
For Review Only
Rhinovirus induced CCL17 and CCL22 in asthma 

exacerbations and differential regulation by STAT6

Journal: American Journal of Respiratory Cell and Molecular Biology

Manuscript ID Red-2020-0011OC.R2

Manuscript Type: OC - Original Contribution

Date Submitted by the 
Author: 14-Oct-2020

Complete List of Authors: Williams, Teresa; University of Newcastle
Jackson, David; Imperial College London, National Heart and Lung 
Institute
Maltby, Steven; University of Newcastle
Walton, Ross; Imperial College London, National Heart and Lung 
Institute
Ching, Yee-Mann; Imperial College London, National Heart and Lung 
Institute
Glanville, Nicholas; Imperial College, London, Airway Disease Infection 
Section, National Heart and Lung Institute
Singanayagam, Aran; Imperial College, London, Airway Disease Infection 
Section, National Heart and Lung Institute
Haas, Jennifer; Imperial College London, National Heart and Lung 
Institute
Clarke, Deborah; Imperial College London, National Heart and Lung 
Institute
Telcian, Aurica; Imperial College, London, Airway Disease Infection 
Section, National Heart and Lung Institute
Loo, Su-Ling; University of Newcastle
Wei, Lan; The University of Newcastle, School of Biomedical Sciences 
and Pharmacy
Beale, Janine; Imperial College London, National Heart and Lung 
Institute
Casolari, Paolo; University of Ferrara, 6. Interdepartmental Study Center 
for Inflammatory and Smoke-related Airway Diseases (CEMICEF), 
Cardiorespiratory and Internal Medicine Section
Caramori, Gaetano; University of Messina, UOC Pneumologia, BIOMORF
Papi, Alberto; University of Ferrara, Research Centre on Asthma and 
COPD
Belvisi, Maria; Imperial College, London, Airway Disease Infection 
Section, National Heart and Lung Institute
Wark, Peter; The University of Newcastle
Johnston, Sebastian; Imperial College, London, Airway Disease Infection 
Section, National Heart and Lung Institute
Edwards, Michael; Imperial College London, National Heart and Lung 
Institute
Bartlett, Nathan; University of Newcastle, ; Imperial College Faculty of 
Medicine,  



For Review Only

Subject Category:

1.24  Methods on Non-Invasive Assessment of the Airways: Exhaled 
Breath and Condensates < ASTHMA, 3.33  Airway Inflammation < CELL 
AND MOLECULAR BIOLOGY, 5.01  Chemokines: Immune Effects < 
CHEMOKINES AND MEDIATORS, 10.09  Pathogen/Host Cell Interactions 
< MICROBIOLOGY AND PULMONARY INFECTIONS

Keywords: rhinovirus, asthma, STAT6

 

Page 1 of 79



For Review Only

Rhinovirus induced CCL17 and CCL22 in asthma exacerbations and differential regulation by 
STAT6 

Teresa C. Williams1*,, David J. Jackson2,3*, Steven Maltby1, Ross P. Walton4, Yee-Mann Ching4, 
Nicholas Glanville4, Aran Singanayagam4, Jennifer J. Haas4, Deborah Clarke4,5, Aurica G. 
Hirsman4, Su-Ling Loo1, Lan Wei1, Janine E. Beale4, Paolo Casolari6, Gaetano Caramori6,7, 
Alberto Papi6, Maria Belvisi4,5, Peter A. B. Wark8, Sebastian L. Johnston4*, Michael R. 
Edwards4* and Nathan W. Bartlett1, 4* 

1. School of Biomedical Science and Pharmacy, Faculty Health and Medicine and Priority 
Research Centre for Healthy Lungs, Hunter Medical Research Institute, University of 
Newcastle, New Lambton Heights, NSW, Australia. 

2. Asthma UK Centre, Faculty of Life Sciences & Medicine, King’s College London, United 
Kingdom 

3. Guy’s Severe Asthma Centre, Guy’s & St Thomas’ NHS Trust, London, United Kingdom. 
4. National Heart and Lung Institute, Imperial College London, United Kingdom. 
5. Respiratory, Inflammation and Autoimmunity Department, MedImmune, Cambridge, 

United Kingdom. 
6. Interdepartmental Study Center for Inflammatory and Smoke-related Airway Diseases 

(CEMICEF), Cardiorespiratory and Internal Medicine Section, University of Ferrara, 
Ferrara, Italy. 

7. Dipartimento di Scienze Biomediche, Odontoiatriche e delle Immagini Morfologiche e 
Funzionali (BIOMORF), Università degli Studi di Messina, Messina, Italy.  

8. Department of Respiratory and Sleep Medicine, John Hunter Hospital, New Lambton 
Heights, NSW, Australia. 

Corresponding Author: Associate Professor Nathan W Bartlett, Priority Research Centre for 
Healthy Lungs, Hunter Medical Research Institute, Locked Bag 1000, New Lambton, NSW 
2305, Australia, Phone: 61-2 4042-0171; Fax: 61-2 4042-0024; Email: 
nathan.bartlett@newcastle.edu.au 

*equal contribution  

Author contributions 

DC, MB, GC, AP, PABW, SLJ, MRE and NWB contributed to the conception and design of the 
work 

TCW, DJJ, RPW, Y-MC, NG, AS, JJH, DC, AGH, S-LL, LW, JEB, PC and NWB acquired and analysed 
the data and interpreted the results 

TCW, SM, AS, SLJ, MRE and NWB drafted and revised the work for intellectual content 

SLJ, MRE and NWB agree to be accountable for all aspects of the work in ensuring that 
questions related to the accuracy or integrity of any part of the work are appropriately 
investigated and resolved 

Page 2 of 79

mailto:nathan.bartlett@newcastle.edu.au


For Review Only

 1 

Abstract 

Rationale: The interplay of type-2 inflammation and anti-viral immunity underpins asthma 

exacerbation pathogenesis. Virus infection induces type-2 inflammation-promoting 

chemokines CCL17 and CCL22 in asthma, however mechanisms regulating induction are 

poorly understood.  

Objectives: To use a human rhinovirus (RV) challenge model in human airway epithelial cells 

in vitro and mice in vivo to assess mechanisms regulating CCL17 and CCL22 expression.    

Methods: Subjects with mild-to-moderate asthma and healthy volunteers were 

experimentally infected with RV and airway CCL17 and CCL22 protein quantified. In vitro 

airway epithelial cell- and mouse-RV infection models were then employed to define STAT6- 

and NF-κB-mediated regulation of CCL17 and CCL22 expression.   

Main Results: Following RV infection, CCL17 and CCL22 expression was higher in asthma, 

which differentially correlated with clinical and immunological parameters. Air-liquid interface 

(ALI) differentiated primary epithelial cells from donors with asthma also expressed higher 

levels of RV-induced CCL22. RV infection boosted type-2 cytokine-induced STAT6 activation. 

In epithelial cells, type-2 cytokines and STAT6 activation had differential effects on chemokine 

expression:  increasing CCL17 and suppressing CCL22, whereas NF-κB promoted expression of 

both chemokines. In mice, RV infection activated pulmonary STAT6 which was required for 

CCL17, but not CCL22 expression. STAT6-knockout mice infected with RV expressed increased 

levels of NF-kB-regulated chemokines, which was associated with rapid viral clearance.  

Conclusions: RV-induced upregulation of CCL17 and CCL22 was mediated by NF-κB activation, 

whereas expression was differentially regulated by STAT6. Together, findings suggest 
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therapeutic targeting of type-2-STAT6 activation alone will not block all inflammatory 

pathways during RV infection in asthma.  
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Introduction 

Rhinoviruses (RV) are the most frequent virus infections associated with asthma 

exacerbations(1). Preventing or treating RV-induced asthma exacerbations remains a 

challenge, as there are currently no effective treatments for RV infection. An improved 

understanding of the immune response to RV infection is necessary to aid development of 

new therapies. 

The role of type-2 immune responses in the pathogenesis of asthma is well documented(2) 

and RV infection augments type-2 inflammation(3-5). For example, in experimental RV 

infections of subjects with atopic asthma, exacerbation severity correlated with TH2 cell 

cytokine production and viral load(3). In type-2 inflammatory airways diseases (e.g. allergic 

asthma), recruitment of CCR4-expressing immune cells to the airways is regulated by 

production of chemokines, including CCL17(6) and CCL22(7). The relevance of these CCR4 

ligands to disease is supported by their increased levels in serum and sputum from patients 

with asthma(8).  

CCR4 is expressed by type-2 inflammatory cells (including TH2 cells(9) and innate lymphoid 

cells (ILC2s)(10)), which produce IL-4, IL-5 and IL-13 and underpin the pathogenesis of allergic 

asthma(11). Genetic ablation of either CCR4 ligand (CCL17 or CCL22) reduced lung 

inflammation, decreased TH2 infiltration and reduced airway hyper-reactivity in mouse models 

of allergic airways disease(6, 12). Monoclonal antibodies targeting CCR4 (e.g. 

mogamulizumab) have been approved in Japan for the treatment of adult T-cell leukaemia-

lymphoma(13). While phase I trials have also assessed CCR4-targeting monoclonal treatment 

in asthma, trials were discontinued and have not been further pursued for asthma or viral-

induced exacerbations.  
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Promoter analyses of CCL17 and CCL22 have identified binding sites for NF-κB and STAT 

transcription factors, consistent with regulation by multiple inflammatory pathways(14-16). 

Co-stimulation of human lung epithelial cells with the STAT6-activating cytokine IL-4, and with 

TNFα (which activates NF-κB), synergistically induced CCL17 production(17). This highlighted 

the potential for RV infection-induced NF-κB activation(18) to augment CCL17 in asthma, 

modulating airway inflammation and disease exacerbation.  

There has been long-standing interest in CCL17 and CCL22 as treatment targets for type-2 

inflammatory diseases, including asthma. Despite this, there is a limited understanding of 

whether pulmonary CCL17 and CCL22 production is regulated by STAT6 and/or NF-κB in the 

context of RV infection and asthma. Further, there is evidence to suggest that the regulation 

of CCL17 and CCL22 by STAT6 is context-dependent(19). We previously reported that RV 

infection augments CCL17 and CCL22 expression in a mouse model of allergic airways 

disease(18) and recently reported both chemokines are induced by RV infection in humans, 

and further increased following infection in people with asthma(20). 

In the current study, we investigate relationships between human CCL17 and CCL22 protein 

expression in the context of allergic inflammation in vivo following experimental RV infection 

of healthy volunteers and patients with atopic asthma. We also employed mouse RV infection 

models to assess functional roles of STAT6 and NF-κB using transgenic- and pharmacological-

interventions. As airway epithelial cells are the primary site of RV infection, we also utilised in 

vitro human airway epithelial cell RV infection models to assess transcriptional regulation of 

CCL17 and CCL22. This is the first study to identify correlations between CCL17 and CCL22 

airway protein expression and disease parameters associated with RV infection in asthma. We 
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also define the role of key transcription factors (NF-κB and STAT6) in RV- and type-2 cytokine-

induction of these chemokines in vivo and by human airway epithelial cells in vitro.  

 

Materials & Methods 

Human participants 

We studied non-smoking subjects with mild to moderately severe asthma and healthy 

volunteers aged 18-55 years (confirmed serum RV-A16-neutralising antibody negative), as 

previously reported(5). The study received Research Ethics Committee approval 

(09/H0712/59) and subjects provided informed consent(5). Inclusion/exclusion criteria for 

subjects with asthma included doctor diagnosis of asthma, airway hyper-responsiveness, 

evidence of atopy (by skin prick test) and a history of infection-induced asthma 

exacerbation(5). Subjects with a history of severe asthma, >5 pack-year history or recent 

smoking, current symptoms of allergic rhinitis, or who experienced an asthma exacerbation 

or respiratory virus illness within the previous 6 weeks were excluded. Non-smoking, non-

asthmatic healthy controls were recruited based on: no history of asthma, atopy or allergic 

disease and no objective airway hyper-responsiveness. For patient demographics and 

additional information see reference(5). 

Human rhinovirus challenge 

Participants underwent bronchoscopy approximately 14 days prior to inoculation with RV-

A16(21) and on day 4 post-infection. On day 0, RV-A16 was delivered to both nostrils (100 

TCID50) using an atomiser, as previously described(5). Protein mediators in nasal secretions 

were assessed by nasosorption (days 0, 2-5 and 7)(5). On day 4 post-infection, 
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bronchosorption was conducted as previously described(20). Diary cards of upper and lower 

respiratory tract symptoms were commenced prior to baseline sampling and continued for 6 

weeks after RV-A16 infection, as previously described(3, 5). CCL17 and CCL22 proteins in nasal 

and bronchial secretions were quantified by Meso Scale Discovery multi-spot human cytokine 

assay, as described previously(20). 

Mouse rhinovirus infection 

Female BALB/c mice, 6-8 weeks, were purchased from Harlan UK. Tnfrsf1a−/−-Rela(p65)+/− mice 

(129/Sv - C57BL/6 background) were bred to generate TNFR1-deficient mice of p65+/+ 

(wildtype) or p65+/− (heterozygous)(22). Genotype was determined by PCR. As TNFR1/p65-

deficient mice are susceptible to bacterial infections, antibiotics were included in drinking 

water(23). STAT6 knockout (ko) mice (Stat6tm1/Gru – Balb/c background) were purchased from 

Jackson Laboratory (Bar Harbor, USA). 

RV-A1 (American Tissue Culture Collection) was purified and titrated, as described 

previously(24). Where indicated, UV-inactivated RV-A1 (1,200 mJ/cm2; 30 min) was used. Mice 

were infected by intranasal (i.n.) instillation RV-A1 (5 x 106 TCID50), as previously described(24, 

25). Infectious RV titre in homogenised lung tissue was determined in HeLa H1 cells via TCID50 

assay as previously described (24).  To inhibit Iκβ-kinase-β (IKK-β) mice PS-1145 (40mg/kg in 

10% DMSO) was administered by intraperitoneal injection (Millenium Pharmaceuticals(26)). 

At indicated times after infection, broncho-alveolar lavage (BAL) was performed and CCL17, 

CCL22, IFN-λ2/3, CXCL1, and CXCL2 protein levels quantified by ELISA, according to 

manufacturer instructions (R&D Systems). CCL17 and CCL22 expression in airway epithelium 

was determined by immunohistochemistry staining of tissue samples.  
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STAT6 protein quantification in mouse lung 

Lung tissue cell cytoplasmic and nuclear protein extracts were prepared using CelLytic 

NuCLEAR extraction kit (Sigma), according to manufacturer’s instructions. Cytoplasmic 

fraction proteins were resolved by denaturing SDS-PAGE and immunoblotted using antibodies 

against STAT6-phosphor Y641 (Abcam). EMSA was performed, as previously described(27). 

Lung tissue nuclear protein extracts were incubated with labelled STAT6-binding DNA probe 

and binding specificity demonstrated using 100x excess (20 pmoL) unlabelled DNA. DNA-

protein complexes were resolved on native acrylamide gel and visualised by autoradiography.   

CCL22 and CCL17 protein immunostaining in mouse lung tissue 

Single immunohistochemical staining was performed as previously described (28), using goat 

anti-mouse CCL22 (sc-12288; Santa Cruz Biotechnology) and goat anti-mouse CCL17, 

respectively (AF529; R&D Systems). Staining was scored by a single, blinded investigator (PC) 

using microscopy. CCL22 and CCL17 epithelial staining was scored as: 0 = no staining; 1-4 based 

on 1-24%, 25-49%, 50-74% or 75-100%(28, 29).  

Human cell culture 

A549 lung epithelial cells (ECACC) were cultured in DMEM containing L-glutamine, HEPES, 

sodium bicarbonate and 10% FCS. Cells were pre-treated with IL-4 (10ng/mL) 16 h before 

infection with RV-A1 (multiplicity of infection (MOI) = 20). Knock-down of NF-κB p65, IKK-β 

and STAT6 was achieved using ON-TARGET plus SMART pool siRNA (4 siRNAs per target; 

Dharmacon/ThermoFisher) and Lipofectamine 2000 transfection reagent (Invitrogen), as 

previously described(30). Reduction of targeted protein expression was confirmed by western 

blot(30).  
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BEAS-2B airway epithelial cells (ECACC) were cultured in RPMI 1640 medium with 10% FCS. 

Transient transfection of BEAS-2B cells with a STAT6-responsive-luciferase reporter plasmid 

c/EBP-N4-luc (19, 31) was performed, as described previously(18). Briefly, cells were 

transfected with c/EBP-N4-luc and pRL Renilla luciferase control reporter vector (Promega) in 

Superfect (Qiagen) transfection reagent, based on manufacturer recommendations. At 24 

hours post-transfection, cells were treated with IL-4 (10 ng/mL) and / or infected with RV-A1 

(MOI = 1). At 24 h post-treatment/infection luciferase activity in cell lysates were measured 

using a dual luciferase protocol (Promega). 

Bronchial epithelial cells (BECs) from healthy and asthmatic donors were cultured at air-liquid 

interface (ALI), as previously described(32). Briefly, BECs were cultured on placental collagen-

coated flasks until confluent, then seeded onto transwell inserts at passage 2 in 1:1 mix of 

Dulbecco’s modified Eagle medium and BEBM plus supplements (Lonza). Apical media was 

removed once cells were confluent and cultures differentiated for 24 days, where evidence of 

mucus and cilia was present. At day 24 post-ALI, basal media was replaced with minimal BEBM 

media supplemented with human recombinant IL-4 and IL-13 (10ngmL; Peprotech). On day 

25, cells were infected with RV-A1 (MOI 0.1) (33) and harvested 4 days post-infection. 

Human CCL22 and CCL17 protein in epithelial cell cultures was quantified using DuoSet ELISAs, 

according to manufacturer instructions (R&D Systems). For STAT6, JAK1, and JAK2 protein 

expression and phosphorylation analysis, BEC protein lysates were diluted with Laemmli 

loading buffer, denatured, and run on a TGX 4-12% stain-free gel (Biorad). Membranes were 

subsequently transferred onto nitrocellulose, blocked in bovine serum albumin/skimmed milk 

and stained overnight for pSTAT6 (CST), STAT6 (Santa Cruz), JAK1 (CST), JAK2 (CST) or B-actin 
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(Abcam). Blots were then washed in TBS-T and stained with anti-rabbit and anti-mouse 

secondary antibodies (Abcam), imaged using a Chemidoc imager (BioRad). 

Quantitative PCR (qPCR) 

CCL17, CCL22, SOCS1, and SOCS3 mRNA levels were measured by qPCR, normalised to 18S 

reference gene levels (primer sequences in Table 1). RNA was extracted using miRNeasy mini 

kit (Qiagen) and quantified using nanodrop spectrophotometer. cDNA was generated using 

Taqman reverse transcription reagents and quantitative qPCR performed on an ABI7500 with 

Quantstudio software (Applied Biosystems).  

Statistical analysis 

Statistical analysis was performed using GraphPad Prism v8.2.1 software.  Wilcoxon matched 

pairs test was used to assess effect of treatment within a group and Mann-Whitney test to 

compare between different groups. For comparisons between multiple groups of non-

normally distributed data Friedman test with Dunn’s multiple comparison was used. Log-

transformed viral load data was compared by two-way ANOVA with Sidak’s multiple 

comparisons test. Transformed data was fitted to a straight line in a QQ plot confirming 

normal distributions for comparison. For time-course protein data, comparisons were 

performed by two-way ANOVA with Sidak’s multiple comparisons test. P values <0.05 were 

considered statistically significant. 

 

Results 

RV induction of CCL17 and CCL22 in asthma correlated with markers of disease 

Time-course nasal expression of CCL17 and CCL22 from a human RV challenge study in 

subjects with mild to moderate asthma and healthy volunteers has previously been 

reported(20). In the current study we reanalysed this data by plotting baseline (day 0) nasal 
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CCL17 and CCL22 protein expression and peak expression during the infection to determine 

correlations with immunological and clinical outcomes, as previously described(5). At 

baseline, CCL17 protein was higher in nasosorption samples from asthmatic subjects 

compared to healthy controls. Peak CCL17 was also higher in asthma during RV infection. For 

CCL22, baseline levels were non-significantly (p=0.072) higher in asthma vs healthy and peak 

levels were significantly higher in subjects with asthma compared to healthy volunteers during 

RV infection (Fig.1A). Peak nasal CCL17 and CCL22 concentrations during infection were 

positively correlated with each other in both healthy subjects and subjects with asthma 

(Fig.1B). We previously reported that RV infection induced type-2 cytokines (IL-4, IL-5 and IL-

13) and that IL-5 and IL-13 levels during infection in asthma positively correlated with 

respiratory symptom severity(5). In the current study, IL-4, IL-5 and IL-13 were positively 

correlated with peak nasal CCL17 (but not CCL22) production during RV infection (Fig.1C). 

Further, CCL17 and CCL22 levels during RV infection correlated with peak upper respiratory 

symptom scores (Fig.1D) and at day 4 post-infection bronchial CCL22 protein levels correlated 

with peak lower respiratory symptom scores in subjects with asthma (Fig.1E). These data show 

that RV-induced CCL17 and CCL22 levels are differentially associated with clinical and 

immunological asthma exacerbation parameters and CCL17 (but not CCL22) positively 

correlated with type-2 cytokine expression. 

RV infection in bronchial epithelial cells from donors with asthma induces higher levels of 

CCL22 compared to CCL17 

Airway epithelial cells are a source of CCL17 and CCL22(17, 34) and the primary site of RV 

infection(35). We next quantified CCL17 and CCL22 expression in RV-infected ALI-cultured 

BECs from donors with asthma (donor characteristics in Table 1). Infection with either major 

Page 12 of 79



For Review Only

 11 

group RV-A43 or minor group RV-A1 did not significantly increase CCL17 mRNA expression 

(Fig.2A). However, RV infection did increase CCL22 mRNA expression.  RV-A1 infection rapidly 

induced CCL22 expression which peaked at day 2 post-infection, whereas induction by RV-A43 

infection peaked at day 4 (Fig.2B). We noted peak RV-induced CCL22 mRNA levels were 

approximately 10-fold higher than CCL17. CCL17 protein in apical supernatants were below 

the limit of detection, whereas CCL22 protein was detectable and significantly increased by 

RV-A1 infection (with a non-significant (P=0.088) increase after RV-A43 infection) at day 4 

post-infection (Fig.2C). Based on this time-course data, we selected baseline and day 4 post-

infection as relevant timepoints to compare RV-induced CCL22 protein expression in ALI-

cultured BECs from a separate cohort of donors with asthma (AS) and non-asthmatic, healthy 

control subjects (HC; n=7; donor characteristics in Table 2). To increase sample size, we 

combined the CCL22 protein data generated with the previous day 4 CCL22 protein data from 

asthma (AS) BECs, providing n=14 asthma donors infected with RV-A1 (Fig.2D). Infection of 

BECs from donors with asthma significantly increased CCL2 expression, which was higher 

(p=0.055) than RV-induced CCL22 in BECs from healthy control donors (Fig.2D). We noted 

variability in RV-induced CCL22 levels between BEC cultures from asthmatic donors, but note 

that variability did not correlate with atopic status determined by skin prick test positivity 

(Supplementary Figure 2). These data are consistent with observed RV induction of CCL22 in 

vivo and indicate that airway epithelial cells from patients with asthma are primed to express 

higher levels of CCL22, compared to cells from non-asthmatic, healthy control subjects. 

RV infection augments type 2 cytokine-induced STAT6 activation 

We next characterised transcriptional regulation of CCL17 and CCL22 during RV infection. 

Previous studies identified NF-κB and STAT6 binding sites in CCL17 and CCL22 promoters(14-
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16). Further, STAT6 binding can have differential effects on target gene expression depending 

on the cellular context(19). Whether (and how) these transcription factors regulate expression 

of these chemokines in human airway epithelial cells during RV infection is unknown. We 

previously reported RV-induced epithelial cell NF-κB activation during RV infection(18). Here 

we investigated STAT6 activation following RV-A1 infection, in the presence of cytokine (IL-

4/IL-13) induced STAT6 phosphorylation in ALI-differentiated BEC cultures from healthy 

donors (n=6). Type 2 cytokine treatment alone induced a near-significant (p=0.067) increase 

in pSTAT6 levels, which was further increased with RV-A1 infection (Fig.3A).  

To gain insight into potential mechanisms underlying increased STAT6 phosphorylation in ALI 

cultures following RV infection and stimulation with type-2 cytokines, we quantified 

expression of two Janus kinases (JAK1and JAK2) that are activated by viral infection and have 

been shown to phosphorylate STAT6 (36, 37). IL-4/13 treatment significantly reduced 

constitutive expression of JAK1, whereas RV infection alone did not significantly deplete JAK1 

expression (Fig. 3A). RV infection reduced the suppressive effect of type-2 cytokines such that 

IL-4/13 treatment did not significantly reduce the expression of JAK1 compared to RV infection 

alone or compared to untreated cells (Fig. 3A). For JAK2, RV infection increased expression 

above levels in type-2 cytokine-treated cells (Fig. 3A). Again, RV infection partially reversed 

the suppressive effect of type 2 cytokine treatment such that the combination did not 

significantly reduce JAK2 compared to RV infection alone (Fig. 3A). The data suggests that RV 

infection partially restores type-2 cytokine-suppressed JAK1 expression, which could 

contribute to increased STAT6 phosphorylation observed following RV infection of type-2 

cytokine-treated cells. 
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In addition to assessing expression of RV-induced kinases that phosphorylate STAT6 we also 

quantified negative regulators of STAT activation, namely SOCS1 and SOCS3(38). RV infection 

alone as well in combination with type 2 cytokine treatment significantly increased SOCS1 and 

SOCS3 mRNA expression compared to untreated cells (Fig. 3B). IL-4/IL-13 treatment with RV 

infection also increased SOCS3 expression compared to type-2 cytokine-treated BECs (Fig. 3B). 

This data identified RV infection as the primary driver of SOCS3 expression. However, this 

induction of SOCS3 was not sufficient to block RV-augmented type-2 cytokine-induced STAT6 

phosphorylation, as shown in Fig 3A.  

To determine if observed STAT6 phosphorylation led to increased transcriptional activity we 

developed an in vitro assay system by treating BEAS-2B cells with IL-4 and/or infecting with 

RV. We initially confirmed expression of CCL17 and CCL22 protein by BEAS-2B cells. As in 

primary cells, RV infection alone did not induce detectable levels of CCL17 protein. However, 

combined IL-4 and RV treatment/infection significantly increased CCL17 protein (Sup Fig.1A). 

RV infection alone increased CCL22 protein, while pre-treatment with IL-4 reduced RV 

induction of CCL22 protein levels (Sup. Fig.1B).  

Having established the utility of this BEAS-2B cell assay system to investigate the interaction 

between RV infection and type 2 cytokine treatment on CCL17 and CCL22 expression we also 

used this system to examine STAT6 promoter activation following transfection of a STAT6-

driven luciferase reporter plasmid. Compared to untreated cells, promoter activity was 

increased 2-3-fold following RV infection (Fig.3C). IL-4 treatment significantly induced STAT6 

promoter activation, compared to RV infection alone (approximately 7-fold), and combined 

IL-4 and RV exposure additively increased activation (>10 fold) (Fig.3C). These data provide 
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evidence that RV infection alone is sufficient for low level STAT6 activation in airway epithelial 

cells, and RV infection augments type-2 cytokine-induced-STAT6 transcriptional activation.  

STAT6 and NF-κB activation have differential effects on RV- and type-2 cytokine-induced 

CCL17 and CCL22 expression 

Experiments in BEAS2B cells indicated that type-2 cytokine/STAT6 differentially regulate 

CCL17 and CCL22. To further investigate transcriptional regulation of CCL17 and CCL22 

expression, we assessed the effects of administering small interfering RNAs (siRNAs) targeting 

NF-κB (p65 or IKK-β) and STAT6 in A549 cells treated with IL-4 and/or infected with RV. We 

confirmed that siRNA administration reduced protein expression of the respective targets 

(Supplementary Fig.3). As observed previously, highest CCL17 levels were induced by a 

combination of IL-4 and RV-A1 exposure (Fig.4A). SiRNAs targeting p65, IKK-β or STAT6 all 

reduced IL-4/RV-A1-induced CCL17 production, compared to control siRNA treatment 

(Fig.4A). This was not the case for CCL22 expression, where the highest level of CCL22 

expression was observed following RV-A1 infection alone, and significantly reduced by IL-4 

treatment (Fig.4B). SiRNA targeting p65 or IKK-β reduced CCL22 expression in RV-infected 

cells. In contrast, CCL22 expression increased following STAT6 knockdown in IL-4-treated 

cultures infected with RV (Fig.4B). Inhibition of STAT6 expression also increased RV (alone) 

induced CCL22 expression providing further evidence of direct STAT6 activation by RV (Fig. 

4B). These data indicate that unlike CCL17, type-2 cytokine-induced STAT6 activation 

negatively regulates CCL22 expression in RV-infected airway epithelial cells. We confirmed this 

observation in a more physiologically relevant system, observing that type-2 cytokine 

treatment (IL-4 and IL-13) suppressed RV-induced CCL22 protein expression in ALI-

differentiated BEC cultures derived from healthy donors (Fig.4C).  
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Differential kinetics of expression of RV-induced CCL17 and CCL22 in vivo 

We also investigated pulmonary expression of CCL17 and CCL22 in vivo in a mouse model of 

RV infection(24) and observed s CCL17 and CCL22 protein expression in airway epithelium 

(Fig.5A). RV infection induced strong CCL17 staining exclusively in the bronchial epithelium 

(Fig.5A), with negligible staining in lung tissue from mock-infected or UV-inactivated RV 

inoculated mice. Constitutive CCL22 expression was apparent in lung tissue following mock 

infection or inoculation with UV-inactivated RV-A1. CCL22 was more broadly expressed in the 

lung than CCL17, with expression also detected in endothelial cells (Supplementary Fig.4). 

CCL17 and CCL22 were also significantly elevated in BAL samples during RV-A1 infection, with 

CCL17 levels peaking at 1-day post-infection (p.i.) and CCL22 peaking 2 days p.i., with both 

chemokines significantly elevated through 4 days p.i. (Fig.5B).  

RV-induced CCL17 and CCL22 expression are differentially regulated by STAT6 in vivo 

We next determined when STAT6 phosphorylation occurred in the lung during RV infection. 

We previously reported that RV infection induced NF-κB activation(18), so in the current study 

we focused on STAT6. Increased levels of cytoplasmic phosphorylated-STAT6 (pSTAT6) in lung 

tissue were observed 8 hours post RV-A1 infection (Fig.6A). Increased STAT6-DNA binding was 

observed in the nuclear fraction of lung protein samples from RV-infected mice (Fig.6B). This 

finding was confirmed in samples from four additional mice at 8 hours p.i. and binding 

specificity was confirmed using excess (100X) unlabelled probe (Fig.6B). 

To determine the functional role of STAT6 activation on CCL17 and CCL22 production, we 

utilized a RV-A1 time course to identify 1-day p.i. for assessment in STAT6ko mice. At 1-day 

p.i., lower levels of CCL17 were detected in BAL samples from STAT6ko mice, compared to 

wild-type (WT) controls (Fig.6C). In contrast, but in agreement with our in vitro human data, 

Page 17 of 79



For Review Only

 16 

STAT6 deficiency had no effect on CCL22 levels, indicating that STAT6 is not required to drive 

CCL22 expression in the context of RV infection (Fig.6C). We also examined the role of NF-κB 

in vivo, using pharmacological IKK-β inhibition (Fig.6D) and genetically deficient p65+/- mice 

(Fig.6E).  Administration of the IKK-β inhibitor (PS1145) significantly reduced both CCL17 and 

CCL22 BAL protein levels following RV-A1 infection, compared with vehicle-treated controls 

(Fig.6D). Similarly, p65+/- mice had reduced CCL17 BAL protein levels after RV-A1 infection, 

compared to homozygous wild-type p65+/+ mice, following RV infection (Fig.6E). In p65+/- mice 

a trend (P=0.08) towards reduced levels of CCL22 was also observed (Fig.6E). These data 

confirm that unlike CCL17, STAT6 is not required for RV-induced CCL22 expression. In contrast, 

NF-κB was required for expression of both chemokines following infection.  

STAT6 expression inhibits viral clearance and expression of NF-κB-regulated chemokines  

To determine whether perturbation of STAT6 altered the RV-induced lung inflammatory 

milieu, we performed an RV-infection time course analysis in wild-type (WT) and STAT6ko 

mice. At 8 hours post-infection viral load was not different between WT and STAT6ko mice. In 

contrast, by 24 hours post-infection lung viral load was approximately 10-fold lower in 

STAT6ko mice compared to WT controls (Fig. 7A). RV infection induces airway neutrophilic 

inflammation and we noted a consistent trend for increased neutrophils in BAL samples 

isolated from STAT6ko mice (Fig. 7B). Further, this was associated with significantly increased 

expression of the NF-κB-regulated neutrophil-recruiting chemokines CXCL1 and CXCL2 in BAL 

fluid from STAT6ko mice. In contrast, IFN-λ levels were not increased in STAT6ko mice 

compared to WT mice (Fig. 7C). 
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Discussion 

This study interrogated the regulation of RV-induced CCL17 and CCL22 as a framework to 

better understand the interplay between two key inflammatory pathways (i.e. STAT6 and NF-

κB), which collectively underpin the pathogenesis of asthma exacerbations. To do this we 

utilized a human RV experimental infection model,  in vitro airway epithelial cell- and mouse 

RV infection models to show that blocking STAT6 activation alone (particularly in the context 

of viral infection and NF-κB activation), will not completely inhibit inflammatory cell trafficking 

via chemokines such as CCL22 (where STAT6 activation may restrict expression).  

We have previously reported time-course of CCL17 and CCL22 protein expression in nasal and 

bronchial secretions in a human RV experimental infection model, in healthy volunteers and 

subjects with asthma(20). We reanalysed this data to identify the peak expression level for 

each subject so that it could be correlated to type-2 cytokine production. This approach has 

been used previously to define clinical and immunological correlates of expression of other 

mucosal-epithelial expressed inflammatory cytokines such as IL-33(5). Peak expression of 

CCL17 (and not CCL22) correlated with IL-4, IL-5 and IL-13 expression in the nasal mucosa. This 

indicated that type 2 inflammation in combination with viral infection increased CCL17 

expression. This conclusion is supported by in vitro experiments in human airway epithelial 

cells. In A549 cells the combination of IL-4 treatment and RV infection was required for 

detectable expression of CCL17 protein. In primary human BECs differentiated at ALI, adding 

multiple type 2 cytokines (IL-4 and IL-13) with RV infection did not induce detectable CCL17 

protein expression suggesting that signals in addition to direct epithelial cell STAT6 activation, 

potentially mediated by immune cells, are needed for maximal expression by mucosal tissues. 

Immune cell augmentation of CCL17 production has been documented in other systems. For 
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example, CCL17-expessing dendritic cells have been identified in intestinal mucosa and drive 

inflammation in a mouse colitis model(39).         

Limited research has assessed the expression and regulation of CCL17 and CCL22 during 

respiratory virus infection in the context of asthma exacerbations (40-42). In a mouse model 

of RV infection, Nagarkar et al. assessed the lung inflammatory transcriptome and reported 

CCL17 as one of the most highly induced genes (>14 fold). Further, CCL22 gene expression was 

significantly increased (>3 fold)(43). Here we extended these results to report increased 

chemokine protein expression following RV infection in both human and mouse RV infection 

models. Our human in vitro BEC data demonstrated that RV subtypes binding different 

receptors: major group (ICAM-1 receptor) and minor group (low density lipoprotein receptor) 

induced CCL22 expression, evidence that CCL22 expression is a general response to RV 

infection. While we noted 2-3 fold higher secretion of CCL22 and CCL17 within our in vitro and 

in vivo systems compared to the human experimental model, we attribute this as likely due to 

the higher RV infection doses and direct infection of the lower respiratory tract for mouse 

infection model.  

 To look more broadly at RV infection and activation of NF-κB and STAT6 signalling pathways, 

we transfected siRNA into an epithelial cell line. Whilst both NF-κB- and STAT6 appear to be 

involved in regulating CCL17 production by alveolar epithelial cells, STAT6 negatively regulated 

CCL22 expression. This was further confirmed in STAT6-/-p65+/- mice and following IKK-β 

inhibitor PS1145 treatment, where CCL17 production was abrogated in the absence of NF-κB 

or STAT6, while CCL22 secretion was unaffected by altering STAT6. STAT6 has previously been 

reported to directly inhibit p65 translocation to the nucleus by inhibiting IKBα phosphorylation 

in HeLa cells(44). Differential and direct interaction between NF-κB and STAT6 have previously 
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been reported, with the two transcription factors synergistically enhancing luciferase 

expression by a synthetic inducible IL-4 reporter gene construct(45). Other studies have 

reported that IL-4-induced STAT6 activation reduced NF-κB DNA binding and IL-6 expression 

in certain cell types(46, 47). Ohmori and colleagues reported that STAT6 trans-activating 

domain competed for the transcriptional coactivator CBP, and overexpression of CBP relieved 

the suppressive effect of STAT6 on TNF-α-induced NF-κB activation(26). Future studies will 

investigate STAT6 transactivation and interference with the activity of CBP co-activator on 

CCL17 versus CCL22 expression in the context of RV infection and type-2 cytokine stimulation 

in the lung.  

STAT6 has been shown to either activate or repress type-2 cytokine-induced gene expression 

in different contexts. Georas and colleagues reported that IL-4 stimulation highly activated a 

synthetic multimerized STAT6-response element contained within the c/EBP-N4-luc 

reporter(19). However, IL-4-induced STAT6 activation negatively regulated native IL-4 

promoter-driven IL-4 expression leading the authors to conclude that the transcriptional 

function of STAT6 is dependent on promoter-context(19).  We previously reported that in a 

mouse model of RV-induced exacerbation, RV infection increased allergen (OVA)-induced 

expression of both CCL17 and CCL22(18). Increased type-2 cytokine expression is a feature of 

this model(24), so our data is consistent with STAT6 promoting both CCL17 and CCL22 

expression. This further highlights the context-dependent transcriptional activity of STAT6 in 

the interplay between type-2 allergic inflammation and RV infection. It is noteworthy that 

CCL17 (and not CCL22) protein expression significantly correlated with type-2 cytokine (IL-4, 

IL-5 and IL-13) expression in the nasal mucosa. This is consistent with type-2 cytokine-STAT6 

activation preferentially driving CCL17 expression in the context of respiratory virus infection 

and acute exposure to type-2 cytokines. This raises the question of the net effect on CCR4-
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binding chemokine expression if STAT6 selectively suppresses expression of CCL22, while 

promoting expression of CCL17. We also need to consider cell-specific expression profile – as 

BEC expression of CCL22 was higher than CCL17 and tissue expression in vivo (mouse lung) 

was also different. This highlights that the system is complex and that direct counter-

regulation by STAT6 may proportionally affect expression of CCL17 vs CCL22 such that the net 

effect on CCR4 mediated immune cell recruitment is zero depending on the specific 

circumstances. 

In BEC cultures, CCL17 expression was synergistically increased by type-2 cytokines and RV 

infection, as has previously been noted following respiratory syncytial virus infection(41). 

However, the current study found that addition of IL-4 repressed RV-induced CCL22 and that 

siRNA-mediated knockdown of STAT6 relieved IL-4-induced suppression. Upon investigating 

upstream mediators of STAT6 signalling we found that type-2 cytokines negatively regulated 

RV-induction of both JAK1 and JAK2. A previous study in Schwann cells found that inhibition 

of JAK2/STAT pathways downregulated CCL22 gene expression(48), which compliments the 

reduction in CCL22 secretion we observed when type-2 cytokines suppress JAK2 protein 

expression. Despite the upregulation in SOCS1 and SOCS3 gene expression that we observed 

following RV infection, RV infection still promoted JAK2 expression. 

In summary, we identify differential transcriptional regulation and relationships with asthma 

disease parameters of RV-induced CCL17 and CCL22. Our data show that RV-challenged 

individuals with asthma had increased bronchial CCL22 associated with asthma symptoms, 

whilst peak CCL17 in the nose was associated with type-2 cytokine expression and upper 

respiratory tract symptoms. We demonstrated distinct STAT6-mediated transcriptional 

regulation of CCL17 and CCL22 during RV infection, while both chemokines were regulated by 
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NF-κB. Thus, our findings provide new insight into the context-dependent expression of these 

often interchangeable CCR4 ligands. Our findings suggest that clinical trials targeting CCR4 (or 

downstream pathways) will be useful in asthma exacerbations, particularly those triggered by 

virus infection given the interplay of STAT6 and NF-κB in this clinical disease setting. In support 

of this, CCL17 and CCL22 were detectable in the nasal mucosa and RV-induced expression was 

higher in asthma compared to viral induction in healthy volunteers. Furthermore, bronchial 

CCL22 protein levels at day 4 post experimental RV infection positively correlated with severity 

of lower respiratory tract symptoms in asthma. Further studies with selective inhibitors of 

CCR4/CCL17/CCL22 are needed to support therapeutically targeting this pathway in virus 

induced asthma exacerbations.  
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Tables 

 

Table 1: Clinical characteristics of time course donors 

  
Asthma 

 
Number, n 6  

Age, years (SD) 58.3 (15.3)  

Gender (M/F) (1/5)  

Atopy (SPT positive) (1/6)  

Severity Mild-Moderate (5)  

 Severe (1)  

FEV1, % predicted (SD) 82.5 (11.9)  

FVC, % predicted (SD) 89 (8.3)  

Daily ICS dose, beclomethasone 
equivalent, ug (SD) 

218.3 (37.6) 
 

 
ICS: Inhaled corticosteroid 

FVC: Forced vital capacity 

FEV1: Forced expiratory volume in one second 

 

 

 

Table 2: Clinical characteristics of healthy and donors with asthma 

  
Healthy Asthma 

 
Number, n 8 8  

Age, years (SD) 61.5 (13.6) 61.5 (8.8)  

Gender (M/F) (1/7)       (3/5)  

Atopy (SPT positive) (1/8) (5/8)**  

Severity NA Moderate (1)  

 NA Severe (7)  

FEV1, % predicted (SD) 89.1 (12.4) 70.6 (21.5)*  

FVC, % predicted (SD) 97.5 (15.9) 87.7 (12.6)  

Daily ICS dose, beclomethasone 
equivalent, ug (SD) 

NA 287 
(95.7)*** 

 

 
* significantly different compared with healthy controls 
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Supplemental Table 1: Primer sequences 

Gene Forward Reverse Probe 
18S CGCCGCTAGAGGTGAAATTCT CATTCTTGGCAAATGCTTTCG FAM- 

ACCGGCGCAAGACG
GACCAGA-TAMRA 

huCCL17 GGATGCCATCGTTTTTGTAACT
G 

TTAACTGCATTCTTCACTCTCTTGT
TG 

FAM- 
AGGGCCATCTGTTCG
GACCCCA-TAMRA 

huCCL22 CTACAGACTGCACTCCTGGTT
GTC 

GGGCCTGCCTCAGTTGCT FAM-
TCGTCCTCCTTGCTGT
GGCGCT-TAMRA 

All sequences presented in 5’ to 3’ orientation. 
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Figure legends 

Figure 1. Increased in vivo rhinovirus induced CCL17 and CCL22 in asthma is correlated with 

type 2 inflammation and disease severity. Individuals with asthma and healthy volunteers 

were infected with RV-A16 and nasal samples were obtained. A Protein levels of peak CCL17 

and CCL22 in the nose. Median +/- IQR, *p<0.05, **p<0.01, Healthy vs Asthma at baseline or 

peak of infection analysed by Mann-Whitney U test. B Correlation of peak nasal CCL17 and 

CCL22 levels. C Correlations of peak nasal CCL17 protein with peak nasal type-2 cytokine 

proteins (IL-4, IL-5 and IL-13). D Correlation of peak nasal CCL17 and CCL22 proteins with upper 

respiratory symptom scores. E Correlation of bronchial CCL22 protein with lower respiratory 

symptom scores. 

 

Figure 2. CCL22 induction by rhinovirus and increased expression by bronchial epithelial cells 

from donors with asthma. ALI-differentiated bronchial epithelial cells from donors with 

asthma were infected with either RV-A1 or RV-A43. Time course expression of A CCL17- and B 

CCL22-mRNA and C CCL22 protein. n = 6 donors for each time-point. Median +/- IQR, analyzed 

by two way ANOVA with Dunnett’s multiple comparison test. **** P < 0.001 RV-A43 vs mock, 

# P < 0.05 RV-A1 vs mock. D CCL22 protein expression at Baseline and four days after RV-A1 

infection in separate cohort of healthy control (HC) and asthmatic (AS) bronchial epithelial 

cells. n=7 HC donors, n=14 AS donors, median +/- IQR analyzed by Mann-Whitney U test (HC 

vs AS) or Wilcoxon matched pairs test (baseline vs RV-A1) * P < 0.05. 

 

Figure 3. Rhinovirus infection increased type 2 cytokine-induced STAT6 activation. 

Differentiated primary bronchial epithelial cells from n=6 healthy donors were treated with 
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type 2 cytokines or infected with RV. A Total STAT6, phosphorylated STAT6 (pSTAT6), total 

JAK1, JAK2 and β-actin protein expression was measured by immunoblot, representative blot, 

M molecular weight marker, and densitometry normalised to β-actin. B Fold change gene 

expression for SOCS1 and SOCS3 normalized to 18S RNA. Median +/- IQR analysed by 

Friedman test with Dunn’s multiple comparisons test *p<0.05, **p<0.01, ***p<0.001 for 

indicated comparisons. C Luciferase activity relative light units (RLU) in BEAS-2B cells 

transfected with STAT6 reporter plasmid and infected with RV-A1 and or treated with IL-4, 

n=7-8 replicate wells. Mean +/- STDEV analysed by 1 way ANOVA with Bonferroni multiple 

comparisons test **p<0.01. 

 

Figure 4. Differential STAT6 and NF-κB regulation of type 2 cytokine- and RV induced-CCL17 

and CCL22 expression. A549 cells were transfected with NF-κB p65, IKK2 or STAT6- targeting 

siRNA or scrambled non-targeting control siRNA. Untreated cells (medium) or cells treated 

with IL-4 and/or RV-A1 were assessed for A CCL17- B CCL22-protein expression. Data 

representative of at least 3 replicate wells. Median +/- IQR analysed by Mann-Whitney U test. 

*p<0.05, **p<0.01, ***p<0.001. C CCL22 protein expression by differentiated primary 

bronchial epithelial cells from n = 6 healthy donors untreated or treated with IL-4/IL-13 and/or 

infected with RV-A1, 96 h post-infection. Median +/- IQR analysed by Friedman test with 

Dunn’s multiple comparisons. *P<0.05, ***P<0.001 and Wilcoxon matched-pairs test #p<0.05. 

 

Figure 5. Rhinovirus infection induces airway expression of CCL17 and CCL22. Mice were 

infected intranasally with RV-A1 (RV) or UV-inactivated RV-A1 (UV). Mock-infected mice were 

dosed intranasally with PBS A Expression of CCL17 and CCCL22 in the bronchi at 2 days post-
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infection with IHC staining score. Specificity of staining confirmed with non-targeting isotype 

control antibody. n = 7-8 mice per group (for RV- and UV-treated mice). Mean +/- SDEV, P 

values calculated using Welch’s t test. B Time-course of CCL17 and CCL22 protein in BAL. n = 

4 mice per group, representative of 2 independent experiments. Median +/- IQR analysed by 

2 way ANOVA with Sidak’s multiple comparison test ***p<0.001, ****p<0.0001.  

 

Figure 6. STAT6 and NF-κB differentially regulate rhinovirus induced CCL17 and CCL22 

expression in vivo. RV-A1-infected (RV)- or UV-inactivated RV (UV)-treated mice. Mock – 

uninfected mice. A Representative western blot time course analysis of STAT6 

phosphorylation in lung tissue cytoplasmic protein from n =4 mice. B Time-course STAT6 DNA 

binding in lung tissue nuclear protein fraction measured by electrophoretic mobility shift 

assay. N = 4 mice shown for 8 h post-infection, 100X unlabelled probe C Expression of CCL17 

and CCL22 protein in BAL at 24 h post-infection of n = 5 wild type (WT) and STAT6ko mice, 

pooled data from 2 independent experiments. Expression of CCL17 and CCL22 protein in BAL 

of RV infected mice D treated with vehicle (DMSO) or IKK2 inhibitor (PS1145), E in p65 

homozygous positive (p65+/+)- and p65 heterozygous (p65+/-)-mice. n = 4 per group, pooled 

data from 2 independent experiments mean+/-STDEV *p<0.05, **p<0.01, ***p<0.001 Mann-

Whitney test. 

 

Figure 7. STAT6 knockout mice have reduced lung viral load associated with increased 

expression of NF-κB-regulated chemokines. RV infected wild-type (WT) or STAT6ko mice. 

Time course analysis of A titre of infectious virus in lung tissue, B neutrophils in BAL and C 

CXCL1, CXCL2 and IFN-λ2/3 proteins in BAL at baseline (0 hours) and 8, 24 and 48 hours after 
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i.n. infection with RV-A1 . N = 5 per group, representative of 2 independent experiments. 

Mean +/-STDEV **p<0.05, **p<0.01, ***p<0.001 Two way ANOVA with Sidak’s multiple 

comparison test. 
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Supplementary Figure Legends 

Supplementary Figure 1. IL-4 and RV differentially regulate CCL17 and CCL22 expression in 

vitro. A549 cells were pre-treated with IL-4 (10 ng/mL) 16 hours pre-infection with RV-A1 (MOI 

of 20). IL-4 and RV regulation of A CCL17 and B CCL22 protein secretion. Data representative 

of at least 3 replicate wells. *p<0.05, ** p<0.01, ***p<0.001 analysed by Mann-Whitney test. 

 

Supplementary Figure 2. RV-induced CCL22 and atopic status are not correlated in vitro. 

Atopic status (as determined by positive skin-prick test) of ALI-differentiated BECs were 

compared with CCL22 secretion levels from RV-A1 infected BECs.   

 

Supplementary Figure 3. Confirmation of mRNA and protein expression knockdown 

following NF-κB p65, IKK-β and STAT6 siRNA administration. A549 cells were either non-

transfected or transfected with control (non-targeting), NF-κB p65-, IKK-β- or STAT6-targeting 

siRNA in duplicate wells. Messenger RNA for A p65 or B IKK-β was expressed as percentage of 

non-transfected cells. Verification of protein reduction following C p65, IKK-β and D STAT6 

siRNA-mediated knockdown by western blot. 

 

Supplementary Figure 4. RV infection induces CCL22 expression in airway vessels. Mice were 

infected intranasally with RV-A1 or UV-inactivated RV-A1. Mock-infected were dosed 

intranasally with PBS. Expression of CCL22 in the airway vessels at 2 days post RV-infection, 

assessed by immunohistochemical staining. 
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Abstract 

Rationale: The interplay of type-2 inflammation and anti-viral immunity underpins asthma 

exacerbation pathogenesis. Virus infection induces type-2 inflammation-promoting 

chemokines CCL17 and CCL22 in asthma, however mechanisms regulating induction are 

poorly understood.  

Objectives: To use a human rhinovirus (RV) challenge model in human airway epithelial cells 

in vitro and mice in vivo to assess mechanisms regulating CCL17 and CCL22 expression.    

Methods: Subjects with mild-to-moderate asthma and healthy volunteers were 

experimentally infected with RV and airway CCL17 and CCL22 protein quantified. In vitro 

airway epithelial cell- and mouse-RV infection models were then employed to define STAT6- 

and NF-κB-mediated regulation of CCL17 and CCL22 expression.   

Main Results: Following RV infection, CCL17 and CCL22 expression was higher in asthma, 

which differentially correlated with clinical and immunological parameters. Air-liquid interface 

(ALI) differentiated primary epithelial cells from donors with asthma also expressed higher 

levels of RV-induced CCL22. RV infection boosted type-2 cytokine-induced STAT6 activation. 

In epithelial cells, type-2 cytokines and STAT6 activation had differential effects on chemokine 

expression:  increasing CCL17 and suppressing CCL22, whereas NF-κB promoted expression of 

both chemokines. In mice, RV infection activated pulmonary STAT6 which was required for 

CCL17, but not CCL22 expression. STAT6-knockout mice infected with RV expressed increased 

levels of NF-kB-regulated chemokines, which was associated with rapid viral clearance.  

Conclusions: RV-induced upregulation of CCL17 and CCL22 was mediated by NF-κB activation, 

whereas expression was differentially regulated by STAT6. Together, findings suggest 
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therapeutic targeting of type-2-STAT6 activation alone will not block all inflammatory 

pathways during RV infection in asthma.  
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Introduction 

Rhinoviruses (RV) are the most frequent virus infections associated with asthma 

exacerbations(1). Preventing or treating RV-induced asthma exacerbations remains a 

challenge, as there are currently no effective treatments for RV infection. An improved 

understanding of the immune response to RV infection is necessary to aid development of 

new therapies. 

The role of type-2 immune responses in the pathogenesis of asthma is well documented(2) 

and RV infection augments type-2 inflammation(3-5). For example, in experimental RV 

infections of subjects with atopic asthma, exacerbation severity correlated with TH2 cell 

cytokine production and viral load(3). In type-2 inflammatory airways diseases (e.g. allergic 

asthma), recruitment of CCR4-expressing immune cells to the airways is regulated by 

production of chemokines, including CCL17(6) and CCL22(7). The relevance of these CCR4 

ligands to disease is supported by their increased levels in serum and sputum from patients 

with asthma(8).  

CCR4 is expressed by type-2 inflammatory cells (including TH2 cells(9) and innate lymphoid 

cells (ILC2s)(10)), which produce IL-4, IL-5 and IL-13 and underpin the pathogenesis of allergic 

asthma(11). Genetic ablation of either CCR4 ligand (CCL17 or CCL22) reduced lung 

inflammation, decreased TH2 infiltration and reduced airway hyper-reactivity in mouse models 

of allergic airways disease(6, 12). Monoclonal antibodies targeting CCR4 (e.g. 

mogamulizumab) have been approved in Japan for the treatment of adult T-cell leukaemia-

lymphoma(13). While phase I trials have also assessed CCR4-targeting monoclonal treatment 

in asthma, trials were discontinued and have not been further pursued for asthma or viral-

induced exacerbations.  
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Promoter analyses of CCL17 and CCL22 have identified binding sites for NF-κB and STAT 

transcription factors, consistent with regulation by multiple inflammatory pathways(14-16). 

Co-stimulation of human lung epithelial cells with the STAT6-activating cytokine IL-4, and with 

TNFα (which activates NF-κB), synergistically induced CCL17 production(17). This highlighted 

the potential for RV infection-induced NF-κB activation(18) to augment CCL17 in asthma, 

modulating airway inflammation and disease exacerbation.  

There has been long-standing interest in CCL17 and CCL22 as treatment targets for type-2 

inflammatory diseases, including asthma. Despite this, there is a limited understanding of 

whether pulmonary CCL17 and CCL22 production is regulated by STAT6 and/or NF-κB in the 

context of RV infection and asthma. Further, there is evidence to suggest that the regulation 

of CCL17 and CCL22 by STAT6 is context-dependent(19). We previously reported that RV 

infection augments CCL17 and CCL22 expression in a mouse model of allergic airways 

disease(18) and recently reported both chemokines are induced by RV infection in humans, 

and further increased following infection in people with asthma(20). 

In the current study, we investigate relationships between human CCL17 and CCL22 protein 

expression in the context of allergic inflammation in vivo following experimental RV infection 

of healthy volunteers and patients with atopic asthma. We also employed mouse RV infection 

models to assess functional roles of STAT6 and NF-κB using transgenic- and pharmacological-

interventions. As airway epithelial cells are the primary site of RV infection, we also utilised in 

vitro human airway epithelial cell RV infection models to assess transcriptional regulation of 

CCL17 and CCL22. This is the first study to identify correlations between CCL17 and CCL22 

airway protein expression and disease parameters associated with RV infection in asthma. We 
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also define the role of key transcription factors (NF-κB and STAT6) in RV- and type-2 cytokine-

induction of these chemokines in vivo and by human airway epithelial cells in vitro.  

 

Materials & Methods 

Human participants 

We studied non-smoking subjects with mild to moderately severe asthma and healthy 

volunteers aged 18-55 years (confirmed serum RV-A16-neutralising antibody negative), as 

previously reported(5). The study received Research Ethics Committee approval 

(09/H0712/59) and subjects provided informed consent(5). Inclusion/exclusion criteria for 

subjects with asthma included doctor diagnosis of asthma, airway hyper-responsiveness, 

evidence of atopy (by skin prick test) and a history of infection-induced asthma 

exacerbation(5). Subjects with a history of severe asthma, >5 pack-year history or recent 

smoking, current symptoms of allergic rhinitis, or who experienced an asthma exacerbation 

or respiratory virus illness within the previous 6 weeks were excluded. Non-smoking, non-

asthmatic healthy controls were recruited based on: no history of asthma, atopy or allergic 

disease and no objective airway hyper-responsiveness. For patient demographics and 

additional information see reference(5). 

Human rhinovirus challenge 

Participants underwent bronchoscopy approximately 14 days prior to inoculation with RV-

A16(21) and on day 4 post-infection. On day 0, RV-A16 was delivered to both nostrils (100 

TCID50) using an atomiser, as previously described(5). Protein mediators in nasal secretions 

were assessed by nasosorption (days 0, 2-5 and 7)(5). On day 4 post-infection, 

Page 41 of 79



For Review Only

 6 

bronchosorption was conducted as previously described(20). Diary cards of upper and lower 

respiratory tract symptoms were commenced prior to baseline sampling and continued for 6 

weeks after RV-A16 infection, as previously described(3, 5). CCL17 and CCL22 proteins in nasal 

and bronchial secretions were quantified by Meso Scale Discovery multi-spot human cytokine 

assay, as described previously(20). 

Mouse rhinovirus infection 

Female BALB/c mice, 6-8 weeks, were purchased from Harlan UK. Tnfrsf1a−/−-Rela(p65)+/− mice 

(129/Sv - C57BL/6 background) were bred to generate TNFR1-deficient mice of p65+/+ 

(wildtype) or p65+/− (heterozygous)(22). Genotype was determined by PCR. As TNFR1/p65-

deficient mice are susceptible to bacterial infections, antibiotics were included in drinking 

water(23). STAT6 knockout (ko) mice (Stat6tm1/Gru – Balb/c background) were purchased from 

Jackson Laboratory (Bar Harbor, USA). 

RV-A1 (American Tissue Culture Collection) was purified and titrated, as described 

previously(24). Where indicated, UV-inactivated RV-A1 (1,200 mJ/cm2; 30 min) was used. Mice 

were infected by intranasal (i.n.) instillation RV-A1 (5 x 106 TCID50), as previously described(24, 

25). Infectious RV titre in homogenised lung tissue was determined in HeLa H1 cells via TCID50 

assay as previously described (24).  To inhibit Iκβ-kinase-β (IKK-β) mice PS-1145 (40mg/kg in 

10% DMSO) was administered by intraperitoneal injection (Millenium Pharmaceuticals(26)). 

At indicated times after infection, broncho-alveolar lavage (BAL) was performed and CCL17, 

CCL22, IFN-λ2/3, CXCL1, and CXCL2 protein levels quantified by ELISA, according to 

manufacturer instructions (R&D Systems). CCL17 and CCL22 expression in airway epithelium 

was determined by immunohistochemistry staining of tissue samples.  

 

Page 42 of 79



For Review Only

 7 

 

STAT6 protein quantification in mouse lung 

Lung tissue cell cytoplasmic and nuclear protein extracts were prepared using CelLytic 

NuCLEAR extraction kit (Sigma), according to manufacturer’s instructions. Cytoplasmic 

fraction proteins were resolved by denaturing SDS-PAGE and immunoblotted using antibodies 

against STAT6-phosphor Y641 (Abcam). EMSA was performed, as previously described(27). 

Lung tissue nuclear protein extracts were incubated with labelled STAT6-binding DNA probe 

and binding specificity demonstrated using 100x excess (20 pmoL) unlabelled DNA. DNA-

protein complexes were resolved on native acrylamide gel and visualised by autoradiography.   

CCL22 and CCL17 protein immunostaining in mouse lung tissue 

Single immunohistochemical staining was performed as previously described (28), using goat 

anti-mouse CCL22 (sc-12288; Santa Cruz Biotechnology) and goat anti-mouse CCL17, 

respectively (AF529; R&D Systems). Staining was scored by a single, blinded investigator (PC) 

using microscopy. CCL22 and CCL17 epithelial staining was scored as: 0 = no staining; 1-4 based 

on 1-24%, 25-49%, 50-74% or 75-100%(28, 29).  

Human cell culture 

A549 lung epithelial cells (ECACC) were cultured in DMEM containing L-glutamine, HEPES, 

sodium bicarbonate and 10% FCS. Cells were pre-treated with IL-4 (10ng/mL) 16 h before 

infection with RV-A1 (multiplicity of infection (MOI) = 20). Knock-down of NF-κB p65, IKK-β 

and STAT6 was achieved using ON-TARGET plus SMART pool siRNA (4 siRNAs per target; 

Dharmacon/ThermoFisher) and Lipofectamine 2000 transfection reagent (Invitrogen), as 

previously described(30). Reduction of targeted protein expression was confirmed by western 

blot(30).  
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BEAS-2B airway epithelial cells (ECACC) were cultured in RPMI 1640 medium with 10% FCS. 

Transient transfection of BEAS-2B cells with a STAT6-responsive-luciferase reporter plasmid 

c/EBP-N4-luc (19, 31) was performed, as described previously(18). Briefly, cells were 

transfected with c/EBP-N4-luc and pRL Renilla luciferase control reporter vector (Promega) in 

Superfect (Qiagen) transfection reagent, based on manufacturer recommendations. At 24 

hours post-transfection, cells were treated with IL-4 (10 ng/mL) and / or infected with RV-A1 

(MOI = 1). At 24 h post-treatment/infection luciferase activity in cell lysates were measured 

using a dual luciferase protocol (Promega). 

Bronchial epithelial cells (BECs) from healthy and asthmatic donors were cultured at air-liquid 

interface (ALI), as previously described(32). Briefly, BECs were cultured on placental collagen-

coated flasks until confluent, then seeded onto transwell inserts at passage 2 in 1:1 mix of 

Dulbecco’s modified Eagle medium and BEBM plus supplements (Lonza). Apical media was 

removed once cells were confluent and cultures differentiated for 24 days, where evidence of 

mucus and cilia was present. At day 24 post-ALI, basal media was replaced with minimal BEBM 

media supplemented with human recombinant IL-4 and IL-13 (10ngmL; Peprotech). On day 

25, cells were infected with RV-A1 (MOI 0.1) (33) and harvested 4 days post-infection. 

Human CCL22 and CCL17 protein in epithelial cell cultures was quantified using DuoSet ELISAs, 

according to manufacturer instructions (R&D Systems). For STAT6, JAK1, and JAK2 protein 

expression and phosphorylation analysis, BEC protein lysates were diluted with Laemmli 

loading buffer, denatured, and run on a TGX 4-12% stain-free gel (Biorad). Membranes were 

subsequently transferred onto nitrocellulose, blocked in bovine serum albumin/skimmed milk 

and stained overnight for pSTAT6 (CST), STAT6 (Santa Cruz), JAK1 (CST), JAK2 (CST) or B-actin 
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(Abcam). Blots were then washed in TBS-T and stained with anti-rabbit and anti-mouse 

secondary antibodies (Abcam), imaged using a Chemidoc imager (BioRad). 

Quantitative PCR (qPCR) 

CCL17, CCL22, SOCS1, and SOCS3 mRNA levels were measured by qPCR, normalised to 18S 

reference gene levels (primer sequences in Table 1). RNA was extracted using miRNeasy mini 

kit (Qiagen) and quantified using nanodrop spectrophotometer. cDNA was generated using 

Taqman reverse transcription reagents and quantitative qPCR performed on an ABI7500 with 

Quantstudio software (Applied Biosystems).  

Statistical analysis 

Statistical analysis was performed using GraphPad Prism v8.2.1 software.  Wilcoxon matched 

pairs test was used to assess effect of treatment within a group and Mann-Whitney test to 

compare between different groups. For comparisons between multiple groups of non-

normally distributed data Friedman test with Dunn’s multiple comparison was used. Log-

transformed viral load data was compared by two-way ANOVA with Sidak’s multiple 

comparisons test. Transformed data was fitted to a straight line in a QQ plot confirming 

normal distributions for comparison. For time-course protein data, comparisons were 

performed by two-way ANOVA with Sidak’s multiple comparisons test. P values <0.05 were 

considered statistically significant. 

 

Results 

RV induction of CCL17 and CCL22 in asthma correlated with markers of disease 

Time-course nasal expression of CCL17 and CCL22 from a human RV challenge study in 

subjects with mild to moderate asthma and healthy volunteers has previously been 

reported(20). In the current study we reanalysed this data by plotting baseline (day 0) nasal 
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CCL17 and CCL22 protein expression and peak expression during the infection to determine 

correlations with immunological and clinical outcomes, as previously described(5). At 

baseline, CCL17 protein was higher in nasosorption samples from asthmatic subjects 

compared to healthy controls. Peak CCL17 was also higher in asthma during RV infection. For 

CCL22, baseline levels were non-significantly (p=0.072) higher in asthma vs healthy and peak 

levels were significantly higher in subjects with asthma compared to healthy volunteers during 

RV infection (Fig.1A). Peak nasal CCL17 and CCL22 concentrations during infection were 

positively correlated with each other in both healthy subjects and subjects with asthma 

(Fig.1B). We previously reported that RV infection induced type-2 cytokines (IL-4, IL-5 and IL-

13) and that IL-5 and IL-13 levels during infection in asthma positively correlated with 

respiratory symptom severity(5). In the current study, IL-4, IL-5 and IL-13 were positively 

correlated with peak nasal CCL17 (but not CCL22) production during RV infection (Fig.1C). 

Further, CCL17 and CCL22 levels during RV infection correlated with peak upper respiratory 

symptom scores (Fig.1D) and at day 4 post-infection bronchial CCL22 protein levels correlated 

with peak lower respiratory symptom scores in subjects with asthma (Fig.1E). These data show 

that RV-induced CCL17 and CCL22 levels are differentially associated with clinical and 

immunological asthma exacerbation parameters and CCL17 (but not CCL22) positively 

correlated with type-2 cytokine expression. 

RV infection in bronchial epithelial cells from donors with asthma induces higher levels of 

CCL22 compared to CCL17 

Airway epithelial cells are a source of CCL17 and CCL22(17, 34) and the primary site of RV 

infection(35). We next quantified CCL17 and CCL22 expression in RV-infected ALI-cultured 

BECs from donors with asthma (donor characteristics in Table 1). Infection with either major 
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group RV-A43 or minor group RV-A1 did not significantly increase CCL17 mRNA expression 

(Fig.2A). However, RV infection did increase CCL22 mRNA expression.  RV-A1 infection rapidly 

induced CCL22 expression which peaked at day 2 post-infection, whereas induction by RV-A43 

infection peaked at day 4 (Fig.2B). We noted peak RV-induced CCL22 mRNA levels were 

approximately 10-fold higher than CCL17. CCL17 protein in apical supernatants were below 

the limit of detection, whereas CCL22 protein was detectable and significantly increased by 

RV-A1 infection (with a non-significant (P=0.088) increase after RV-A43 infection) at day 4 

post-infection (Fig.2C). Based on this time-course data, we selected baseline and day 4 post-

infection as relevant timepoints to compare RV-induced CCL22 protein expression in ALI-

cultured BECs from a separate cohort of donors with asthma (AS) and non-asthmatic, healthy 

control subjects (HC; n=7; donor characteristics in Table 2). To increase sample size, we 

combined the CCL22 protein data generated with the previous day 4 CCL22 protein data from 

asthma (AS) BECs, providing n=14 asthma donors infected with RV-A1 (Fig.2D). Infection of 

BECs from donors with asthma significantly increased CCL2 expression, which was higher 

(p=0.055) than RV-induced CCL22 in BECs from healthy control donors (Fig.2D). We noted 

variability in RV-induced CCL22 levels between BEC cultures from asthmatic donors, but note 

that variability did not correlate with atopic status determined by skin prick test positivity 

(Supplementary Figure 2). These data are consistent with observed RV induction of CCL22 in 

vivo and indicate that airway epithelial cells from patients with asthma are primed to express 

higher levels of CCL22, compared to cells from non-asthmatic, healthy control subjects. 

RV infection augments type 2 cytokine-induced STAT6 activation 

We next characterised transcriptional regulation of CCL17 and CCL22 during RV infection. 

Previous studies identified NF-κB and STAT6 binding sites in CCL17 and CCL22 promoters(14-
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16). Further, STAT6 binding can have differential effects on target gene expression depending 

on the cellular context(19). Whether (and how) these transcription factors regulate expression 

of these chemokines in human airway epithelial cells during RV infection is unknown. We 

previously reported RV-induced epithelial cell NF-κB activation during RV infection(18). Here 

we investigated STAT6 activation following RV-A1 infection, in the presence of cytokine (IL-

4/IL-13) induced STAT6 phosphorylation in ALI-differentiated BEC cultures from healthy 

donors (n=6). Type 2 cytokine treatment alone induced a near-significant (p=0.067) increase 

in pSTAT6 levels, which was further increased with RV-A1 infection (Fig.3A).  

To gain insight into potential mechanisms underlying increased STAT6 phosphorylation in ALI 

cultures following RV infection and stimulation with type-2 cytokines, we quantified 

expression of two Janus kinases (JAK1and JAK2) that are activated by viral infection and have 

been shown to phosphorylate STAT6 (36, 37). IL-4/13 treatment significantly reduced 

constitutive expression of JAK1, whereas RV infection alone did not significantly deplete JAK1 

expression (Fig. 3A). RV infection reduced the suppressive effect of type-2 cytokines such that 

IL-4/13 treatment did not significantly reduce the expression of JAK1 compared to RV infection 

alone or compared to untreated cells (Fig. 3A). For JAK2, RV infection increased expression 

above levels in type-2 cytokine-treated cells (Fig. 3A). Again, RV infection partially reversed 

the suppressive effect of type 2 cytokine treatment such that the combination did not 

significantly reduce JAK2 compared to RV infection alone (Fig. 3A). The data suggests that RV 

infection partially restores type-2 cytokine-suppressed JAK1 expression, which could 

contribute to increased STAT6 phosphorylation observed following RV infection of type-2 

cytokine-treated cells. 
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In addition to assessing expression of RV-induced kinases that phosphorylate STAT6 we also 

quantified negative regulators of STAT activation, namely SOCS1 and SOCS3(38). RV infection 

alone as well in combination with type 2 cytokine treatment significantly increased SOCS1 and 

SOCS3 mRNA expression compared to untreated cells (Fig. 3B). IL-4/IL-13 treatment with RV 

infection also increased SOCS3 expression compared to type-2 cytokine-treated BECs (Fig. 3B). 

This data identified RV infection as the primary driver of SOCS3 expression. However, this 

induction of SOCS3 was not sufficient to block RV-augmented type-2 cytokine-induced STAT6 

phosphorylation, as shown in Fig 3A.  

To determine if observed STAT6 phosphorylation led to increased transcriptional activity we 

developed an in vitro assay system by treating BEAS-2B cells with IL-4 and/or infecting with 

RV. We initially confirmed expression of CCL17 and CCL22 protein by BEAS-2B cells. As in 

primary cells, RV infection alone did not induce detectable levels of CCL17 protein. However, 

combined IL-4 and RV treatment/infection significantly increased CCL17 protein (Sup Fig.1A). 

RV infection alone increased CCL22 protein, while pre-treatment with IL-4 reduced RV 

induction of CCL22 protein levels (Sup. Fig.1B).  

Having established the utility of this BEAS-2B cell assay system to investigate the interaction 

between RV infection and type 2 cytokine treatment on CCL17 and CCL22 expression we also 

used this system to examine STAT6 promoter activation following transfection of a STAT6-

driven luciferase reporter plasmid. Compared to untreated cells, promoter activity was 

increased 2-3-fold following RV infection (Fig.3C). IL-4 treatment significantly induced STAT6 

promoter activation, compared to RV infection alone (approximately 7-fold), and combined 

IL-4 and RV exposure additively increased activation (>10 fold) (Fig.3C). These data provide 
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evidence that RV infection alone is sufficient for low level STAT6 activation in airway epithelial 

cells, and RV infection augments type-2 cytokine-induced-STAT6 transcriptional activation.  

STAT6 and NF-κB activation have differential effects on RV- and type-2 cytokine-induced 

CCL17 and CCL22 expression 

Experiments in BEAS2B cells indicated that type-2 cytokine/STAT6 differentially regulate 

CCL17 and CCL22. To further investigate transcriptional regulation of CCL17 and CCL22 

expression, we assessed the effects of administering small interfering RNAs (siRNAs) targeting 

NF-κB (p65 or IKK-β) and STAT6 in A549 cells treated with IL-4 and/or infected with RV. We 

confirmed that siRNA administration reduced protein expression of the respective targets 

(Supplementary Fig.3). As observed previously, highest CCL17 levels were induced by a 

combination of IL-4 and RV-A1 exposure (Fig.4A). SiRNAs targeting p65, IKK-β or STAT6 all 

reduced IL-4/RV-A1-induced CCL17 production, compared to control siRNA treatment 

(Fig.4A). This was not the case for CCL22 expression, where the highest level of CCL22 

expression was observed following RV-A1 infection alone, and significantly reduced by IL-4 

treatment (Fig.4B). SiRNA targeting p65 or IKK-β reduced CCL22 expression in RV-infected 

cells. In contrast, CCL22 expression increased following STAT6 knockdown in IL-4-treated 

cultures infected with RV (Fig.4B). Inhibition of STAT6 expression also increased RV (alone) 

induced CCL22 expression providing further evidence of direct STAT6 activation by RV (Fig. 

4B). These data indicate that unlike CCL17, type-2 cytokine-induced STAT6 activation 

negatively regulates CCL22 expression in RV-infected airway epithelial cells. We confirmed this 

observation in a more physiologically relevant system, observing that type-2 cytokine 

treatment (IL-4 and IL-13) suppressed RV-induced CCL22 protein expression in ALI-

differentiated BEC cultures derived from healthy donors (Fig.4C).  
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Differential kinetics of expression of RV-induced CCL17 and CCL22 in vivo 

We also investigated pulmonary expression of CCL17 and CCL22 in vivo in a mouse model of 

RV infection(24) and observed s CCL17 and CCL22 protein expression in airway epithelium 

(Fig.5A). RV infection induced strong CCL17 staining exclusively in the bronchial epithelium 

(Fig.5A), with negligible staining in lung tissue from mock-infected or UV-inactivated RV 

inoculated mice. Constitutive CCL22 expression was apparent in lung tissue following mock 

infection or inoculation with UV-inactivated RV-A1. CCL22 was more broadly expressed in the 

lung than CCL17, with expression also detected in endothelial cells (Supplementary Fig.4). 

CCL17 and CCL22 were also significantly elevated in BAL samples during RV-A1 infection, with 

CCL17 levels peaking at 1-day post-infection (p.i.) and CCL22 peaking 2 days p.i., with both 

chemokines significantly elevated through 4 days p.i. (Fig.5B).  

RV-induced CCL17 and CCL22 expression are differentially regulated by STAT6 in vivo 

We next determined when STAT6 phosphorylation occurred in the lung during RV infection. 

We previously reported that RV infection induced NF-κB activation(18), so in the current study 

we focused on STAT6. Increased levels of cytoplasmic phosphorylated-STAT6 (pSTAT6) in lung 

tissue were observed 8 hours post RV-A1 infection (Fig.6A). Increased STAT6-DNA binding was 

observed in the nuclear fraction of lung protein samples from RV-infected mice (Fig.6B). This 

finding was confirmed in samples from four additional mice at 8 hours p.i. and binding 

specificity was confirmed using excess (100X) unlabelled probe (Fig.6B). 

To determine the functional role of STAT6 activation on CCL17 and CCL22 production, we 

utilized a RV-A1 time course to identify 1-day p.i. for assessment in STAT6ko mice. At 1-day 

p.i., lower levels of CCL17 were detected in BAL samples from STAT6ko mice, compared to 

wild-type (WT) controls (Fig.6C). In contrast, but in agreement with our in vitro human data, 
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STAT6 deficiency had no effect on CCL22 levels, indicating that STAT6 is not required to drive 

CCL22 expression in the context of RV infection (Fig.6C). We also examined the role of NF-κB 

in vivo, using pharmacological IKK-β inhibition (Fig.6D) and genetically deficient p65+/- mice 

(Fig.6E).  Administration of the IKK-β inhibitor (PS1145) significantly reduced both CCL17 and 

CCL22 BAL protein levels following RV-A1 infection, compared with vehicle-treated controls 

(Fig.6D). Similarly, p65+/- mice had reduced CCL17 BAL protein levels after RV-A1 infection, 

compared to homozygous wild-type p65+/+ mice, following RV infection (Fig.6E). In p65+/- mice 

a trend (P=0.08) towards reduced levels of CCL22 was also observed (Fig.6E). These data 

confirm that unlike CCL17, STAT6 is not required for RV-induced CCL22 expression. In contrast, 

NF-κB was required for expression of both chemokines following infection.  

STAT6 expression inhibits viral clearance and expression of NF-κB-regulated chemokines  

To determine whether perturbation of STAT6 altered the RV-induced lung inflammatory 

milieu, we performed an RV-infection time course analysis in wild-type (WT) and STAT6ko 

mice. At 8 hours post-infection viral load was not different between WT and STAT6ko mice. In 

contrast, by 24 hours post-infection lung viral load was approximately 10-fold lower in 

STAT6ko mice compared to WT controls (Fig. 7A). RV infection induces airway neutrophilic 

inflammation and we noted a consistent trend for increased neutrophils in BAL samples 

isolated from STAT6ko mice (Fig. 7B). Further, this was associated with significantly increased 

expression of the NF-κB-regulated neutrophil-recruiting chemokines CXCL1 and CXCL2 in BAL 

fluid from STAT6ko mice. In contrast, IFN-λ levels were not increased in STAT6ko mice 

compared to WT mice (Fig. 7C). 
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Discussion 

This study interrogated the regulation of RV-induced CCL17 and CCL22 as a framework to 

better understand the interplay between two key inflammatory pathways (i.e. STAT6 and NF-

κB), which collectively underpin the pathogenesis of asthma exacerbations. To do this we 

utilized a human RV experimental infection model,  in vitro airway epithelial cell- and mouse 

RV infection models to show that blocking STAT6 activation alone (particularly in the context 

of viral infection and NF-κB activation), will not completely inhibit inflammatory cell trafficking 

via chemokines such as CCL22 (where STAT6 activation may restrict expression).  

We have previously reported time-course of CCL17 and CCL22 protein expression in nasal and 

bronchial secretions in a human RV experimental infection model, in healthy volunteers and 

subjects with asthma(20). We reanalysed this data to identify the peak expression level for 

each subject so that it could be correlated to type-2 cytokine production. This approach has 

been used previously to define clinical and immunological correlates of expression of other 

mucosal-epithelial expressed inflammatory cytokines such as IL-33(5). Peak expression of 

CCL17 (and not CCL22) correlated with IL-4, IL-5 and IL-13 expression in the nasal mucosa. This 

indicated that type 2 inflammation in combination with viral infection increased CCL17 

expression. This conclusion is supported by in vitro experiments in human airway epithelial 

cells. In A549 cells the combination of IL-4 treatment and RV infection was required for 

detectable expression of CCL17 protein. In primary human BECs differentiated at ALI, adding 

multiple type 2 cytokines (IL-4 and IL-13) with RV infection did not induce detectable CCL17 

protein expression suggesting that signals in addition to direct epithelial cell STAT6 activation, 

potentially mediated by immune cells, are needed for maximal expression by mucosal tissues. 

Immune cell augmentation of CCL17 production has been documented in other systems. For 
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example, CCL17-expessing dendritic cells have been identified in intestinal mucosa and drive 

inflammation in a mouse colitis model(39).         

Limited research has assessed the expression and regulation of CCL17 and CCL22 during 

respiratory virus infection in the context of asthma exacerbations (40-42). In a mouse model 

of RV infection, Nagarkar et al. assessed the lung inflammatory transcriptome and reported 

CCL17 as one of the most highly induced genes (>14 fold). Further, CCL22 gene expression was 

significantly increased (>3 fold)(43). Here we extended these results to report increased 

chemokine protein expression following RV infection in both human and mouse RV infection 

models. Our human in vitro BEC data demonstrated that RV subtypes binding different 

receptors: major group (ICAM-1 receptor) and minor group (low density lipoprotein receptor) 

induced CCL22 expression, evidence that CCL22 expression is a general response to RV 

infection. While we noted 2-3 fold higher secretion of CCL22 and CCL17 within our in vitro and 

in vivo systems compared to the human experimental model, we attribute this as likely due to 

the higher RV infection doses and direct infection of the lower respiratory tract for mouse 

infection model.  

 To look more broadly at RV infection and activation of NF-κB and STAT6 signalling pathways, 

we transfected siRNA into an epithelial cell line. Whilst both NF-κB- and STAT6 appear to be 

involved in regulating CCL17 production by alveolar epithelial cells, STAT6 negatively regulated 

CCL22 expression. This was further confirmed in STAT6-/-p65+/- mice and following IKK-β 

inhibitor PS1145 treatment, where CCL17 production was abrogated in the absence of NF-κB 

or STAT6, while CCL22 secretion was unaffected by altering STAT6. STAT6 has previously been 

reported to directly inhibit p65 translocation to the nucleus by inhibiting IKBα phosphorylation 

in HeLa cells(44). Differential and direct interaction between NF-κB and STAT6 have previously 
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been reported, with the two transcription factors synergistically enhancing luciferase 

expression by a synthetic inducible IL-4 reporter gene construct(45). Other studies have 

reported that IL-4-induced STAT6 activation reduced NF-κB DNA binding and IL-6 expression 

in certain cell types(46, 47). Ohmori and colleagues reported that STAT6 trans-activating 

domain competed for the transcriptional coactivator CBP, and overexpression of CBP relieved 

the suppressive effect of STAT6 on TNF-α-induced NF-κB activation(26). Future studies will 

investigate STAT6 transactivation and interference with the activity of CBP co-activator on 

CCL17 versus CCL22 expression in the context of RV infection and type-2 cytokine stimulation 

in the lung.  

STAT6 has been shown to either activate or repress type-2 cytokine-induced gene expression 

in different contexts. Georas and colleagues reported that IL-4 stimulation highly activated a 

synthetic multimerized STAT6-response element contained within the c/EBP-N4-luc 

reporter(19). However, IL-4-induced STAT6 activation negatively regulated native IL-4 

promoter-driven IL-4 expression leading the authors to conclude that the transcriptional 

function of STAT6 is dependent on promoter-context(19).  We previously reported that in a 

mouse model of RV-induced exacerbation, RV infection increased allergen (OVA)-induced 

expression of both CCL17 and CCL22(18). Increased type-2 cytokine expression is a feature of 

this model(24), so our data is consistent with STAT6 promoting both CCL17 and CCL22 

expression. This further highlights the context-dependent transcriptional activity of STAT6 in 

the interplay between type-2 allergic inflammation and RV infection. It is noteworthy that 

CCL17 (and not CCL22) protein expression significantly correlated with type-2 cytokine (IL-4, 

IL-5 and IL-13) expression in the nasal mucosa. This is consistent with type-2 cytokine-STAT6 

activation preferentially driving CCL17 expression in the context of respiratory virus infection 

and acute exposure to type-2 cytokines. This raises the question of the net effect on CCR4-
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binding chemokine expression if STAT6 selectively suppresses expression of CCL22, while 

promoting expression of CCL17. We also need to consider cell-specific expression profile – as 

BEC expression of CCL22 was higher than CCL17 and tissue expression in vivo (mouse lung) 

was also different. This highlights that the system is complex and that direct counter-

regulation by STAT6 may proportionally affect expression of CCL17 vs CCL22 such that the net 

effect on CCR4 mediated immune cell recruitment is zero depending on the specific 

circumstances. 

In BEC cultures, CCL17 expression was synergistically increased by type-2 cytokines and RV 

infection, as has previously been noted following respiratory syncytial virus infection(41). 

However, the current study found that addition of IL-4 repressed RV-induced CCL22 and that 

siRNA-mediated knockdown of STAT6 relieved IL-4-induced suppression. Upon investigating 

upstream mediators of STAT6 signalling we found that type-2 cytokines negatively regulated 

RV-induction of both JAK1 and JAK2. A previous study in Schwann cells found that inhibition 

of JAK2/STAT pathways downregulated CCL22 gene expression(48), which compliments the 

reduction in CCL22 secretion we observed when type-2 cytokines suppress JAK2 protein 

expression. Despite the upregulation in SOCS1 and SOCS3 gene expression that we observed 

following RV infection, RV infection still promoted JAK2 expression. 

In summary, we identify differential transcriptional regulation and relationships with asthma 

disease parameters of RV-induced CCL17 and CCL22. Our data show that RV-challenged 

individuals with asthma had increased bronchial CCL22 associated with asthma symptoms, 

whilst peak CCL17 in the nose was associated with type-2 cytokine expression and upper 

respiratory tract symptoms. We demonstrated distinct STAT6-mediated transcriptional 

regulation of CCL17 and CCL22 during RV infection, while both chemokines were regulated by 
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NF-κB. Thus, our findings provide new insight into the context-dependent expression of these 

often interchangeable CCR4 ligands. Our findings suggest that clinical trials targeting CCR4 (or 

downstream pathways) will be useful in asthma exacerbations, particularly those triggered by 

virus infection given the interplay of STAT6 and NF-κB in this clinical disease setting. In support 

of this, CCL17 and CCL22 were detectable in the nasal mucosa and RV-induced expression was 

higher in asthma compared to viral induction in healthy volunteers. Furthermore, bronchial 

CCL22 protein levels at day 4 post experimental RV infection positively correlated with severity 

of lower respiratory tract symptoms in asthma. Further studies with selective inhibitors of 

CCR4/CCL17/CCL22 are needed to support therapeutically targeting this pathway in virus 

induced asthma exacerbations.  
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Tables 

 

Table 1: Clinical characteristics of time course donors 

  
Asthma 

 
Number, n 6  

Age, years (SD) 58.3 (15.3)  

Gender (M/F) (1/5)  

Atopy (SPT positive) (1/6)  

Severity Mild-Moderate (5)  

 Severe (1)  

FEV1, % predicted (SD) 82.5 (11.9)  

FVC, % predicted (SD) 89 (8.3)  

Daily ICS dose, beclomethasone 
equivalent, ug (SD) 

218.3 (37.6) 
 

 
ICS: Inhaled corticosteroid 

FVC: Forced vital capacity 

FEV1: Forced expiratory volume in one second 

 

 

 

Table 2: Clinical characteristics of healthy and donors with asthma 

  
Healthy Asthma 

 
Number, n 8 8  

Age, years (SD) 61.5 (13.6) 61.5 (8.8)  

Gender (M/F) (1/7)       (3/5)  

Atopy (SPT positive) (1/8) (5/8)**  

Severity NA Moderate (1)  

 NA Severe (7)  

FEV1, % predicted (SD) 89.1 (12.4) 70.6 (21.5)*  

FVC, % predicted (SD) 97.5 (15.9) 87.7 (12.6)  

Daily ICS dose, beclomethasone 
equivalent, ug (SD) 

NA 287 
(95.7)*** 

 

 
* significantly different compared with healthy controls 
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Supplemental Table 1: Primer sequences 

Gene Forward Reverse Probe 
18S CGCCGCTAGAGGTGAAATTCT CATTCTTGGCAAATGCTTTCG FAM- 

ACCGGCGCAAGACG
GACCAGA-TAMRA 

huCCL17 GGATGCCATCGTTTTTGTAACT
G 

TTAACTGCATTCTTCACTCTCTTGT
TG 

FAM- 
AGGGCCATCTGTTCG
GACCCCA-TAMRA 

huCCL22 CTACAGACTGCACTCCTGGTT
GTC 

GGGCCTGCCTCAGTTGCT FAM-
TCGTCCTCCTTGCTGT
GGCGCT-TAMRA 

All sequences presented in 5’ to 3’ orientation. 
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Figure legends 

Figure 1. Increased in vivo rhinovirus induced CCL17 and CCL22 in asthma is correlated with 

type 2 inflammation and disease severity. Individuals with asthma and healthy volunteers 

were infected with RV-A16 and nasal samples were obtained. A Protein levels of peak CCL17 

and CCL22 in the nose. Median +/- IQR, *p<0.05, **p<0.01, Healthy vs Asthma at baseline or 

peak of infection analysed by Mann-Whitney U test. B Correlation of peak nasal CCL17 and 

CCL22 levels. C Correlations of peak nasal CCL17 protein with peak nasal type-2 cytokine 

proteins (IL-4, IL-5 and IL-13). D Correlation of peak nasal CCL17 and CCL22 proteins with upper 

respiratory symptom scores. E Correlation of bronchial CCL22 protein with lower respiratory 

symptom scores. 

 

Figure 2. CCL22 induction by rhinovirus and increased expression by bronchial epithelial cells 

from donors with asthma. ALI-differentiated bronchial epithelial cells from donors with 

asthma were infected with either RV-A1 or RV-A43. Time course expression of A CCL17- and B 

CCL22-mRNA and C CCL22 protein. n = 6 donors for each time-point. Median +/- IQR, analyzed 

by two way ANOVA with Dunnett’s multiple comparison test. **** P < 0.001 RV-A43 vs mock, 

# P < 0.05 RV-A1 vs mock. D CCL22 protein expression at Baseline and four days after RV-A1 

infection in separate cohort of healthy control (HC) and asthmatic (AS) bronchial epithelial 

cells. n=7 HC donors, n=14 AS donors, median +/- IQR analyzed by Mann-Whitney U test (HC 

vs AS) or Wilcoxon matched pairs test (baseline vs RV-A1) * P < 0.05. 

 

Figure 3. Rhinovirus infection increased type 2 cytokine-induced STAT6 activation. 

Differentiated primary bronchial epithelial cells from n=6 healthy donors were treated with 
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type 2 cytokines or infected with RV. A Total STAT6, phosphorylated STAT6 (pSTAT6), total 

JAK1, JAK2 and β-actin protein expression was measured by immunoblot, representative blot, 

M molecular weight marker, and densitometry normalised to β-actin. B Fold change gene 

expression for SOCS1 and SOCS3 normalized to 18S RNA. Median +/- IQR analysed by 

Friedman test with Dunn’s multiple comparisons test *p<0.05, **p<0.01, ***p<0.001 for 

indicated comparisons. C Luciferase activity relative light units (RLU) in BEAS-2B cells 

transfected with STAT6 reporter plasmid and infected with RV-A1 and or treated with IL-4, 

n=7-8 replicate wells. Mean +/- STDEV analysed by 1 way ANOVA with Bonferroni multiple 

comparisons test **p<0.01. 

 

Figure 4. Differential STAT6 and NF-κB regulation of type 2 cytokine- and RV induced-CCL17 

and CCL22 expression. A549 cells were transfected with NF-κB p65, IKK2 or STAT6- targeting 

siRNA or scrambled non-targeting control siRNA. Untreated cells (medium) or cells treated 

with IL-4 and/or RV-A1 were assessed for A CCL17- B CCL22-protein expression. Data 

representative of at least 3 replicate wells. Median +/- IQR analysed by Mann-Whitney U test. 

*p<0.05, **p<0.01, ***p<0.001. C CCL22 protein expression by differentiated primary 

bronchial epithelial cells from n = 6 healthy donors untreated or treated with IL-4/IL-13 and/or 

infected with RV-A1, 96 h post-infection. Median +/- IQR analysed by Friedman test with 

Dunn’s multiple comparisons. *P<0.05, ***P<0.001 and Wilcoxon matched-pairs test #p<0.05. 

 

Figure 5. Rhinovirus infection induces airway expression of CCL17 and CCL22. Mice were 

infected intranasally with RV-A1 (RV) or UV-inactivated RV-A1 (UV). Mock-infected mice were 

dosed intranasally with PBS A Expression of CCL17 and CCCL22 in the bronchi at 2 days post-
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infection with IHC staining score. Specificity of staining confirmed with non-targeting isotype 

control antibody. n = 7-8 mice per group (for RV- and UV-treated mice). Mean +/- SDEV, P 

values calculated using Welch’s t test. B Time-course of CCL17 and CCL22 protein in BAL. n = 

4 mice per group, representative of 2 independent experiments. Median +/- IQR analysed by 

2 way ANOVA with Sidak’s multiple comparison test ***p<0.001, ****p<0.0001.  

 

Figure 6. STAT6 and NF-κB differentially regulate rhinovirus induced CCL17 and CCL22 

expression in vivo. RV-A1-infected (RV)- or UV-inactivated RV (UV)-treated mice. Mock – 

uninfected mice. A Representative western blot time course analysis of STAT6 

phosphorylation in lung tissue cytoplasmic protein from n =4 mice. B Time-course STAT6 DNA 

binding in lung tissue nuclear protein fraction measured by electrophoretic mobility shift 

assay. N = 4 mice shown for 8 h post-infection, 100X unlabelled probe C Expression of CCL17 

and CCL22 protein in BAL at 24 h post-infection of n = 5 wild type (WT) and STAT6ko mice, 

pooled data from 2 independent experiments. Expression of CCL17 and CCL22 protein in BAL 

of RV infected mice D treated with vehicle (DMSO) or IKK2 inhibitor (PS1145), E in p65 

homozygous positive (p65+/+)- and p65 heterozygous (p65+/-)-mice. n = 4 per group, pooled 

data from 2 independent experiments mean+/-STDEV *p<0.05, **p<0.01, ***p<0.001 Mann-

Whitney test. 

 

Figure 7. STAT6 knockout mice have reduced lung viral load associated with increased 

expression of NF-κB-regulated chemokines. RV infected wild-type (WT) or STAT6ko mice. 

Time course analysis of A titre of infectious virus in lung tissue, B neutrophils in BAL and C 

CXCL1, CXCL2 and IFN-λ2/3 proteins in BAL at baseline (0 hours) and 8, 24 and 48 hours after 
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i.n. infection with RV-A1 . N = 5 per group, representative of 2 independent experiments. 

Mean +/-STDEV **p<0.05, **p<0.01, ***p<0.001 Two way ANOVA with Sidak’s multiple 

comparison test. 
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Supplementary Figure Legends 

Supplementary Figure 1. IL-4 and RV differentially regulate CCL17 and CCL22 expression in 

vitro. A549 cells were pre-treated with IL-4 (10 ng/mL) 16 hours pre-infection with RV-A1 (MOI 

of 20). IL-4 and RV regulation of A CCL17 and B CCL22 protein secretion. Data representative 

of at least 3 replicate wells. *p<0.05, ** p<0.01, ***p<0.001 analysed by Mann-Whitney test. 

 

Supplementary Figure 2. RV-induced CCL22 and atopic status are not correlated in vitro. 

Atopic status (as determined by positive skin-prick test) of ALI-differentiated BECs were 

compared with CCL22 secretion levels from RV-A1 infected BECs.   

 

Supplementary Figure 3. Confirmation of mRNA and protein expression knockdown 

following NF-κB p65, IKK-β and STAT6 siRNA administration. A549 cells were either non-

transfected or transfected with control (non-targeting), NF-κB p65-, IKK-β- or STAT6-targeting 

siRNA in duplicate wells. Messenger RNA for A p65 or B IKK-β was expressed as percentage of 

non-transfected cells. Verification of protein reduction following C p65, IKK-β and D STAT6 

siRNA-mediated knockdown by western blot. 

 

Supplementary Figure 4. RV infection induces CCL22 expression in airway vessels. Mice were 

infected intranasally with RV-A1 or UV-inactivated RV-A1. Mock-infected were dosed 

intranasally with PBS. Expression of CCL22 in the airway vessels at 2 days post RV-infection, 

assessed by immunohistochemical staining. 
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Figure 1. Increased in vivo rhinovirus induced CCL17 and CCL22 in asthma is correlated with type 2 
inflammation and disease severity. Individuals with asthma and healthy volunteers were infected with RV-
A16 and nasal samples were obtained. A Protein levels of peak CCL17 and CCL22 in the nose. Median +/- 
IQR, *p<0.05, **p<0.01, Healthy vs Asthma at baseline or peak of infection analysed by Mann-Whitney U 
test. B Correlation of peak nasal CCL17 and CCL22 levels. C Correlations of peak nasal CCL17 protein with 
peak nasal type-2 cytokine proteins (IL-4, IL-5 and IL-13). D Correlation of peak nasal CCL17 and CCL22 

proteins with upper respiratory symptom scores. E Correlation of bronchial CCL22 protein with lower 
respiratory symptom scores. 
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Figure 2. CCL22 induction by rhinovirus and increased expression by bronchial epithelial cells from donors 
with asthma. ALI-differentiated bronchial epithelial cells from donors with asthma were infected with either 

RV-A1 or RV-A43. Time course expression of A CCL17- and B CCL22-mRNA and C CCL22 protein. n = 6 
donors for each time-point. Median +/- IQR, analyzed by two way ANOVA with Dunnett’s multiple 

comparison test. **** P < 0.001 RV-A43 vs mock, # P < 0.05 RV-A1 vs mock. D CCL22 protein expression 
at Baseline and four days after RV-A1 infection in separate cohort of healthy control (HC) and asthmatic 

(AS) bronchial epithelial cells. n=7 HC donors, n=14 AS donors, median +/- IQR analyzed by Mann-Whitney 
U test (HC vs AS) or Wilcoxon matched pairs test (baseline vs RV-A1) * P < 0.05. 
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Figure 3. Rhinovirus infection increased type 2 cytokine-induced STAT6 activation. Differentiated primary 
bronchial epithelial cells from n=6 healthy donors were treated with type 2 cytokines or infected with RV. A 

Total STAT6, phosphorylated STAT6 (pSTAT6), total JAK1, JAK2 and β-actin protein expression was 
measured by immunoblot, representative blot, M molecular weight marker, and densitometry normalised to 

β-actin. B Fold change gene expression for SOCS1 and SOCS3 normalized to 18S RNA. Median +/- IQR 
analysed by Friedman test with Dunn’s multiple comparisons test *p<0.05, **p<0.01, ***p<0.001 for 
indicated comparisons. C Luciferase activity relative light units (RLU) in BEAS-2B cells transfected with 

STAT6 reporter plasmid and infected with RV-A1 and or treated with IL-4, n=7-8 replicate wells. Mean +/- 
STDEV analysed by 1 way ANOVA with Bonferroni multiple comparisons test **p<0.01. 
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Figure 4. Differential STAT6 and NF-κB regulation of type 2 cytokine- and RV induced-CCL17 and CCL22 
expression. A549 cells were transfected with NF-κB p65, IKK2 or STAT6- targeting siRNA or scrambled non-
targeting control siRNA. Untreated cells (medium) or cells treated with IL-4 and/or RV-A1 were assessed for 

A CCL17- B CCL22-protein expression. Data representative of at least 3 replicate wells. Median +/- IQR 
analysed by Mann-Whitney U test. *p<0.05, **p<0.01, ***p<0.001. C CCL22 protein expression by 

differentiated primary bronchial epithelial cells from n = 6 healthy donors untreated or treated with IL-4/IL-
13 and/or infected with RV-A1, 96 h post-infection. Median +/- IQR analysed by Friedman test with Dunn’s 

multiple comparisons. *P<0.05, ***P<0.001 and Wilcoxon matched-pairs test #p<0.05. 
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Figure 5. Rhinovirus infection induces airway expression of CCL17 and CCL22. Mice were infected 
intranasally with RV-A1 (RV) or UV-inactivated RV-A1 (UV). Mock-infected mice were dosed intranasally with 

PBS A Expression of CCL17 and CCCL22 in the bronchi at 2 days post-infection with IHC staining score. 
Specificity of staining confirmed with non-targeting isotype control antibody. n = 7-8 mice per group (for 

RV- and UV-treated mice). Mean +/- SDEV, P values calculated using Welch’s t test. B Time-course of CCL17 
and CCL22 protein in BAL. n = 4 mice per group, representative of 2 independent experiments. Median +/- 

IQR analysed by 2 way ANOVA with Sidak’s multiple comparison test ***p<0.001, ****p<0.0001. 
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Figure 6. STAT6 and NF-κB differentially regulate rhinovirus induced CCL17 and CCL22 expression in vivo. 
RV-A1-infected (RV)- or UV-inactivated RV (UV)-treated mice. Mock – uninfected mice. A Representative 
western blot time course analysis of STAT6 phosphorylation in lung tissue cytoplasmic protein from n =4 

mice. B Time-course STAT6 DNA binding in lung tissue nuclear protein fraction measured by electrophoretic 
mobility shift assay. N = 4 mice shown for 8 h post-infection, 100X unlabelled probe C Expression of CCL17 

and CCL22 protein in BAL at 24 h post-infection of n = 5 wild type (WT) and STAT6ko mice, pooled data 
from 2 independent experiments. Expression of CCL17 and CCL22 protein in BAL of RV infected mice D 

treated with vehicle (DMSO) or IKK2 inhibitor (PS1145), E in p65 homozygous positive (p65+/+)- and p65 
heterozygous (p65+/-)-mice. n = 4 per group, pooled data from 2 independent experiments mean+/-STDEV 

*p<0.05, **p<0.01, ***p<0.001 Mann-Whitney test. 

153x206mm (300 x 300 DPI) 

Page 75 of 79



For Review Only

 

Figure 7. STAT6 knockout mice have reduced lung viral load associated with increased expression of NF-κB-
regulated chemokines. RV infected wild-type (WT) or STAT6ko mice. Time course analysis of A titre of 

infectious virus in lung tissue, B neutrophils in BAL and C CXCL1, CXCL2 and IFN-λ2/3 proteins in BAL at 
baseline (0 hours) and 8, 24 and 48 hours after i.n. infection with RV-A1 . N = 5 per group, representative 
of 2 independent experiments. Mean +/-STDEV **p<0.05, **p<0.01, ***p<0.001 Two way ANOVA with 

Sidak’s multiple comparison test. 

155x190mm (300 x 300 DPI) 

Page 76 of 79



For Review Only

 

Supplementary Figure 1. IL-4 and RV differentially regulate CCL17 and CCL22 expression in vitro. A549 cells 
were pre-treated with IL-4 (10 ng/mL) 16 hours pre-infection with RV-A1 (MOI of 20). IL-4 and RV 

regulation of A CCL17 and B CCL22 protein secretion. Data representative of at least 3 replicate wells. 
*p<0.05, ** p<0.01, ***p<0.001 analysed by Mann-Whitney test. 
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Supplementary Figure 2. RV-induced CCL22 and atopic status are not correlated in vitro. Atopic status (as 
determined by positive skin-prick test) of ALI-differentiated BECs were compared with CCL22 secretion 

levels from RV-A1 infected BECs.   
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Supplementary Figure 3. Confirmation of mRNA and protein expression knockdown following NF-κB p65, 
IKK-β and STAT6 siRNA administration. A549 cells were either non-transfected or transfected with control 
(non-targeting), NF-κB p65-, IKK-β- or STAT6-targeting siRNA in duplicate wells. Messenger RNA for A p65 
or B IKK-β was expressed as percentage of non-transfected cells. Verification of protein reduction following 

C p65, IKK-β and D STAT6 siRNA-mediated knockdown by western blot. 

134x57mm (300 x 300 DPI) 

Page 79 of 79



For Review Only

 

Supplementary Figure 4. RV infection induces CCL22 expression in airway vessels. Mice were infected 
intranasally with RV-A1 or UV-inactivated RV-A1. Mock-infected were dosed intranasally with PBS. 

Expression of CCL22 in the airway vessels at 2 days post RV-infection, assessed by immunohistochemical 
staining. 
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