy [40]. 
The inflammatory milieu
At present, anti-inflammatory approaches have been more successful in asthma. The monoclonal antibody class of treatment for asthma is expanding with anti-IgE (omaluzimab) an approved treatment option for selected patients, and anti-IL-4, anti-IL-5 and anti-IL-13 in development. Future targets are likely to include IL-25 and IL-33. 
Table 3: Emerging biological therapeutic agents targeting the Th2 pathway in asthma:
	Therapeutic approach
	Specific treatment
	Status

	Interferon treatment to restore the immune response with 
	Inhaled IFN-β
	In development, benefit in moderate asthma in early trial [40].

	Attenuating IgE-mediated allergic responses
	Anti-IgE (omalizumab) 

	Reduce exacerbations and steroid use [65, 66].

	Inhibiting type 2 cytokines in asthma
	Anti-IL-5 (mepolizumab, reslizumab, benralizumab)
	In refractory eosinophilic asthma, reduces exacerbations [67-69].

	
	Anti-IL-13 (lebrikizumab, tralokinumab)
	Currently In late phase clinical trials [70].

	
	Anti -IL-4 /-13 receptor (dupilumab)
	Currently In late phase clinical trials [71].



Alternative inflammatory targets
Therapies targeting alternative pro-inflammatory cytokines, chemokines and their receptors are also under investigation, although as these changes are less specific to airways diseases, many candidates are being trialled in other conditions such as rheumatoid arthritis [72-74]. However manipulating the inflammatory response risks impairing the immune system, thus research must proceed cautiously. A good example is the trial of an anti-TNF agent in severe asthma which was stopped early due to increased serious infections, malignancies and one death in the treatment arm [75]. 
Direct virus targeting 
An alternative strategy is to target the virus. Anti-rhinovirus compounds, such as vapendavir, targeting blockade of viral attachment, internalization and/or replication are currently in phase 2 clinical trials (NCT02367313; http://www.clinicaltrials.gov/). Pleconaril, targeting the virus capsid, produced symptomatic relief in naturally acquired colds [76], but was rejected by the US FDA on safety grounds. However the risk-benefit ratio may be different in chronic lung disease, thus trials are ongoing in asthma (pleconaril: ClinicalTrials.gov identifier NCT00394914; vapendavir: NCT01175226; http://www.clinicaltrials.gov/). Rupintrivir is an inhibitor of rhinovirus protease 3C and thus targets rhinovirus replication. However, following successful outcomes in early phase, experimental rhinovirus studies development was ultimately halted because of a lack of efficacy in natural infection studies [77].


Offering annual seasonal influenza vaccines is well established in national asthma treatment guidelines, but development of vaccines against other respiratory viruses, particularly rhinoviruses, is complicated by antigenic diversity and high mutation and recombination rates. Advances made within the field of Bioinformatics is enabling identification of conserved regions across serotypes that could form suitable vaccine targets [78]. 
An alternative strategy is to target the virus. Offering annual seasonal influenza vaccines is well established in national asthma treatment guidelines, but development of vaccines against other respiratory viruses, particularly rhinoviruses, is complicated by antigenic diversity and high mutation and recombination rates. Advances made within the field of Bioinformatics is enabling identification of conserved regions across serotypes that could form suitable vaccine targets. Compounds, such as vapendavir, targeting blockade of viral attachment, internalization and/or replication are currently in phase 2 clinical trials (NCT02367313; http://www.clinicaltrials.gov/). 
Despite optimal use of currently available therapies that are effective at suppressing allergic inflammation the great majority of asthma exacerbations continue to occur. Therefore, current therapies have limited efficacy and development of better treatment options is urgently indicated.


Conclusion
There are significant differences in the airway epithelial orchestrated responses to virus infection in asthma which are of particular interest during exacerbations. Emerging studies highlight the mechanisms underpinning inherent innate immune deficiencies and better characterise the enhanced Th2 inflammatory profile of the asthmatic epithelium. Clarification of the exact mechanisms of increased susceptibility to virus infection in asthma, and how these impact on host immune responses has the potential to lead to the development of novel treatment targets to reduce the impact of virus induced acute exacerbations. Targeting a novel virus infection/epithelial cell-derived cytokine/type 2 cytokine pathway is highly promising for development of new therapies for asthma exacerbations.



Figure 1: Host responses orchestrated by the airway epithelium in the pathogenesis of asthma. Rhinovirus infection induces Il-25, IL-33 and TLSP in the asthmatic epithelium. This figure provides an overview of how the Th2 pathway is induced by this process. 
Figure 2: Schematic highlighting the role of rhinovirus infection in promoting IL-25/33 release from the asthmatic airway epithelium. The inflammatory cascade leads to increased eosinophil, Th2 and B cells as well as mucus hypersecretion and increased airway hyperresponsiveness.


Abbreviations
ATF2 = activating transcription factor 2 
BEC = bronchial epithelial cells
CCL = Chemokine (C-C motif) ligand
CCR = CC chemokine receptor
CDHR3 = human cadherin-related family member 3 
CXCL = Chemokine (C-X-C motif) ligand
dsRNA = double stranded 
FEV1 = forced expiratory volume in one-second
GINA = Global Initiative for Asthma
HBEC = human bronchial epithelial cells
hMPV = human metapneumovirus
ICAM-1 = intercellular adhesion molecule-1 
ICS = Inhaled corticosteroids
IFN = Interferon
IL = Interleukin
IP-10 = IFN-γ-Inducible Protein 10 (also known as CXCL10)
 ILC2 = Innate lymphoid cells
IRAK-M = IL-1 receptor associated kinase M
IRF = interferon regulatory factor 
ISGs = interferon stimulated genes
I-TAC = Interferon-inducible T-cell Alpha Chemoattractant (also known as CXCL11)
LDLR = low density lipoprotein receptors 
MDA-5 = melanoma differentiation-associated protein-5 MCP1
MHC-I = major histocompatibility complex class I
mRNA = messenger ribonucleic acid
NDV = Newcastle disease virus
NF-κB = nuclear factor-κB 
pBEC = primary bronchial epithelial cells
PBMC = Peripheral blood mononuclear cells
PCR = polymerase chain reaction 
PKR = protein kinase receptor
qPCR = quantitative polymerase chain reaction
RANTES = Regulated on Activation, Normal T cell Expressed and Secreted (also known as CCL5)
RIG-I = retinoic acid inducible gene I 
RV = Rhinovirus
RSV = Respiratory syncytial virus
SOCs = Suppressor of cytokine signalling
TGF = Transforming growth factor
Th2 = T helper 2 lymphocytes
Th17 = T helper 17 lymphocytes 
TLR = Toll Like Receptor
TNF  = tumour necrosis factor
TSLP = Thymic stromal lymphoprotein
WHO = World health organisation 
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