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Abstract 20 

Mast cells (MCs) are classically associated with allergic asthma but their role in antiviral 21 

immunity is unclear. Human rhinoviruses (HRVs) are a major cause of asthma exacerbations 22 

and can infect and replicate within MCs. The primary site of HRV infection is the airway 23 

epithelium and MCs localise to this site with increasing asthma severity. The asthma 24 

susceptibility gene, IL-33, encodes an epithelial-derived cytokine released following HRV 25 

infection but its impact on MC antiviral responses has yet to be determined. In this study we 26 

investigated the global response of LAD2 MCs to IL-33 stimulation using RNA sequencing 27 

and identified genes involved in antiviral immunity. In spite of this, IL-33 treatment increased 28 

permissiveness of MCs to HRV16 infection which, from the RNA-Seq data, we attributed to 29 

upregulation of ICAM1. Flow cytometric analysis confirmed an IL-33-dependent increase in 30 

ICAM1 surface expression as well as LDLR, the receptors used by major and minor group 31 

HRVs for cellular entry. Neutralisation of ICAM1 reduced the IL-33-dependent enhancement 32 

in HRV16 replication and release in both LAD2 MCs and cord blood derived MCs. These 33 

findings demonstrate that although IL-33 induces an antiviral signature in MCs, it also 34 

upregulates the receptors for HRV entry to enhance infection. This highlights the potential for 35 

a gene-environment interaction involving IL33 and HRV in MCs to contribute to virus-induced 36 

asthma exacerbations. 37 

 38 

 39 

  40 
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1. Introduction 41 

Mast cells (MCs) are tissue-resident immune cells that play important roles in innate and 42 

adaptive immunity. Their localisation within tissue enables them to form the first line of 43 

defence against invading pathogens, particularly parasites and bacteria [1]. However, in 44 

susceptible individuals, MCs are classically associated with the early phase reaction in allergic 45 

asthma [2, 3] in which specific allergens interact with IgE to cause FcɛRI crosslinking on the 46 

surface of MCs leading to rapid release of mediators that cause bronchoconstriction. In asthma, 47 

MC numbers are increased in the bronchial epithelium, airway smooth muscle and submucosal 48 

glands and have an activated phenotype [4]. MC location and phenotype change with 49 

increasing asthma severity [5-7], are closely related to Th2 biomarkers [6] and MC activation 50 

is prominent in multidimensional clustering (MDS) of severe disease [8, 9]. Recent studies 51 

demonstrate that MC activation signatures are enriched across multiple clinical and molecular 52 

phenotypes of severe asthma [10] providing a strong association of MCs in asthma 53 

pathogenesis. 54 

 55 

Due to their location at mucosal surfaces, MCs are important sentinel cells involved in 56 

immunity towards parasites and bacteria [1] but their role in antiviral immunity and virus-57 

induced exacerbations are less well defined. MCs release interferons (IFNs) following toll-like 58 

receptor 3 (TLR3) activation, influenza A and respiratory syncytial virus (RSV) infection [11] 59 

and release chemokines and cytokines which recruit immune cells following infection with 60 

dengue virus or RSV [12-14]. While MCs can be infected with viruses and mount an immune 61 

response, they generally do not support replication of viruses, including RSV or influenza [14-62 

16]. Human rhinoviruses (HRVs) are a major risk factor for asthma development in early life 63 

[17] and are the major cause of viral-induced exacerbations of asthma [18]. In a study of 64 
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experimental HRV infection, MC numbers were increased in the airways of asthmatic subjects 65 

and correlated with improved lung function during acute infection [19] suggesting MCs may 66 

play a protective role in virus-induced exacerbations of asthma. In contrast, treatment of 67 

asthmatic patients with the anti-IgE therapy omalizumab reduced MC numbers [20] and virus-68 

induced exacerbations [21, 22] suggesting a harmful role for MCs in asthma exacerbations. We 69 

have previously shown that while MCs mount an innate immune response to HRV infection, 70 

they are permissive for viral replication and release infectious virus particles independent of 71 

cell death [23]. This is distinct amongst immune cells, which generally mount immune 72 

responses and do not release virus progeny [24-26]. While MCs appear to lack a robust type I 73 

IFN response to HRV infection, addition of exogenous IFN-β protects them against infection 74 

[23].  75 

 76 

Unbiased genome wide association studies (GWAS) have identified a large number of 77 

asthma susceptibility genes (and variants) that are expressed in the airway epithelium. These 78 

genes include IL33 and its receptor IL1RL1 (suppression of tumorigenicity 2 (ST2)) [27-30]. 79 

The potential importance of the IL-33/ST2 axis in asthma is supported by several studies in 80 

which IL-33, ST2 and secretory ST2 (sST2) are increased in asthma compared to healthy 81 

controls and positively correlate with disease severity [31-35]. Furthermore, IL-33 enhances 82 

type 2 cytokine secretion by cells associated with asthma pathogenesis including MCs, 83 

basophils, T cells and type 2 innate lymphoid cells (ILC2s) [36, 37]. Due to its enhancing effect 84 

on type 2 cytokine secretion, approaches to neutralise IL-33 are currently being developed for 85 

asthma therapy [38] and have shown a reduction in exacerbation rates [39]. However, the role 86 

of IL-33 in innate immunity is not fully understood.  87 
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IL-33 is an alarmin with many roles including tissue homeostasis and repair, type 2 88 

inflammation and viral infections [40]. Depending on the type of viral infection IL-33 has either 89 

a protective or detrimental role and appears to be highly specific depending on the virus. For 90 

example, IL-33 is protective during choriomeningitis virus or herpes simplex virus infection 91 

while it exacerbates RSV and influenza virus-induced airway inflammation [41]. During 92 

experimental HRV infection, IL-33 is detected in the airways of asthmatic subjects and 93 

correlates with type 2 cytokine production, lower respiratory symptom scores and viral load 94 

[37]. In addition, in vitro HRV-infected bronchial epithelial cell (BEC) supernatants induced 95 

T cell and ILC2 type 2 cytokine release, which was suppressed following incubation with a 96 

ST2 blocking antibody suggesting that epithelial-derived IL-33 contributes to type 2 97 

inflammation [37]. While IL-33 enhances IgE-dependent MC responses and induces type 2 98 

cytokine secretion [42], its role in HRV-mediated MC responses is unknown. 99 

 In this study we investigated the global response of MCs to IL-33 stimulation and 100 

whether this has a functional consequence during viral infection. Following incubation of 101 

LAD2 MCs with IL-33, transcriptomic analysis revealed characteristic upregulation of type 2 102 

cytokine genes, as well as genes involved in antiviral immunity. However, when tested 103 

functionally, IL-33 treatment caused an unexpected increase in MC infection by HRV16; this 104 

was shown to be caused by an IL-33-dependent increase in intercellular adhesion molecule 1 105 

(ICAM-1), the cellular receptor used for HRV16, a major group rhinovirus. These effects were 106 

confirmed in both LAD2 MCs and cord blood derived MCs (CBMCs) and. The receptor used 107 

by minor group HRVs, low-density lipoprotein receptor (LDLR) was also upregulated by IL-108 

33 treatment. The impact of IL-33 on MCs may have important consequences in viral-induced 109 

exacerbations of asthma: IL-33 release by a virally infected epithelium may predispose MCs 110 

for increased infectivity by HRV allowing MCs to contribute in a detrimental way to rhinovirus 111 

induced exacerbations of asthma. 112 
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2. Materials and Methods 113 

Detailed methods can be found in Supplementary File S2. 114 

2.1. Mast cell culture 115 

The human MC line, LAD2, was obtained from Dr. A. Kirshenbaum (National 116 

Institutes of Health, Bethesda, USA) [43] and was cultured as previously described [23]. 117 

Primary cord blood-derived MCs (CBMCs) were generated as previously described [23] from 118 

a commercial source of CD34+ cord blood progenitor cells (StemCell technologies, Grenoble, 119 

France).  120 

2.2. Rhinovirus stocks 121 

Human rhinovirus serotype 16 (HRV16, major group, HRV-B species) stocks were 122 

generated using H1-HeLa cells obtained from ATCC as previously described [23] and titres 123 

determined by tissue culture infective dose 50% (TCID50)/mL.  124 

2.3. Cell treatments and infections 125 

 Human MCs (1x106/ml) were incubated with IL-33 (1-10 ng/ml, R&D Systems, 126 

Abingdon, UK) for 6-24 hours in a humidified 37°C incubator with 5% CO2 before 127 

transcriptomic and reverse transcription qPCR analyses. For HRV16 infection, MCs were pre-128 

treated with IL-33 and then incubated with increasing multiplicity of infection (MOI: 1 – 7.5) 129 

of infectious virus or UV-irradiated virus (as a control) for 1 hour, washed twice then 130 

resuspended in StemPro media (0.5-1x106/ml) for specified times before harvesting. For 131 

ICAM-1 blocking experiments, LAD2 MCs or CBMCs (1x106/ml) were treated with 10 ng/ml 132 

IL-33 for 23 hours followed by 1 hour with mouse anti-human ICAM-1 (clone BBIG-I1 133 

(11C81), 10 µg/ml, R&D Systems, Abingdon, UK) or IgG2a isotype control (10 µg/ml, R&D 134 
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Systems, Abingdon, UK). Experimental layouts are shown in Supplementary File S2 (Figure 135 

A). 136 

2.4. mRNA extraction, RNA sequencing and transcriptomic analysis  137 

 Total RNA was isolated using either the Trizol extraction method as previously 138 

described [23] or using commercially available kits (RNeasy minikit, Qiagen (Manchester, 139 

UK) or Monarch total RNA miniprep kit (New England Biolabs, Hitchin, UK)). Next 140 

generation sequencing was performed by Novogene (Cambridge, UK) before data processing 141 

and analysis as detailed in Supplementary File S2. Briefly, raw reads were mapped to the 142 

human genome (HISAT2), converted to counts (SAMtools) and adjusted for batch effects 143 

(ComBat Seq within sva package). After filtering out low counts (EdgER) remaining counts 144 

were normalised using a weighted trimmed mean of the log expression ratios (trimmed mean 145 

of M values (TMM)). The resultant expression matrix was used to create multidimensional 146 

scaling (MDS) plots (limma, Rstudio) and Heatmaps (heatmap.2, RStudio) and fitted to a 147 

generalised linear model (quasi-likelihood F-test) for differential expression. Differentially 148 

expressed genes (DEGs) were defined as genes with a log2(fold change) (log2FC)>1.5 and a 149 

False Discovery Rate (FDR)-adjusted p value <0.05. Upregulated genes were subjected to 150 

Gene ontology (GO) and pathways analysis (KEGG). Data are available at GSE216269.   151 

2.5. RT-qPCR 152 

cDNA template (12.5 ng) was used in quantitative PCR (qPCR) with Precision Plus 153 

double dye primers for housekeeping genes (HKGs; glyceraldehyde-3-phosphate 154 

dehydrogenase (GAPDH), ubiquitin C (UBC) or genes of interest (interferon induced with 155 

helicase C domain 1 (IFIH1), interferon regulatory factor 1 (IRF1), tumour necrosis factor 156 

alpha (TNFA), IFN beta 1 (IFNB1), IFN lambda 1 (IFNL1),  2',5'-oligoadenylate 1 (OAS1), C-157 

X-C motif chemokine ligand 10 (CXCL10), IL6, C-C motif chemokine ligand 5 (CCL5)) or 158 
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SYBR® green primers for genes of interest (ICAM1) used to quantify amplification of genes 159 

using a real-time PCR iCycler (BioRad, Hemel Hempstead, UK). Gene expression was 160 

normalised to the geometric means of HKGs and fold changes in gene expression calculated 161 

relative to UV-HRV16 controls according to the ΔΔCt method and expressed as 2-ΔΔCt. Viral 162 

RNA copy number was determined against a standard curve of known copies of HRV16 163 

(Primerdesign, Chandlers Ford, UK). 164 

2.6. Flow cytometry 165 

 MCs (0.1x106/100 µl) were incubated with fluorescently labelled antibodies, FITC-166 

conjugated mouse anti-human ICAM1 (clone RR1/1), subclass IgG1) or mouse IgG1 isotype 167 

control (eBiosciences, Cheshire, UK) for 30 minutes with the addition of eBioscience™ 168 

Fixable Viability Dye eFluor™ 660 (Thermo Fisher Scientific, Paisley, UK) on ice prior to 169 

resuspending in 300 µl FACS buffer. Flow cytometry was performed using a BD FACSCalibur 170 

flow cytometer (BD Biosciences, Oxford, UK) and data analysed using FlowJo software 171 

(version 7.6.5, BD, Oregon, USA).  172 

2.7. TCID50 assay 173 

 The number of infectious virus particles in cell-free supernatants was determined by 174 

the TCID50 assay where a 10-fold serial dilution of supernatants in quadruplicate were added 175 

to OHIO HeLa cells (0.2x106/well, 96-well plate). After 96 hours, cytopathic effect (CPE) was 176 

visualised by staining monolayers with crystal violet solution (0.13% (w/v), 1.825% (v/v) 177 

formaldehyde, 5% ethanol (v/v), 90% PBS (v/v) for 30 minutes in the dark. Excess crystal 178 

violet was removed by gentle rinsing and the number of wells where at least 50% of the 179 

monolayer had been lysed (i.e. 50% CPE) was used to calculate TCID50/ml using the 180 

Spearman-Karber Method. 181 

2.8. Statistical analysis 182 
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 Paired non-parametric data were analysed by Wilcoxon signed rank test for matched 183 

pair comparisons. Un-paired non-parametric data were analysed by Kruskal–Wallis one‐way 184 

ANOVA with Dunn's correction for multiple comparisons or Mann–Whitney ranked sum test 185 

and normalised data were analysed by Student's t‐test. All data were analysed using GraphPad 186 

Prism (GraphPad Software, Inc., San Diego, CA, USA) and results were considered significant 187 

if p≤0.05, where *p≤0.05, ** p≤0.01, *** p≤0.001, **** p≤0.0001. 188 

 189 

3. Results 190 

3.1. Transcriptomic analysis of MCs exposed to IL-33 reveals an antiviral gene signature 191 

 To determine the global response of LAD2 MCs following IL-33 stimulation, RNA-192 

Seq was performed. Following 6h of treatment of MCs with IL-33, 414 differentially expressed 193 

genes (DEGs) (log2FC>1.5, FDR-adjusted p <0.05) were identified (354 upregulated and 60 194 

downregulated) (Figure 1A). Hierarchical cluster analysis of DEGs identified 3 clusters that 195 

were upregulated in response to IL-33 treatment and two much smaller clusters that were down-196 

regulated (Figure 1B). Of the top 100 most significantly DEGs, the majority were upregulated 197 

(Figure 1C). Further inspection of the top 50 DEGs (by log2FC) identified genes known to be 198 

associated with IL-33 stimulation (e.g. cytokines such as IL13, IL5) (Table S1). However, this 199 

group also included genes encoding the virally induced gene Epstein-Barr Virus Induced 3 200 

(EBI3) and the viral-recognition gene (TLR7) (Table S1).  201 
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 202 

Figure 1. IL-33 induced 414 DEGs in MCs. A, volcano plot of DEGs 6h post IL-33 (10 ng/ml) 
treatment, n=7. B, Heatmap of all 414 DEGs 6h post IL-33 (10 ng/ml) treatment, N=7. C, 
Hierarchal clustering heatmap of top 100 most significant DEGs 6h post IL-33 (10 ng/ml) 
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 203 

Gene ontology (GO) analysis identified that IL-33 treated MCs were enriched for genes 204 

associated with response to stimulus, regulation of response to stimulus, signaling, positive 205 

regulation of biological processes, cell adhesion and regulation of cell adhesion, among many 206 

others (Figure 2A). When the list of GO processes significantly induced by IL-33 were ranked 207 

according to adjusted p value, genes associated with innate immunity including defense 208 

response (adj p value 4.81E-21) and innate immune response (adj p value 4.91E-07) were 209 

upregulated and more specifically genes associated with viral immunity including response to 210 

virus (adj p value 4.27E-05), cellular response to virus (adj p value 0.005), negative regulation 211 

of viral genome replication (adj p value 0.044) and defense response to virus (adj p value 212 

0.046). Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis identified in 35 213 

significantly upregulated pathways (Figure 2B). The top pathways associated with IL-33 214 

activation were, as expected, ‘cytokine-cytokine receptor interactions’, ‘NF-kappa B signalling 215 

pathway’ and ‘TNF signalling pathway’ and those associated with innate immunity (16 of 35). 216 

Amongst these pathways 7 of 16 were involved in anti-viral immunity (‘viral protein 217 

interaction with cytokine and cytokine receptor’, ‘toll-like receptor signaling pathway’, 218 

coronavirus disease – COVID-19’, ‘influenza A’, ‘measles’, ‘epstein-Barr virus infection’, and 219 

‘human cytomegalovirus infection’) (Figure 2B). Of particular interest was genes involved in 220 

the ‘influenza A’ pathway which included those involved in viral detection (IFIH1(MDA5), 221 

OAS2 and OAS3 (2-5’OAS), TLR7) and inflammation (IL1B, CXCL8 (IL8), IL33, TNFA, CCL2 222 

(MCP1), CCL5 (RANTES), CXCL10 (IP-10)) (Figure 2C); further inspection of the DEGs also 223 

identified other antiviral genes associated with HRV infection.  In total 24 antiviral genes were 224 

up-regulated by IL-33 (Figure S1) including IFIH1, and TNFA whose expression was 225 

confirmed by qPCR (Figure 2D). RTqPCR also demonstrated that induction of antiviral genes 226 

(IFNB1, IFNL1, IFIH1, OAS1, CCL5, CXCL10) occurred in an IL-33 concentration-dependent 227 
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manner and persisted for up to 24h (Figure S2). These data demonstrate that genes involved in 228 

antiviral immunity are induced in MCs following IL-33 stimulation. 229 

 230 

Figure 2. IL-33 induced DEGs associated with viral immunity in MCs. A, gene enrichment map of 
GO terms analysed using g.profiler. B, top KEGG pathways 6h post IL-33 (10 ng/ml) treatment, N=7. 
C, genes associated with the influenza Pathway using KEGG on DEGs 6h post IL-33 (10 ng/ml) 
treatment, N=7. D, mRNA expression of genes (IFIH1, TNFA) in influenza pathway 6h post IL-33 
stimulation (10 ng/ml), N=7. **p≤0.01, ***p≤0.001 for control versus IL-33. 
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 231 

3.2. IL-33 induces interferons and IFN-stimulated genes in LAD2 MCs 232 

 To determine the functional consequence of the upregulation of antiviral genes in MCs 233 

by IL-33, LAD2 MCs were pre-treated with IL-33 (1-10 ng/ml) for 24h prior to infection with 234 

HRV16 (MOI 7.5) using UV-irradiated HRV16 as a control. Analysis of interferons (IFNs) 235 

and IFN stimulated genes (ISGs) 24h post-HRV16 infection revealed induction of IFNB1 and 236 

IFNL1 genes by HRV16 but not UV-HRV16 (Figure 3A-B). IL-33 concentration dependently 237 

increased IFNB1 in the absence of infection while in the presence of both IL-33 and HRV16 238 

there was a further significant increase in expression of IFNB1 and IFNLI (Figure 3A-B). A 239 

significant increase of HRV16-dependent secretion of IFN-β protein in the presence of IL-33 240 

(10 ng/ml) was confirmed by ELISA (Figure 3E); no IFN-β protein was detected in the UV-241 

HRV16 control in the absence or presence of IL-33. There was also an IL-33 concentration-242 

dependent increase in the gene expression of ISGs IFIH1 and OAS1 in the presence of HRV16 243 

(Figure 3C-D) suggesting that IL-33 enhanced antiviral immunity in MCs. Proinflammatory 244 

cytokine gene expression including CXCL10 and IL6 were similarly enhanced by IL-33 pre-245 

treatment in both UV-HRV16 and HRV16 treated samples (Figure S3A&B) which was 246 

confirmed at the protein level for IL6 (Figure S3C). As anti-viral responses were greatest with 247 

10 ng/ml IL-33, the following experiments were conducted at this concentration. 248 
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 249 

 250 

3.3. IL-33 enhances HRV16 replication and release of infectious viral particles through 251 

increased ICAM-1 expression 252 

 In view of the enhanced anti-viral response mediated by IL-33, we next investigated 253 

the impact of IL-33 on viral infection. LAD2 MCs were incubated with IL-33 for 24h prior to 254 

HRV16 infection (MOI 7.5) for a further 24h. RT-qPCR for the viral genome showed IL-33 255 

significantly increased HRV16 replication, which was paralleled by a significant rise in the 256 

release of infectious virus particles as determined by TCID50 assay (Figure 4A-B) suggesting 257 

that rather than being protective, IL-33 promotes the infection of MCs by HRV16.  258 

 
Figure 3. IL-33 enhanced HRV16-dependent anti-viral responses in MCs. mRNA 
expression of IFNs IFNB1 (A), IFNL1 (B) and IFN-stimulated genes IFIH1 (C), OAS1 (D) 
and IFN-β protein (E) in LAD2 MCs pretreated with or without IL-33 (1-10 ng/ml) for 24h 
prior to HRV16 or UV-HRV16 (control) infection (MOI 7.5) for a further 24h, N=3-6. 
*p≤0.05, **p≤0.01 for no cytokine versus IL-33 (1 or 10 ng/ml). #p≤0.05, ##p≤0.05 for UV-
HRV16 versus HRV16. 
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 259 

 260 

Since IL-33 has been shown to increase expression of ICAM1, the receptor for major 261 

group HRVs, on endothelial cells [44] and murine MCs [45], we inspected the RNASeq data 262 

for expression of ICAM1 and identified it within the DEGs (Figure S1). Flow cytometric 263 

analysis confirmed that IL-33 significantly increased the cell surface expression of ICAM1 264 

(Figure 5A-B) after 24h incubation.  While ICAM1 is the receptor for major group HRVs, 265 

minor group HRVs bind to the LDLR and HRVC binds to CDHR3. Therefore, we investigated 266 

the effect of IL-33 on expression of these receptors. By RTqPCR, we confirmed upregulation 267 

of ICAM1 and found no effect of IL-33 on the low expression of CDHR3 (control Ct 268 

34.42±0.37) (Figure S4A&B), consistent with our previous study which reported that MCs do 269 

not express CDHR3 [23]. Flow cytometric analysis demonstrated the upregulation of LDLR 270 

cell surface expression by IL-33 (Figure S4C) on LAD2 MCs. IL-33 also upregulated its own 271 

receptor, membrane bound ST2 in LAD2 MCs (Figure S5A). To demonstrate that the increase 272 

in ICAM1 expression was responsible for the enhancement in HRV16 infection, MCs were 273 

pre-treated with IL-33 for 24h with and without an anti-ICAM1 antibody or isotype control 274 

 
Figure 4. IL-33 enhances HRV16 replication and virion release in MCs. Viral RNA (A) 
and virion release (B) in LAD2 MCs pretreated with or without IL-33 (10 ng/ml) for 24h 
prior to HRV16 infection (MOI 7.5) for a further 24h, n=15. **p≤0.01, ****p≤0.0001 for 
HRV16 versus IL-33+HRV16. 
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prior to HRV-16 infection for a further 24h. ICAM1 blockade significantly abrogated the IL-275 

33-dependent increase in both HRV16 replication and release (Figure 5C-D) and this was 276 

paralleled by a significant drop in IL-33 enhanced IFN-β release (Figure 5E). These data were 277 

confirmed in primary CBMCs which showed an IL-33-dependent increase in viral copy 278 

number (Figure 6A) and ICAM1 expression (Figure 6B-C), and that both HRV16 infection and 279 

IFN-β release were abrogated by anti-ICAM1 blockade (Figure 6D-F). However, CBMCs were 280 

less responsive to IL-33 stimulation than LAD2 MCs which may be explained by their lower 281 

cell surface expression of ST2, the membrane bound receptor for IL-33 (Figure S5A-B). These 282 

data demonstrate that IL-33 increases the expression of ICAM-1 leading to enhanced 283 

replication and release of infectious virions in MCs. 284 

 285 

 286 

 287 

 288 

 289 

 290 

 291 

 292 

 293 

 294 

 295 

  296 
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 297 

Figure 5. Role of ICAM1 in mediating IL-33-dependent enhancement of HRV16 replication in 
LAD2 MCs. A representative flow cytometric trace (A) and averaged geometric mean (B) for 
ICAM1 cell surface expression in MCs treated with IL-33 (10 ng/ml) for 24h, n=8. HRV16 
replication (C) and virion release (D) and IFN-β protein release (E) following IL-33 (10ng/ml) 
stimulation for 24h prior to HRV16 infection (MOI 7.5) in the presence or absence of anti-ICAM1 
antibody or IgG2a isotype for a further 24h, n=5. **p≤0.01 for no cytokine versus IL-33 and 
*p≤0.05 for IL-33 IgG2a+HRV16 versus IL-33 anti-ICAM1+HRV16. 
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 298 

Figure 6. Role of ICAM1 in mediating IL-33-dependent enhancement of HRV16 replication in 
CBMCs.  Viral RNA in CBMCs pretreated with or without IL-33 (10 ng/ml) for 24h prior to 
HRV16 infection (MOI 7.5) for a further 24h, n=5 (A). A representative flow cytometric trace (B) 
and averaged geometric mean (C) for ICAM1 cell surface expression in MCs treated with IL-33 
(10 ng/ml) for 24h, n=2. HRV16 replication (D), virion release (E) and IFN-β release (F) following 
IL-33 (10ng/ml) stimulation for 24h prior to HRV16 infection (MOI 7.5) in the presence or absence 
of anti-ICAM1 antibody or IgG2a isotype for a further 24h, n=4. *p≤0.05 for no cytokine versus 
IL-33 and *p≤0.05, ***p≤0.001, ****p≤0.0001 for IL-33 IgG2a+HRV16 versus IL-33 anti-
ICAM1+HRV16. 
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4. Discussion 299 

HRV infections are a major cause of asthma pathogenesis and exacerbation. MCs co-300 

localise to the bronchial epithelium in asthma with increasing severity placing them at the main 301 

site for HRV replication and potentially contributing to HRV-induced exacerbations of asthma. 302 

IL33 is an asthma susceptibility gene and IL-33 is released from the bronchial epithelium 303 

during HRV infection in asthmatic subjects. In this study we investigated the global response 304 

of MCs to IL-33 stimulation and determined whether this had a functional consequence during 305 

viral infection. We demonstrated that IL-33 induced an antiviral signature in MCs but rather 306 

than providing protection against HRV infection, IL-33 increased the infection of MC by HRV 307 

by causing upregulation in ICAM1, the receptor used by HRV16 for cellular entry. These data 308 

identify a potential gene-environment interaction involving the effect of IL-33 and HRV on 309 

MC that may have important consequences in virus-induced exacerbations of asthma.  310 

During experimental HRV16 infection of allergic asthmatic subjects, an association 311 

was found between the number of subepithelial MCs and  a lower maximum percent fall in 312 

peak expiratory flow (PEF) 4 days post-infection leading the authors to suggest that MCs are 313 

beneficial during HRV infection [19].  In contrast, anti-IgE therapy, which is known to reduce 314 

MC numbers [21], reduced asthma exacerbation rates [39] indicating that MCs play a 315 

detrimental role in virus-induced exacerbations of asthma. A major difference between these 316 

investigations was the severity of asthma studied; thus  mild allergic asthmatics were used for 317 

the experimental infection studies [19], whereas the effect of anti-IgE therapy involved severe 318 

asthmatic subjects [21]. As MCs appear limited in their ability to produce sufficient Type I 319 

IFNs to protect against HRV infection [23], the selection of asthma patients may have an 320 

important influence on the outcome, since in mild asthma the epithelial  antiviral Type I IFN 321 

response is greater than in severe disease [46] [47]. Thus, in mild asthma, the protection offered 322 

by epithelial-derived Type I IFNs towards MCs may outweigh the negative effect of IL-33 on 323 
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ICAM expression and viral entry whereas in severe disease, a lack of epithelial IFNs may 324 

render the MCs more vulnerable to infection. In support of this hypothesis, anti-ST2 therapy 325 

(astegolimab) reduces asthma exacerbation rates in severe asthmatic subjects. 326 

In this paper we demonstrated that IL-33 induced an antiviral gene signature. While the 327 

focus of this paper was HRVs, MCs are also implicated in other respiratory viral infections 328 

including RSV and influenza. IL-33 is induced in the epithelium following RSV infection in 329 

asthmatic subjects [48] and infection of MCs with RSV causes an antiviral response suggesting 330 

they are beneficial in RSV-induced exacerbations of asthma. Since MCs do not support RSV 331 

replication, the influence of IL-33 in this setting might be expected to enhance antiviral 332 

immunity as any potential modulation of receptors used for entry by RSV, including 333 

ICAM1[49] would be unlikely to contribute to replication of the virus in MCs, although this 334 

remains to be determined experimentally. While IL-33 is increased in mice exposed to 335 

influenza A [50] and exogenous IL-33 is reported to protect against mucosal influenza A 336 

infection [51], its role in enhancing antiviral immunity and effects on MCs in this setting is yet 337 

to be determined. 338 

Free IL-33 acts as a classical cytokine by binding to target cells expressing receptors 339 

for IL-33 consisting of ST2 and Interleukin-1 receptor accessory protein (IL-1RAcP) resulting 340 

in the formation of a stable dimer of the TIR-domains of ST2 and IL-1RAcP. The TIR-dimers 341 

are a scaffold for recruitment of a series of adaptor proteins, including the pivotal adaptor, 342 

MyD88, allowing activation of the classical MyD88/IRAK/TRAF6 module and downstream 343 

activation of NF-κB, stress-activated protein kinase p38 and c-Jun N-terminal kinases (JNK), 344 

as well as extracellularly regulated kinases (ERK1/2) and other signalling pathways [52].  The 345 

mechanism by which IL-33 induces antiviral immunity is yet to be determined. It may enhance 346 

Type I signalling via interleukin-1 receptor associated kinase 1/4 (IRAK1/4) and interferon 347 
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regulatory factor-3/7 pathways as these are key signalling factors in the production of Type I 348 

and III IFNs in BECs [53].   349 

This paper is the first to describe the global response of human MCs to IL-33 using a 350 

transcriptomics approach. While Nagarkar et al. used gene expression microarrays to report 351 

the upregulation of cytokines, chemokines, and growth factors in IL-33 treated human 352 

peripheral blood derived MC [54], the entire dataset has not been made freely available. 353 

Related studies have been performed using mouse MCs where the global response of MCs to 354 

IgE-mediated activation was compared using bone marrow-derived MCs (BMMCs) from 355 

control and ST2 KO mice [55] This study demonstrated that the IL-33 activated transcriptome 356 

was enriched in genes commonly altered by NF-κB or in response to TNF, and a list of genes 357 

unique to IL-33 stimulation alone included some innate antiviral genes (IRF5, CCL5) 358 

suggesting some similarities with our human MC dataset.  359 

IL-33 has variable effects on MCs depending on the length of exposure, concentration 360 

used and type of stimuli and typically induces MC adhesion, proliferation, maturation and 361 

activation and secretion of mediators [42]. Short term exposure enhances IgE-mediated 362 

degranulation, leukotriene and cytokine production [36, 56-58] while long term exposure 363 

(4wks) suppresses IgE-mediated degranulation via downregulation of hemopoietic cell kinase 364 

[59]. Furthermore, while high IL-33 concentrations (in the ng/ml range) induce cytokine 365 

secretion and enhance IgE-mediated activation, concentrations (in the pg/ml range) render MCs 366 

insensitive to bacterial cell wall components (LPS, PGN) [60]. In our studies, we tested IL-33 367 

at 1-10 ng/ml and found concentration-dependent effects on antiviral responses. Given their 368 

close proximity to epithelial cells in the airway of asthmatic subjects, it is possible that these 369 

concentrations may be achieved locally as a consequence of the cytopathic effect of HRVs on 370 

epithelial cells. Furthermore, other signals (e.g. allergen) present in the tissue 371 
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microenvironment may make important contributions to local IL-33 concentrations to 372 

influence MC contributions to viral-induced exacerbations of asthma. 373 

In summary, we have shown that IL-33 induces an antiviral signature in MCs. In spite 374 

of this, when tested functionally this antiviral signature was insufficient to control HRV16 375 

replication as IL-33 increased expression of ICAM1 which facilitated infection and increased 376 

viral replication in MCs. Given that 60-80% of asthma exacerbations in adults and 90% of 377 

wheezing episodes in children [18, 61-63] are caused by HRVs, the impact of IL-33 to promote 378 

HRV infectivity of MCs may play an important role in the worsening of asthma symptoms. As 379 

IL33 is an important asthma susceptibility gene, this effect of IL-33 on HRV infection of MCs 380 

highlights a potential gene-environment interaction that contributes to virus-induced asthma 381 

exacerbations. 382 
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Supplementary File S1: Supplemental Figures 593 

Table S1: Top 50 upregulated and downregulated genes in IL-33-activated MCs compared to control 594 
samples. Genes were ranked by fold change and the top 50 upregulated and downregulated genes were 595 
taken. Genes in bold were antiviral genes identified through KEGG pathway analysis. 596 

 597 

Top 50 upregulated genes in C vs C+IL33 by FC  Top 50 downregulated genes in C vs C+IL33 by 
FC 

 Gene FDR FC log2FC   Gene FDR FC log2FC 
1 LINC02605 1.82E-14 295.50 8.207  1 PLCH1 7.86E-15 -10.07 -3.33 
2 EBI3 8.94E-24 287.02 8.165  2 MAP2K6 2.30E-13 -6.21 -2.63 
3 FAM131C 1.54E-05 230.56 7.849  3 ARHGEF4 8.44E-06 -5.63 -2.49 
4 CXCL1 4.54E-06 179.02 7.484  4 TBXA2R 0.001059 -4.84 -2.28 
5 MIR4422HG 7.02E-09 157.26 7.297  5 HBQ1 2.57E-05 -4.75 -2.25 
6 PRRX1 0.000152 150.44 7.233  6 SCN2A 4.85E-05 -4.73 -2.24 
7 IL13 2.00E-18 134.27 7.069  7 TMEM38A 8.94E-07 -4.47 -2.16 
8 AL353608.3 0.000397 94.03 6.555  8 ADRA2A 2.01E-10 -4.29 -2.10 
9 AC007336.2 4.08E-06 82.54 6.367  9 AC019197.1 0.002786 -4.23 -2.08 

10 TNF 9.71E-16 80.34 6.328  10 PLXNA4 1.42E-09 -4.18 -2.06 
11 C3 1.19E-18 67.23 6.071  11 ANGPT2 2.91E-15 -4.16 -2.06 
12 AC083837.1 2.28E-19 62.90 5.975  12 SCN3A 2.40E-08 -4.16 -2.06 
13 MFAP5 2.71E-05 60.59 5.921  13 ZBTB16 1.43E-08 -4.09 -2.03 
14 CSF3 0.003747 59.26 5.889  14 GDF2 9.69E-14 -4.08 -2.03 
15 TNFAIP2 3.13E-21 56.45 5.819  15 SHE 0.000257 -4.01 -2.00 
16 ITGA1 1.38E-18 55.33 5.79  16 RSPO2 4.44E-07 -3.96 -1.99 
17 BCL2A1 5.41E-16 46.11 5.527  17 NFE2 5.33E-13 -3.87 -1.95 
18 SERPINE1 1.74E-14 38.67 5.273  18 GIPC3 0.031608 -3.74 -1.90 
19 LRFN5 4.34E-12 37.37 5.224  19 COBLL1 1.38E-09 -3.67 -1.88 
20 CXCL10 1.79E-06 35.31 5.142  20 PTPN5 1.19E-18 -3.68 -1.88 
21 NINJ1 1.73E-23 34.94 5.127  21 AC092155.1 0.002428 -3.65 -1.87 
22 PDZD2 1.35E-20 32.72 5.032  22 AL670729.3 4.71E-07 -3.63 -1.86 
23 SECTM1 1.01E-12 30.25 4.919  23 LINC01366 4.59E-12 -3.63 -1.86 
24 TSPAN18 7.29E-11 29.10 4.863  24 CTPS2 4.16E-05 -3.63 -1.86 
25 CXCL8 9.57E-14 29.02 4.859  25 DACH1 7.09E-09 -3.58 -1.84 
26 TMEM132E 1.76E-09 28.76 4.846  26 FEV 0.114045 -3.59 -1.84 
27 TRABD2B 3.02E-09 28.74 4.845  27 DMTN 1.26E-05 -3.55 -1.83 
28 PTGIR 5.22E-13 28.01 4.808  28 UNC80 1.88E-07 -3.55 -1.83 
29 GBP5 4.11E-14 26.87 4.748  29 CXXC4 1.32E-05 -3.53 -1.82 
30 ACAN 5.12E-08 26.21 4.712  30 PTGDR2 6.14E-06 -3.51 -1.81 
31 ROR1-AS1 5.11E-14 24.92 4.639  31 SEC14L5 1.00E-12 -3.40 -1.76 
32 NFKBIA 6.54E-17 22.16 4.47  32 CEBPA 2.50E-05 -3.40 -1.77 
33 IL5 1.67E-07 21.92 4.454  33 NPY2R 1.38E-09 -3.34 -1.74 
34 PTP4A3 2.09E-14 21.60 4.433  34 EDNRB 4.65E-11 -3.33 -1.74 
35 AC010247.1 6.07E-16 21.53 4.428  35 MEX3B 1.15E-14 -3.31 -1.73 
36 N4BP3 1.53E-15 21.21 4.407  36 CEBPE 4.12E-08 -3.27 -1.71 
37 AC083864.5 1.45E-10 20.84 4.381  37 RD3 5.62E-15 -3.27 -1.71 
38 IL1B 9.34E-07 20.72 4.373  38 AC097713.1 0.007003 -3.27 -1.71 
39 TNFRSF9 1.73E-23 20.72 4.373  39 A4GALT 5.74E-05 -3.22 -1.69 
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40 GFPT2 1.37E-14 20.72 4.373  40 GXYLT1P6 6.35E-08 -3.18 -1.67 
41 TLR7 3.83E-10 20.14 4.332  41 PTCH1 5.85E-11 -3.16 -1.66 
42 CXCL3 5.07E-11 20.06 4.326  42 HEMGN 0.014634 -3.16 -1.66 
43 CCL3L3 6.88E-18 19.64 4.296  43 JPH4 1.37E-16 -3.14 -1.65 
44 VSTM2A 5.12E-07 19.20 4.263  44 CLK3P2 2.61E-08 -3.12 -1.64 
45 TRAF1 4.70E-27 18.97 4.246  45 PADI2 3.17E-10 -3.08 -1.63 
46 MMP10 3.04E-07 18.83 4.235  46 CNNM1 0.028685 -3.09 -1.63 
47 IL2RA 8.18E-17 18.58 4.216  47 GPAT3 1.25E-12 -3.08 -1.62 
48 POU2F2 4.64E-27 18.46 4.206  48 RAB6C-AS1 0.000126 -3.06 -1.62 
49 LINC01215 7.97E-17 18.46 4.206  49 TOGARAM2 1.27E-05 -3.07 -1.62 
50 TSLP 0.001398 17.68 4.144  50 CRISPLD2 0.000138 -3.00 -1.58 

 598 
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Figure S1: Violin plots of antiviral genes associated with HRV infection in LAD2 MCs. From the 599 
transcriptomic data the significant DEGs associated with HRV infection of BECs were identified in the 600 
LAD2 MC + IL-33 (10 ng/ml) dataset and replicate samples displayed as violin plots for control (green) 601 
and IL-33 (blue) treated samples, n=7. 602 

 603 
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Figure S2: Concentration-dependent induction of IFN and IFN-inducible genes by IL-33 in MCs. 604 
Validation of IFNB1, IFNL1, IFIH1, OAS1, CCL5 and CXCL10 gene induction by IL-33 (1, 5, 10 605 
ng/ml) treatment for 24h, n=5. 606 
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Figure S3: HRV16 affects IL-33-dependent CXCL10 and IL6 release. mRNA expression of CXCL10 634 
(A) and IL6 (B) and IL6 protein (C) in LAD2 MCs pretreated with or without IL-33 (1-10 ng/ml) for 635 
24h prior to HRV16 or UV-HRV16 (control) infection (MOI 7.5) for a further 24h, n=5-6. 636 
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Figure S4: IL-33 enhances ICAM1, LDLR but not CDHR3. ICAM1 (A) and CDHR3 (B) gene 640 
expression in MCs treated with IL-33 (10 ng/ml) for 24h, n=6. LDLR (C) cell surface expression in 641 
MCs treated with IL-33 (10 ng/ml) for 24h, n=4-7.  642 
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Figure S5: IL-33 enhances membrane ST2 in LAD2 MCs and CBMCs. A, ST2 cell surface expression 663 
in LAD2 MCs treated with IL-33 (10 ng/ml) for 24h, n=8. B, ST2 cell surface expression in CBMCs 664 
treated with IL-33 (10 ng/ml) for 24h, n=2.  665 

 666 

  667 
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Supplementary File S2: Supplemental Materials and Methods 668 

2.1. Mast cell culture 669 

The human MC line, LAD2, was obtained from Dr. A. Kirshenbaum (National 670 

Institutes of Health, Bethesda, USA) [43] and was cultured in Stem Pro-34® serum-free basal 671 

medium (Gibco, ThermoFisher, Paisley, UK) supplemented with 2-mM L-glutamine, 100 672 

IU/ml penicillin, 100 μg/ml streptomycin, and 100 ng/ml recombinant stem cell factor (SCF) 673 

(Peprotech, UK), as previously described [23]. Primary cord blood-derived MCs (CBMCs) 674 

were generated as previously described [23] from a commercial source of CD34+ cord blood 675 

progenitor cells (StemCell technologies, Grenoble, France). Briefly, CD34+ cells were cultured 676 

in StemPro® medium supplemented with 2 mM L-glutamine, 100 IU/ml penicillin, 100 μg/ml 677 

streptomycin, IL-3 (30 ng/ml, 1 week only, Peprotech, UK), IL-6 (100 ng/ml, Peprotech, UK) 678 

and SCF (100 ng/ml) for 3 weeks by hemidepletion before culture media was completely 679 

replaced weekly thereafter. After 8-10 weeks, CBMCs were assessed for purity by FcɛRI and 680 

CD117 expression by flow cytometry  681 

2.2. Rhinovirus stocks 682 

Human rhinovirus serotype 16 (HRV16, major group, HRV-B species) stocks were 683 

generated using H1-HeLa cells obtained from ATCC as previously described [23]. Virus titres 684 

of cell-free supernatant stocks were determined by tissue culture infective dose 50% 685 

(TCID50)/mL according to the Spearman-Karber method. Controls of UV-irradiated HRV16 686 

(1,200 mJ/cm2 on ice for 50 min) were included in all experiments. 687 

2.3. Cell treatments and infections 688 

 Human MCs (1x106/ml) were incubated with IL-33 (1-10 ng/ml, R&D Systems, 689 

Abingdon, UK) for 6-24 hours in a humidified 37°C incubator with 5% CO2 before 690 

transcriptomic and qPCR analysis. For RV16 infection, the LAD2 cell line or CBMCs were 691 
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incubated with increasing MOI (1 – 7.5) of infectious virus or UV-irradiated virus (as a control) 692 

for 1 hour whilst rocking in the dark at 36 opm. Cells were then washed twice to remove 693 

unbound virus, resuspended in StemPro media (0.5-1x106/ml) and incubated for 24 hours in a 694 

humidified 37°C incubator with 5% CO2 before harvesting. For ICAM-1 blocking experiments, 695 

LAD2 MCs or CBMCs (1x106/ml) were treated with 10 ng/ml IL-33 for 23 hours followed by 696 

1 hour with mouse anti-human ICAM-1 (clone BBIG-I1 (11C81), 10 µg/ml, R&D Systems, 697 

Abingdon, UK) or IgG2a isotype control (10 µg/ml, R&D Systems, Abingdon, UK). Following 698 

|HRV16 infection of MCs, the antibodies were re-introduced and cultures incubated for a 699 

further 24 hours. Experimental layouts are shown below (Figure B1). 700 

 701 

Figure A: Experimental layout of stimulations of MCs with IL-33 and HRV16. LAD2 MCs were 702 
treated for 6h with IL-33 (10 ng/ml) prior to transcriptomic analyses (A, Figures 1-2, A1, Table A1) 703 
whereas LAD2 or CBMCs were treated with IL-33 for 24h prior to HRV16 infection and samples 704 
collected 24h later for gene expression, IFN-beta protein release, HRV16 replication and release (B, 705 
Figures 3-4, 6A, A2-A3). For cell surface receptor analyses by RT-qPCR and flow cytometry (ICAM1, 706 
LDLR, ST2), LAD2 MCs or CBMCs were stimulated with IL-33 (10 ng/ml) for 24h prior to analyses 707 
(C, Figure 5A-B, 6B-C, A4-A5). Where an ICAM1 blocking antibody was used, the blocking antibody 708 
(Ab) was added to LAD2 MC or CBMCs 23h post-IL-33 stimulation for 1h before infection with 709 
HRV16. Samples were then collected 24h post-HRV16 infection (D, Figure 5C-E, 6D-F). 710 
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2.4. mRNA extraction, RNA sequencing and transcriptomic analysis  711 

 The LAD2 MC line was incubated with IL-33 (10 ng/ml) or media control for 6 hours 712 

in StemPro® media containing SCF (100 ng/ml). Total RNA was isolated using either the Trizol 713 

extraction method as previously described [23] or using commercially available kits (RNeasy 714 

minikit, Qiagen (Manchester, UK) or Monarch total RNA miniprep kit (New England Biolabs, 715 

Hitchin, UK)) and quantified for RNA quantity and quality (Nanodrop, ThermoFisher, Paisley, 716 

UK). Next generation sequencing was performed by Novogene (Cambridge, UK) at a read 717 

depth of 20 million reads per sample following quality control checks and data pre-processing. 718 

Raw reads were stored as FASTQ files, uploaded to the Iridis computer cluster (University of 719 

Southampton), mapped to the human genome (HISAT2), annotated with gene names and 720 

converted to counts (SAMtools). Using RStudio, the count matrix was then adjusted for batch 721 

effects (ComBat Seq within sva package) before low counts were filtered out (EdgER) and 722 

those remaining were normalised using a weighted trimmed mean of the log expression ratios 723 

(trimmed mean of M values (TMM)). The resultant expression matrix was used to create 724 

Multidimensional scaling plots (limma, Rstudio) and Heatmaps (heatmap.2, RStudio) and a 725 

fitted to a generalised linear model (quasi-likelihood F-test) for differential expression. 726 

Volcano plots were generated of all detected genes (EnhancedVolcano package, RStudio). 727 

Differentially expressed genes (DEGs) were defined as genes with a log2(fold change) 728 

(log2FC)>1.5 and a False Discovery Rate (FDR)-adjusted p value <0.05. The significantly 729 

upregulated genes were inputted into g:profiler (https://biit.cs.ut.ee/gprofiler/gost) with the 730 

background gene set to the total human genome and term size limited (5 -10,000) for Gene 731 

ontology (GO) and pathways analysis (KEGG). The resulting GO terms were then submitted 732 

to REVIGO for visualisation and gene set enrichment analysis (GSEA). Data are available at 733 

GSE2162692.5. RT-qPCR 734 
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Isolated RNA was DNAse I treated (Stemcell Technologies, Cambridge, UK), reverse 735 

transcribed to cDNA using precision nanoScript2 reverse transcription kit (PrimerDesign, 736 

Chandlers Ford, UK) and 12.5 ng used as a template in quantitative PCR (qPCR) with Precision 737 

Plus double dye primers for housekeeping genes (HKGs; GAPDH, UBC) or genes of interest 738 

(IFIH1, IRF1, TNFA, IFNB1, IFNL1, MDA5, OAS1, CXCL10, IL6, CCL5) or SYBR® green 739 

primers for genes of interest (ICAM1) used to quantify amplification of genes. All reactions 740 

were performed in duplicate for 50 cycles and gene expression analysed using a real-time PCR 741 

iCycler (BioRad, Hemel Hempstead, UK). For SYBR green detection-based reactions, melt 742 

curves were performed to ensure single PCR product formation. Gene expression was 743 

normalised to the geometric means of HKGs and fold changes in gene expression calculated 744 

relative to UV-HRV16 controls according to the ΔΔCt method and expressed as 2-ΔΔCt. Viral 745 

RNA copy number was determined against a standard curve of known copies of HRV16 746 

(Primerdesign, Chandlers Ford, UK). 747 

2.6. Flow cytometry 748 

 Human MCs were washed with FACS buffer (PBS + 0.5% (v/v) BSA + 2 mM EDTA) 749 

prior to blocking with block buffer (PBS + 10% (v/v) heat inactivated human serum + 2 mM 750 

EDTA) for 20 minutes on ice. Cells (0.1x106/100 µl) were then incubated with fluorescently 751 

labelled antibodies, FITC-conjugated mouse anti-human ICAM1 (clone RR1/1), subclass 752 

IgG1) or mouse IgG1 isotype control (eBiosciences, Cheshire, UK) for 30 minutes with the 753 

addition of eBioscience™ Fixable Viability Dye eFluor™ 660 (Thermo Fisher Scientific, 754 

Paisley, UK) on ice prior to washing and resuspending in 300 µl FACS buffer. At least 10,000 755 

events were collected for analysis and gating was performed on non-APC expressing cells, i.e. 756 

live cells, and ICAM1 geometric means expressed minus that of isotype controls. Flow 757 

cytometry was performed using a BD FACSCalibur flow cytometer (BD Biosciences, Oxford, 758 

UK) and data analysed using FlowJo software (version 7.6.5, BD, Oregon, USA).  759 
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2.7. TCID50 assay 760 

 The number of infectious virus particles in cell-free supernatants was determined by 761 

the TCID50 assay where a 10-fold serial dilution of supernatants in quadruplicate were added 762 

to OHIO HeLa cells (0.2x106/well, 96-well plate). After 96 hours, cytopathic effect (CPE) was 763 

visualised by staining monolayers with crystal violet solution (0.13% (w/v), 1.825% (v/v) 764 

formaldehyde, 5% ethanol (v/v), 90% PBS (v/v) for 30 minutes in the dark. Excess crystal 765 

violet was removed by gentle rinsing and the number of wells where at least 50% of the 766 

monolayer had been lysed (i.e. 50% CPE) was used to calculate TCID50/ml using the 767 

Spearman-Karber Method 768 

2.8. Statistical analysis 769 

 Paired non-parametric data were analysed by Wilcoxon signed rank test for matched 770 

pair comparisons. Un-paired non-parametric data were analysed by Kruskal–Wallis one‐way 771 

ANOVA with Dunn's correction for multiple comparisons or Mann–Whitney ranked sum test 772 

and normalised data were analysed by Student's t‐test. All data were analysed using GraphPad 773 

Prism (GraphPad Software, Inc., San Diego, CA, USA). 774 

 775 

 776 


