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 2 

Abstract 21 

Rhinoviral infection is a common trigger of the excessive inflammation observed during 22 

exacerbations of asthma and chronic obstructive pulmonary disease. Rhinovirus (RV) 23 

recognition by pattern recognition receptors activates the MAPK pathways, common inducers 24 

of inflammatory gene production. A family of dual-specificity phosphatases (DUSPs) can 25 

regulate MAPK function, but their roles in rhinoviral infection are not known. We 26 

hypothesised that DUSPs would negatively regulate the inflammatory response to RV 27 

infection. Our results revealed that p38 and JNK MAPKs play key roles in the inflammatory 28 

response of epithelial cells to RV infection. Three DUSPs previously shown to have roles in 29 

innate immunity, 1, 4 and 10, were expressed in primary bronchial epithelial cells, one of 30 

which, DUSP10, was down regulated by RV infection. Small interfering-RNA knock down of 31 

DUSP10 identified a role for the protein in negatively regulating inflammatory cytokine 32 

production in response to IL-1 alone and in combination with RV, without any effect on RV 33 

replication. This study identifies DUSP10 as an important regulator of airway inflammation in 34 

respiratory viral infection.  35 

 36 

Importance  37 

Rhinoviruses are one of the causes of the common cold. In patients with asthma or chronic 38 

obstructive pulmonary disease, viral infections, including rhinovirus, are the commonest 39 

cause of exacerbations. Novel therapeutics to limit viral inflammation are clearly required. 40 

The work presented here identifies DUSP10 as an important protein involved in limiting the 41 

inflammatory response in the airway without affecting immune control of the virus. 42 

  43 
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Introduction 44 

Human rhinoviruses (RV) frequently trigger exacerbations of airway diseases, such as asthma 45 

and chronic obstructive pulmonary disease, where excessive inflammation causes worsening 46 

airway obstruction and increased symptoms. RV belong to the Picornaviridae family, with 47 

positive-sense single-stranded RNA packaged into icosahedral virions. There are over one 48 

hundred and fifty serotypes, classified either phylogenetically, into A, B and C, or based on 49 

the receptor the virus binds on the cell surface (1, 2). The major group, comprising most of 50 

group A and all of group B, bind intracellular adhesion molecule-1 (3), and the minor group, 51 

comprising the remainder of group A, bind low-density lipoprotein receptor or related 52 

proteins (4, 5). Culture methods for group C have been discovered relatively recently, so 53 

investigation into this group has been limited, however it is known to bind cadherin-related 54 

family member 3 (6, 7).  55 

 56 

RV infect airway epithelial cells, which express several pattern recognition receptors capable 57 

of recognising distinct parts of the virus (8). Toll-like receptor 3 (TLR3) and the RIG-like 58 

receptors (RLRs), bind double-stranded RNA replication intermediates, and TLR2 on the cell 59 

surface binds the rhinoviral capsid (9-12). It has been suggested that TLRs 7 and 8 may also 60 

contribute to the response to RV (13, 14), however, we and others have found airway 61 

epithelial cells unresponsive to TLR7/8 ligands (10, 15-17). Activation of pattern recognition 62 

receptors leads to the production and release of inflammatory cytokines through several 63 

pathways, including the NF-B, interferon regulatory factor (IRF), and mitogen-activated 64 

protein kinase (MAPK) pathways. The MAPK pathways, p38, JNK and ERK, consist of a three-65 

tier kinase cascade culminating in phosphorylation of the MAPK on two residues, tyrosine and 66 

threonine. The activated MAPKs translocate into the nucleus and activate a range of 67 
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transcription factors, including AP-1, ATF, CREB, c/EBP and NF-B. The p38 pathway can also 68 

be activated by binding and internalisation of RV (18-20). Previous work has shown the 69 

importance of p38 and ERK MAPK in inducing cytokine release in response to RV infection of 70 

airway epithelial cell lines (21-23). This inflammatory response to RV can be further 71 

potentiated by IL-1. IL-1 signals through similar pathways to the TLRs and is known to 72 

activate the MAPKs (24, 25). Furthermore, IL-1 is released from RV infected immune cells, 73 

such as monocytes and macrophages, and would therefore be present in the infected airway 74 

(11). Previous work by our group has shown the importance of IL-1 in the immune response 75 

to RV, RV infection induces the release of both IL-1 and IL-1 whilst blocking IL-1 signalling 76 

significantly inhibits proinflammatory cytokine release (26), furthermore the addition of IL-1 77 

enhances cytokine production from epithelial cells in response to RV infection (27). Thus, it is 78 

imperative that the MAPK pathways are regulated in order to stop over production of 79 

cytokines and excessive inflammation.  80 

 81 

Dual-specificity phosphatases (DUSPs) are a family of proteins capable of dephosphorylating 82 

two residues in one substrate simultaneously. A subgroup of DUSPs, MAPK phosphatases 83 

(MKPs), dephosphorylate the MAPK proteins directly. So far ten MKPs have been 84 

characterised, three of which have been shown to negatively regulate innate immune 85 

signalling: DUSP1 (MKP1), DUSP4 (MKP2), and DUSP10 (MKP5). Knock out mice which lack 86 

each of these proteins individually, produce higher levels of inflammatory cytokines in 87 

response to TLR4 activation, associated with increased p38 and/or JNK MAPK activation (28-88 

32). It should be noted that another group have shown a conflicting role for DUSP4, with 89 

knock out mice producing lower levels of cytokines in response to TLR4 signalling (33). Much 90 

of this work has explored the role of DUSPs in bacterial infection, and little is known about 91 
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the ability of DUSPs to regulate the response to viruses, particularly within epithelial cells. 92 

More recently, bone-marrow derived macrophages (BMDMs) and dendritic cells taken from 93 

DUSP10 knock out mice have been shown to exhibit increased release of inflammatory 94 

cytokines and anti-viral interferons (IFN) in response to influenza infection (34).   95 

 96 

We hypothesised that one or more DUSPs would play a critical role in regulating the 97 

inflammatory response to RV infection. We determined that the p38 and JNK pathways were 98 

responsible for a large proportion of the CXCL8 produced by primary bronchial epithelial cells 99 

(PBECs) in response to RV infection, while ERK did not play as great a role. DUSPs 1, 4 and 10 100 

were expressed by PBECs. Expression of DUSPs 1 and 4 was unaltered by RV infection or IL-101 

1 stimulation, however RV decreased expression of DUSP10. Small interfering RNA (siRNA) 102 

knock down of DUSP10 identified a role for the protein in regulating the response to IL-1 103 

alone and in combination with RV. These results identify DUSP10 as an important regulator 104 

of the inflammatory response in epithelial cells and therefore a potential future therapeutic 105 

target for RV induced acute exacerbations.  106 

 107 

Results 108 

The p38 and JNK pathways play important roles in cytokine production in response to RV. 109 

It is well documented that the MAPK pathways play roles in inducing cytokine release in 110 

response to a variety of stimulants. This has previously been demonstrated for p38 and ERK 111 

in response to RV infection, with inhibition of either decreasing the release of CXCL8, a 112 

neutrophil chemoattractant (21-23). However, these studies utilised airway epithelial cell 113 

lines, BEAS-2B and 16HBE14o-, and the roles of these pathways in the response of PBECs to 114 

RV is not well characterised. In addition, the role of JNK in the response to RV is unknown, 115 
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 6 

although it has been shown to be critical in inducing CXCL8 release in a human astroglioma 116 

cell line in response to poly(I:C), a synthetic TLR3 ligand (35).   117 

 118 

To explore the contribution of each MAPK pathway to cytokine production in response to viral 119 

infection, a panel of MAPK inhibitors were used. PBECs were pretreated with the inhibitors 120 

for 1 h prior to stimulation with synthetic double-stranded RNA viral mimic, poly(I:C), and 121 

inhibitors remained present throughout the 24 h stimulation. Production of the inflammatory 122 

cytokine CXCL8, a downstream target of NF-゛B ;Iデｷ┗;デｷﾗﾐが was measured at both the RNA and 123 

protein secretion levels using qRT-PCR and ELISA. Poly(I:C) stimulation led to an upregulation 124 

of CXCL8 mRNA expression and protein release which was unaffected by inhibition of ERK 125 

with PD90859. Inhibition of p38 or JNK reduced CXCL8 levels, however this was only 126 

statistically significant at the protein level for SB203580 (Figure 1 A). A similar pattern was 127 

observed in response to infection with a major and minor group strain of rhinovirus, RV16 128 

and RV1B respectively. PBECs were treated with MAPK inhibitors for 1 h prior to infection 129 

with RV, the inhibitors were present for the 1 h RV infection, and remained present for the 130 

following 48 h. CXCL8 expression was measured at 48 h as peak cytokine release was observed 131 

at this time-point (data not shown). Infection of PBECs with RV induced an increase in CXCL8 132 

mRNA and protein secretion. CXCL8 levels were dramatically reduced by inhibition of p38 133 

with either SB203580 or SB202190, or JNK with SP600125, although the reduction was less 134 

clear at the mRNA level (Figure 1 B and C). Inhibition of ERK by PD90859 did not significantly 135 

affect CXCL8 expression or release in response to RV1B infection (Figure 1 B). These data 136 

suggest that p38 and JNK have important roles in inducing CXCL8 production in response to 137 

infection with major or minor strains of RV, while ERK plays a lesser role.  138 

 139 
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DUSPs are expressed by PBECs. We therefore went on to investigate the expression and roles 140 

of DUSPs, important regulators of the MAPK pathways. To the best of our knowledge, the 141 

expression of DUSPs in PBECs has not previously been characterised. We first determined the 142 

gene expression of DUSPs 1, 4 and 10 using RT-PCR. Each DUSP was expressed by PBECs, even 143 

in unstimulated cells (Figure 2). The regulation of this expression in response to poly(I:C) or 144 

IL-1 stimulation was examined over 24 h, however no clear changes were observed in the 145 

expression of any of the DUSPs examined using this method (Figure 2). 146 

 147 

In order to examine DUSPs 1, 4 and 10 mRNA expression in more detail, the more sensitive 148 

technique of qRT-PCR was utilised.  PBECs were infected with RV1B or RV16, or stimulated 149 

with IL-1, over 24 h and qRT-PCR used to measure expression of DUSPs 1, 4 and 10. As no 150 

change in DUSP expression was seen in response to 10 ng/ml IL-1 (Figure 2), the 151 

concentration was increased to 100 ng/ml. Stimulation with 100 ng/ml IL-1 did not alter 152 

expression of any of the DUSPs (Figure 3). Expression of DUSP1 and DUSP4 was unaltered by 153 

infection with RV1B (Figure 3 A and B). Infection with RV16 increased DUSP1 mRNA 154 

expression at 24 h, however this was variable and non-significant (Figure 3 A). Poly(I:C) 155 

stimulation was also found to increase DUSP1 mRNA expression, as found previously (36), but 156 

had no effect on expression of DUSPs 4 and 10 (data not shown). Infection with either strain 157 

of RV caused a similar regulation of DUSP10 expression, with an initial increase, followed by 158 

a consistent and significant downregulation at 8 h post-infection, before returning to baseline 159 

by 24 h (Figure 3 C).  160 

 161 

DUSP10 protein expression followed a similar pattern, with a slight increase at 2 h following 162 

RV1B infection, before declining to below baseline levels (Figure 4 A). RV16 infection had a 163 
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 8 

similar effect on DUSP10 protein levels, but was not statistically significant (Figure 4 B). As in 164 

the mRNA expression (Figure 3), IL-1 stimulation had no effect on DUSP10 protein 165 

expression (Figure 4 C).  166 

 167 

DUSP10 does not regulate the response to RV. Out of the proteins examined, DUSP10 was 168 

the only one found to be regulated by RV infection, thus it was taken forward for further 169 

investigation. siRNA was used to successfully knock down DUSP10 expression in PBECs, 170 

reducing DUSP10 mRNA and protein levels to approximately 20% of control levels (Figure 5 A 171 

and B). Control and DUSP10 knockdown cells were then infected with RV1B or RV16, or 172 

stimulated with poly(I:C), for 24 h and the release of inflammatory protein CXCL8 measured 173 

by ELISA. Release of CXCL8 was unaffected by DUSP10 knock down (Figure 5 C).  174 

 175 

As DUSP10 has previously been shown to regulate type-I IFN production in response to 176 

influenza (34), the level of IFN- mRNA was measured at 16 h post RV infection. Low levels of 177 

IFN- were detected by qRT-PCR in response to poly(I:C) or either strain of RV, and this was 178 

unaffected by DUSP10 knock down (Figure 5 D). DUSP10 knock down also had no effect on 179 

levels of release of the interferon stimulated gene, CCL5, in response to RV (Figure 5 E). In 180 

response to poly(I:C) stimulation, CCL5 levels were reduced by DUSP10 knock down. 181 

However, this may be due to cell death caused by DUSP10 knock down as observed by eye 182 

(data not shown). RV replication at 24 h was also unaffected by DUSP10 knock down, with RV 183 

RNA levels similar between control and DUSP10 siRNA treatments (Figure 5 F).  184 

 185 

DUSP10 regulates the response to IL-1. Whilst DUSP10 knock down did not affect the 186 

response of PBECs to RV, the response to IL-1 was altered. Stimulation of PBECs with a range 187 
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of IL-1 concentrations induced mRNA production and protein release of CXCL8 (Figure 6 A 188 

and B). CXCL8 mRNA and protein levels were significantly increased in cells with reduced 189 

DUSP10 levels (Figure 6 A and B). As p38 and JNK were shown to be important inducers of 190 

CXCL8 production, the effect of DUSP10 knockdown on IL-1にinduced MAPK activation was 191 

investigated. Levels of phosphorylated, activated p38 and JNK in response to IL-1 were 192 

measured in cells treated with DUSP10 or control siRNA. IL-1 stimulation upregulated 193 

phosphorylation of both proteins, but the level of activation was unaffected by DUSP10 knock 194 

down (Figure 6 C).  195 

 196 

In order to gain a wider view of the role of DUSP10 in IL-1 signalling, an array was used to 197 

determine the effect of DUSP10 knock down on the release of a variety of cytokines. The 198 

chosen array contained antibodies specific for 36 proteins known to be upregulated in 199 

response to inflammation (R&D ARY005B). The levels of each protein released by cells from 200 

one donor treated with DUSP10 or control siRNA prior to 24 h of stimulation with IL-1 were 201 

determined. IL-1 stimulation increased release of several cytokines by PBECs, including 202 

CXCL1, CXCL10, G-CSF, GM-CSF, IL-6, CXCL8 and IL-1 itself, and decreased the release of 203 

CXCL12 (Figure 7). In keeping with previous data shown above, DUSP10 knock down 204 

potentiated the IL-1 induced release of CXCL1, CXCL8 and IL-1, with IL-1 levels increasing 205 

1.71 fold in comparison to cells treated with control siRNA (Figure 7). Intriguingly, DUSP10 206 

knock down decreased levels of CXCL10 release in response to IL-1. These data supported a 207 

role for DUSP10 in regulating the inflammatory response of airway epithelial cells.  208 

 209 

IL-1 is released by PBECs in response to RV infection. In order to determine whether the 210 

role of DUSP10 in the response to IL-1 would be of relevance in a RV infection, the release 211 
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of IL-1 in response to RV was quantified. PBECs released around 180 pg/ml IL-1 in response 212 

to 24 h infection with both RV1B and RV16 (Figure 8).  213 

 214 

DUSP10 regulates the response of PBECs to dual stimulation with RV and IL-1. IL-1 is an 215 

important early signalling molecule in the airway. It has previously been shown to potentiate 216 

the response of airway epithelial cells to RV infection, increasing the release of CXCL8 by the 217 

bronchial epithelial cell line BEAS-2B (27). We therefore investigated whether IL-1 would 218 

potentiate the response of PBECs to RV and determined the role of DUSP10 in this setting. 219 

Stimulation with IL-1 or infection with RV16 caused modest increases in CXCL8, whilst the 220 

addition of IL-1 to RV16 infected cells significantly augmented CXCL8 release. At the mRNA 221 

level only the higher dose of IL-1, 10 ng/ml, caused observable increases in CXCL8 production 222 

compared to RV16 alone (Figure 9 A). However, both concentrations caused incremental 223 

increases in CXCL8 release (Figure 9 B). This response was further potentiated by DUSP10 224 

knock down, with significantly higher CXCL8 at the mRNA and protein level in comparison 225 

with control siRNA treated cells. A similar pattern was seen in response to infection with the 226 

minor group virus RV1B (Figure 9 C). To ensure that the increased CXCL8 in dual-stimulation 227 

was not due to an effect of IL-1 on viral replication, the amount of intracellular viral RNA 228 

levels were quantified by qRT-PCR. No significant effects were observed between RV16 alone 229 

and in combination with IL-1 (data not shown).  230 

 231 

In addition to the major and minor classification of rhinoviruses, they are grouped 232 

phylogenetically, into A, B and C. Both RV1B and RV16 belong to group A. Therefore, a third 233 

serotype, RV14, a major group rhinovirus belonging to group B was examined. In accordance 234 

with previous results, infection of PBECs with RV14 led to a small increase in CXCL8 release 235 
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 11 

which was unaffected by DUSP10 knock down. When RV14 infection was combined with IL-236 

1 stimulation, CXCL8 release was increased, and further potentiated by DUSP10 knock down 237 

(Figure 9 D). These data demonstrate a role for DUSP10 in negatively regulating the response 238 

of PBECs to RV when in combination with IL-1.  239 

 240 

DUSP10 has a similar role in PBECs isolated from COPD patients. In order to ensure that the 241 

role of DUSP10 is clinically relevant, its role in PBECs isolated from COPD patients was 242 

investigated. Infection of COPD PBECs with RV1B caused a similar pattern of change in 243 

expression of DUSP10 mRNA and protein as was seen in normal PBECs, with an initial increase, 244 

followed by a downregulation by 8 h (Figure 10). RV16 infection also had a similar effect on 245 

DUSP10 mRNA expression as was seen in normal PBECs, but this was not observed at the 246 

protein level. In keeping with normal PBECs, IL-1 stimulation did not affect expression of 247 

DUSP10 at either the mRNA or protein level. Furthermore, siRNA knock down of DUSP10 in 248 

COPD PBECs increased release of CXCL8 in response to a combination of RV16 and IL-1 249 

stimulation, as seen in normal PBECs.  250 

  251 

Discussion  252 

Rhinoviral infection causes exacerbations of underlying airway disease through excessive 253 

inflammatory responses. The MAPKs are known to be activated by rhinoviral infection (18-254 

21, 37), however the roles of each pathway in the inflammatory response of primary cells to 255 

RV have not been well characterised. Previous studies have found that inhibition of ERK or 256 

p38 reduces production of inflammatory cytokines in response to RV (21-23). In accordance 257 

with this, inhibition of the p38 or JNK MAPKs led to a decrease in inflammatory cytokine 258 
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production, however, ERK was found to have a lesser role, demonstrating differences 259 

between previously studied cell lines (BEAS-2B and 16HBE14o-) and primary cells. Although 260 

small molecule inhibitors may have off-target effects (38), the results strongly indicate that 261 

p38 and JNK are important inducers of inflammation in RV infection.  262 

 263 

Three members of the DUSP family, DUSPs 1, 4 and 10, have been shown to negatively 264 

regulate MAPK pathways in innate immune signalling, although their role in RV infection has 265 

not yet been studied. All three DUSPs were constitutively expressed by PBECs. DUSPs 1 and 4 266 

have previously been characterised as early response genes, with no constitutive expression 267 

of DUSP1 in primary human airway smooth muscle cells, or DUSP4 in mouse BMDMs or 268 

embryonic fibroblasts (33, 39, 40). In contrast, DUSP10 is constitutively present in HeLa cells 269 

and murine BMDMs, and upregulated by innate immune stimuli (34, 41). The expression of 270 

DUSPs 1 and 4 at baseline may be a specific characteristic of bronchial epithelial cells, as 271 

opposed to macrophages or fibroblasts. Differentiation of PBECs in air-liquid interface 272 

cultures has been shown to alter expression of cellular proteins, however previous gene 273 

expression arrays have not shown differences in DUSP1, 4, or 10 expression between 274 

submerged and differentiated cultures (42). 275 

 276 

Infection with either strain of RV caused a decrease in DUSP10 expression, at the mRNA and 277 

protein level, which was not seen in response to IL-1. In 2008, Proud et al. performed a gene 278 

expression array of nasal scrapings after experimental RV16 infection. DUSP10 mRNA 279 

expression was unchanged at 8 and 48 h post-infection (43). However, as the downregulation 280 

observed in our study was transient, changes in DUSP10 expression may have occurred 281 

outside of the two time points investigated in the Proud study. This downregulation of 282 
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DUSP10 may be a host or viral triggered response. In support of a host-mediated response, 283 

previous work has shown DUSPs 1 and 6 are regulated by proteasomal degradation in cells 284 

treated with growth factors or carcinogens (44, 45). However, many viruses target host 285 

proteins for degradation, either utilising host ubiquitin ligases or expressing their own (46, 286 

47). Rhinovirus also encodes its own proteinases 2A and 3C, which have been found to 287 

degrade components of the IFN signalling pathway (48), and of relevance the non-structural-288 

1 protein of human immunodeficiency virus has been shown to target DUSP1 for upregulation 289 

in order to limit the inflammatory response (49). The extent to which regulation of DUSP10 290 

in this context may be a pathogen-driven manipulation of the host immune system remains 291 

to be determined. 292 

 293 

In this study, DUSP10 expression was successfully knocked down using siRNA, allowing 294 

investigation into the role of this protein in RV infection of PBECs. Reduced DUSP10 levels did 295 

not affect RV replication, or IFN- production in response to RV or poly(I:C). This contrasts 296 

with the study by James et al. where influenza replication was decreased in DUSP10 knock 297 

out mice due to increased IFN levels (34). This implies specific roles for DUSP10 in individual 298 

pathogenic infections, potentially consequent upon differential TLR signalling by each virus 299 

(50). Interestingly, DUSP10 knock out BMDMs produced increased mRNA and secreted 300 

protein levels of IFN- in response to poly(I:C) (34). Thus, DUSP10 roles may be species and/or 301 

cell-type specific, emphasising the need for studies such as ours examining their role in 302 

primary human airway epithelial cells.  303 

 304 

Knock down of DUSP10 did not affect cytokine release in response to RV infection or poly(I:C) 305 

stimulation. However, in response to IL-1, DUSP10 knock down consistently caused an 306 
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increase in CXCL8 production. In order to gain a wider view of the role of DUSP10 a cytokine 307 

array was utilised.  Although this technique is semi-quantitative and includes samples from 308 

only one donor, it gives an indication of the points at which DUSP10 may be acting. 309 

Interestingly, DUSP10 knock down increased release of neutrophil chemoattractants CXCL8 310 

and CXCL1, and decreased release of CXCL10, a Th1 cell chemoattractant. The MAPK 311 

pathways have previously been shown to downregulate CXCL10 production in response to 312 

RV16 through negatively regulating IRF1 activity (51). However, p38 and JNK MAPK activation 313 

levels were unchanged by DUSP10 knock down, suggesting a potential novel target of 314 

DUSP10. Expression of IL-1 itself was also increased in DUSP10 knock down, which could 315 

point towards a role for DUSP10 in inflammasome regulation. Rhinoviral infection of PBECs is 316 

known to activate the NLRP3 and NLRC5 inflammasomes leading to IL-1 release (26, 52). 317 

More recently, RV infection has been found to increase caspase 1 expression to a greater 318 

extent in asthmatic PBECs than normal cells, and in a house dust mite murine model of asthma 319 

exacerbations, caspase 1 knock out mice had reduced Th2 responses to poly(I:C) (53). Thus, a 320 

potential role of DUSP10 in regulating the inflammasome has significant implications for 321 

asthma.  322 

 323 

IL-1 is an important inflammatory molecule shown to have roles in asthma and COPD (54, 324 

55) and IL-1 knock out mice have reduced neutrophilic and Th2 responses in a murine 325 

asthma model (56). Blocking IL-1 signalling in PBECs decreases the release of inflammatory 326 

mediators in response to RV infection (26). Previous work by our group and others has found 327 

a key role for IL-1 in cooperative signalling between monocytes/macrophages and epithelial 328 

cells. In vitro co-culture models have demonstrated that addition of monocytes to epithelial 329 

cells can exacerbate the inflammatory response to lipopolysaccharide, unless IL-1 signalling 330 
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is blocked with blocking antibodies or IL-1 receptor antagonist (IL-1Ra) (57-60). Monocytes 331 

have been shown to release IL-1 in response to RV infection (11), and cooperative signalling 332 

has also been demonstrated in the context of RV infection: addition of primary monocytes to 333 

BEAS-2B cells or PBECs increases the production of inflammatory cytokines, CXCL8, CCL2, and 334 

CXCL10, in response to RV (27, 61), and IL-1Ra inhibited this increased cytokine generation 335 

(27). In accordance with this, PBECs were found to release IL-1 in response to RV infection. 336 

Co-stimulating PBECs with RV and IL-1 was found to dramatically potentiate the response to 337 

RV alone. The response was further increased by loss of DUSP10. This was true for three 338 

serotypes of rhinovirus, including; a major group A, RV16, a minor group A, RV1B, and a major 339 

group B, RV14. This suggests that DUSP10 would have a role in the response to rhinoviral 340 

infection in the airway; RV inducing IL-1 release by monocytes, which stimulates epithelial 341 

cells to release cytokines, regulated by DUSP10. This anti-inflammatory role for DUSP10 was 342 

also observed in two independent COPD donors, with increased CXCL8 release in response to 343 

RV and IL-1 co-stimulation when DUSP10 was knocked down. COPD and asthma patients 344 

have been shown to have increased baseline levels of IL-1 (54, 62, 63), thus DUSP10 may 345 

have an increased role in a disease setting. However, this remains to be investigated as it was 346 

not possible to directly compare PBECs from healthy and COPD donors in this study, due to 347 

differences in isolation techniques. Therefore, any additional role of DUSP10 in inflammatory 348 

airway diseases remains to be investigated.  349 

 350 

These data demonstrate a novel role for DUSP10 in negatively regulating the inflammatory 351 

response of epithelial cells to IL-1 alone and in combination with RV. This suggests DUSP10 352 

has an important role in regulating inflammation of the airway and identifies it as a potential 353 
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future therapeutic target for exacerbations of asthma and chronic obstructive pulmonary 354 

disease.  355 

 356 

Materials and Methods 357 

Cells and Viruses. Primary human bronchial epithelial cells (PBECs) isolated from healthy 358 

humans were purchased from Promocell (Heidelberg, Germany) and PBECs isolated from 359 

patients with COPD were purchased from Lonza (Basel, Switzerland). Cells were maintained 360 

as previously described (27), and all experiments were carried out on at least three 361 

independent PBEC donors.  362 

 363 

Human rhinovirus serotypes 1B and 16 were propagated in HeLa Ohio cells (American Type 364 

Culture Collection) in DMEM (Gibco), supplemented with 2% FCS (Gibco), 2% hepes (Gibco), 365 

1% bicarbonate (Gibco) and penicillin-streptomycin (Invitrogen) as previously described (27). 366 

Human rhinovirus serotype 14 was a kind gift from MedImmune Ltd, Cambridge, UK. Viral 367 

titres were determined by TCID50 in HeLa Ohio cells.  368 

 369 

Inhibitor Treatment. Prior to cell stimulation or infection, cells were treated with the 370 

indicated concentration of MAPK inhibitor (Tocris), diluted in DMSO, for one hour. Inhibitors 371 

remained present throughout the experiment. 372 

 373 

siRNA Knock Down. PBECs were grown in 12 well plates until 80% confluent. Lipofectamine 374 

2000 (Invitrogen) and DUSP10 siRNA (Santa Cruz, sc-61048) or control siRNA (Dharmacon, D-375 

001810-02-05) were diluted to the indicated concentrations in Opti-Mem (Gibco) and 376 

equilibrated at room temperature for 5 minutes before both solutions were combined and 377 
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further equilibrated for 20 minutes. PBECs were washed in PBS and media replaced with fresh 378 

supplement-free airway epithelial cell basal media and siRNA mixtures were applied 379 

dropwise. Cells were incubated at 37oC, 5% CO2 for four hours before media was replaced 380 

with airway epithelial cell basal media, supplemented with penicillin-streptomycin and the 381 

airway epithelial cell supplement pack excepting bovine pituitary extract (recovery media). 382 

Cells were incubated at 37oC, 5% CO2 for 48 h prior to stimulation or infection. 383 

 384 

RV Infection of PBECs. PBECs were seeded in 12 well plates and grown to 80-90% confluency. 385 

Media was replaced with supplement-free airway epithelial cell basal medium and incubated 386 

at 37oC, 5% CO2 overnight. Cells were incubated with the indicated MOI of RV for one hour at 387 

37oC, 5% CO2 with agitation. MOIs were selected, based on preliminary concentration-388 

response optimisation experiments, to provide equivalent inflammatory cytokine release, 389 

and intracellular RV RNA copies (see also Figure 5C, D, F). Virus was removed and replaced 390 

with recovery media and cells were incubated at 37oC, 5% CO2 for the indicated time point. 391 

Cell free supernatants or cell lysates were harvested and stored at -80oC.  392 

 393 

IL-1 or Poly(I:C) Stimulation of PBECs. PBECs were seeded in 12 well plates and grown to 394 

80-90% confluency. Media was replaced with supplement-free airway epithelial cell basal 395 

medium and incubated at 37oC, 5% CO2 overnight. Media was replaced with recovery media 396 

containing the indicated concentration of IL-1 (Peprotech) or low molecular weight poly(I:C) 397 

(Invivogen). Cells were incubated at 37oC, 5% CO2 for the indicated time point. Cell free 398 

supernatants or cell lysates were harvested and stored at -80oC.  399 

 400 
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Co-treatment of PBECs with RV and IL-1. PBECs were infected with RV as described above. 401 

After removal of the virus, media was replaced with recovery media containing the indicated 402 

concentration of IL-1 (Peprotech). Cells were incubated at 37oC, 5% CO2 for the indicated 403 

time point. Cell free supernatants or cell lysates were harvested and stored at -80oC. 404 

 405 

PCR. RNA was extracted using Tri reagent (Sigma-Aldrichぶ ;IIﾗヴSｷﾐｪ デﾗ デｴW ﾏ;ﾐ┌a;Iデ┌ヴWヴげゲ 406 

instructions and contaminating DNA removed using a DNase treatment kit (Ambion). cDNA 407 

was generated from 1 g RNA using high-capacity cDNA reverse transcriptase kit (Applied 408 

Biosystems). 409 

 410 

PCR was carried out using the GoTaq hot start polymerase kit (Promega) according to the 411 

ﾏ;ﾐ┌a;Iデ┌ヴWヴげゲ ｷﾐゲデヴ┌Iデｷﾗﾐゲ using primers specific to DUSPs 1, 4, and 10, and GAPDH (Sigma-412 

Aldrich). DUSP1 (F: GTCGTGCAGCAAACAGTCGA, R: CGATTAGTCCTCATAAGGTA; (62)), DUSP4 413 

(F: TTCAACAGGCATCCATCCCT, R: TGGCTTTGGGAGGGAATGAT), DUSP10 (F: 414 

ATGACCAAATGCAGCAAG, R: GGAGCTGGAGGGAGTTGTCAC; (63)), GAPDH (F: 415 

GGTGAAGGTCGGTGTGAAC, R: CTCGCTCCTGGAAGATGGTG).  416 

 417 

Quantitative PCR was carried out using primers and probes from Sigma-Aldrich for RV 418 

(SY150600935-024, SY150600935-025, HA07878670-002) and IFN- (SY150506722-061, 419 

SY150504450-060, HA07784503-002) and primer-probe sets from Applied Biosystems for 420 

DUSP1 (Hs00610256_g1), DUSP4 (Hs01027785_m1), DUSP10 (Hs00200527_m1), CXCL8 421 

(Hs00174103_m1), and GAPDH (Hs02758991_g1). Reaction mixtures were made using 422 

Promega GoTaq Probe qPCR master mix or Eurogentec qPCR mastermix and run using an 423 

ABI7900 fast real-time PCR system (Applied Biosystems) (50oC for 2 minutes, 95oC for 10 424 

 on N
ovem

ber 7, 2018 by guest
http://jvi.asm

.org/
D

ow
nloaded from

 

http://jvi.asm.org/


 19 

minutes, then cycled 40 times through 95oC for 15 seconds, 60oC for 1 minute). CXCL8, IFN-, 425 

and RV were quantified against a standard curve of plasmids containing known copy numbers 426 

of target genes. CXCL8, IFN-, DUSP1, DUSP4, and DUSP10 expression was normalised to 427 

GAPDH.  428 

 429 

ELISA. Enzyme-linked immunosorbent assay (ELISA) was used to detect CXCL8 and CCL5 in 430 

cell-free supernatants using matched antibody pairs from R&D systems. Levels of CXCL8 and 431 

CCL5, above the minimum detection level (CXCL8: 78.125 pg/ml, CCL5: 156.25 pg/ml), were 432 

quantified against a standard curve from the same plate. 433 

 434 

Cytokine Array. The presence of 36 proteins in cell-free supernatants was determined using 435 

R&D systems human cytokine array (ARY005B) ;IIﾗヴSｷﾐｪ デﾗ ﾏ;ﾐ┌a;Iデ┌ヴWヴげゲ ｷﾐゲデヴ┌Iデｷﾗﾐゲく 436 

 437 

Western Blot. PBECs were lysed in buffer containing 1% Triton-X and boiled for 5 minutes in 438 

SDS-PAGE buffer. Lysates were subjected to SDS-PAGE and proteins transferred to 439 

nitrocellulose membrane. Membranes were blotted with antibodies to DUSP10 (Abcam), 440 

phosphorylated p38 (Promega), phosphorylated JNK (Cell Signalling), and actin (Sigma-441 

Aldrich). Antibodies were detected using HRP-conjugated anti-rabbit secondary antibody 442 

(Dako). Densitometric analysis was performed using ImageJ software (Version 1.50i; NIH).  443 

 444 

Statistical Analysis. All data presented, excluding figure 6, are mean  SEM (where 445 

appropriate) of at least three independent experiments using PBECs from different donors. 446 

Data were analysed using the statistical test stated in the figure legend on log data, as data 447 

are lognormally distributed. In figures 1, 6 A, and 9 A, normalised data has been presented 448 
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due to variability between PBEC donors. For normalised data or Ct qRT-PCR data, statistical 449 

tests were performed on raw data or Ct values respectively. Significant differences are 450 

indicated by *  p 0.05, **  p 0.01, ***  p 0.001, and **** p  0.0001.  451 

 452 

Acknowledgements  453 

This work was funded by a University of Sheffield, Medicine, Dentistry and Health faculty 454 

scholarship and a New Investigator Research Grant from the Medical Research Council, 455 

reference MR/J010154/1, awarded to LCP. We would like to thank Amy Spencer for helpful 456 

statistical advice.   457 

 on N
ovem

ber 7, 2018 by guest
http://jvi.asm

.org/
D

ow
nloaded from

 

http://jvi.asm.org/


 21 

References 458 

1. Bochkov YA, Gern JE. 2012. Clinical and molecular features of human rhinovirus C. 459 

Microbes and Infection 14:485-494. 460 

2. Palmenberg AC, Spiro D, Kuzmickas R, Wang S, Djikeng A, Rathe JA, Fraser-Liggett CM, 461 

Liggett SB. 2009. Sequencing and Analyses of All Known Human Rhinovirus Genomes 462 

Reveal Structure and Evolution. Science 324:55-59. 463 

3. Greve JM, Davis G, Meyer AM, Forte CP, Yost SC, Marior CW, Kamarck ME, McClelland 464 

A. 1989. The major human rhinovirus receptor is ICAM-1. Cell 56:839-847. 465 

4. Hofer F, Gruenberger M, Kowalski H, Machat H, Huettinger M, Kuechler E, Blaas D. 466 

1994. Members of the low-density-lipoprotein receptor family mediate cell entry of a 467 

minor-group common cold virus. Proceedings of the National Academy of Sciences of 468 

the United States of America 91:1839-1842. 469 

5. Marlovits TC, Abrahamsberg C, Blaas D. 1998. Very-low-density lipoprotein receptor 470 

fragment shed from HeLa cells inhibits human rhinovirus infection. Journal of Virology 471 

72:10246-10250. 472 

6. Hao WD, Bernard K, Patel N, Ulbrandt N, Feng H, Svabek C, Wilson S, Stracener C, 473 

Wang K, Suzich J, Blair W, Zhu Q. 2012. Infection and Propagation of Human Rhinovirus 474 

C in Human Airway Epithelial Cells. Journal of Virology 86:13524-13532. 475 

7. Bochkov YA, Watters K, Ashraf S, Griggs TF, Devries MK, Jackson DJ, Palmenberg AC, 476 

Gern JE. 2015. Cadherin-related family member 3, a childhood asthma susceptibility 477 

gene product, mediates rhinovirus C binding and replication. Proceedings of the 478 

National Academy of Sciences of the United States of America 112:5485-5490. 479 

8. Sha Q, Truong-Tran AQ, Plitt JR, Beck LA, Schleimer RP. 2004. Activation of airway 480 

epithelial cells by toll-like receptor agonists. American Journal of Respiratory Cell and 481 

Molecular Biology 31:358-364. 482 

9. Wang Q, Nagarkar DR, Bowman ER, Schneider D, Gosangi B, Lei J, Zhao Y, McHenry CL, 483 

Burgens RV, Miller DJ, Sajjan U, Hershenson MB. 2009. Role of Double-Stranded RNA 484 

Pattern Recognition Receptors in Rhinovirus-Induced Airway Epithelial Cell Responses. 485 

Journal of Immunology 183:6989-6997. 486 

10. Slater L, Bartlett NW, Haas JJ, Zhu J, Message SD, Walton RP, Sykes A, Dahdaleh S, 487 

Clarke DL, Belvisi MG, Kon OM, Fujita T, Jeffery PK, Johnston SL, Edwards MR. 2010. 488 

Co-ordinated Role of TLR3, RIG-I and MDA5 in the Innate Response to Rhinovirus in 489 

Bronchial Epithelium. Plos Pathogens 6:13. 490 

11. Ganesan S, Pham D, Jing YX, Farazuddin M, Hudy MH, Unger B, Comstock AT, Proud D, 491 

Lauring AS, Sajjan US. 2016. TLR2 Activation Limits Rhinovirus-Stimulated CXCL-10 by 492 

Attenuating IRAK-1 Dependent IL-33 Receptor Signaling in Human Bronchial Epithelial 493 

Cells. Journal of Immunology 197:2409-2420. 494 

12. Unger BL, Faris AN, Ganesan S, Comstock AT, Hershenson MB, Sajjan US. 2012. 495 

Rhinovirus Attenuates Non-typeable Hemophilus influenzae-stimulated IL-8 496 

Responses via TLR2-dependent Degradation of IRAK-1. Plos Pathogens 8:17. 497 

13. Hatchwell L, Collison A, Girkin J, Parsons K, Li JY, Zhang J, Phipps S, Knight D, Bartlett 498 

NW, Johnston SL, Foster PS, Wark PAB, Mattes J. 2015. Toll-like receptor 7 governs 499 

interferon and inflammatory responses to rhinovirus and is suppressed by IL-5-500 

induced lung eosinophilia. Thorax 70:854-861. 501 

14. Triantafilou K, Vakakis E, Richer EAJ, Evans GL, Villiers JP, Triantafilou M. 2011. Human 502 

rhinovirus recognition in non-immune cells is mediated by Toll-like receptors and 503 

 on N
ovem

ber 7, 2018 by guest
http://jvi.asm

.org/
D

ow
nloaded from

 

http://jvi.asm.org/


 22 

MDA-5, which trigger a synergetic pro-inflammatory immune response. Virulence 504 

2:22-29. 505 

15. Parker LC, Prestwich EC, Ward JR, Smythe E, Berry A, Triantafilou M, Triantafilou K, 506 

Sabroe I. 2008. A phosphatidylserine species inhibits a range of TLR- but not IL-1 beta-507 

induced inflammatory responses by disruption of membrane microdomains. Journal 508 

of Immunology 181:5606-5617. 509 

16. Morris GE, Parker LC, Ward JR, Jones EC, Whyte MKB, Brightling CE, Bradding P, Dower 510 

SK, Sabroe I. 2006. Cooperative molecular and cellular networks regulate Toll-like 511 

receptor-dependent inflammatory responses. Faseb Journal 20:2153-+. 512 

17. Sadik CD, Bachmann M, Pfeilschifter J, Muhl H. 2009. Activation of interferon 513 

regulatory factor-3 via toll-like receptor 3 and immunomodulatory functions detected 514 

in A549 lung epithelial cells exposed to misplaced U1-snRNA. Nucleic Acids Research 515 

37:5041-5056. 516 

18. Dumitru CA, Dreschers S, Gulbins E. 2006. Rhinoviral infections activate p38MAP-517 

kinases via membrane rafts and RhoA. Cellular Physiology and Biochemistry 17:159-518 

166. 519 

19. Lau C, Wang X, Song L, North M, Wiehier S, Proud D, Chow CW. 2008. Syk associates 520 

with clathrin and mediates phosphatidylinositol 3-kinase activation during human 521 

rhinovirus internalization. Journal of Immunology 180:870-880. 522 

20. Wang XM, Lau C, Wiehler S, Pow A, Mazzulli T, Gutierrez C, Proud D, Chow CW. 2006. 523 

Syk is downstream of intercellular adhesion molecule-1 and mediates human 524 

rhinovirus activation of p38 MAPK in airway epithelial cells. Journal of Immunology 525 

177:6859-6870. 526 

21. Griego SD, Weston CB, Adams JL, Tal-Singer R, Dillon SB. 2000. Role of p38 mitogen-527 

activated protein kinase in rhinovirus-induced cytokine production by bronchial 528 

epithelial cells. Journal of Immunology 165:5211-5220. 529 

22. Liu K, Gualano RC, Hibbs ML, Anderson GP, Bozinovski S. 2008. Epidermal growth 530 

factor receptor signaling to Erk1/2 and STATs control the intensity of the epithelial 531 

inflammatory responses to rhinovirus infection. Journal of Biological Chemistry 532 

283:9977-9985. 533 

23. Newcomb DC, Sajjan US, Nagarkar DR, Goldsmith AM, Bentley JK, Hershenson MB. 534 

2007. Cooperative effects of rhinovirus and TNF-alpha on airway epithelial cell 535 

chemokine expression. American Journal of Physiology-Lung Cellular and Molecular 536 

Physiology 293:L1021-L1028. 537 

24. Jang BC, Lim KJ, Paik JH, Kwon YK, Shin SW, Kim SC, Jung TY, Kwon TK, Cho JW, Baek 538 

WK, Kim SP, Suh MH, Suh SI. 2004. Up-regulation of human beta-defensin 2 by 539 

interieukin-1 beta in A549 cells: involvement of PI3K, PKC, p38 MAPK, JNK, and NF-540 

kappa B. Biochemical and Biophysical Research Communications 320:1026-1033. 541 

25. Wuyts WA, Vanaudenaerde BM, Dupont LJ, Demedts MG, Verleden GM. 2003. 542 

Involvement of p38 MAPK, JNK, p42/p44 ERK and NF-kappa B in IL-1 beta-induced 543 

chemokine release in human airway smooth muscle cells. Respiratory Medicine 544 

97:811-817. 545 

26. Piper SC, Ferguson J, Kay L, Parker LC, Sabroe I, Sleeman MA, Briend E, Finch DK. 2013. 546 

The Role of Interleukin-1 and Interleukin-18 in Pro-Inflammatory and Anti-Viral 547 

Responses to Rhinovirus in Primary Bronchial Epithelial Cells. Plos One 8:11. 548 

 on N
ovem

ber 7, 2018 by guest
http://jvi.asm

.org/
D

ow
nloaded from

 

http://jvi.asm.org/


 23 

27. Stokes CA, Ismail S, Dick EP, Bennett JA, Johnston SL, Edwards MR, Sabroe I, Parker LC. 549 

2011. Role of Interleukin-1 and MyD88-Dependent Signaling in Rhinovirus Infection. 550 

Journal of Virology 85:7912-7921. 551 

28. Chi HB, Barry SP, Roth RJ, Wu JJ, Jones EA, Bennettt AM, Flavell RA. 2006. Dynamic 552 

regulation of pro- and anti-inflammatory cytokines by MAPK phosphatase 1 (MKP-1) 553 

in innate immune responses. Proceedings of the National Academy of Sciences of the 554 

United States of America 103:2274-2279. 555 

29. Hammer M, Mages J, Dietrich H, Servatius A, Howells N, Cato ACB, Lang R. 2006. Dual 556 

specificity phosphatase 1 (DUSP1) regulates a subset of LPS-induced genes and 557 

protects mice from lethal endotoxin shock. Journal of Experimental Medicine 203:15-558 

20. 559 

30. Frazier WJ, Wang XX, Wancket LM, Li XA, Meng XM, Nelin LD, Cato ACB, Liu YS. 2009. 560 

Increased Inflammation, Impaired Bacterial Clearance, and Metabolic Disruption after 561 

Gram-Negative Sepsis in Mkp-1-Deficient Mice. Journal of Immunology 183:7411-562 

7419. 563 

31. Al-Mutairi MS, Cadalbert LC, McGachy HA, Shweash M, Schroeder J, Kurnik M, Sloss 564 

CM, Bryant CE, Alexander J, Plevin R. 2010. MAP Kinase Phosphatase-2 Plays a Critical 565 

Role in Response to Infection by Leishmania mexicana. Plos Pathogens 6:11. 566 

32. Qian F, Deng J, Gantner B, Dong C, Christman J, Ye R. 2012. MAP Kinase Phosphatase 567 

5 Protects Against Sepsis-induced Acute Lung Injury. Journal of Immunology 188:1. 568 

33. Cornell TT, Rodenhouse P, Cai Q, Sun L, Shanley TP. 2010. Mitogen-Activated Protein 569 

Kinase Phosphatase 2 Regulates the Inflammatory Response in Sepsis. Infection and 570 

Immunity 78:2868-2876. 571 

34. James SJ, Jiao HP, Teh HY, Takahashi H, Png CW, Phoon MC, Suzuki Y, Sawasaki T, Xiao 572 

H, Chow VTK, Yamamoto N, Reynolds JM, Flavell RA, Dong C, Zhang YL. 2015. MAPK 573 

Phosphatase 5 Expression Induced by Influenza and Other RNA Virus Infection 574 

Negatively Regulates IRF3 Activation and Type I Interferon Response. Cell Reports 575 

10:1722-1734. 576 

35. Park C, Lee S, Cho IH, Lee HK, Kim D, Choi SY, Oh SB, Park K, Kim JS, Lee SJ. 2006. TLR3-577 

mediated signal induces proinflammatory cytokine and chemokine gene expression in 578 

astrocytes: Differential signaling mechanisms of TLR3-induced IP-10 and IL-8 gene 579 

expression. Glia 53:248-256. 580 

36. Golebski K, van Egmond D, de Groot E, Roschmann KIL, Fokkens WJ, van Drunen CM. 581 

2014. High degree of overlap between responses to a virus and to the house dust mite 582 

allergen in airway epithelial cells. Allergy 69:38-38. 583 

37. Newcomb DC, Sajjan US, Nagarkar DR, Wang Q, Nanua S, Zhou Y, McHenry CL, 584 

Hennrick KT, Tsai WC, Bentley JK, Lukacs NW, Johnston SL, Hershenson MB. 2008. 585 

Human rhinovirus 1B exposure induces phosphatidylinositol 3-kinase-dependent 586 

airway inflammation in mice. American Journal of Respiratory and Critical Care 587 

Medicine 177:1111-1121. 588 

38. Bain J, Plater L, Elliott M, Shpiro N, Hastie CJ, McLauchlan H, Klevernic I, Arthur JSC, 589 

Alessi DR, Cohen P. 2007. The selectivity of protein kinase inhibitors: a further update. 590 

Biochemical Journal 408:297-315. 591 

39. Lawan A, Al-Harthi S, Cadalbert L, McCluskey AG, Shweash M, Grassia G, Grant A, Boyd 592 

M, Currie S, Plevin R. 2011. Deletion of the Dual Specific Phosphatase-4 (DUSP-4) Gene 593 

Reveals an Essential Non-redundant Role for MAP Kinase Phosphatase-2 (MKP-2) in 594 

Proliferation and Cell Survival. Journal of Biological Chemistry 286:12933-12943. 595 

 on N
ovem

ber 7, 2018 by guest
http://jvi.asm

.org/
D

ow
nloaded from

 

http://jvi.asm.org/


 24 

40. Manetsch M, Che WC, Seidel P, Chen Y, Ammit AJ. 2012. MKP-1: A negative feedback 596 

effector that represses MAPK-mediated pro-inflammatory signaling pathways and 597 

cytokine secretion in human airway smooth muscle cells. Cellular Signalling 24:907-598 

913. 599 

41. Tanoue T, Moriguchi T, Nishida E. 1999. Molecular cloning and characterization of a 600 

novel dual specificity phosphatase, MKP-5. Journal of Biological Chemistry 274:19949-601 

19956. 602 

42. Pezzulo AA, Starner TD, Scheetz TE, Traver GL, Tilley AE, Harvey BG, Crystal RG, McCray 603 

PB, Zabner J. 2011. The air-liquid interface and use of primary cell cultures are 604 

important to recapitulate the transcriptional profile of in vivo airway epithelia. 605 

American Journal of Physiology-Lung Cellular and Molecular Physiology 300:L25-L31. 606 

43. Proud D, Turner RB, Winther B, Wiehler S, Tiesman JP, Reichling TD, Juhlin KD, Fulmer 607 

AW, Ho BY, Walanski AA, Poore CL, Mizoguchi H, Jump L, Moore ML, Zukowski CK, 608 

Clymer JW. 2008. Gene Expression Profiles during In Vivo Human Rhinovirus Infection 609 

Insights into the Host Response. American Journal of Respiratory and Critical Care 610 

Medicine 178:962-968. 611 

44. Lin YW, Chuang SM, Yang JL. 2003. ERK1/2 achieves sustained activation by stimulating 612 

MAPK phosphatase-1 degradation via the ubiquitin-proteasome pathway. Journal of 613 

Biological Chemistry 278:21534-21541. 614 

45. Queipo MJ, Gil-Redondo JC, Morente V, Ortega F, Miras-Portugal MT, Delicado EG, 615 

Perez-Sen R. 2018. P2X7 Nucleotide and EGF Receptors Exert Dual Modulation of the 616 

Dual-Specificity Phosphatase 6 (MKP-3) in Granule Neurons and Astrocytes, 617 

Contributing to Negative Feedback on ERK Signaling. Frontiers in Molecular 618 

Neuroscience 10:13. 619 

46. Barro M, Patton JT. 2005. Rotavirus nonstructural protein 1 subverts innate immune 620 

response by inducing degradation of IFN regulatory factor 3. Proceedings of the 621 

National Academy of Sciences of the United States of America 102:4114-4119. 622 

47. Okumura A, Alce T, Lubyova B, Ezelle H, Strebel K, Pitha PM. 2008. HIV-1 accessory 623 

proteins VPR and Vif modulate antiviral response by targeting IRF-3 for degradation. 624 

Virology 373:85-97. 625 

48. Drahos J, Racaniello VR. 2009. Cleavage of IPS-1 in Cells Infected with Human 626 

Rhinovirus. Journal of Virology 83:11581-11587. 627 

49. Tachado SD, Zhang L, Zhu J, Patel N, Koziel H. 2005. HIV impairs TNF-alpha release in 628 

response to Toll-like receptor 4 stimulation in human macrophages in vitro. American 629 

Journal of Respiratory Cell and Molecular Biology 33:610-621. 630 

50. Diebold SS, Kaisho T, Hemmi H, Akira S, Sousa CRE. 2004. Innate antiviral responses by 631 

means of TLR7-mediated recognition of single-stranded RNA. Science 303:1529-1531. 632 

51. Zaheer RS, Koetzler R, Holden NS, Wiehler S, Proud D. 2009. Selective Transcriptional 633 

Down-Regulation of Human Rhinovirus-Induced Production of CXCL10 from Airway 634 

Epithelial Cells via the MEK1 Pathway. Journal of Immunology 182:4854-4864. 635 

52. Triantafilou K, Kar S, van Kuppeveld FJM, Triantafilou M. 2013. Rhinovirus-Induced 636 

Calcium Flux Triggers NLRP3 and NLRC5 Activation in Bronchial Cells. American Journal 637 

of Respiratory Cell and Molecular Biology 49:923-934. 638 

53. Menzel M, Akbarshahi H, Mahmutovic Persson I, Puthia M, Bjermer L, Uller L. 2017. 639 

Caspase-1 deficiency reduces eosinophilia and interleukin-33 in an asthma 640 

exacerbation model. ERJ open research 3. 641 

 on N
ovem

ber 7, 2018 by guest
http://jvi.asm

.org/
D

ow
nloaded from

 

http://jvi.asm.org/


 25 

54. Botelho FM, Bauer CMT, Finch D, Nikota JK, Zavitz CCJ, Kelly A, Lambert KN, Piper S, 642 

Foster ML, Goldring JJP, Wedzicha JA, Bassett J, Bramson J, Iwakura Y, Sleeman M, 643 

Kolbeck R, Coyle AJ, Humbles AA, Stampfli MR. 2011. IL-1 alpha/IL-1R1 Expression in 644 

Chronic Obstructive Pulmonary Disease and Mechanistic Relevance to Smoke-Induced 645 

Neutrophilia in Mice. Plos One 6:13. 646 

55. Schmitz N, Kurrer M, Kopf M. 2003. The IL-1 receptor 1 is critical for Th2 cell type 647 

airway immune responses in a mild but not in a more severe asthma model. Eur J 648 

Immunol 33:991-1000. 649 

56. Mahmutovic Persson I, Menzel M, Ramu S, Cerps S, Akbarshahi H, Uller L. 2018. IL-650 

1beta mediates lung neutrophilia and IL-33 expression in a mouse model of viral-651 

induced asthma exacerbation. Respir Res 19:16. 652 

57. Chaudhuri N, Paiva C, Donaldson K, Duffin R, Parker LC, Sabroe I. 2010. Diesel exhaust 653 

particles override natural injury-limiting pathways in the lung. American Journal of 654 

Physiology-Lung Cellular and Molecular Physiology 299:L263-L271. 655 

58. Haller D, Bode C, Hammes WP, Pfeifer AMA, Schiffrin EJ, Blum S. 2000. Non-656 

pathogenic bacteria elicit a differential cytokine response by intestinal epithelial 657 

cell/leucocyte co-cultures. Gut 47:79-87. 658 

59. Morris GE, Whyte MKB, Martin GF, Jose PJ, Dower SK, Sabroe I. 2005. Agonists of toll-659 

like receptors 2 and 4 activate airway smooth muscle via mononuclear leukocytes. 660 

American Journal of Respiratory and Critical Care Medicine 171:814-822. 661 

60. Tsutsumi-Ishii Y, Nagaoka I. 2003. Modulation of human beta-defensin-2 transcription 662 

in pulmonary epithelial cells by lipopolysaccharide-stimulated mononuclear 663 

phagocytes via proinflammatory cytokine production. Journal of Immunology 664 

170:4226-4236. 665 

61. Korpi-Steiner NL, Valkenaar SM, Bates ME, Evans MD, Gern JE, Bertics PJ. 2010. Human 666 

monocytic cells direct the robust release of CXCL10 by bronchial epithelial cells during 667 

rhinovirus infection. Clinical and Experimental Allergy 40:1203-1213. 668 

62. Imasato A, Desbois-Mouthon C, Han JH, Kai H, Cato ACB, Akira S, Li JD. 2002. Inhibition 669 

of p38 MAPK by glucocorticoids via induction of MAPK phosphatase-1 enhances 670 

nontypeable Haemophilus influenzae-induced expression of toll-like receptor 2. 671 

Journal of Biological Chemistry 277:47444-47450. 672 

63. Givant-Horwitz V, Davidson B, Goderstad JM, Nesland JM, Trope CG, Reich R. 2004. 673 

The PAC-1 dual specificity phosphatase predicts poor outcome in serous ovarian 674 

carcinoma. Gynecologic Oncology 93:517-523. 675 

 676 

  677 

 on N
ovem

ber 7, 2018 by guest
http://jvi.asm

.org/
D

ow
nloaded from

 

http://jvi.asm.org/


 26 

Figure Legends 678 

Figure 1: Inhibition of the p38 or JNK pathways reduces cytokine release in response to RV 679 

infection. PBECゲ ┘WヴW デヴW;デWS ┘ｷデｴ ﾏWSｷ; ﾗﾐﾉ┞が DMSO ﾗヴ MAPK ｷﾐｴｷHｷデﾗヴゲ ふヲヰ ´Mぶぎ PDΓヰΒヵΓ 680 

(ERK), SB203580 (p38), SB202190 (p38) and SP600125 (JNK), for one hour prior to stimulation 681 

┘ｷデｴ ヮﾗﾉ┞ふIぎCぶ ふヲヵ ´ｪっﾏﾉぶ aﾗヴ ヲヴ ｴが ﾐ Э ン ふAぶが ﾗヴ ｷﾐaWIデｷﾗﾐ ┘ith RV1B (MOI 3) (B) or RV16 (MOI 682 

4) (C) for 48 h, n=4 individual donors. Inhibitors remained present throughout the experiment. 683 

Supernatants and cell lysates were collected and levels of CXCL8 mRNA and release were 684 

measured by qRT-PCR and ELISA. Data shown are mean ± SEM, normalised to RV + DMSO 685 

デヴW;デWS IWﾉﾉゲく SｷｪﾐｷaｷI;ﾐIW ┗Wヴゲ┌ゲ RV Щ DMSO デヴW;デWS IWﾉﾉゲ ｷゲ ｷﾐSｷI;デWS H┞ ゅ г ヮ ヰくヰヵが ゅゅ ヮ г 686 

0.01, as measured by one-┘;┞ ANOVAが D┌ﾐﾐWデデげゲ ヮﾗゲデ-test on log raw data. 687 

 688 

Figure 2: DUSPs 1, 4 and 10 are expressed in PBECs. PBECs were stimulated with poly(I:C) (25 689 

´ｪっﾏﾉぶ ふPぶが IL-ヱé ふヱヰ ﾐｪっﾏﾉぶ ふéぶ ﾗヴ ﾉWaデ ┌ﾐデヴW;デWS ふUぶ ﾗ┗Wヴ ヲヴ ｴﾗ┌ヴゲく ﾏRNA ┘;ゲ IﾗﾉﾉWIデWS ;デ デｴW 690 

time points indicated and RT-PCR performed using primers for DUSPs 1, 4 and 10 and a GAPDH 691 

control. n=2 individual donors with a representative gel shown. 692 

 693 

Figure 3: DUSP10 expression is decreased by RV infection. PBECs were infected with RV1B 694 

(MOI 3), RV16 (MOI 4), or IL-ヱé ふヱヰヰ ﾐｪっﾏﾉぶ ﾗ┗Wヴ ヲヴ ｴ ;ﾐS IWﾉﾉ ﾉ┞ゲ;デWゲ IﾗﾉﾉWIデWS ;デ デｴW ｷﾐSｷI;デWS 695 

time points. DUSP1 (A), DUSP4 (B) and DUSP10 (C) expression was measured using qRT-PCR. 696 

Data shown are mean ± SEM, n=3 individual donors. Significance versus uninfected control (0 697 

ｴぶ ｷゲ ｷﾐSｷI;デWS H┞ ゅ ヮ г ヰくヰヵが ;ゲ ﾏW;ゲ┌ヴWS H┞ ﾗﾐW-way ANOVA, Dunnett's post-デWゲデ ﾗﾐ ﾉﾗｪ らCデ 698 

values.   699 

 700 
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Figure 4: DUSP10 protein expression is decreased by RV infection. PBECs were infected with 701 

RV1B (MOI 3) (A), RV16 (MOI 4) (B), or IL-ヱé ふヱヰヰ ﾐｪっﾏﾉぶ ふCぶ ﾗ┗Wヴ ヲヴ ｴ ;ﾐS IWﾉﾉ ﾉ┞ゲ;デWゲ IﾗﾉﾉWIデWS 702 

at the indicated time points. DUSP10 and actin expression was measured using western blot. 703 

Data shown are mean ± SEM of densitometry, n=3 individual donors, with representative blot 704 

HWﾉﾗ┘く SｷｪﾐｷaｷI;ﾐIW ｷゲ ｷﾐSｷI;デWS H┞ ゅ ヮ г ヰくヰヵが ;ゲ ﾏW;ゲ┌ヴWS H┞ ﾗﾐW-way ANOVA, Dunnett's 705 

post-test on log values. Please note, blots shown are segments of longer time courses. 706 

 707 

Figure 5: DUSP10 knock down does not affect the response of PBECs to RV infection. PBECs 708 

were untransfected or treated with DUSP10 (D10) or control (Ctrl) siRNA (100 nM) for 48 h. 709 

Cell lysates and supernatants were collected and analysed for DUSP10 expression by qRT-PCR 710 

(A) and western blot (B). PBECs were then infected with RV1B (MOI 3), RV16 (MOI 4), or 711 

ヮﾗﾉ┞ふIぎCぶ ふヲヵ ´ｪっﾏﾉぶく CWﾉﾉ ﾉ┞ゲ;デWゲ ;ﾐS ゲ┌ヮWヴﾐ;デ;ﾐデゲ ┘WヴW IﾗﾉﾉWIデWS ;aデWヴ ヲヴ ｴ ;ﾐS ;ﾐ;ﾉ┞ゲWS H┞ 712 

ELISA for CXCL8 (C) and CCL5 (E) or after 16 h and qRT-PCR performed for IFN-é ふD). RV RNA 713 

levels after 24 h were measured using qRT-PCR (F). Data shown are mean ± SEM, n=3 714 

individual donors, except F n=4 individual donors. Significance between siRNA treatments is 715 

indicated by * p г ヰくヰヵ ;ゲ ﾏW;ゲ┌ヴWS ┌ゲｷﾐｪ ﾗﾐW-┘;┞ ANOVA D┌ﾐﾐWデデげゲ ヮﾗゲデ-デWゲデ ﾗﾐ ﾉﾗｪ らCデ 716 

values (A) or log protein expression (B) or two-┘;┞ ANOVAが SｷS;ﾆげゲ ヮﾗゲデ-test on log data (C-717 

F). 718 

 719 

Figure 6: DUSP10 knock down increases cytokine production but not MAPK activation in 720 

response to IL-ヱéく PBECs were treated with DUSP10 (D10) or control (Ctrl) siRNA (100 nM) 721 

for 48 h prior to stimulation with IL-ヱé ふヱ-100 ng/ml) for 24 h. Cell lysates and supernatants 722 

were collected and CXCL8 measured by qRT-PCR (A) and ELISA (B), n=4 individual donors. 723 

PBECs were treated with siRNA for 48 h prior to stimulation with IL-ヱé ふヱヰヰ ﾐｪっﾏﾉぶ aﾗヴ ンヰ 724 
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minutes. Cell lysates were collected and levels of phosphorylated p38 and JNK and total actin 725 

were measured using western blot. Data shown are mean ± SEM of band density with 726 

representative blots shown, n=3 individual donors (C). Significance between siRNA 727 

デヴW;デﾏWﾐデゲ ｷゲ ｷﾐSｷI;デWS H┞ ゅ ヮ г ヰくヰヵ ;ゲ ﾏW;ゲ┌ヴWS H┞ デ┘ﾗ-way ANOVA, Sidak's post-test on 728 

log data. 729 

 730 

Figure 7: The effect of DUSP10 knock down on cytokine expression in response to IL-ヱéく 731 

PBECs were treated with DUSP10 (D10) or control (Ctrl) siRNA (100 nM) for 48 h prior to 732 

stimulation with IL-ヱé ふヱヰ ﾐｪっﾏﾉぶ aﾗヴ ヲヴ ｴく S┌ヮWヴﾐ;デ;ﾐデゲ ┘WヴW IﾗﾉﾉWIデWS ;ﾐS I┞デﾗﾆｷﾐW ;ヴヴ;┞ 733 

performed. Data presented are spot density normalised to cell number, n=1. 734 

 735 

Figure 8: IL-ヱé ｷゲ ヴWﾉW;ゲWS ｷﾐ ヴWゲヮﾗﾐゲW デﾗ RV ｷﾐaWIデｷﾗﾐく PBECs were infected with RV1B (MOI 736 

3) or RV16 (MOI 4) for 24 h. Supernatants were collected and levels of IL-ヱé ヴWﾉW;ゲW ┘WヴW 737 

measured by ELISA. Data shown are mean ± SEM, n=3 individual donors. Significance versus 738 

┌ﾐｷﾐaWIデWS IWﾉﾉゲ ｷゲ ｷﾐSｷI;デWS H┞ ゅ ヮ г ヰくヰヵが ゅゅゅ ヮ г ヰくヰヰヱが ;ゲ ﾏW;ゲ┌ヴWS H┞ ﾗﾐW-way ANOVA, 739 

D┌ﾐﾐWデデげゲ ヮﾗゲデ-test on log data. 740 

 741 

Figure 9: IL-ヱé ヮﾗデWﾐデｷ;デWゲ デｴW ヴWゲヮﾗﾐゲW ﾗa PBECゲ デﾗ RV ｷﾐaWIデｷﾗﾐく PBECs were treated with 742 

control (Ctrl) or DUSP10 (D10) siRNA (100 nM) for 48 h prior to stimulation with IL-ヱé ふ1 or 10 743 

ng/ml) and/or infection with RV16 (MOI 4) (A and B), RV1B (MOI 3) (C) or RV14 (D) for 24 h. 744 

Cell supernatants and lysates were collected and CXCL8 measured by qRT-PCR (A) and ELISA 745 

ふBが Cが Dぶく SｷｪﾐｷaｷI;ﾐIW ｷゲ ｷﾐSｷI;デWS H┞ ゅ ヮ г ヰくヰヵが ゅゅ ヮ г ヰくヰヱ ゅゅゅ ヮ г ヰくヰヰヱが ゅゅゅゅ ヮ г ヰくヰヰヰヱ 746 

between Ctrl and D10 siRNA as measured by two-way ANOVA Sidak's post test, or # between 747 
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RV alone and in combination with IL-ヱé ;ゲ ﾏW;ゲ┌ヴWS H┞ デ┘ﾗ-┘;┞ ANOVA D┌ﾐﾐWデデげゲ ヮﾗゲデ-test 748 

on log raw data, n=3 individual donors. 749 

 750 

Figure 10: DUSP10 expression is decreased by RV infection in COPD cells and DUSP10 knock 751 

down increases CXCL8 release. COPD PBECs were infected with RV1B (MOI 3), RV16 (MOI 4), 752 

or IL-ヱé ふヱヰヰ ﾐｪっﾏﾉぶ ﾗ┗Wヴ ヲヴ ｴ ;ﾐS IWﾉﾉ ﾉ┞ゲ;デWゲ IﾗﾉﾉWIデWS ;デ デｴW ｷﾐSｷI;デWS デｷﾏW ヮﾗｷﾐデゲく DUSP10 753 

expression was measured using qRT-PCR (A) and western blot (B). Data shown are mean ± 754 

SEM n=3 individual donors. Densitometry is shown in B with a representative blot in C. 755 

Significance was measured by one-way ANOVA, Dunnett's post-デWゲデ ﾗﾐ ﾉﾗｪ らCデ ┗;ﾉues (A) or 756 

log densitometric values (B). COPD PBECs were treated with control (Ctrl) or DUSP10 (D10) 757 

siRNA (100 nM) for 48 h prior to stimulation with IL-ヱé ふヱ ﾗヴ ヱヰ ﾐｪっﾏﾉぶ ;ﾐSっﾗヴ ｷﾐaWIデｷﾗﾐ ┘ｷデｴ 758 

RV16 (MOI 4) for 24 h. Cell supernatants were collected and CXCL8 measured by ELISA, n=2 759 

individual donors (D). 760 

 761 
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