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ABSTRACT  23 

Background: Human rhinoviruses (HRVs) are a major trigger of asthma exacerbations, with 24 

the bronchial epithelium being the major site of HRV infection and replication. Mast cells 25 

(MCs) play a key role in asthma where their numbers are increased in the bronchial epithelium 26 

with increasing disease severity.  27 

Objective: In view of the emerging role of MCs in innate immunity and increased localisation 28 

to the asthmatic bronchial epithelium, we investigated whether HRV infection of MCs 29 

generated innate immune responses which were protective against infection.  30 

Methods: The LAD2 MC line or primary human cord blood-derived MCs (CBMCs) were 31 

infected with HRV or UV-irradiated HRV at increasing multiplicities of infection (MOI) 32 

without or with IFN-β or IFN-λ. After 24 h, innate immune responses were assessed by RT-33 

qPCR and IFN protein release by ELISA. Viral replication was determined by RT-qPCR and 34 

virion release by TCID50 assay.  35 

Results: HRV infection of LAD2 MCs induced expression of IFN-β, IFN-λ and IFN-36 

stimulated genes. However, LAD2 MCs were permissive for HRV replication and release of 37 

infectious HRV particles. Similar findings were observed with CBMCs. Neutralisation of the 38 

type I IFN receptor had minimal effects on viral shedding suggesting that endogenous type I 39 

IFN signalling offered limited protection against HRV. However, augmentation of these 40 

responses by exogenous IFN-β, but not IFN-λ, protected MCs against HRV infection.  41 

Conclusion and clinical relevance: MCs are permissive for the replication and release of HRV 42 

which is prevented by exogenous IFN-β treatment. Taken together these findings suggest a 43 

novel mechanism whereby MCs may contribute to HRV-induced asthma exacerbations.   44 
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INTRODUCTION  45 

Asthma is a complex and heterogeneous chronic respiratory disease affecting over 300 million 46 

people worldwide [1]. It is characterised by airway inflammation and variable and reversible 47 

airway obstruction resulting in symptoms of wheeze, chest tightness and shortness of breath 48 

[2]. Human rhinoviruses (HRVs) are a major risk factor for asthma development in early life 49 

[3] and are the major cause of viral-induced exacerbations of asthma [4, 5]. There are over 100 50 

serotypes of HRV which fall into 3 species (HRV-A, -B and -C) that use different receptors to 51 

enter their target cell [6]. The majority of HRV-A and all of HRV-B use ICAM-1 (major group), 52 

the remaining HRV-A use the low-density lipoprotein receptor (LDLR) (minor group) [7] and 53 

the recently discovered HRV-C species uses cadherin-related family member 3 (CDHR3) [8]. 54 

A number of cell types are susceptible to HRV infection, including the airway epithelium which 55 

is the principal site of HRV replication [9], and innate immune cells such as macrophages [10, 56 

11] and dendritic cells [12]. These cells detect HRVs via a number of pattern recognition 57 

receptors (PRRs) which trigger immune responses including the expression of type I and III 58 

IFNs, cytokines and chemokines [13, 14]. IFNs induce a range of IFN stimulated genes (ISGs) 59 

via which they mediate their anti-viral activities [15]. Deficiencies in IFN production have been 60 

reported in bronchial epithelial cells and bronchoalveolar lavage macrophages from asthmatic 61 

subjects [16-18], however this may relate to severity of disease [19, 20].   62 

Mast cells (MCs) are tissue-resident innate immune cells found predominantly in vascularised 63 

tissues which interface with the external environment including the skin, gastrointestinal tract 64 

and the airways [21]. They are bone marrow-derived haematopoietic cells which are classically 65 

associated with the early-phase allergic reaction in asthma [22]. In asthma, MC numbers are 66 

increased in the bronchial epithelium, submucosal glands and bronchial smooth muscle where 67 

they have an activated phenotype [23-25]. Recent studies have shown that MC location and 68 

phenotype change with increasing asthma severity and are closely related to Th2 biomarkers 69 

3 
 



[26-29]. During experimental HRV infection, MC numbers are increased in the bronchial 70 

epithelium of asthmatics [30] putting them in close proximity to the major site of HRV 71 

replication where they may contribute to viral immunity during HRV-induced asthma 72 

exacerbations. 73 

Aside from their well-established roles in allergic disorders, MCs are ideally placed within the 74 

airways to act as sentinels of the immune system and protect the body from invading pathogens. 75 

MCs express a range of PRRs including TLRs, retinoic acid-inducible gene (RIG)-I-like family 76 

receptors and NOD-like receptors and have roles in immunity to parasite and bacterial 77 

infections [31]. Following bacterial exposure, MCs release cytokines and chemokines that 78 

recruit and activate effector cells including neutrophils which clear the infection and dendritic 79 

cells which induce acquired immune responses [32]. While MCs play a key role in innate 80 

immunity towards parasites and bacteria, their role in viral immunity is less clear. In response 81 

to dengue virus, MCs release chemokines and cytokines which recruit NK cells and cytotoxic 82 

T cells [33-35] and MCs release IFNs following TLR3 activation, influenza virus, respiratory 83 

syncytial virus (RSV) [36] and sendai virus infection (a murine virus used to model human 84 

parainfluenza virus infection) [37]. Following RSV infection, cord blood-derived MCs 85 

(CBMCs) increase type I IFN expression and release CXCL10 (interferon gamma-induced 86 

protein 10 (IP-10)), CCL5 (regulated on activation, normal T cell expressed and secreted 87 

(RANTES)) and CCL4 (macrophage inflammatory protein-1β (MIP-1β)) which are associated 88 

with NK cell, T cell and monocyte recruitment respectively [38]. However in mouse models 89 

of influenza A (IAV) infection, MC-deficient mice are less susceptible to influenza-induced 90 

weight loss than MC knock-in mice suggesting MC activity was detrimental during the 91 

infection [39]. Regarding HRV, there is only a single study which has demonstrated the 92 

immature HMC-1 cell line can be infected with HRV14, however this did not trigger any 93 

responses unless the cells were also challenged with other stimuli [40].  94 
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In view of the importance of HRV-induced asthma exacerbations and the localisation of MCs 95 

within asthmatic airways [25], we have investigated the innate immune response of mature 96 

LAD2 MCs or primary CBMCs to major and minor group HRV exposure and determined their 97 

susceptibility to infection. Exposure of human MCs to HRV induced increases in type I IFNs, 98 

ISGs and inflammatory mediators. However, MCs were susceptible to HRV infection and were 99 

permissive for viral replication and production of infectious virus particles. Exogenous IFN-β 100 

treatment was protective against infection and this may have important consequences in 101 

moderate/severe asthma where epithelial IFN responses are impaired [16, 41].  102 
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METHODS 103 

Reagents  104 

Human IFN-β and IFN-λ1 were purchased from the National Institute for Biological Standards 105 

and Control (NIBSC, Potters Bar, UK) and stem cell factor (SCF), IL-6 and IL-3 were 106 

purchased from Peprotech (London, UK). Mouse anti-human IFN-α/βR chain 2 antibody (anti-107 

IFNAR2, IgG2a, clone MMHAR2) was purchased from PBL assay science (Piscataway, USA) 108 

and mouse IgG2a isotype control was purchased from R&D systems (Abingdon, UK). Unless 109 

otherwise stated all other cell culture medium and reagents were purchased from Thermo Fisher 110 

Scientific (Inchinnan, UK).   111 

Cell culture  112 

The human MC line LAD2 [42] was maintained in StemPro®-34 serum-free medium 113 

supplemented with SCF (100 ng/mL), L-glutamine (2 mM), penicillin (100 U/mL) and 114 

streptomycin (100 μg/mL). Culture medium was replenished weekly by hemi-depletion. Cells 115 

were >99% positive for CD117 and FcεRI expression as determined by flow cytometry.  116 

Human cord blood-derived MCs (CBMCs) were derived from CD34+ cord blood mononuclear 117 

cells (Stemcell Technologies, Grenoble, France). CD34+ cells were maintained in StemPro®-118 

34 medium supplemented with IL-3 (30 ng/mL, 1st wk only), IL-6 (100 ng/mL) and SCF (100 119 

ng/mL) for a minimum of 8 wks. CBMCs were >99% pure by flow cytometric analysis of 120 

CD117 expression.  121 

The human bronchial epithelial cell (BEC) line, 16HBE-14o- (16HBE) [43], was maintained 122 

in MEM-GlutaMax™ supplemented with FBS (10% v/v), penicillin (100 U/mL) and 123 

streptomycin (100 μg/mL) (16HBE medium) and seeded in 6 well plates pre-coated with 124 

collagen (30 μg/mL; Advanced BioMetrix, San Diego, USA) prior to use in experiments.  125 
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HRV stocks  126 

RV16 (major group) and RV1B (minor group) stocks were generated using HeLa cells as 127 

previously described [44]. Virus titres of cell-free supernatant stocks were determined by tissue 128 

culture infective dose 50% (TCID50)/mL according to the Spearman-Karber method. Controls 129 

of UV-irradiated HRV (1,200 mJ/cm2 on ice for 50 min) were included in all experiments.  130 

HRV infection and treatment of cells  131 

LAD2 MCs or CBMCs (0.5x106 cells/mL) were infected with RV16 or RV1B (multiplicity of 132 

infection (MOI) 0.3, 3 or 7.5) or UV-HRV (MOI 7.5) or treated with HRV infection medium 133 

(MEM Glutamax™ plus FBS (4% (v/v)), non-essential amino acids (1% (v/v)), penicillin (100 134 

U/mL) / streptomycin (100 µg/mL), HEPES (16 mM), NaHCO3 (0.12% (v/v)), tryptose (0.118% 135 

(v/v)) and MgCl2 (0.3 mM)) (IM; mock infection) as a control for 1 h before washing with 136 

StemPro®-34 medium to remove excess virus. Cells were then incubated at 37°C and cell-free 137 

supernatants and cell pellets harvested at 24 h. Cell viability was determined by trypan blue 138 

exclusion. As a positive control, 16HBE cells were infected with RV16 (MOI 0.3, 3 or 7.5), 139 

UV-RV16 (MOI 7.5) or HRV infection medium following overnight starvation in 16HBE 140 

medium with 2% (v/v) FBS. In selected experiments cells were treated with IFN-β (100 IU/mL) 141 

or IFN-λ1 (100 IU/mL) at the time of RV16 infection or pre-treated with anti-IFNAR2 antibody 142 

(1 μg/mL) or IgG2a isotype control (1 μg/mL) 1 h prior to RV16 infection.  143 

Real-time quantitative PCR 144 

Total RNA was isolated (Trizol reagent or Qiagen RNeasy mini kit (Manchester, UK)) and 145 

treated for genomic DNA contamination prior to quantification and reverse transcription to 146 

cDNA (Primerdesign, Southampton, UK). For each quantitative RT-PCR (RT-qPCR), cDNA 147 

(12.5 ng) was mixed with PCR master mix containing primer/fluorogenic probes (IFNB1, 148 
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IFNL1,  Interferon regulatory factor-7 (IRF7), MX Dynamin-Like GTPase 1 (MX1), melanoma 149 

differentiation-associated gene 5 (MDA5), CXCL10, CCL5, RV16, RV1B, cadherin related 150 

family member 3  (CDHR3) or the house keeping genes (HKGs) GAPDH and ubiquitin C 151 

(UBC) for detection of specific amplification products or primer/SYBR green intercalating dye 152 

(2’-5’-oligoadenylate synthase 1 (OAS1) for detection of double-stranded amplification 153 

products as designed by the manufacturer (Primerdesign, Southampton, UK or Thermo Fisher 154 

Scientific (CDHR only)). All reactions were performed in duplicate for 50 cycles and gene 155 

expression analysed using a real-time PCR iCycler (BioRad, Hemel Hempstead, UK). For 156 

SYBR green detection based reactions, melt curves were performed to ensure single PCR 157 

product formation. Gene expression was normalised to the geometric means of HKGs and fold 158 

changes calculated relative to UV-HRV controls according to the ΔΔCt method and expressed 159 

as 2-ΔΔCt. Viral RNA copy number was determined against a standard curve of known copies 160 

of RV16 or RV1B  (Primerdesign, Southampton, UK).    161 

ELISA 162 

IFN-β and IFN-λ protein was quantified in concentrated cell-free supernatants by ELISA 163 

according to the manufacturer’s instructions (IFN-λ 1/3; R&D systems, Abingdon, UK. IFN-164 

β; MSD, Maryland, USA). Supernatants were concentrated (4x) using 3,000 nominal MW limit 165 

ultrafiltration units (Merck Millipore, Watford, UK).      166 

Statistical analysis  167 

Paired non-parametric data were analysed with Friedman repeated measures one-way ANOVA 168 

by ranks with Dunn’s correction for multiple comparisons or Wilcoxon signed rank test for 169 

matched pair comparisons. Unpaired non-parametric data were analysed with Kruskal-Wallis 170 

one-way ANOVA with Dunn’s correction for multiple comparisons or Mann-Whitney ranked 171 

sum test for matched pair comparisons. Data are presented as box and whisker plots showing 172 
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the median, inter-quartile range and minimum and maximum values or as floating bars showing 173 

median and range. Normalised data were analysed by Student’s t test and are presented as mean 174 

+ SEM. All data were analysed using GraphPad Prism (GraphPad Software, Inc. CA, USA). p 175 

≤ 0.05 was considered statistically significant. 176 

  177 
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RESULTS    178 

The human MC line LAD2 mounts an innate immune response to HRV infection  179 

To investigate the role of MCs in HRV immunity, LAD2 MCs were exposed to HRV or UV-180 

HRV (as a control) and innate immune responses assessed by RT-qPCR after 24 h. Exposure 181 

to the major group virus, RV16, resulted in a significant MOI-dependent increase in mRNA 182 

expression of the type I and type III IFNs, IFNB1 and IFNL1 respectively (Fig. 1A). There was 183 

also a trend for increased IFN-β and IFN-λ protein release, as detected by ELISA, but this failed 184 

to reach statistical significance (Fig. 1B). There was minimal induction of IFN mRNA or 185 

protein with UV-HRV MOI 7.5 (median fold change, IFNB1, 1.3 (IQR 0.6-1.4), IFNL1, 1.1 186 

(IQR 1.0-1.2)) or mock infection (median fold change, IFNB1, 1.2 (0.9-1.8), IFNL1, 2.3 (0.6-187 

11), data not shown) indicating that virus replication was required to induce the observed 188 

responses. In control experiments, RV16 did not induce MC degranulation (Fig. S1). Similar 189 

results were obtained with RV1B (minor group virus; Fig. S2A).  190 

In parallel with the upregulation of IFNs we also observed significant upregulation of anti-viral 191 

genes following exposure of LAD2 MCs to HRV. This included the MOI-dependent induction 192 

of MDA5, MX1, IRF7 and OAS1 following exposure to RV16 (Fig. 2A). Additionally mRNA 193 

transcripts for the inflammatory mediators CXCL10 and CCL5 were also induced (Fig. 2B). In 194 

all cases induction of ISG transcripts was dependent on viral replication as a lack of induction 195 

was observed with mock infection or UV-HRV (MOI 7.5) controls. Similar results were 196 

obtained with RV1B (Fig. S2B-C). 197 

 198 

The human MC line LAD2 is permissive for HRV replication and releases infectious virus 199 

particles 200 
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Our data demonstrated that the innate immune responses of LAD2 MCs to HRV was dependent 201 

on viral replication as these responses were not observed using the replication deficient UV-202 

HRV control or mock infection media. Therefore we used RT-qPCR to assess viral copy 203 

number in MCs and compared this to HRV-infected BECs, which are the main target for HRV 204 

replication. RV16 exposure resulted in a significant MOI-dependent increase in viral RNA 205 

(vRNA) in LAD2 MCs compared to UV-HRV MOI 7.5 (median, 10 copies (IQR 0-103)) or 206 

mock infection (median, 4 copies (IQR 0-65); UV-HRV vs MOI 3, p = 0.02, UV-HRV vs MOI 207 

7.5, p = 0.002) (Fig. 3A). Copies of RV16 RNA in LAD2 MCs exceeded those seen using 208 

BECs infected with RV16 in the same experiment. This permissiveness for viral replication 209 

prompted us to investigate whether LAD2 MCs, like BECs, had the potential to release 210 

infectious virus particles. TCID50 assay revealed a significant MOI-dependent increase in the 211 

release of infectious RV16 virions from LAD2 MCs (18 TCID50/mL for UV-HRV MOI 7.5 212 

compared to 3,768 TCID50/mL for HRV MOI 3 (p = 0.03) and 17,461 TCID50/mL for HRV 213 

MOI 7.5, (p = 0.002)) (Fig. 3B). Similar results were obtained with RV1B (Fig. S1D). Of note, 214 

there was no significant difference in cell viability for RV16 or RV1B infected LAD2 MCs 215 

compared to mock-infected control cells (Fig. S3A-B). 216 

 217 

Primary human MCs mount an innate immune response to HRV infection and also 218 

release infectious virus particles   219 

Having established the responses of LAD2 MCs to HRV infection, we next investigated the 220 

response of primary human CBMCs to RV16 exposure. CBMCs exposed to RV16 for 24 h 221 

upregulated the expression of IFNB1 and IFNL1 mRNA transcripts (Fig 4, A) which was 222 

confirmed at the protein level for IFN-λ but not IFN-β (Fig. 4B). There was also a significant 223 

upregulation of the ISGs MX1 and OAS1 in RV16-infected CBMCs (Fig. 4C). The upregulation 224 
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of IFNs and ISGs required replication competent virus since UV-irradiated HRV failed to 225 

induce mRNA transcripts (Fig. 4). Crucially, CBMCs were also susceptible for the replication 226 

and release of infectious RV16 as observed by a significant increase in vRNA transcripts and 227 

virion release (Fig. 4D). As with LAD2 MCs, cell viability was unaffected by RV16 infection 228 

(Fig. S3C). 229 

 230 

Primary human MCs are protected from RV16 infection by exogenous IFN-β  231 

Despite the induction of IFNs and antiviral responses, HRV infection of CBMCs still resulted 232 

in release of infectious virus particles. We hypothesised that this was due to low levels of 233 

endogenous IFN-β protein induced during HRV infection providing inadequate protection. 234 

Therefore, to test the extent of protection by endogenous type I IFNs, we pre-treated CBMCs 235 

with a type I IFN receptor blocking antibody (anti-IFNAR2) prior to HRV infection. Although 236 

this resulted in a significant reduction in HRV-dependent expression of IFN (IFNB1 and IFNL1) 237 

and ISG (OAS1 and MX1, data not shown) mRNAs compared to control (Fig 5, A), it had 238 

minimal effects on vRNA levels and there was only a trend for increased virion release (Fig. 239 

5B). This implied a minimal protective effect of endogenous type I IFN signalling against HRV 240 

replication. 241 

We therefore examined whether we could augment anti-viral immune responses of CBMCs by 242 

the addition of IFNs to the cultures. CBMCs responded to exogenous IFN-β with significantly 243 

increased expression of IFNB1 and IFNL1 mRNA above that observed with HRV alone (Fig. 244 

5C). In contrast, IFN-λ was without effect suggesting IFN-β is a key driver of type I and type 245 

III IFN responses in these cells; this was confirmed by showing upregulation of IFN-λ protein 246 

by IFN-β (Fig. S4A). Most importantly, exogenous IFN-β, but not IFN-λ, protected CBMCs 247 

from viral replication and release of infectious virus particles (Fig. 5D). The induction of IFNs 248 
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and suppression of viral replication mediated by IFN-β was prevented in the presence of anti-249 

IFNAR2 antibody (Fig. S4B-C) confirming the blocking antibody effectively suppressed type 250 

I IFN signalling.  251 

  252 
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DISCUSSION 253 

Viral infections caused by HRVs are a major cause of asthma pathogenesis and exacerbation 254 

[4, 5]. MCs localise to the bronchial epithelium in asthma according to disease severity [28], 255 

and are recruited to the bronchial epithelium following HRV infection [30]. While MCs are 256 

classically associated with early-phase allergic reactions in asthma, their role in viral immunity 257 

is unclear. Here we demonstrate that human MCs exposed to either a major or minor group 258 

HRV mount innate immune responses including the induction of type I and III IFNs and ISGs. 259 

Despite this, MCs were permissive for viral replication and production of infectious virus 260 

particles, suggesting that the endogenous immune response was insufficient to limit HRV 261 

replication. Consistent with this, exogenous IFN-β, but not IFN-λ, was sufficient to prevent the 262 

release of infective virus particles and protect MCs against HRV infection. The failure of IFN-263 

λ to exert an anti-viral immune response suggests that MCs like other hematopoietic cells lack 264 

receptors for type-III interferons [37] whose expression is mainly restricted to cells of epithelial 265 

origin [45].  266 

Despite mounting innate immune responses to HRV infection, MCs were permissive for HRV 267 

replication and released infectious viral particles which increased with increasing MOI in both 268 

the human MC line and primary CBMCs and confirms a previous study using the immature 269 

HMC-1 cell line and HRV14 [40]. However, this study was limited to investigating a single 270 

RV14 infection titre (104 TCID50 U/ml) of unknown MOI and focused on the modulation of 271 

PMA/ionomycin- or IgE/anti-IgE-dependent histamine and cytokine release [40]. Our study 272 

has expanded the findings of Hosoda et al by demonstrating an MOI-dependent effect on virion 273 

release and induction of anti-viral and pro-inflammatory responses of the mature LAD2 cell 274 

line and primary MCs following infection with both a major and minor group HRV. The release 275 

of infectious HRV virions by MCs is in contrast to infection of MCs by other respiratory viruses 276 

including reovirus, RSV and IAV which are capable of infecting human MCs and inducing 277 
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innate immune responses, however there is little or no release of virus progeny [33, 38, 46]. For 278 

instance, plaque assays of RSV infected CBMC supernatants confirm a lack of productive RSV 279 

infection of CBMCs [38]. It has been shown previously that CBMCs can support replication 280 

of dengue virus with release of infectious virus particles however this process is antibody-281 

dependent [47]. HRV replication and release of infectious virus particles from epithelial cells 282 

typically results from lysis [14] but here we show that virus shedding from MCs is not 283 

associated with significant cell death. Non-lytic virus shedding has been reported for other 284 

picornaviruses including poliovirus [48-50] and may be a mechanism by which infective HRV 285 

particles are released from MCs.  286 

 287 

Since MCs accumulate in the bronchial epithelium in asthma, they have the potential to come 288 

into close proximity with HRV during infection of the bronchial epithelium. Our findings that 289 

MCs are permissive for HRV replication and that virus shedding was not associated with 290 

significant cell death, suggest that MCs may act as reservoirs for HRV and this may potentiate 291 

HRV-induced asthma exacerbations. This mechanism seems unique among common 292 

respiratory viruses and may help to explain the high association of HRV infection and asthma 293 

exacerbations, with MCs playing a novel pathological role. This may be particularly relevant 294 

in HRV-induced asthma exacerbations of difficult-to-treat severe asthma patients where MC 295 

numbers [28] and MC-specific mediators [29] are both increased. During experimental HRV 296 

infection of adults, MCs have been demonstrated to accumulate in the bronchial mucosa [30], 297 

however, it is not known whether MCs in vivo are susceptible to HRV infection. This question 298 

may be addressed by performing in situ hybridisation on bronchial biopsies taken from subjects 299 

following experimental HRV infection to determine whether HRV particles localise within 300 

MCs. Alternatively MCs may be isolated from these biopsies via laser capture for the detection 301 

of vRNA. In children HRV infection is implicated in the inception of childhood asthma where 302 
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infection is a major cause of persistent wheeze in infants and is a major risk factor for asthma 303 

development in early life [3]. Furthermore, the number of mucosal MCs and reticular basement 304 

membrane thickness at age 1yr predicts respiratory morbidity and the use of inhaled 305 

corticosteroids at age 3yrs [51]. This suggests an important interaction between viral infection 306 

and MCs leading to allergic inflammation and development of asthma in young children. While 307 

we demonstrated human MCs are permissive for the replication of major and minor group 308 

HRVs, it is unlikely that they would be permissive for HRV-C infection as they do not express 309 

CDHR3 (Fig. S5), the cellular receptor for HRV-C [8]. 310 

 311 

Following HRV infection, MCs upregulated type I and type III IFNs (IFN-β and IFN-λ), PRRs 312 

(MDA5), ISGs (IRF7, OAS1, MX1) and chemokines (CXCL10 and CCL5). The induction of 313 

type I IFNs is likely to be a general response of MCs to virus exposure since these IFNs are 314 

also upregulated with dengue virus [35], IAV [36],  RSV [36] and sendai virus [37]. While 315 

type III IFN is generated following viral infection by many different cell types [17, 52, 53], 316 

reports of virus-dependent type III IFN expression and release by MCs is limited [37]. 317 

Although not able to respond to IFN-λ, the release of these anti-viral proteins by MCs may help 318 

promote anti-viral immunity in epithelial cells which express IFN-λ receptors [54]. Despite the 319 

small amounts of IFN-β production, the suppression of IFNB1 and IFNL1, as well as the ISGs 320 

OAS1 and MX1, following anti-IFNAR2 treatment of CBMCs, suggests an IFN driven ISG 321 

response. ISGs can also be induced via TLR activation [55] and viral dsRNA (including 322 

replication intermediates of ssRNA viruses) [56] has been shown to activate MCs via TLR3 323 

[36]. Therefore HRV-induced IFN as well as TLR activation may contribute to the observed 324 

ISG induction. Induction of viral sensors and anti-viral genes such as MDA5, MX1, OAS1 has 325 

also been observed in human MCs infected with dengue virus [35] and vaccinia virus [54] but 326 

reports of upregulation of these genes following infection with respiratory viruses are limited 327 
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to sendai virus infection, a murine virus used to model human parainfluenza virus infection 328 

[37]. Exposure of MCs to many different viruses including dengue virus, reovirus and RSV 329 

induces the release of cytokines and chemokines which are speculated to recruit inflammatory 330 

cells to help clear the infection [33, 38, 57]. In response to reovirus, MCs release CXCL8 which 331 

recruits NK cells [33] and CCL3-5 which recruit a subsets of T cells [34] in vitro. Dengue virus 332 

infection of mice also results in MC-dependent recruitment of NK and NKT cells, although the 333 

specific mediators involved were not investigated [58]. Therefore effector cells including T 334 

cells, NK cells and DCs may be recruited via MC-derived chemokines including CXCL10 and 335 

CCL5 during HRV infection, however, whether inflammatory cell recruitment would result in 336 

viral clearance or contribute to asthma pathology requires further investigation. 337 

 338 

Human MCs were highly permissive for HRV infection which appeared to be due to only low 339 

level production of IFN-β. Although we did not measure other type I IFNs, we used a type I 340 

IFN receptor blocking antibody to investigate whether endogenous IFN-β or IFN-α made a 341 

substantial contribution to defence against HRV. This showed minimal effects on viral 342 

replication and a trend for enhanced shedding of infectious HRV particles confirming limited 343 

protection by endogenous type I interferons. Therefore we investigated whether exogenous 344 

IFN-β could boost IFN responses and found significant upregulation of IFNB1, IFNL1 and an 345 

associated suppression of viral replication and release. IFN also upregulates the expression of 346 

RIG-I, MDA5 and TLR3 in MCs suggesting increased detection of HRV by MCs [37]. The 347 

demonstration that boosting IFN responses can protect human MCs from HRV infection is of 348 

significance, as bronchial epithelial IFN responses following HRV infection are impaired in 349 

moderate/severe asthma [16, 17, 19, 20]. In addition, the localisation of MCs in the bronchial 350 

epithelium increases with asthma severity suggesting that in severe asthma, MCs are at an 351 

increased risk of HRV infection and viral shedding. Exogenous IFN-β protects asthmatic 352 
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primary BECs from HRV infection [16, 59] and inhaled IFN-β has been shown to be 353 

particularly effective at reducing symptoms and improving lung function in difficult-to-treat 354 

asthmatics during naturally occurring viral respiratory infections [41]. It is currently unknown 355 

whether MCs from asthmatic patients have a more severe defect in their IFN response to HRV 356 

infection. Nonetheless, our findings suggest that, in addition to protecting the bronchial 357 

epithelium against HRV infection, an inhaled IFN-β therapy could protect MCs directly and 358 

further boost the innate immune response of the bronchial epithelium by the production of IFN-359 

λ. 360 

In summary, we have shown for the first time that mature LAD2 MCs and primary CBMCs 361 

are permissive for the replication and release of HRV which implicates them in HRV-induced 362 

asthma exacerbation. Furthermore, exogenous IFN-β is protective against HRV infection and 363 

may be particularly relevant in targeting MCs in severe asthma.  364 
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FIGURE LEGENDS 528 

Fig. 1. RV16-induced IFN responses in LAD2 MCs. LAD2 MCs were exposed to RV16 MOI 529 

0.3, 3 or 7.5 or UV-RV16 MOI 7.5 (control). Cell pellets and cell-free supernatants were 530 

harvested for gene and protein expression by RT-qPCR and ELISA respectively. (A) IFNB1 531 

and IFNL1 mRNA expression 24 h post RV16 infection, n=5. (B) IFN-β and IFN-λ protein 532 

expression 24 h post RV16 infection, n=5 Results are box and whisker plots showing the 533 

median, interquartile range and min and max values, *p ≤ 0.05, **p ≤ 0.01 versus UV-RV16. 534 

MOI, multiplicity of infection. b.d., below limit of detection. 535 

 536 

Fig. 2. RV16-induced innate immune responses in LAD2 MCs. LAD2 MCs were exposed to 537 

RV16 at MOI 0.3, 3 or 7.5 or UV-RV16 MOI 7.5 (control). Cell pellets were harvested for 538 

gene expression by RT-qPCR. (A) mRNA expression of interferon-stimulated genes (MDA5, 539 

MX1, IRF7 and OAS1) and (B) chemokines (CXCL10 and CCL5) 24 h post RV16 infection. 540 

Results are box and whisker plots showing the median, interquartile range and min and max 541 

values, n= 5, *p ≤ 0.05, **p ≤ 0.01 versus UV-RV16. MOI, multiplicity of infection. 542 

 543 

Fig. 3. Comparison of the replication and release of infectious RV16 from LAD2 MCs and 544 

bronchial epithelial cells (BECs). LAD2 MCs and BECs were exposed to RV16 MOI 0.3, 3 or 545 

7.5 or UV-RV16 MOI 7.5 (control). Cell pellets and cell-free supernatants were harvested for 546 

viral RNA and infectious virus particles by RT-qPCR and TCID50 assay respectively. (A) 547 

RV16 copy number and (B) TCID50/mL 24 h post RV16 infection. Results are box and whisker 548 

plots showing the median, interquartile range and min and max values, n=5 (LAD2), n=3 549 

(BECs), * p ≤ 0.05, ** p ≤ 0.01 versus UV-RV16. MOI, multiplicity of infection. 550 
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 551 

Fig. 4. Innate immune responses and release of infectious RV16 from CBMCs. CBMCs were 552 

exposed to RV16 at MOI 0.3, 3 or 7.5 or UV-RV16 MOI 7.5 (control). Twenty-four h post 553 

infection cell pellets were harvested for gene expression and viral RNA by RT-qPCR and cell-554 

free supernatants for protein expression by ELISA and infectious virus particles by TCID50 555 

assay. (A) IFNB1 and IFNL1 mRNA expression. (B) IFN-β and IFN-λ protein expression. (C) 556 

OAS1 and MX1 mRNA expression. (D) RV16 copy number and TCID50/mL. Results are 557 

floating bars representing the median with min and max values, n= 2-4, * p ≤ 0.05, ** p ≤ 0.01, 558 

versus UV-RV16 (n=3-4). MOI, multiplicity of infection. b.d., below limit of detection. 559 

 560 

Fig. 5. Type I IFN receptor blockade and the effect of exogenous IFN treatment of CBMCs 561 

during RV16 infection. CBMCs were pre-treated with anti-IFNAR2 (1 μg/mL) or IgG2a 562 

isotype (1 μg/mL) prior to RV16 MOI 7.5 or UV-RV16 MOI 7.5 exposure. Twenty-four h post 563 

infection cell pellets were harvested for gene expression and viral RNA by RT-qPCR and cell-564 

free supernatants were harvested for infectious virus particles by TCID50 assay. (A) IFNB1 and 565 

IFNL1 mRNA expression. (B) RV16 copy number and TCID50/mL. CBMCs were exposed to 566 

RV16 MOI 7.5 or UV-RV16 MOI 7.5 in the presence or absence of IFN-β (100 IU/mL) or 567 

IFN-λ (100 IU/mL). (C) IFNB1 and IFNL1 mRNA expression. (D) RV16 copy number and 568 

TCID50/mL. Results are % of control (RV16 alone) means ± SEM, n=2-3. * p ≤ 0.05, ** p ≤ 569 

0.01 versus control (n=3). Anti-IFNAR2, anti-IFN-α/βR 2 antibody; MOI, multiplicity of 570 

infection.  571 

  572 
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Abbreviations 573 

16HBE: Human bronchial epithelial cell line  574 

Anti-IFNAR2: Anti-IFN-α/β receptor 2 antibody 575 

CBMCs: Cord blood-derived mast cells  576 

HRV: Human rhinovirus 577 

IAV: Influenza A virus 578 

ICAM-1: Intracellular adhesion molecule 1 579 

IRF: Interferon regulatory factor  580 

ISG: IFN stimulated gene 581 

LAD2: Laboratory of Allergic Diseases 2 human mast cell line 582 

LDLR: Low density lipoprotein receptor 583 

MDA5: Melanoma differentiation-associated gene 5 584 

MOI: Multiplicity of infection 585 

MX1: MX Dynamin-Like GTPase 1 586 

OAS1: 2’-5’-oligoadenylate synthase 1  587 

RSV : Respiratory syncytial virus 588 

RT-qPCR: Quantitative reverse transcription PCR  589 

TCID50: Tissue culture infection dose of 50%  590 

vRNA: Viral RNA 591 
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Fig. S1. HRV does not induce MC degranulation.

LAD2 MCs were sensitised with human myeloma IgE (500

ng/mL) overnight prior to stimulation with HRV16 (MOI=1),

anti-IgE (10 μg/mL, positive control) or medium (negative

control). Cell-free supts were collected after 1h and quantified

for net β-hexosaminidase release. Results are a representative

experiment performed in duplicate (n=1)
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Fig. S2. LAD2 MC response to RV1B exposure. LAD2 MCs were exposed to RV1B at MOI 0.3, 3 or 7.5 or
UV-RV1B MOI 7.5 (control). Twenty-four hours post infection cell pellets were harvested for gene expression and viral 
RNA by RT-qPCR and cell-free supernatants were harvested for infectious virus particles by TCID50 assay. (a) IFNB1 
and IFNL1 mRNA expression. (b) Interferon stimulated gene mRNA expression (MDA5, MX1, IRF7, OAS1). (c) 
Chemokine mRNA expression (CXCL10, CCL5). (d) RV1B copy number and TCID50/mL. Floating bars represent the 
median with min and max values, n=2-3, *P £ 0.05 versus UV-RV1B (n=3). MOI, multiplicity of infection.
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Fig. S3. Cell viability following rhinovirus infection of human mast cells. MCs were exposed to HRV 
(RV16 or RV1B) at MOI 0.3, 3 or 7.5 or UV-RV16/RV1B MOI 7.5. Twenty-four hours post infection cell 
viability was determined as a percentage of total cell number by trypan blue exclusion. (a) Cell viability of 
LAD2 MCs following RV16 infection, n=2-5 or (b) RV1B infection, n=3. (c) Cell viability of CBMCs 
following RV16 exposure, n=2-4. MOI, multiplicity of infection.
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Fig. S4. IFN-b treatment and RV16 exposure of CBMCs and type I IFN receptor blockade. CBMCs 
were exposed to RV16 MOI 7.5 with IFN-b (100 IU/mL) and cell-free supernatants collected 24 hours 
post infection for protein quantification by ELISA. (a) IFN-l protein expression, n=3, *P £ 0.05 versus
UV-RV16. CBMCs were pre-treated with anti-IFNAR2 antibody (1 mg/mL) or IgG2a isotype (1 mg/mL) 
prior to RV16 MOI 7.5 or UV-RV16 MOI7.5 infection in the presence of IFN-b. Twenty-four hours post 
infection cell pellets were harvested for gene expression and viral RNA by RT-qPCR and cell-free 
supernatants were harvested for infectious virus particles by TCID50 assay. (b) IFNB1 and IFNL1 mRNA 
expression. (c) RV16 copy number and TCID50/mL. n=2. Floating bars represent the median with min and 
max values, b.d. below limit of detection.
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Fig. S5. CDHR3 expression following RV16 infection of LAD2 mast cells. MCs were
exposed to RV16 at MOI 0.3, 3 or 7.5 or UV-RV16 MOI 7.5. Twenty-four hours post
infection cell pellets were harvested for gene expression by RT-qPCR. Fold change (where
an amplification product was detected) was expressed relative to HEK-293 cells stably
transfected with CDHR3. LAD2 MCs n=5. MOI, multiplicity of infection.
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