
 International Journal of 

Molecular Sciences

Review

Emerging Regulatory Roles of Dual-Specificity
Phosphatases in Inflammatory Airway Disease

Grace C. A. Manley 1,2 , Lisa C. Parker 3 and Yongliang Zhang 1,2,*
1 Department of Microbiology and Immunology, Yong Loo Lin School of Medicine, National University of

Singapore, Singapore 117545, Singapore; micmgca@nus.edu.sg
2 Immunology Programme, Life Science Institute, National University of Singapore, Singapore 117597,

Singapore
3 Department of Infection, Immunity and Cardiovascular Disease, University of Sheffield, Sheffield S10 2RX,

UK; l.c.parker@sheffield.ac.uk
* Correspondence: miczy@nus.edu.sg; Tel.: +65-6516-6407

Received: 11 January 2019; Accepted: 1 February 2019; Published: 5 February 2019
����������
�������

Abstract: Inflammatory airway disease, such as asthma and chronic obstructive pulmonary disease
(COPD), is a major health burden worldwide. These diseases cause large numbers of deaths each
year due to airway obstruction, which is exacerbated by respiratory viral infection. The inflammatory
response in the airway is mediated in part through the MAPK pathways: p38, JNK and ERK.
These pathways also have roles in interferon production, viral replication, mucus production, and T
cell responses, all of which are important processes in inflammatory airway disease. Dual-specificity
phosphatases (DUSPs) are known to regulate the MAPKs, and roles for this family of proteins in
the pathogenesis of airway disease are emerging. This review summarizes the function of DUSPs in
regulation of cytokine expression, mucin production, and viral replication in the airway. The central
role of DUSPs in T cell responses, including T cell activation, differentiation, and proliferation, will
also be highlighted. In addition, the importance of this protein family in the lung, and the necessity
of further investigation into their roles in airway disease, will be discussed.
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1. Introduction

Inflammatory airway diseases are major causes of morbidity and mortality. The most common
chronic respiratory diseases are asthma and chronic obstructive pulmonary disease (COPD), affecting
around 300 million and 65 million people worldwide, respectively [1,2]. Both diseases are characterized
by chronic inflammation of the respiratory tract, which is worsened in acute exacerbations, leading to
airway obstruction, wheezing, and breathlessness [3]. The main cause of exacerbations is infection
with respiratory viruses, including rhinovirus, respiratory syncytial virus (RSV), and influenza.
Studies to determine the aetiology of exacerbations detected respiratory viruses in 65–82% of asthma
exacerbations and 37–56% of COPD exacerbations [4–11].

The airway epithelium is the main target of respiratory viruses. Pattern recognition receptors
(PRRs) on the surface and within epithelial cells recognize components of viruses and activate a range
of signaling pathways, including the mitogen-activated protein kinase (MAPK) pathways [12,13].
The MAPK pathways consist of a three-tier kinase cascade, culminating in the dual-phosphorylation
and activation of the MAPKs: extracellular signal-regulated kinase (ERK), Jun N-terminal kinase (JNK),
and p38. These proteins translocate to the nucleus and activate a range of transcription factors, such
as NF-κB and AP-1, leading to the production and release of many different molecules, including
interferons, cytokines, and adhesion molecules [12,14], initiating inflammatory responses.
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These responses are aberrant in patients with underlying airway disease. The reasons for this
remain incompletely understood, but involve impaired control of viral infection [15,16], damaged
epithelium [17,18], and altered lymphocyte responses [19,20]. This review will discuss the roles
of the MAPK pathways in these processes and their regulation by a group of proteins known as
dual-specificity phosphatases (DUSPs) or MAPK phosphatases (MKPs).

2. The Epithelial Response to Respiratory Viral Infection

Activation of PRRs in respiratory epithelial cells leads to induction of the MAPK pathways, as
summarized in Figure 1 [21]. Respiratory viral infection of epithelial cells can also activate the MAPKs
through other means; for example, p38 can be activated by infection with rhinovirus, through the
protein kinase Syk [22–24], or influenza, through the endoplasmic-reticulum stress response [25].
Once activated, the MAPKs have roles in many different processes, with severe implications in airway
disease. These roles are summarized in the following sections.
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2.1. The MAPKs and Cytokine Release 

Figure 1. Activation of signaling pathways in respiratory epithelial cells upon viral infection. PRRs
detect viral infection of the cell: TLRs 2 and 4 can bind components of the viral surface, TLR3 binds
dsRNA, TLR7/8 bind ssRNA, and the RLRs bind dsRNA or 5′-triphosphorylated ssRNA. Adaptor
proteins MyD88, TRIF, and MAVS mediate the activation of signaling pathways, including the MAPK
pathways. The MAPKs translocate into the nucleus where they activate transcription factors, leading
to the transcription of genes for inflammatory cytokines. TRIF and MAVS signaling activates IRF3,
leading to interferon production. The MAPK pathways can also activate IRF3. Inflammatory cytokines
and interferons are released by the cell and act upon surrounding cells. IFN binds to the IFN receptor
complex IFNAR1/2, activating the JAK/STAT pathway. JAK1 and Tyk2 phosphorylate STAT1 and
STAT2 which dimerize, translocate to the nucleus and bind IRF9, forming ISGF3, which induces
transcription of interferon stimulated genes (ISGs).
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2.1. The MAPKs and Cytokine Release

The specific roles of each MAPK pathway have been examined using small molecule inhibitors.
Pyridinyl imidazole compounds inhibit p38 by competing with ATP for its binding site, blocking its
catalytic activity [26]. Griego et al. used two pyridinyl imidazole inhibitors, SB203580 and SB239053,
to examine the role of p38 in cytokine and chemokine production by the BEAS-2B human bronchial
epithelial cell line in response to infection with rhinovirus [27]. They found that infection caused a
time- and dose-dependent increase in p38 phosphorylation. Treatment with either inhibitor prior to
infection led to a significant reduction in the secretion of all cytokines and chemokines examined,
including CXCL8, growth-related oncogene-α (GRO-α), granulocyte colony-stimulating factor (G-CSF),
and granulocyte-macrophage colony-stimulating factor (GM-CSF), all of which have important roles
in neutrophilia [27]. Recent work has furthered this knowledge, showing reduced production of
CXCL8 by primary bronchial epithelial cells when p38 signaling was inhibited prior to infection with
rhinovirus [28].

Inhibitors of p38 have also been used to highlight its importance in inflammatory cytokine
production in response to other respiratory viruses. Treatment of A549 cells with SB203580 decreased
release of CCL5 in response to RSV infection, and CXCL8 in response to parainfluenza virus
infection [29,30]. Supporting this, inhibition of p38 in primary bronchial epithelial cells reduced
mRNA production of IL-1β and TNF-α in response to RSV infection [31]. This pro-inflammatory
role of p38 has also been demonstrated in vivo, as treatment of influenza-infected BALB/c mice with
SB203580 lowered the concentration of TNF-α, IL-1β and IL-6 protein in lung homogenates [32].

The ERK pathway also has roles in cytokine induction in epithelial cells in response to viral
infection. Liu et al. and Newcomb et al. treated airway epithelial cell lines with U0126 prior to
rhinoviral infection. U0126 inhibits the ERK pathway by blocking activation of upstream kinases
MEK1/2 [33]. Treatment with this drug reduced the secretion of CXCL8 in response to rhinovirus to
almost baseline levels [34,35]; however, this was not replicated in primary bronchial epithelial cells
treated with the MEK inhibitor PD90859 [28]. This could be due to differences in potency between
the two chemical inhibitors, or between primary and immortalized cells. ERK signaling also induces
inflammatory cytokine release in response to infection with RSV, with decreased levels of CXCL8 and
CCL5 in supernatants of infected A549 cells treated with PD98059 [29,36].

Less is known about the role of the JNK pathway in inflammatory cytokine production in viral
infection of the airway. One study showed weaker production and release of CXCL8 in response
to infection with two strains of rhinovirus in primary bronchial epithelial cells treated with the
JNK inhibitor SP600125 [28]. Together, these studies illustrate the central role of the MAPKs in the
inflammatory response to respiratory viral infection. The precise contribution of each pathway seems
to depend on the specific virus and cell type studied, but together they induce a large proportion of
inflammatory cytokine production.

Respiratory epithelial cells release type I and type III interferons in response to viral infection
(Figure 1) [37–39]. Interferons limit replication of respiratory viruses; pre-treatment of airway epithelial
cells with interferon-β (IFN-β) significantly reduced replication of rhinovirus or influenza virus [40,41].
Several viruses, including influenza and RSV, target components of the interferon pathway in order
to limit the antiviral response [42,43], and highly pathogenic strains of influenza induce lower levels
of interferon [41]. The MAPK pathways have previously been implicated in interferon induction in
response to influenza infection. Infection of MDCK cells or chicken macrophages with avian influenza
viruses in the presence of JNK inhibitors led to increased viral replication due to decreased activation
of IRF3 [44,45]. Recently, a gene expression array compared the response of primary HUVECs infected
with highly pathogenic avian influenza viruses with and without SB202190, a p38 inhibitor. In addition
to diminished production of inflammatory mediators, p38 inhibition reduced expression of IFN-β [46].
Signaling by ERK has also been linked to interferon signaling in RSV infection; ERK inhibition in A549
cells lessened activation of STAT1 in response to RSV [47]. This identifies the MAPKs as key pathways
in both the anti-viral and pro-inflammatory responses to viral infection (Figure 1).
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2.2. The MAPKs and Viral Replication

In addition to regulating respiratory viral infection through the interferon response, the MAPKs
may also have roles in the viral life cycle. Marchant et al. showed that inhibition of p38 using SB203580
in the bronchial epithelial cell line 1HAEo- reduced replication of a number of respiratory viruses,
including: influenza, RSV, coxsackie virus B3, human parainfluenza virus 3, and adenovirus [48].
Influenza genome replication occurs within the nucleus, forming viral ribonucleoprotein (vRNP)
complexes, which are then exported into the cytoplasm [49]. Inhibition of either p38 or ERK was
found to decrease influenza virus replication in MDCK cells due to a reduction in vRNP export from
the nucleus [49–51]. Nencioni et al. hypothesized this was due to phosphorylation of vRNP by p38,
affecting its affinity for the viral surface protein M1 [51]. This was supported by co-localization of p38
and vRNP in the nucleus of MDCK cells, and a reduction of vRNP phosphorylation when p38 was
inhibited [51].

The roles of the MAPK pathways in RSV replication have also been investigated. Inhibition of
p38 or ERK diminished levels of viral RNA and progeny release in A549 cells [52,53]. In both cases,
this was thought to be due to impaired transport of viral proteins through the secretory pathway.
Inhibition of p38 in vero cells decreased phosphorylation of the SH protein, a viral membrane protein
with unknown function [54]. This altered the cellular distribution of SH, increasing localization in
the golgi, implying that phosphorylation of SH may be necessary for transport through the secretory
pathway and thus, viral assembly [54]. A similar role was proposed for ERK, as treatment of A549
cells with U0126 reduced surface expression of the viral F protein [53].

RSV and influenza viruses can also successfully evade the immune response and antiviral
therapies by direct cell to cell spread [55,56]. RSV forms syncytia in the airway epithelium by fusing
the membranes of neighbor cells, leading to cytosol mixing and viral transfer. RSV can also induce
the formation of long filaments to reach, and spread to, more distant cells. This process is dependent
on actin rearrangement through RhoA and the Arp2/Arp3 complex [56,57]. In wound healing
assays, inhibition of ERK in epithelial cell lines reduced Arp2/3 recruitment and actin polymerization,
indicating a possible role for ERK in syncytia formation during RSV infection [58]. ERK has previously
been implicated in syncytia formation in cancer, with U0126 treatment of a choriocarcinoma cell line
mitigating syncytia formation [59]. One result of syncytia formation in RSV infection is disruption of
the epithelium and decreased membrane barrier integrity, which can lead to pneumonia and secondary
bacterial infection. This can be modelled in A549 cells, where RSV infection lowers trans-epithelial
resistance and causes paracellular gap formation. Treatment of A549 cells with SB203580 lessened these
effects of RSV infection on the cell monolayer [60]. This was associated with reduced phosphorylation
of heat shock protein 27 (Hsp27), a protein involved in actin rearrangement [60], suggesting that p38
may also be involved in syncytia formation through Hsp27.

As the MAPKs are involved in a wide variety of processes, they may also be indirectly involved
in viral replication. For example, enteroviruses, such as rhinovirus, utilize the host cell endocytosis
machinery, mainly the protein Rab11, to traffic cholesterol to replication organelles [61]. p38 has
been shown to phosphorylate and activate guanyl-nucelotide dissociation inhibitor, a protein which
facilitates cycling of Rab proteins between the membrane and the cytosol in endocytosis [62].
Cholesterol plays an important role in viral polyprotein processing and genome synthesis, and
inhibition of cholesterol trafficking blocks viral replication [61]. Thus, p38 activation of Rab protein
cycling may facilitate viral replication.

Overall, the literature suggests that respiratory viruses hijack the MAPKs and their downstream
targets for their own ends; utilizing them for protein trafficking, viral assembly, and cell to cell spread.
This highlights the need for strict regulation of these pathways, in order to limit viral replication, and
proposes the MAPKs as targets for antiviral therapies [63].
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2.3. The MAPKs and Mucus Production

A defining feature of asthma and COPD is goblet cell hyperplasia and excessive mucus
production. This can lead to blockage of the airway and contributes to asthma-associated deaths [64].
The predominant mucin in asthma and COPD is MUC5AC [65,66]. The T helper 2 cytokine IL-13
is thought to be the main inducer of goblet cell hyperplasia and MUC5AC production in murine
models of asthma, through activation of STAT6 [67,68]. The MAPKs also participate in this process;
inhibition of p38 or ERK in differentiated primary murine or human airway epithelial cell monolayers
reduced the IL-13 induced upregulation of goblet cell numbers and MUC5AC expression [69–71].
Furthermore, activation of p38 in response to IL-13 is weaker in epithelial cells from STAT6 knock out
mice, indicating STAT6-induced mucin production occurs via p38 [69].

Respiratory viral infection has also been shown to upregulate mucus production. Double-stranded
RNA is a common component or replication intermediate of viruses. Stimulation of NCI-H292 cells
with double-stranded RNA upregulated expression of mucin MUC2, and this could be reversed by
treatment with a p38 inhibitor [72]. MUC5AC expression is raised in ovalbumin murine models of
asthma, and is increased further by RSV infection [73]. This observation may be dependent of IL-33,
as IL-33 levels are higher in the lungs of RSV-infected mice, leading to enhanced production of IL-13.
In addition, treatment of RAW cells with MAPK inhibitors decreases the release of IL-33 in response to
RSV [74]. Inhibition of p38 has also been shown to repress IL-33 production in primary nasal epithelial
cells in response to TNF-α stimulation [75].

Another mechanism by which mucin production is upregulated is via activation of the EGF
receptor (EGFR) and Ras-Raf-MEK-ERK pathway [76,77]. Rhinovirus infection of differentiated
primary human tracheal epithelial cells upregulates MUC5AC RNA levels and protein release, as well
as RNA for MUC2, MUC3, MUC5B and MUC6 [78,79]. This induction was mediated by the EGFR
pathway, as treatment with MEK or EGFR inhibitors returned MUC5AC levels to baseline. The authors
hypothesized this was due to an autocrine loop, where rhinoviral infection induced production and
release of EGRF ligands, as shown in NCI-H292 cells, which activated EGRF on the cell surface,
and thus activated the ERK pathway [79]. This highlights the roles of the MAPKs in viral induced
mucus production and has substantial implications for airway disease, where mucus hyperplasia is a
common symptom.

2.4. Regulation of the MAPKs by DUSPs in Respiratory Viral Infection

The above studies underline the importance of the MAPK pathways in respiratory viral infection
and airway disease. Although the majority of these studies rely on small molecule inhibitors which
have significant off-target effects [80], they do indicate roles for the MAPKs in many of the processes
implicated in exacerbations of asthma or COPD, including inflammation, mucus production and
elevated viral replication. Thus, regulation of the MAPKs is of extreme importance. These pathways
are primarily inactivated by simultaneous dephosphorylation of the threonine and tyrosine residues
within the MAPK activation motif by dual-specificity phosphatases (DUSPs) (Figure 2) [81].
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Figure 2. Regulation of the MAPK pathways by DUSPs in epithelial cells upon viral infection. PRR
recognition of viruses or viral components activates the MAPK and IRF3 pathways. The MAPKs
and IRF3 translocate to the nucleus and induce expression of inflammatory cytokines and interferon.
These pathways are negatively regulated (red arrows) through dephosphorylation by DUSPs. DUSP1
is present in the nucleus and dephosphorylates all three MAPKs. DUSP4 is a nuclear protein, and
is thought to dephosphorylate ERK. DUSP10 is present in both the nucleus and the cytoplasm and
dephosphorylates JNK, p38 and IRF3. Black arrows represent activating interactions, red arrows
represent inhibition.

2.4.1. DUSP1/MKP1

Much of the literature regarding DUSPs in innate immunity have focused on bacterial infection,
and few studies have examined their roles in viral infection. DUSP1 (MKP1) is the archetype of
the family and the most well studied. DUSP1 is a nuclear protein, capable of dephosphorylating
p38, JNK and ERK, with substrate specificity depending on the stimuli and cell type [82,83]. It has
been characterized as an early response gene, with undetectable expression at baseline, and rapid
upregulation upon exposure to a variety of stimuli [82,84]. The airway epithelial cell line NCI-H292
upregulates DUSP1 mRNA within one hour in response to the synthetic double-stranded RNA
molecule polyinosinic:polycytidylic acid (poly(I:C)) [85]. Poly(I:C) is a ligand for the PRRs toll-like
receptor 3 (TLR3) and the RIG-I-like receptors (RLRs), which are predominantly activated by viral
infection. Knock down of DUSP1 expression using small-interfering RNA (siRNA) in NCI-H292 cells
amplified the release of two pro-inflammatory cytokines in response to poly(I:C) stimulation, CXCL8
and IL-6 [86]. A similar role for DUSP1 was seen in infection of the NCI-H1299 cell line with the avian
coronavirus infectious bronchitis virus, with DUSP1 siRNA treatment increasing mRNA levels of
CXCL8 in response to infection [87]. This augmented cytokine expression is likely to be due to elevated
MAPK activation, with increased levels of phosphorylated p38 and JNK found in RSV infected A549
cells treated with DUSP1 siRNA [88].

DUSP1 has also been implicated in regulating the interferon response, with DUSP1 knock
down in hepatocyte cell lines increasing STAT1 activation in response to hepatitis C virus or IFN-γ
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stimulation [89,90]. However, a yeast two-hybrid assay was unable to find an interaction between
DUSP1 and STAT1, and overexpression of DUSP1 in COS-1 cells did not affect the level of STAT1
activation in response to IFN-γ [91]. Thus, the effects of DUSP1 knock down on the interferon response
to hepatitis C infection may be indirect effects of increased MAPK activation (Section 2.1) rather than
direct inactivation by DUSP1.

The inflammatory cytokine TNF-α is induced by respiratory viral infection, with higher expression
in asthmatic patients [92,93], and elicits secondary inflammatory cytokine release from airway smooth
muscle (ASM) cells [94]. Stimulation of primary ASM cells with TNF-α also caused the upregulation
of DUSP1 mRNA and protein. When DUSP1 expression was knocked down in ASM cells, the release
of CXCL8 increased in response to TNF-α stimulation [95]. CXCL8 is a neutrophil chemoattractant
commonly detected in asthmatic airways [96]. Neutrophilia can harm the airway, causing epithelial cell
damage and necrosis, and levels of CXCL8 correlate with asthma severity [96,97]. TNF-α stimulation
of epithelial cells also induced the expression of mucins, and DUSP1 knock down in NCI-H292 cells
further amplified the expression of airway mucin MUC5AC in response to TNF-α [98]. Taken together,
this work suggests that DUSP1 has an important role in the response of the epithelium to insult,
including regulation of inflammatory cytokine and mucin production.

2.4.2. DUSP10/MKP5

DUSP10 (MKP5) is expressed ubiquitously in the nucleus and cytoplasm [99], and is upregulated
in response to viral infection: bone-marrow derived macrophages (BMDMs) infected with influenza
virus or stimulated with poly(I:C) have enhanced DUSP10 mRNA and protein expression [100].
Knock down of DUSP10 in primary bronchial epithelial cells increased the release of the neutrophil
chemoattractants CXCL8 and CXCL1 in response to stimulation with a key proinflammatory cytokine
IL-1β, suggesting that, like DUSP1, DUSP10 negatively regulates the inflammatory response in the
airway [28]. Importantly, rhinoviral infection of airway epithelial cells or monocytes causes the release
of IL-1β [28,101]; and combined stimulation with rhinovirus and IL-1β leads to an even greater
inflammatory response in DUSP10 knock down primary bronchial epithelial cells from both healthy
and COPD donors [28]. This identifies DUSP10 as a central regulator of the inflammatory response
to respiratory viruses: infection of epithelial cells induces release of IL-1β, which acts back on the
epithelium to promote inflammation, which is negatively regulated by DUSP10.

The role of DUSP10 in respiratory viral infection has also been examined in vivo: DUSP10 knock
out mice infected with influenza had elevated levels of IL-6 in bronchoalveolar lavage (BAL) than
wild-type mice. Interestingly, DUSP10 knock out mice also had decreased viral titres and better survival
in response to infection. This was associated with raised expression and phosphorylation of IRF3, and
therefore increased interferon (IFN) expression. Further investigation established that DUSP10 and
IRF3 directly interact, indicating IRF3 as a novel substrate for DUSP10 and highlighting the importance
of DUSP10 in regulating not only the inflammatory response, but also the anti-viral response.

Sustained, uncontrolled pulmonary inflammation can lead to acute lung injury, often seen in
severe influenza infection. Murine models of acute lung injury can be generated by intratracheal
injection of lipopolysaccharide (LPS), a TLR4 agonist. When DUSP10 knock out mice were utilized in
an acute lung injury model, they exhibited greater disease severity than wild-type mice, with increased
lung injury and pulmonary edema [102]. This was associated with augmented neutrophil influx
in the lungs, and inflammatory cytokines in BAL. BMDMs isolated from these mice had elevated
activation of p38 and JNK, and to a lesser extent ERK, in response to LPS treatment. Adoptive transfer
of these BMDMs into wild-type mice led to enhanced lung inflammation in response to intratracheal
LPS injection than the transfer of wild-type BMDMs [102]. This is in keeping with the in vitro data
described above, and demonstrates that DUSP10 has an anti-inflammatory role in the airway, and is
important in limiting immune-mediated lung damage.
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2.4.3. DUSP4/MKP2

Interestingly, one DUSP has been found to have a pro-inflammatory role in murine models of
acute lung injury. In response to intratracheal LPS injection, DUSP4 (MKP2) knock out mice had
decreased inflammatory cytokines in BAL and neutrophil infiltration in to the lung [103]. These data
fit with an earlier study showing a pro-inflammatory role for DUSP4 in sepsis, with improved survival
in DUSP4 knock out mice [104]. BMDMs taken from these mice produced lower levels of inflammatory
cytokines in response to LPS injection than wild-type mice, associated with reduced activation of
p38 and JNK, but increased activation of ERK. The authors suggest this was due to ERK-induced
DUSP1 transcription, as has been demonstrated previously [105]. These studies indicate that different
DUSPs may have pro- or anti-inflammatory roles in pulmonary inflammation. It should be noted that
Al-Mutairi et al. found conflicting results, with DUSP4 knock out BMDMs releasing higher levels of
inflammatory cytokines in response to LPS, although it is unclear why these studies differ [106].

3. T Cell Responses

Around 50% of asthma cases have an allergic phenotype, characterized by predominantly
eosinophilic inflammation and T helper 2 (Th2) responses [19,107]. Higher levels of several Th2
cytokines have been found in BAL of asthmatics, including IL-4, IL-5, IL-13, IL-25, IL-33, and
TSLP [108–110], and the levels of Th2 cytokines correlate with severity of asthma exacerbation [20].
The Th1/Th2 balance is also crucial for the immune control of respiratory viral infection. Asthmatics
experimentally infected with rhinovirus had increased viral titres compared to infected healthy controls,
with greater airway inflammation, bronchial hyperreactivity, and reductions in lung function associated
with increased levels of IL-4, IL-5 and IL-13 in BAL [19]. The MAPKs have been implicated in induction
of Th2 cytokines in the airway. Inhibition of p38 or ERK pathways in primary nasal epithelial cells or
alveolar macrophages decreased release of IL-33 in response to TNF-α stimulation or RSV infection,
respectively [74,75]. ERK and p38 inhibitors have also been used to confirm roles for these pathways in
TSLP production in ASM cells in response to TNF-α or IL-1β stimulation [111]. Transcription of TSLP
in ASM cells is also partially dependent on the AP-1 transcription factor, suggesting the involvement
of JNK [112].

Early infection with RSV has been linked to the development of asthma, possibly through skewing
the immune response towards a Th2 phenotype. Cytokine profiles of children infected with RSV
revealed an expansion of Th2 cytokines and decreased Th1 cytokines [113], and RSV infection of
mouse pups led to increased Th2 responses and impaired regulatory T (Treg) cell responses [114].
Enhanced T cell recruitment in RSV infection correlates with worsening symptoms [115], and ablation
of either CD4+ cells or CD8+ cells in mouse models mitigates disease severity [116]. This Th2 skewing
in response to infection may involve p38 MAPK. Infection of monocyte-derived dendritic cells with
RSV induced expression of indoleamine-2,3-dioxygenase, an enzyme which favors Th2 differentiation
by inducing apoptosis in Th1 cells. The expression of indoleamine-2,3-dioxygenase was reduced by
treatment with the p38 inhibitor SB202190 [117].

Taken together, this work illustrates the importance of regulating the T cell response, and the
T helper subset balance. In addition to affecting T cell activation through cytokine production by
epithelial cells, the MAPKs have roles in T cells themselves, affecting their activation, proliferation and
function [118].

The Roles of DUSPs in T Cell Responses

Several studies have implicated DUSPs in the regulation of T cells and in the differentiation
of T helper subsets (Table 1). DUSP1 knock out mice have been utilized to demonstrate roles for
DUSP1 in T cell priming, proliferation, and T cell subset skewing. Antigen presenting cells (APCs),
such as dendritic cells, have roles in this altered response. DUSP1 knock out dendritic cells had
increased activation of p38, and thus altered cytokine production. This led to impaired priming of
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naïve wild-type T cells, with reduced differentiation into Th1 cells and augmented Th17 and Treg cell
differentiation [119]. DUSP1 knock out T cells exhibit reduced proliferation in response to activation
with anti-CD3 antibodies, and lower levels of IFN-γ and IL-17, Th1 and Th17 cytokines, respectively;
while the Th2 cytokine IL-4 levels remained unchanged. These studies emphasize the different roles
of DUSP1 in different cell types, with knock out having differing effects on APC mediated and T
cell intrinsic responses. The overall effect of DUSP1 knock out was observed in influenza infection,
with a decline in Th1 and CD8+ T cell numbers, leading to impaired control of the virus and greater
disease severity. This altered response was associated with decreased nuclear translocation of NFATc1,
a transcription factor important for T cell proliferation and function [120]. JNK was previously found
to negatively regulate NFATc1 by phosphorylation [121], implying that the impaired T cell responses
in DUSP1 knock out mice were due to increased JNK activation.

DUSP10 also plays a role in T cell proliferation. DUSP10 knock out mice have decreased numbers
of virus specific CD4+ cells and CD8+ cells in the lung in response to influenza infection [100].
These mice also have diminished CD4+ cell proliferation in response to anti-CD3 and anti-CD28
antibodies; however, T cell effector functions were increased, with greater levels of Th1 and Th2
cytokine release. This elevated cytokine release was also observed in response to secondary infection
with lymphocytic choriomeningitis virus, leading to immune-mediated death [122].

Three other DUSPs have also been implicated in T helper subset skewing: DUSP4, DUSP5
and DUSP16. DUSP4 negatively regulates Treg cell differentiation through inactivating STAT5 [123].
STAT5 is activated by IL-2, and is required for induction of Treg cells [124]. Overexpression of
DUSP4 in HEK-293T cells reduced phosphorylation of STAT5 in response to IFN-β stimulation, and
DUSP4 and STAT5 were co-immunoprecipitated, indicating that DUSP4 directly dephosphorylates
STAT5. DUSP4 knock out mice had increased numbers of Treg cells and fewer Th17 cells [123].
In contrast to the negative regulatory role of DUSP4 in Treg cell generation, DUSP5 (hVHR3) seems
to act as a positive regulator. Mice overexpressing DUSP5 had decreased inflammation and disease
severity in a collagen-induced arthritis model, due to raised numbers of Treg cells and higher STAT5
activation, and reduced Th17 cells and lower STAT3 activation [125]. DUSP16 (MKP7) knock out
shows embryonic lethality; however, mice expressing a dominant negative DUSP16 protein have
been generated, and have an altered Th1/Th2 balance. T cells isolated from these mice produce
increased levels of IFN-γ and diminished IL-4, IL-5 and IL-13 in response to anti-CD3 and anti-CD28
antibodies or ovalbumin [126,127]. In contrast to this, mice with a DUSP16 knock out specifically in
the hematopoietic compartment do not display altered Th1 or Th2 responses, but demonstrate a role
for the protein in regulating IL-2 production [128]. These mice had enhanced release of IL-2 and T cell
proliferation, compared to wild-type mice, in response to anti-CD3 antibodies. This was associated
with increased activation of ERK, which is critical for IL-2 expression [128]. IL-2 has previously been
shown to inhibit the expansion of Th17 cells [129], and these mice exhibited a decrease in numbers of
IL-17 producing cells, which was reversed by treatment with the ERK inhibitor U0126 [128].

In addition to their roles in T cell proliferation and T helper subset skewing, DUSPs have also been
found to regulate T cell receptor (TCR) signaling. Binding of the TCR to antigen leads to recruitment
of Lck, a tyrosine kinase, which phosphorylates the ζ chain, leading to ZAP-70 recruitment and the
initiation of a range of signaling pathways [130]. Lck knock out mice emphasize its importance in the
induction of TCR signaling [131]. T cells isolated from DUSP22 (JKAP) knock out mice had higher
activation levels of several molecules downstream of the TCR, including Lck, ZAP-70, IKK, and the
MAPKs, in response to anti-CD3 antibodies. DUSP22 and Lck were co-immunoprecipitated from
murine splenic T cells, and DUSP22 was found to dephosphorylate Lck on Tyr394, inactivating it [132].

Further downstream of ZAP-70, TAB1 is activated by PKC-θ. TAB1 binds to TAK1, inducing
an activating conformational change, triggering the IKK, p38 and JNK pathways. When DUSP14
(MKP-L) knock out T cells were stimulated with anti-CD3 antibodies, the numbers of activated CD69+

T cells were significantly higher than in wild-type T cells [133]. To investigate the reason behind this,
HEK293T cells were transfected with wild-type or non-functional mutant DUSP14 and stimulated with
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anti-CD3 antibodies. Levels of activated Lck and ZAP-70 were unchanged between cells expressing
wild-type and mutated DUSP14; however, IKK and MAPK activation was increased in cells expressing
mutated DUSP14. Mass spectrometry was used to identify the binding protein and target of DUSP14
as TAB1, and further analysis revealed DUSP14 dephosphorylates TAB1 at the Ser358 residue [133].

These data illustrate that DUSPs have fundamental roles in adaptive immunity, affecting the
activation, proliferation and differentiation of T helper cells. Although many of these studies have
examined T cells in isolation, they identify the DUSPs as important regulators and suggest essential
roles for them in airway diseases.

Table 1. Roles of DUSPs in T cells.

DUSP Regulates
Proliferation

Regulates TCR
Signaling

Regulates Subset Differentiation
Reference

Th1 Th2 Th17 Treg

DUSP1 X Promotes Promotes Inhibits [120]

DUSP4 Promotes Inhibits [123]

DUSP5 Inhibits Promotes [125]

DUSP10 X [122]

DUSP14 X X [133]

DUSP16 X Inhibits Promotes Promotes [127,128]

DUSP22 X X [132]

* Blank boxes = not determined.

4. The Role of DUSP1 in Steroid Treatment

Exacerbations of asthma or COPD are treated with corticosteroids to limit the inflammatory
response [134]. Steroids interact with the glucocorticoid receptor (GR) in the cytosol, inducing a
conformational change, which allows the GR to translocate to the nucleus where it interacts with
and inhibits transcription factors, such as NF-κB and AP-1 [135,136]. More recent evidence revealed
that steroids mediate many of their actions through DUSP1. Treatment with the glucocorticoid
dexamethasone increased DUSP1 expression in airway epithelial cell lines [137,138] and airway
smooth muscle cells [139–141]. In mouse models, dexamethasone treatment reduced the release of
inflammatory cytokines, TNF-α and IL-6, in serum in response to LPS injection. This inhibitory action
of dexamethasone was weakened in DUSP1 knock out mice [142]. BMDMs or peritoneal macrophages
isolated from DUSP1 knock out mice show that this was due to impaired inhibition of MAPK activation,
and thus cytokine release, in response to LPS when DUSP1 is not present [142,143]. Dexamethasone
treatment can also promote wound healing responses, upregulating proteins such as arginase 1 and
fibroblast growth factors. This was diminished in peritoneal macrophages isolated from DUSP1 knock
out mice in response to alternative macrophage activators IL-4 and IL-13, indicating that DUSP1 both
restricts inflammation and promotes wound healing [144]. Interestingly, bone-marrow derived mast
cells from DUSP1 knock out mice did not differ from wild-type in the levels of cytokines released in
response to IgE cross-linking and dexamethasone treatment. This may be due to redundancy within
the DUSP family, as dexamethasone also upregulated DUSPs 2, 4 and 9 [145]. This suggests the actions
of DUSPs in dexamethasone treatment differ depending on cell type and stimulus. The role of DUSP1
in steroid treatment of the airway epithelium has also been investigated. siRNA knock down of DUSP1
in the A549 cell line blocked the anti-inflammatory action of dexamethasone on MAPK activation and
cytokine release in response to IL-1β [146,147].

Around 10% of asthmatics are resistant to steroid treatment [148]. Several studies have examined
the different responses between asthmatics who are sensitive to steroids, and those who are resistant.
Bronchial biopsies from steroid-sensitive asthmatics show a reduction in JNK activation after
treatment with dexamethasone, which was not seen in bronchial biopsies from steroid-resistant
asthmatics [149]. Higher activation levels of p38 were also detected in alveolar macrophages isolated
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from steroid-resistant asthmatics than in steroid-sensitive cells. This was associated with reduced
expression of DUSP1 in response to dexamethasone [150]. Lower expression of DUSP1 was also found
in peripheral blood neutrophils from steroid-resistant asthmatics in comparison to steroid-sensitive
asthmatics [151].

Exacerbations of asthma and COPD caused by viral or bacterial infection are also more
resistant to steroid treatment than non-viral exacerbations [152,153]. Rhinovirus infections impair the
anti-inflammatory actions of steroids, partly by reducing nuclear translocation of the glucocorticoid
receptor [154]. Treatment of A549 cells with dexamethasone reduced inflammatory cytokine release
and upregulated DUSP1 in response to IL-1β stimulation. However, when these cells were infected
with rhinovirus, this suppression by dexamethasone was abrogated, as was the upregulation of
DUSP1 expression [154]. Treatment of A549 cells with the TLR2 ligand Pam3CSK4 also induced
steroid resistance, but had no effect on DUSP1 expression. However, Pam3CSK4 treatment did induce
oxidative stress, and a proportion of the DUSP1 present in these cells was oxidized [155]. Oxidation of
the catalytic cysteine residue in the active site of DUSPs renders them inactive [156]. These findings
suggest that steroid insensitivity in asthmatics, or in infected airways, may be due to a defect in DUSP1
expression or activation. Furthermore, polymorphisms in the DUSP1 gene have been associated with
steroid responsiveness [157]. The roles of other DUSPs in steroid treatment remain to be investigated.

Another therapy commonly used to treat asthmatics are bronchodilators, such as β2-recpetor
agonists. In addition to bronchodilation, β2-agonists also have some anti-inflammatory effects.
Treatment of cells with β2-agonists increases intracellular levels of cAMP [158]. The promoter of
DUSP1 contains a cAMP-response element [159], and β2-agonist treatment of airway epithelial cell
lines and airway smooth muscle cells has been found to upregulate DUSP1 expression [160,161].
The role of DUSP1 in the anti-inflammatory action of the β2-agonist salbutamol was investigated by
inducing paw edema in wild-type and DUSP1 knock out mice. Salbutamol treatment reduced the
level of inflammation by around 70% in wild-type mice, but only by around 40% in DUSP1 knock out
mice [137]. This signifies that DUSP1 also has an important role in mediating the anti-inflammatory
effects of β2-agonists, in addition to corticosteroids.

5. Studies Linking DUSPs to Asthma and Sarcoidosis

It has been suggested that several of the DUSPs may be dysregulated in people with asthma.
This is an intriguing explanation for the excessive inflammatory response seen in these patients,
particularly because activation of the MAPK proteins is elevated in asthmatics. Baseline levels of
phosphorylated p38 are higher in bronchial epithelial cells isolated from asthmatics than healthy
controls, and phosphorylated ERK is greater in T cells isolated from asthmatics both at baseline and in
response to anti-CD3 antibodies [162,163]. A study in 2008 isolated nasal epithelial cells from healthy
individuals and patients with house dust mite allergy, a common allergy associated with asthma.
They performed a microarray to determine any gene expression changes in response to stimulation
with house dust mite. In non-allergic controls, DUSP1 mRNA expression was upregulated in response
to house dust mite challenge; however, in allergic patients, DUSP1 expression did not alter [164].
Altered expression and activation of p38 and DUSP1 has also been observed in sarcoidosis. Sarcoidosis
is a systemic inflammatory disorder, often characterized by granulomas within the lung. Rastogi et al.
isolated and cultured leukocytes from the BAL of controls and sarcoidosis patients [165]. Activation
levels of p38 and inflammatory cytokine production were higher in cells isolated from patients, both
at baseline and after PRR stimulation. This coincided with much lower DUSP1 protein expression in
controls than sarcoidosis patients [165]. These findings suggest impaired DUSP1 upregulation as a
reason for enhanced inflammatory responses in asthma and sarcoidosis.

Cigarette smoke exposure can lead to the development of asthma and is the most common cause
of COPD [166]. This is partially through the induction of inflammatory responses in the lung, with
higher levels of inflammatory cytokines detected in the lungs of smokers [167]. Higher levels of p38
activation have also been detected in smokers’ lungs [168], and treatment of BEAS-2B cells with p38
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inhibitors reduced the release of cytokines in response to cigarette smoke [169]. DUSP1 may also have
a role in this process, as ferrets exposed to cigarette smoke for six months had reduced levels of DUSP1
protein in lung tissue, although the functional effects of this have yet to be examined [170].

DUSP10 may also be differentially expressed in asthmatic patients. A transcriptional profile
of Th2 cells taken from asthmatic and healthy subjects showed lower baseline mRNA expression
of DUSP10 in the asthmatic Th2 cells than the healthy cells [171]. Intriguingly, a single nucleotide
polymorphism in the DUSP4 gene was identified in a genetic screen for variants associated with severe
asthma. However, this was not statistically significant, possibly due to the limited number of patients
in the study [172]. Studies examining the relationship of other DUSPs and asthma would be of interest
and are yet to be carried out.

6. Conclusions

The MAPK pathways have important roles in airway inflammation and are aberrantly activated
in several inflammatory airway diseases. This may in part be due to altered expression of DUSPs, with
lower baseline levels of DUSP10 and lower induction of DUSP1 expression upon allergen stimulation
or steroid treatment in asthmatics. DUSPs have central roles in regulating inflammation, therefore,
this aberrant expression could have important functions in the pathogenesis of lung inflammation.
Underlying airway disease also leads to greater susceptibility to lower respiratory tract infections,
due to impaired control of viral replication. The literature discussed here suggest a possible role for
DUSPs in controlling viral-induced exacerbations of airway disease, not only in terms of regulating
the MAPKs and their roles in viral life cycles, but also IFN production, T cell proliferation and Th2
skewing. Current treatments of airway inflammation are not always effective and cause significant side
effects. Therefore, the development of new, more specific, treatments is of extreme importance. MAPK
inhibitors have been investigated for therapeutic application with varying success [173]. An alternative
method of reducing inflammation would be via upregulation of DUSPs. Mechanisms by which
this may be achieved have been reviewed previously [174]. DUSPs represent potential targets for
novel anti-inflammatory treatments of airway disease and future work into their roles in the airway
is imperative.
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Abbreviations

AP-1 Activator protein 1
APC Antigen presenting cell
Arp Actin regulated protein
ASM Airway smooth muscle
ATP Adenosine triphosphate
BAL Bronchoalveolar lavage
BMDM Bone marrow derived macrophages
cAMP Cyclic adenosine monophosphate
CCL C-C motif chemokine ligand
CD Cluster of differentiation
COPD Chronic obstructive pulmonary disease
CXCL C-X-C motif chemokine ligand
dsRNA Double stranded ribonucleic acid
DUSP Dual specificity phosphatase
EGF Epidermal growth factor
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EGFR Epidermal growth factor receptor
ERK Extracellular signal regulated kinase
G-CSF Granulocyte colony stimulating factor
GM-CSF Granulocyte macrophage colony stimulating factor
GR Glucocorticoid receptor
GRO Growth related oncogene
Hsp Heat shock protein
hVHR3 Human vaccinia virus related phosphatase 3
IFN Interferon
IFNAR Interferon-α/β receptor
Ig Immunoglobulin
IKK IκB kinase
IL Interleukin
IRF Interferon regulatory factor
ISG Interferon stimulated gene
ISGF Interferon stimulated gene factor
JAK Janus kinase
JKAP JNK pathway associated phosphatase
JNK c-Jun N-terminal kinase
Lck Lymphocyte specific protein tyrosine kinase
LPS Lipopolysaccharide
MAPK Mitogen activated protein kinase
MAVS Mitochondrial antiviral signaling protein
MEK MAPK/ERK kinase
MKP MAPK phosphatase
MUC Mucin
MyD88 Myeloid differentiation primary response gene
NF-κB Nuclear factor of κ-light-chain-enhancer of activated B cells
NFATc Nuclear factor of activated T cells
PKC Protein kinase C
Poly(I:C) Polyinosinic:polycytidylic acid
PRR Pattern recognition receptor
RhoA Ras homolog gene family member A
RLR Retinoic acid inducible gene-like receptor
RSV Respiratory syncytial virus
siRNA Small interfering RNA
ssRNA Single stranded RNA
STAT Signal transducer and activator of transcription
Syk Spleen tyrosine kinase
TAB Transforming growth factor β-activated kinase 1-binding protein
TAK Transforming growth factor β-activated kinase
TCR T cell receptor
Th T helper
TLR Toll like receptor
TNF Tumor necrosis factor
Treg T regulatory
TRIF TIR-domain containing adaptor-inducing interferon-β
TSLP Thymic stromal lymphoprotein
Tyk Tyrosine kinase
vRNP Viral ribonucleoprotein
ZAP Zeta-chain associated protein kinase



Int. J. Mol. Sci. 2019, 20, 678 14 of 23

References

1. Collaborators, G.C.R.D. Global, regional, and national deaths, prevalence, disability-adjusted life years, and
years lived with disability for chronic obstructive pulmonary disease and asthma, 1990–2015: A systematic
analysis for the global burden of disease study 2015. Lancet Respir. Med. 2017, 5, 691–706.

2. WHO. Global Health Estimates; WHO: Geneva, Switzerland, 2018.
3. Barnes, P.J. Immunology of asthma and chronic obstructive pulmonary disease. Nat. Rev. Immunol. 2008, 8,

183–192. [CrossRef] [PubMed]
4. Atmar, R.L.; Guy, E.; Guntupalli, K.K.; Zimmerman, J.L.; Bandi, V.D.; Baxter, B.D.; Greenberg, S.B. Respiratory

tract viral infections in inner-city asthmatic adults. Arch. Intern. Med. 1998, 158, 2453–2459. [CrossRef]
[PubMed]

5. Heymann, P.W.; Carper, H.T.; Murphy, D.D.; Platts-Mills, T.A.E.; Patrie, J.; McLaughlin, A.P.; Erwin, E.A.;
Shaker, M.S.; Hellems, M.; Peerzada, J.; et al. Viral infections in relation to age, atopy, and season of admission
among children hospitalized for wheezing. J. Allergy Clin. Immunol. 2004, 114, 239–247. [CrossRef] [PubMed]

6. Johnston, N.W.; Johnston, S.L.; Duncan, J.M.; Greene, J.M.; Kebadze, T.; Keith, P.K.; Roy, M.; Waserman, S.;
Sears, M.R. The september epidemic of asthma exacerbations in children: A search for etiology. J. Allergy
Clin. Immunol. 2005, 115, 132–138. [CrossRef] [PubMed]

7. Khetsuriani, N.; Kazerouni, N.N.; Erdman, D.D.; Lu, X.Y.; Redd, S.C.; Anderson, L.J.; Teague, W.G. Prevalence
of viral respiratory tract infections in children with asthma. J. Allergy Clin. Immunol. 2007, 119, 314–321.
[CrossRef] [PubMed]

8. Kling, S.; Donninger, H.; Williams, Z.; Vermeulen, J.; Weinberg, E.; Latiff, K.; Ghildyal, R.; Bardin, P.
Persistence of rhinovirus rna after asthma exacerbation in children. Clin. Exp. Allergy 2005, 35, 672–678.
[CrossRef]

9. Miller, E.K.; Lu, X.Y.; Erdman, D.D.; Poehling, K.A.; Zhu, Y.W.; Griffin, M.R.; Hartert, T.V.; Anderson, L.J.;
Weinberg, G.A.; Hall, C.B.; et al. Rhinovirus-associated hospitalizations in young children. J. Infect. Dis.
2007, 195, 773–781. [CrossRef]

10. McManus, T.E.; Marley, A.M.; Baxter, N.; Christie, S.N.; O’Neill, H.J.; Elborn, J.S.; Coyle, P.V.; Kidney, J.C.
Respiratory viral infection in exacerbations of copd. Respir. Med. 2008, 102, 1575–1580. [CrossRef]

11. Rohde, G.; Wiethege, A.; Borg, I.; Kauth, M.; Bauer, T.T.; Gillissen, A.; Bufe, A.; Schultze-Werninghaus, G.
Respiratory viruses in exacerbations of chronic obstructive pulmonary disease requiring hospitalisation: A
case-control study. Thorax 2003, 58, 37–42. [CrossRef]

12. Newton, K.; Dixit, V.M. Signaling in innate immunity and inflammation. Cold Spring Harb. Perspect. Biol.
2012, 4, 19. [CrossRef] [PubMed]

13. Sha, Q.; Truong-Tran, A.Q.; Plitt, J.R.; Beck, L.A.; Schleimer, R.P. Activation of airway epithelial cells by
toll-like receptor agonists. Am. J. Respir. Cell Mol. Biol. 2004, 31, 358–364. [CrossRef] [PubMed]

14. Vermeulen, L.; De Wilde, G.; Van Damme, P.; Vanden Berghe, W.; Haegeman, G. Transcriptional activation
of the NF-κB p65 subunit by mitogen- and stress-activated protein kinase-1 (msk1). EMBO J. 2003, 22,
1313–1324. [CrossRef] [PubMed]

15. Edwards, M.R.; Regamey, N.; Vareille, M.; Kieninger, E.; Gupta, A.; Shoemark, A.; Saglani, S.; Sykes, A.;
Macintyre, J.; Davies, J.; et al. Impaired innate interferon induction in severe therapy resistant atopic
asthmatic children. Mucosal Immunol. 2013, 6, 797–806. [CrossRef] [PubMed]

16. Sykes, A.; Macintyre, J.; Edwards, M.R.; del Rosario, A.; Haas, J.; Gielen, V.; Kon, O.M.; McHale, M.;
Johnston, S.L. Rhinovirus-induced interferon production is not deficient in well controlled asthma. Thorax
2014, 69, 240–246. [CrossRef]

17. Jakiela, B.; Brockman-Schneider, R.; Amineva, S.; Lee, W.M.; Gern, J.E. Basal cells of differentiated bronchial
epithelium are more susceptible to rhinovirus infection. Am. J. Respir. Cell Mol. Biol. 2008, 38, 517–523.
[CrossRef] [PubMed]

18. Lachowicz-Scroggins, M.E.; Boushey, H.A.; Finkbeiner, W.E.; Widdicombe, J.H. Interleukin-13-induced
mucous metaplasia increases susceptibility of human airway epithelium to rhinovirus infection. Am. J.
Respir. Cell Mol. Biol. 2010, 43, 652–661. [CrossRef]

http://dx.doi.org/10.1038/nri2254
http://www.ncbi.nlm.nih.gov/pubmed/18274560
http://dx.doi.org/10.1001/archinte.158.22.2453
http://www.ncbi.nlm.nih.gov/pubmed/9855383
http://dx.doi.org/10.1016/j.jaci.2004.04.006
http://www.ncbi.nlm.nih.gov/pubmed/15316497
http://dx.doi.org/10.1016/j.jaci.2004.09.025
http://www.ncbi.nlm.nih.gov/pubmed/15637559
http://dx.doi.org/10.1016/j.jaci.2006.08.041
http://www.ncbi.nlm.nih.gov/pubmed/17140648
http://dx.doi.org/10.1111/j.1365-2222.2005.02244.x
http://dx.doi.org/10.1086/511821
http://dx.doi.org/10.1016/j.rmed.2008.06.006
http://dx.doi.org/10.1136/thorax.58.1.37
http://dx.doi.org/10.1101/cshperspect.a006049
http://www.ncbi.nlm.nih.gov/pubmed/22296764
http://dx.doi.org/10.1165/rcmb.2003-0388OC
http://www.ncbi.nlm.nih.gov/pubmed/15191912
http://dx.doi.org/10.1093/emboj/cdg139
http://www.ncbi.nlm.nih.gov/pubmed/12628924
http://dx.doi.org/10.1038/mi.2012.118
http://www.ncbi.nlm.nih.gov/pubmed/23212197
http://dx.doi.org/10.1136/thoraxjnl-2012-202909
http://dx.doi.org/10.1165/rcmb.2007-0050OC
http://www.ncbi.nlm.nih.gov/pubmed/18063839
http://dx.doi.org/10.1165/rcmb.2009-0244OC


Int. J. Mol. Sci. 2019, 20, 678 15 of 23

19. Message, S.D.; Laza-Stanca, V.; Mallia, P.; Parker, H.L.; Zhu, J.; Kebadze, T.; Contoli, M.; Sanderson, G.;
Kon, O.M.; Papi, A.; et al. Rhinovirus-induced lower respiratory illness is increased in asthma and related
to virus load and th1/2 cytokine and il-10 production. Proc. Natl. Acad. Sci. USA 2008, 105, 13562–13567.
[CrossRef]

20. Zambrano, J.C.; Carper, H.T.; Rakes, G.P.; Patrie, J.; Murphy, D.D.; Platts-Mills, T.A.E.; Hayden, F.G.;
Gwaltney, J.M.; Hatley, T.K.; Owens, A.M.; et al. Experimental rhinovirus challenges in adults with mild
asthma: Response to infection in relation to IGE. J. Allergy Clin. Immunol. 2003, 111, 1008–1016. [CrossRef]

21. Gern, J.E.; French, D.A.; Grindle, K.A.; Brockman-Schneider, R.A.; Konno, S.I.; Busse, W.W. Double-stranded
rna induces the synthesis of specific chemokines by bronchial epithelial cells. Am. J. Respir. Cell Mol. Biol.
2003, 28, 731–737. [CrossRef]

22. Dumitru, C.A.; Dreschers, S.; Gulbins, E. Rhinoviral infections activate p38map-kinases via membrane rafts
and rhoa. Cell. Physiol. Biochem. 2006, 17, 159–166. [CrossRef] [PubMed]

23. Lau, C.; Wang, X.; Song, L.; North, M.; Wiehier, S.; Proud, D.; Chow, C.W. Syk associates with clathrin and
mediates phosphatidylinositol 3-kinase activation during human rhinovirus internalization. J. Immunol.
2008, 180, 870–880. [CrossRef] [PubMed]

24. Wang, X.M.; Lau, C.; Wiehler, S.; Pow, A.; Mazzulli, T.; Gutierrez, C.; Proud, D.; Chow, C.W. Syk is
downstream of intercellular adhesion molecule-1 and mediates human rhinovirus activation of p38 mapk in
airway epithelial cells. J. Immunol. 2006, 177, 6859–6870. [CrossRef] [PubMed]

25. Maruoka, S.; Hashimoto, S.; Gon, Y.; Nishitoh, H.; Takeshita, I.; Asai, Y.; Mizumura, K.; Shimizu, K.; Ichijo, H.;
Horie, T. Ask1 regulates influenza virus infection-induced apoptotic cell death. Biochem. Biophys. Res. Commun.
2003, 307, 870–876. [CrossRef]

26. Young, P.R.; McLaughlin, M.M.; Kumar, S.; Kassis, S.; Doyle, M.L.; McNulty, D.; Gallagher, T.F.; Fisher, S.;
McDonnell, P.C.; Carr, S.A.; et al. Pyridinyl imidazole inhibitors of p38 mitogen-activated protein kinase
bind in the ATP site. J. Biol. Chem. 1997, 272, 12116–12121. [CrossRef] [PubMed]

27. Griego, S.D.; Weston, C.B.; Adams, J.L.; Tal-Singer, R.; Dillon, S.B. Role of p38 mitogen-activated protein
kinase in rhinovirus-induced cytokine production by bronchial epithelial cells. J. Immunol. 2000, 165,
5211–5220. [CrossRef]

28. Manley, G.C.A.; Stokes, C.A.; Marsh, E.K.; Sabroe, I.; Parker, L.C. Dusp10 negatively regulates the
inflammatory response to rhinovirus through il-1β signalling. J. Virol. 2018, 93, e01659-18. [CrossRef]

29. Pazdrak, K.; Olszewska-Pazdrak, B.; Liu, T.S.; Takizawa, R.; Brasier, A.R.; Garofalo, R.P.; Casola, A. Mapk
activation is involved in posttranscriptional regulation of rsv-induced rantes gene expression. Am. J.
Physiol.-Lung Cell. Mol. Physiol. 2002, 283, L364–L372. [CrossRef]

30. Galvan Morales, M.A.; Cabello Gutierrez, C.; Mejia Nepomuceno, F.; Valle Peralta, L.; Valencia Maqueda, E.;
Manjarrez Zavala, M.E. Parainfluenza virus type 1 induces epithelial il-8 production via p38-mapk signalling.
J. Immunol. Res. 2014, 2014, 515984. [CrossRef]

31. Meusel, T.R.; Imani, F. Viral induction of inflammatory cytokines in human epithelial cells follows a p38
mitogen-activated protein kinase-dependent but NF-κB-independent pathway. J. Immunol. 2003, 171,
3768–3774. [CrossRef]

32. Wei, D.; Huang, Z.H.; Zhang, R.H.; Wang, C.L.; Xu, M.J.; Liu, B.J.; Wang, G.H.; Xu, T. Roles of p38 mapk
in the regulation of the inflammatory response to swine influenza virus-induced acute lung injury in mice.
Acta Virol. 2014, 58, 374–379. [CrossRef] [PubMed]

33. Davies, S.P.; Reddy, H.; Caivano, M.; Cohen, P. Specificity and mechanism of action of some commonly used
protein kinase inhibitors. Biochem. J. 2000, 351, 95–105. [CrossRef] [PubMed]

34. Liu, K.; Gualano, R.C.; Hibbs, M.L.; Anderson, G.P.; Bozinovski, S. Epidermal growth factor receptor
signaling to erk1/2 and stats control the intensity of the epithelial inflammatory responses to rhinovirus
infection. J. Biol. Chem. 2008, 283, 9977–9985. [CrossRef] [PubMed]

35. Newcomb, D.C.; Sajjan, U.S.; Nagarkar, D.R.; Goldsmith, A.M.; Bentley, J.K.; Hershenson, M.B. Cooperative
effects of rhinovirus and tnf-alpha on airway epithelial cell chemokine expression. Am. J. Physiol.-Lung Cell.
Mol. Physiol. 2007, 293, L1021–L1028. [CrossRef] [PubMed]

36. Chen, W.; Monick, M.M.; Carter, A.B.; Hunninghake, G.W. Activation of erk2 by respiratory syncytial virus
in a549 cells is linked to the production of interleukin 8. Exp. Lung Res. 2000, 26, 13–26. [CrossRef] [PubMed]

http://dx.doi.org/10.1073/pnas.0804181105
http://dx.doi.org/10.1067/mai.2003.1396
http://dx.doi.org/10.1165/rcmb.2002-0055OC
http://dx.doi.org/10.1159/000092077
http://www.ncbi.nlm.nih.gov/pubmed/16543732
http://dx.doi.org/10.4049/jimmunol.180.2.870
http://www.ncbi.nlm.nih.gov/pubmed/18178826
http://dx.doi.org/10.4049/jimmunol.177.10.6859
http://www.ncbi.nlm.nih.gov/pubmed/17082600
http://dx.doi.org/10.1016/S0006-291X(03)01283-X
http://dx.doi.org/10.1074/jbc.272.18.12116
http://www.ncbi.nlm.nih.gov/pubmed/9115281
http://dx.doi.org/10.4049/jimmunol.165.9.5211
http://dx.doi.org/10.1128/JVI.01659-18
http://dx.doi.org/10.1152/ajplung.00331.2001
http://dx.doi.org/10.1155/2014/515984
http://dx.doi.org/10.4049/jimmunol.171.7.3768
http://dx.doi.org/10.4149/av_2014_04_374
http://www.ncbi.nlm.nih.gov/pubmed/25518721
http://dx.doi.org/10.1042/bj3510095
http://www.ncbi.nlm.nih.gov/pubmed/10998351
http://dx.doi.org/10.1074/jbc.M710257200
http://www.ncbi.nlm.nih.gov/pubmed/18276593
http://dx.doi.org/10.1152/ajplung.00060.2007
http://www.ncbi.nlm.nih.gov/pubmed/17631613
http://dx.doi.org/10.1080/019021400269934
http://www.ncbi.nlm.nih.gov/pubmed/10660833


Int. J. Mol. Sci. 2019, 20, 678 16 of 23

37. Crotta, S.; Davidson, S.; Mahlakoiv, T.; Desmet, C.J.; Buckwalter, M.R.; Albert, M.L.; Staeheli, P.; Wack, A.
Type i and type iii interferons drive redundant amplification loops to induce a transcriptional signature in
influenza-infected airway epithelia. PLoS Pathog. 2013, 9, 12. [CrossRef] [PubMed]

38. Khaitov, M.R.; Laza-Stanca, V.; Edwards, M.R.; Walton, R.P.; Rohde, G.; Contoli, M.; Papi, A.; Stanciu, L.A.;
Kotenko, S.V.; Johnston, S.L. Respiratory virus induction of alpha-, beta- and lambda-interferons in bronchial
epithelial cells and peripheral blood mononuclear cells. Allergy 2009, 64, 375–386. [CrossRef] [PubMed]

39. Okabayashi, T.; Kojima, T.; Masaki, T.; Yokota, S.; Imaizumi, T.; Tsutsumi, H.; Himi, T.; Fujii, N.; Sawada, N.
Type-iii interferon, not type-i, is the predominant interferon induced by respiratory viruses in nasal epithelial
cells. Virus Res. 2011, 160, 360–366. [CrossRef]

40. Cakebread, J.A.; Xu, Y.H.; Grainge, C.; Kehagia, V.; Howarth, P.H.; Holgate, S.T.; Davies, D.E. Exogenous
ifn-beta has antiviral and anti-inflammatory properties in primary bronchial epithelial cells from asthmatic
subjects exposed to rhinovirus. J. Allergy Clin. Immunol. 2011, 127, U1148–U1416. [CrossRef]

41. Zeng, H.; Goldsmith, C.; Thawatsupha, P.; Chittaganpitch, M.; Waicharoen, S.; Zaki, S.; Tumpey, T.M.;
Katz, J.M. Highly pathogenic avian influenza h5n1 viruses elicit an attenuated type i interferon response in
polarized human bronchial epithelial cells. J. Virol. 2007, 81, 12439–12449. [CrossRef]

42. Mibayashi, M.; Martinez-Sobrido, L.; Loo, Y.M.; Cardenas, W.B.; Gale, M.; Garcia-Sastre, A. Inhibition of
retinoic acid-inducible gene i-mediated induction of beta interferon by the ns1 protein of influenza a virus.
J. Virol. 2007, 81, 514–524. [CrossRef] [PubMed]

43. Ren, J.; Liu, T.; Pang, L.; Li, K.; Garofalo, R.P.; Casola, A.; Bao, X. A novel mechanism for the inhibition of
interferon regulatory factor-3-dependent gene expression by human respiratory syncytial virus ns1 protein.
J. Gen. Virol. 2011, 92, 2153–2159. [CrossRef]

44. Xing, Z.; Cardona, C.J.; Anunciacion, J.; Adams, S.; Dao, N. Roles of the erk mapk in the regulation of
proinflammatory and apoptotic responses in chicken macrophages infected with h9n2 avian influenza virus.
J. Gen. Virol. 2010, 91, 343–351. [CrossRef] [PubMed]

45. Ludwig, S.; Ehrhardt, C.; Neumeier, E.R.; Kracht, M.; Rapp, U.R.; Pleschka, S. Influenza virus-induced
ap-1-dependent gene expression requires activation of the jnk signaling pathway. J. Biol. Chem. 2001, 276,
10990–10998. [CrossRef]

46. Borgeling, Y.; Schmolke, M.; Viemann, D.; Nordhoff, C.; Roth, J.; Ludwig, S. Inhibition of p38
mitogen-activated protein kinase impairs influenza virus-induced primary and secondary host gene
responses and protects mice from lethal h5n1 infection. J. Biol. Chem. 2014, 289, 13–27. [CrossRef] [PubMed]

47. Kong, X.; San Juan, H.; Behera, A.; Peeples, M.E.; Wu, J.; Lockey, R.F.; Mohapatra, S.S. Erk-1/2 activity is
required for efficient rsv infection. FEBS Lett. 2004, 559, 33–38. [CrossRef]

48. Marchant, D.; Singhera, G.K.; Utokaparch, S.; Hackett, T.L.; Boyd, J.H.; Luo, Z.S.; Si, X.N.; Dorscheid, D.R.;
McManus, B.M.; Hegele, R.G. Toll-like receptor 4-mediated activation of p38 mitogen-activated protein
kinase is a determinant of respiratory virus entry and tropism. J. Virol. 2010, 84, 11359–11373. [CrossRef]

49. Marjuki, H.; Alam, M.I.; Ehrhardt, C.; Wagner, R.; Planz, O.; Klenk, H.D.; Ludwig, S.; Pleschka, S. Membrane
accumulation of influenza a virus hemagglutinin triggers nuclear export of the viral genome via protein
kinase c alpha-mediated activation of erk signaling. J. Biol. Chem. 2006, 281, 16707–16715. [CrossRef]

50. Pleschka, S.; Wolff, T.; Ehrhardt, C.; Hobom, G.; Planz, O.; Rapp, U.R.; Ludwig, S. Influenza virus propagation
is impaired by inhibition of the raf/mek/erk signalling cascade. Nat. Cell Biol. 2001, 3, 301–305. [CrossRef]

51. Nencioni, L.; De Chiara, G.; Sgarbanti, R.; Amatore, D.; Aquilano, K.; Marcocci, M.E.; Serafino, A.; Torcia, M.;
Cozzolino, F.; Ciriolo, M.R.; et al. Bcl-2 expression and p38mapk activity in cells infected with influenza
a virus impact on virally induced apoptosis and viral replication. J. Biol. Chem. 2009, 284, 16004–16015.
[CrossRef]

52. Choi, M.S.; Heo, J.; Yi, C.M.; Ban, J.; Lee, N.J.; Lee, N.R.; Kim, S.W.; Kim, N.J.; Inn, K.S. A novel p38 mitogen
activated protein kinase (mapk) specific inhibitor suppresses respiratory syncytial virus and influenza a
virus replication by inhibiting virus-induced p38 mapk activation. Biochem. Biophys. Res. Commun. 2016, 477,
311–316. [CrossRef]

53. Preugschas, H.F.; Hrincius, E.R.; Mewis, C.; Tran, G.V.Q.; Ludwig, S.; Ehrhardt, C. Late activation of the
raf/mek/erk pathway is required for translocation of the rsv f protein to the plasma membrane and efficient
viral replication. Cell Microbiol. 2018, 21, e12955. [CrossRef] [PubMed]

http://dx.doi.org/10.1371/journal.ppat.1003773
http://www.ncbi.nlm.nih.gov/pubmed/24278020
http://dx.doi.org/10.1111/j.1398-9995.2008.01826.x
http://www.ncbi.nlm.nih.gov/pubmed/19175599
http://dx.doi.org/10.1016/j.virusres.2011.07.011
http://dx.doi.org/10.1016/j.jaci.2011.01.023
http://dx.doi.org/10.1128/JVI.01134-07
http://dx.doi.org/10.1128/JVI.01265-06
http://www.ncbi.nlm.nih.gov/pubmed/17079289
http://dx.doi.org/10.1099/vir.0.032987-0
http://dx.doi.org/10.1099/vir.0.015578-0
http://www.ncbi.nlm.nih.gov/pubmed/19864500
http://dx.doi.org/10.1074/jbc.M009902200
http://dx.doi.org/10.1074/jbc.M113.469239
http://www.ncbi.nlm.nih.gov/pubmed/24189062
http://dx.doi.org/10.1016/S0014-5793(04)00002-X
http://dx.doi.org/10.1128/JVI.00804-10
http://dx.doi.org/10.1074/jbc.M510233200
http://dx.doi.org/10.1038/35060098
http://dx.doi.org/10.1074/jbc.M900146200
http://dx.doi.org/10.1016/j.bbrc.2016.06.111
http://dx.doi.org/10.1111/cmi.12955
http://www.ncbi.nlm.nih.gov/pubmed/30223301


Int. J. Mol. Sci. 2019, 20, 678 17 of 23

54. Rixon, H.W.M.; Brown, G.; Murray, J.T.; Sugrue, R.J. The respiratory syncytial virus small hydrophobic
protein is phosphorylated via a mitogen-activated protein kinase p38-dependent tyrosine kinase activity
during virus infection. J. Gen. Virol. 2005, 86, 375–384. [CrossRef] [PubMed]

55. Kumar, A.; Kim, J.H.; Ranjan, P.; Metcalfe, M.G.; Cao, W.; Mishina, M.; Gangappa, S.; Guo, Z.; Boyden, E.S.;
Zaki, S.; et al. Influenza virus exploits tunneling nanotubes for cell-to-cell spread. Sci. Rep. 2017, 7, 40360.
[CrossRef] [PubMed]

56. Harris, J.; Werling, D. Binding and entry of respiratory syncytial virus into host cells and initiation of the
innate immune response. Cell Microbiol. 2003, 5, 671–680. [CrossRef] [PubMed]

57. Mehedi, M.; McCarty, T.; Martin, S.E.; Le Nouen, C.; Buehler, E.; Chen, Y.C.; Smelkinson, M.; Ganesan, S.;
Fischer, E.R.; Brock, L.G.; et al. Actin-related protein 2 (arp2) and virus-induced filopodia facilitate human
respiratory syncytial virus spread. PLoS Pathog. 2016, 12, e1006062. [CrossRef] [PubMed]

58. Mendoza, M.C.; Vilela, M.; Juarez, J.E.; Blenis, J.; Danuser, G. Erk reinforces actin polymerization to power
persistent edge protrusion during motility. Sci. Signal. 2015, 8, ra47. [CrossRef] [PubMed]

59. Fischer, I.; Weber, M.; Kuhn, C.; Fitzgerald, J.S.; Schulze, S.; Friese, K.; Walzel, H.; Markert, U.R.; Jeschke, U.
Is galectin-1 a trigger for trophoblast cell fusion?: The map-kinase pathway and syncytium formation in
trophoblast tumour cells bewo. Mol. Hum. Reprod. 2011, 17, 747–757. [CrossRef]

60. Singh, D.; McCann, K.L.; Imani, F. Mapk and heat shock protein 27 activation are associated with respiratory
syncytial virus induction of human bronchial epithelial monolayer disruption. Am. J. Physiol.-Lung Cell.
Mol. Physiol. 2007, 293, L436–L445. [CrossRef]

61. Ilnytska, O.; Santiana, M.; Hsu, N.Y.; Du, W.L.; Chen, Y.H.; Viktorova, E.G.; Belov, G.; Brinker, A.; Storch, J.;
Moore, C.; et al. Enteroviruses harness the cellular endocytic machinery to remodel the host cell cholesterol
landscape for effective viral replication. Cell Host Microbe 2013, 14, 281–293. [CrossRef]

62. Cavalli, V.; Vilbois, F.; Corti, M.; Marcote, M.J.; Tamura, K.; Karin, M.; Arkinstall, S.; Gruenberg, J.
The stress-induced map kinase p38 regulates endocytic trafficking via the gdi: Rab5 complex. Mol. Cell 2001,
7, 421–432. [CrossRef]

63. McCaskill, J.L.; Ressel, S.; Alber, A.; Redford, J.; Power, U.F.; Schwarze, J.; Dutia, B.M.; Buck, A.H.
Broad-spectrum inhibition of respiratory virus infection by microrna mimics targeting p38 mapk signaling.
Mol. Ther. Nucleic Acids 2017, 7, 256–266. [CrossRef] [PubMed]

64. Aikawa, T.; Shimura, S.; Sasaki, H.; Ebina, M.; Takishima, T. Marked goblet cell hyperplasia with mucus
accumulation in the airways of patients who died of severe acute asthma attack. Chest 1992, 101, 916–921.
[CrossRef] [PubMed]

65. Ordonez, C.L.; Khashayar, R.; Wong, H.H.; Ferrando, R.; Wu, R.; Hyde, D.M.; Hotchkiss, J.A.; Zhang, Y.;
Novikov, A.; Dolganov, G.; et al. Mild and moderate asthma is associated with airway goblet cell hyperplasia
and abnormalities in mucin gene expression. Am. J. Respir. Crit. Care Med. 2001, 163, 517–523. [CrossRef]

66. Innes, A.L.; Woodruff, P.G.; Ferrando, R.E.; Donnelly, S.; Dolganov, G.M.; Lazarus, S.C.; Fahy, J.V. Epithelial
mucin stores are increased in the large airways of smokers with airflow obstruction. Chest 2006, 130,
1102–1108. [CrossRef] [PubMed]

67. Kuperman, D.; Schofield, B.; Wills-Karp, M.; Grusby, M.J. Signal transducer and activator of transcription
factor 6 (stat6)-deficient mice are protected from antigen-induced airway hyperresponsiveness and mucus
production. J. Exp. Med. 1998, 187, 939–948. [CrossRef] [PubMed]

68. Kuperman, D.A.; Huang, X.; Koth, L.L.; Chang, G.H.; Dolganov, G.M.; Zhu, Z.; Elias, J.A.; Sheppard, D.;
Erle, D.J. Direct effects of interleukin-13 on epithelial cells cause airway hyperreactivity and mucus
overproduction in asthma. Nat. Med. 2002, 8, 885–889. [CrossRef]

69. Fujisawa, T.; Ide, K.; Holtzman, M.J.; Suda, T.; Suzuki, K.; Kuroishi, S.; Chida, K.; Nakamura, H. Involvement
of the p38 mapk pathway in il-13-induced mucous cell metaplasia in mouse tracheal epithelial cells.
Respirology 2008, 13, 191–202. [CrossRef]

70. Atherton, H.C.; Jones, G.; Danahay, H. Il-13-induced changes in the goblet cell density of human bronchial
epithelial cell cultures: Map kinase and phosphatidylinositol 3-kinase regulation. Am. J. Physiol.-Lung Cell.
Mol. Physiol. 2003, 285, L730–L739. [CrossRef]

71. Kono, Y.; Nishiuma, T.; Okada, T.; Kobayashi, K.; Funada, Y.; Kotani, Y.; Jahangeer, S.; Nakamura, S.;
Nishimura, Y. Sphingosine kinase 1 regulates mucin production via erk phosphorylation. Pulm. Pharmacol. Ther.
2010, 23, 36–42. [CrossRef]

http://dx.doi.org/10.1099/vir.0.80563-0
http://www.ncbi.nlm.nih.gov/pubmed/15659757
http://dx.doi.org/10.1038/srep40360
http://www.ncbi.nlm.nih.gov/pubmed/28059146
http://dx.doi.org/10.1046/j.1462-5822.2003.00313.x
http://www.ncbi.nlm.nih.gov/pubmed/12969373
http://dx.doi.org/10.1371/journal.ppat.1006062
http://www.ncbi.nlm.nih.gov/pubmed/27926942
http://dx.doi.org/10.1126/scisignal.aaa8859
http://www.ncbi.nlm.nih.gov/pubmed/25990957
http://dx.doi.org/10.1093/molehr/gar053
http://dx.doi.org/10.1152/ajplung.00097.2007
http://dx.doi.org/10.1016/j.chom.2013.08.002
http://dx.doi.org/10.1016/S1097-2765(01)00189-7
http://dx.doi.org/10.1016/j.omtn.2017.03.008
http://www.ncbi.nlm.nih.gov/pubmed/28624201
http://dx.doi.org/10.1378/chest.101.4.916
http://www.ncbi.nlm.nih.gov/pubmed/1555462
http://dx.doi.org/10.1164/ajrccm.163.2.2004039
http://dx.doi.org/10.1378/chest.130.4.1102
http://www.ncbi.nlm.nih.gov/pubmed/17035444
http://dx.doi.org/10.1084/jem.187.6.939
http://www.ncbi.nlm.nih.gov/pubmed/9500796
http://dx.doi.org/10.1038/nm734
http://dx.doi.org/10.1111/j.1440-1843.2008.01237.x
http://dx.doi.org/10.1152/ajplung.00089.2003
http://dx.doi.org/10.1016/j.pupt.2009.10.005


Int. J. Mol. Sci. 2019, 20, 678 18 of 23

72. Londhe, V.; McNamara, N.; Lemjabbar, H.; Basbaum, C. Viral dsrna activates mucin transcription in airway
epithelial cells. FEBS Lett. 2003, 553, 33–38. [CrossRef]

73. Hashimoto, K.; Graham, B.S.; Ho, S.B.; Adler, K.B.; Collins, R.D.; Olson, S.J.; Zhou, W.; Suzutani, T.;
Jones, P.W.; Goleniewska, K.; et al. Respiratory syncytial virus in allergic lung inflammation increases
muc5ac and gob-5. Am. J. Respir. Crit. Care Med. 2004, 170, 306–312. [CrossRef] [PubMed]

74. Qi, F.; Bai, S.; Wang, D.; Xu, L.; Hu, H.; Zeng, S.; Chai, R.; Liu, B. Macrophages produce il-33 by activating
mapk signaling pathway during rsv infection. Mol. Immunol. 2017, 87, 284–292. [CrossRef] [PubMed]

75. Park, I.H.; Park, J.H.; Shin, J.M.; Lee, H.M. Tumor necrosis factor-alpha regulates interleukin-33 expression
through extracellular signal-regulated kinase, p38, and nuclear factor-κb pathways in airway epithelial cells.
Int. Forum Allergy Rhinol. 2016, 6, 973–980. [CrossRef] [PubMed]

76. Mata, M.; Sarria, B.; Buenestado, A.; Cortijo, J.; Cerda, M.; Morcillo, E.J. Phosphodiesterase 4 inhibition
decreases muc5ac expression induced by epidermal growth factor in human airway epithelial cells. Thorax
2005, 60, 144–152. [CrossRef]

77. Kim, S.W.; Hong, J.S.; Ryu, S.H.; Chung, W.C.; Yoon, J.H.; Koo, J.S. Regulation of mucin gene expression by
creb via a nonclassical retinoic acid signaling pathway. Mol. Cell. Biol. 2007, 27, 6933–6947. [CrossRef]

78. Inoue, D.; Yamaya, M.; Kubo, H.; Sasaki, T.; Hosoda, M.; Numasaki, M.; Tomioka, Y.; Yasuda, H.; Sekizawa, K.;
Nishimura, H.; et al. Mechanisms of mucin production by rhinovirus infection in cultured human airway
epithelial cells. Respir. Physiol. Neurobiol. 2006, 154, 484–499. [CrossRef]

79. Zhu, L.; Lee, P.K.; Lee, W.M.; Zhao, Y.; Yu, D.; Chen, Y. Rhinovirus-induced major airway mucin production
involves a novel tlr3-egfr-dependent pathway. Am. J. Respir. Cell Mol. Biol. 2009, 40, 610–619. [CrossRef]

80. Bain, J.; Plater, L.; Elliott, M.; Shpiro, N.; Hastie, C.J.; McLauchlan, H.; Klevernic, I.; Arthur, J.S.C.; Alessi, D.R.;
Cohen, P. The selectivity of protein kinase inhibitors: A further update. Biochem. J. 2007, 408, 297–315.
[CrossRef]

81. Denu, J.M.; Dixon, J.E. A catalytic mechanism for the dual-specific phosphatases. Proc. Natl. Acad. Sci. USA
1995, 92, 5910–5914. [CrossRef]

82. Franklin, C.C.; Kraft, A.S. Conditional expression of the mitogen-activated protein kinase (mapk)
phosphatase mkp-1 preferentially inhibits p38 mapk and stress-activated protein kinase in u937 cells.
J. Biol. Chem. 1997, 272, 16917–16923. [CrossRef] [PubMed]

83. Zhao, Q.; Shepherd, E.G.; Manson, M.E.; Nelin, L.D.; Sorokin, A.; Liu, Y.S. The role of mitogen-activated
protein kinase phosphatase-1 in the response of alveolar macrophages to lipopolysaccharide - attenuation
of proinflammatory cytokine biosynthesis via feedback control of p38. J. Biol. Chem. 2005, 280, 8101–8108.
[CrossRef] [PubMed]

84. Chi, H.B.; Barry, S.P.; Roth, R.J.; Wu, J.J.; Jones, E.A.; Bennettt, A.M.; Flavell, R.A. Dynamic regulation of pro-
and anti-inflammatory cytokines by mapk phosphatase 1 (mkp-1) in innate immune responses. Proc. Natl.
Acad. Sci. USA 2006, 103, 2274–2279. [CrossRef] [PubMed]

85. Golebski, K.; van Egmond, D.; de Groot, E.; Roschmann, K.I.L.; Fokkens, W.J.; van Drunen, C.M. High
degree of overlap between responses to a virus and to the house dust mite allergen in airway epithelial cells.
PLoS ONE 2014, 9, e87768. [CrossRef] [PubMed]

86. Golebski, K.; van Egmond, D.; de Groot, E.J.; Roschmann, K.I.L.; Fokkens, W.J.; van Drunen, C.M. Egr-1 and
dusp-1 are important negative regulators of pro-allergic responses in airway epithelium. Mol. Immunol. 2015,
65, 43–50. [CrossRef] [PubMed]

87. Liao, Y.; Wang, X.X.; Huang, M.; Tam, J.P.; Liu, D.X. Regulation of the p38 mitogen-activated protein kinase
and dual-specificity phosphatase 1 feedback loop modulates the induction of interleukin 6 and 8 in cells
infected with coronavirus infectious bronchitis virus. Virology 2011, 420, 106–116. [CrossRef] [PubMed]

88. Robitaille, A.C.; Caron, E.; Zucchini, N.; Mukawera, E.; Adam, D.; Mariani, M.K.; Gelinas, A.; Fortin, A.;
Brochiero, E.; Grandvaux, N. Dusp1 regulates apoptosis and cell migration, but not the jip1-protected
cytokine response, during respiratory syncytial virus and sendai virus infection. Sci. Rep. 2017, 7, 17388.
[CrossRef] [PubMed]

89. Choi, J.E.; Kwon, J.H.; Kim, J.H.; Hur, W.; Sung, P.S.; Choi, S.W.; Yoon, S.K. Suppression of dual specificity
phosphatase i expression inhibits hepatitis c virus replication. PLoS ONE 2015, 10, 11. [CrossRef] [PubMed]

90. Liu, D.; Scafidi, J.; Prada, A.E.; Zahedi, K.; Davis, A.E., 3rd. Nuclear phosphatases and the proteasome in
suppression of stat1 activity in hepatocytes. Biochem. Biophys. Res. Commun. 2002, 299, 574–580. [CrossRef]

http://dx.doi.org/10.1016/S0014-5793(03)00863-9
http://dx.doi.org/10.1164/rccm.200301-030OC
http://www.ncbi.nlm.nih.gov/pubmed/15130904
http://dx.doi.org/10.1016/j.molimm.2017.05.008
http://www.ncbi.nlm.nih.gov/pubmed/28531812
http://dx.doi.org/10.1002/alr.21761
http://www.ncbi.nlm.nih.gov/pubmed/27060290
http://dx.doi.org/10.1136/thx.2004.025692
http://dx.doi.org/10.1128/MCB.02385-06
http://dx.doi.org/10.1016/j.resp.2005.11.006
http://dx.doi.org/10.1165/rcmb.2008-0223OC
http://dx.doi.org/10.1042/BJ20070797
http://dx.doi.org/10.1073/pnas.92.13.5910
http://dx.doi.org/10.1074/jbc.272.27.16917
http://www.ncbi.nlm.nih.gov/pubmed/9202001
http://dx.doi.org/10.1074/jbc.M411760200
http://www.ncbi.nlm.nih.gov/pubmed/15590669
http://dx.doi.org/10.1073/pnas.0510965103
http://www.ncbi.nlm.nih.gov/pubmed/16461893
http://dx.doi.org/10.1371/journal.pone.0087768
http://www.ncbi.nlm.nih.gov/pubmed/24498371
http://dx.doi.org/10.1016/j.molimm.2014.12.011
http://www.ncbi.nlm.nih.gov/pubmed/25638726
http://dx.doi.org/10.1016/j.virol.2011.09.003
http://www.ncbi.nlm.nih.gov/pubmed/21959016
http://dx.doi.org/10.1038/s41598-017-17689-0
http://www.ncbi.nlm.nih.gov/pubmed/29234123
http://dx.doi.org/10.1371/journal.pone.0119172
http://www.ncbi.nlm.nih.gov/pubmed/25798824
http://dx.doi.org/10.1016/S0006-291X(02)02694-3


Int. J. Mol. Sci. 2019, 20, 678 19 of 23

91. Slack, D.N.; Seternes, O.M.; Gabrielsen, M.; Keyse, S.M. Distinct binding determinants for erk2/p38alpha
and jnk map kinases mediate catalytic activation and substrate selectivity of map kinase phosphatase-1.
J. Biol. Chem. 2001, 276, 16491–16500. [CrossRef] [PubMed]

92. Bochkov, Y.A.; Hanson, K.M.; Keles, S.; Brockman-Schneider, R.A.; Jarjour, N.N.; Gern, J.E.
Rhinovirus-induced modulation of gene expression in bronchial epithelial cells from subjects with asthma.
Mucosal Immunol. 2010, 3, 69–80. [CrossRef] [PubMed]

93. Choi, J.; Callaway, Z.; Kim, H.B.; Fujisawa, T.; Kim, C.K. The role of tnf-alpha in eosinophilic inflammation
associated with rsv bronchiolitis. Pediatr. Allergy Immunol. 2010, 21, 474–479. [CrossRef] [PubMed]

94. Broide, D.H.; Lotz, M.; Cuomo, A.J.; Coburn, D.A.; Federman, E.C.; Wasserman, S.I. Cytokines in
symptomatic asthma airways. J. Allergy Clin. Immunol. 1992, 89, 958–967. [CrossRef]

95. Manetsch, M.; Che, W.C.; Seidel, P.; Chen, Y.; Ammit, A.J. Mkp-1: A negative feedback effector that represses
mapk-mediated pro-inflammatory signaling pathways and cytokine secretion in human airway smooth
muscle cells. Cell. Signal. 2012, 24, 907–913. [CrossRef] [PubMed]

96. Ordonez, C.L.; Shaughnessy, T.E.; Matthay, M.A.; Fahy, J.V. Increased neutrophil numbers and il-8 levels
in airway secretions in acute severe asthma clinical and biologic significance. Am. J. Respir. Crit. Care Med.
2000, 161, 1185–1190. [CrossRef] [PubMed]

97. Wark, P.A.B.; Johnston, S.L.; Moric, I.; Simpson, J.L.; Hensley, M.J.; Gibson, P.G. Neutrophil degranulation
and cell lysis is associated with clinical severity in virus-induced asthma. Eur. Respir. J. 2002, 19, 68–75.
[CrossRef]

98. Shah, S.A.; Ishinaga, H.; Takeuchi, K. Clarithromycin inhibits tnf-alpha-induced muc5ac mucin gene
expression via the mkp-1-p38mapk-dependent pathway. Int. Immunopharmacol. 2017, 49, 60–66. [CrossRef]

99. Tanoue, T.; Moriguchi, T.; Nishida, E. Molecular cloning and characterization of a novel dual specificity
phosphatase, mkp-5. J. Biol. Chem. 1999, 274, 19949–19956. [CrossRef]

100. James, S.J.; Jiao, H.P.; Teh, H.Y.; Takahashi, H.; Png, C.W.; Phoon, M.C.; Suzuki, Y.; Sawasaki, T.; Xiao, H.;
Chow, V.T.K.; et al. Mapk phosphatase 5 expression induced by influenza and other rna virus infection
negatively regulates irf3 activation and type i interferon response. Cell Rep. 2015, 10, 1722–1734. [CrossRef]

101. Ganesan, S.; Pham, D.; Jing, Y.X.; Farazuddin, M.; Hudy, M.H.; Unger, B.; Comstock, A.T.; Proud, D.;
Lauring, A.S.; Sajjan, U.S. Tlr2 activation limits rhinovirus-stimulated cxcl-10 by attenuating irak-1 dependent
il-33 receptor signaling in human bronchial epithelial cells. J. Immunol. 2016, 197, 2409–2420. [CrossRef]

102. Qian, F.; Deng, J.; Gantner, B.; Dong, C.; Christman, J.; Ye, R. Map kinase phosphatase 5 protects against
sepsis-induced acute lung injury. J. Immunol. 2012, 188, 1. [CrossRef] [PubMed]

103. Cornell, T.T.; Fleszar, A.; McHugh, W.; Blatt, N.B.; LeVine, A.M.; Shanley, T.P. Mitogen-activated protein
kinase phosphatase 2, mkp-2, regulates early inflammation in acute lung injury. Am. J. Physiol.-Lung Cell.
Mol. Physiol. 2012, 303, L251–L258. [CrossRef] [PubMed]

104. Cornell, T.T.; Rodenhouse, P.; Cai, Q.; Sun, L.; Shanley, T.P. Mitogen-activated protein kinase phosphatase 2
regulates the inflammatory response in sepsis. Infect. Immunity 2010, 78, 2868–2876. [CrossRef] [PubMed]

105. Ananieva, O.; Darragh, J.; Johansen, C.; Carr, J.M.; McIlrath, J.; Park, J.M.; Wingate, A.; Monk, C.E.; Toth, R.;
Santos, S.G.; et al. The kinases msk1 and msk2 act as negative regulators of toll-like receptor signaling.
Nat. Immunol. 2008, 9, 1028–1036. [CrossRef] [PubMed]

106. Al-Mutairi, M.S.; Cadalbert, L.C.; McGachy, H.A.; Shweash, M.; Schroeder, J.; Kurnik, M.; Sloss, C.M.;
Bryant, C.E.; Alexander, J.; Plevin, R. Map kinase phosphatase-2 plays a critical role in response to infection
by leishmania mexicana. PLoS Pathog. 2010, 6, 11. [CrossRef] [PubMed]

107. Woodruff, P.G.; Modrek, B.; Choy, D.F.; Jia, G.Q.; Abbas, A.R.; Ellwanger, A.; Arron, J.R.; Koth, L.L.; Fahy, J.V.
T-helper type 2-driven inflammation defines major subphenotypes of asthma. Am. J. Respir. Crit. Care Med.
2009, 180, 388–395. [CrossRef] [PubMed]

108. Jackson, D.J.; Makrinioti, H.; Rana, B.M.J.; Shamji, B.W.H.; Trujillo-Torralbo, M.B.; Footitt, J.; Del-Rosario, J.;
Telcian, A.G.; Nikonova, A.; Zhu, J.; et al. Il-33-dependent type 2 inflammation during rhinovirus-induced
asthma exacerbations in vivo. Am. J. Respir. Crit. Care Med. 2014, 190, 1373–1382. [CrossRef] [PubMed]

109. Nino, G.; Huseni, S.; Perez, G.F.; Pancham, K.; Mubeen, H.; Abbasi, A.; Wang, J.; Eng, S.; Colberg-Poley, A.M.;
Pillai, D.K.; et al. Directional secretory response of double stranded rna-induced thymic stromal
lymphopoetin (tslp) and ccl11/eotaxin-1 in human asthmatic airways. PLoS ONE 2014, 9, 19. [CrossRef]

http://dx.doi.org/10.1074/jbc.M010966200
http://www.ncbi.nlm.nih.gov/pubmed/11278799
http://dx.doi.org/10.1038/mi.2009.109
http://www.ncbi.nlm.nih.gov/pubmed/19710636
http://dx.doi.org/10.1111/j.1399-3038.2009.00908.x
http://www.ncbi.nlm.nih.gov/pubmed/20088864
http://dx.doi.org/10.1016/0091-6749(92)90218-Q
http://dx.doi.org/10.1016/j.cellsig.2011.12.013
http://www.ncbi.nlm.nih.gov/pubmed/22200679
http://dx.doi.org/10.1164/ajrccm.161.4.9812061
http://www.ncbi.nlm.nih.gov/pubmed/10764310
http://dx.doi.org/10.1183/09031936.02.00226302
http://dx.doi.org/10.1016/j.intimp.2017.05.025
http://dx.doi.org/10.1074/jbc.274.28.19949
http://dx.doi.org/10.1016/j.celrep.2015.02.030
http://dx.doi.org/10.4049/jimmunol.1502702
http://dx.doi.org/10.1152/ajplung.00277.2011
http://www.ncbi.nlm.nih.gov/pubmed/22307906
http://dx.doi.org/10.1152/ajplung.00063.2012
http://www.ncbi.nlm.nih.gov/pubmed/22683570
http://dx.doi.org/10.1128/IAI.00018-10
http://www.ncbi.nlm.nih.gov/pubmed/20351138
http://dx.doi.org/10.1038/ni.1644
http://www.ncbi.nlm.nih.gov/pubmed/18690222
http://dx.doi.org/10.1371/journal.ppat.1001192
http://www.ncbi.nlm.nih.gov/pubmed/21085614
http://dx.doi.org/10.1164/rccm.200903-0392OC
http://www.ncbi.nlm.nih.gov/pubmed/19483109
http://dx.doi.org/10.1164/rccm.201406-1039OC
http://www.ncbi.nlm.nih.gov/pubmed/25350863
http://dx.doi.org/10.1371/journal.pone.0115398


Int. J. Mol. Sci. 2019, 20, 678 20 of 23

110. Beale, J.; Jayaraman, A.; Jackson, D.J.; Macintyre, J.D.R.; Edwards, M.R.; Walton, R.P.; Zhu, J.; Ching, Y.M.;
Shamji, B.; Edwards, M.; et al. Rhinovirus-induced il-25 in asthma exacerbation drives type 2 immunity and
allergic pulmonary inflammation. Sci. Transl. Med. 2014, 6, 11. [CrossRef]

111. Zhang, K.; Shan, L.; Rahman, M.S.; Unruh, H.; Halayko, A.J.; Gounni, A.S. Constitutive and inducible
thymic stromal lymphopoietin expression in human airway smooth muscle cells: Role in chronic obstructive
pulmonary disease. Am. J. Physiol.-Lung Cell. Mol. Physiol. 2007, 293, L375–L382. [CrossRef]

112. Redhu, N.S.; Saleh, A.; Halayko, A.J.; Ali, A.S.; Gounni, A.S. Essential role of NF-κB and ap-1 transcription
factors in tnf-alpha-induced tslp expression in human airway smooth muscle cells. Am. J. Physiol.-Lung Cell.
Mol. Physiol. 2011, 300, L479–L485. [CrossRef] [PubMed]

113. Becker, Y. Respiratory syncytial virus (rsv) evades the human adaptive immune system by skewing the
th1/th2 cytokine balance toward increased levels of th2 cytokines and ige, markers of allergy—A review.
Virus Genes 2006, 33, 235–252. [PubMed]

114. Krishnamoorthy, N.; Khare, A.; Oriss, T.B.; Raundhal, M.; Morse, C.; Yarlagadda, M.; Wenzel, S.E.;
Moore, M.L.; Peebles, R.S.; Ray, A.; et al. Early infection with respiratory syncytial virus impairs regulatory
t cell function and increases susceptibility to allergic asthma. Nat. Med. 2012, 18, 1525–1530. [CrossRef]
[PubMed]

115. Lee, D.C.P.; Harker, J.A.E.; Tregoning, J.S.; Atabani, S.F.; Johansson, C.; Schwarze, J.; Openshaw, P.J.M.
Cd25(+) natural regulatory t cells are critical in limiting innate and adaptive immunity and resolving disease
following respiratory syncytial virus infection. J. Virol. 2010, 84, 8790–8798. [CrossRef] [PubMed]

116. Welliver, T.P.; Garofalo, R.P.; Hosakote, Y.; Hintz, K.H.; Avendano, L.; Sanchez, K.; Velozo, L.; Jafri, H.;
Chavez-Bueno, S.; Ogra, P.L.; et al. Severe human lower respiratory tract illness caused by respiratory
syncytial virus and influenza virus is characterized by the absence of pulmonary cytotoxic lymphocyte
responses. J. Infect. Dis. 2007, 195, 1126–1136. [CrossRef] [PubMed]

117. Ajamian, F.; Wu, Y.; Ebeling, C.; Ilarraza, R.; Odemuyiwa, S.O.; Moqbel, R.; Adamko, D.J. Respiratory
syncytial virus induces indoleamine 2,3-dioxygenase activity: A potential novel role in the development of
allergic disease. Clin. Exp. Allergy 2015, 45, 644–659. [CrossRef] [PubMed]

118. Dong, C.; Davis, R.J.; Flavell, R.A. Map kinases in the immune response. Annu. Rev. Immunol. 2002, 20,
55–72. [CrossRef] [PubMed]

119. Huang, G.; Wang, Y.; Shi, L.Z.; Kanneganti, T.D.; Chi, H. Signaling by the phosphatase mkp-1 in dendritic
cells imprints distinct effector and regulatory t cell fates. Immunity 2011, 35, 45–58. [CrossRef]

120. Zhang, Y.; Reynolds, J.M.; Chang, S.H.; Martin-Orozco, N.; Chung, Y.; Nurieva, R.I.; Dong, C. Mkp-1 is
necessary for t cell activation and function. J. Biol. Chem. 2009, 284, 30815–30824. [CrossRef]

121. Chow, C.W.; Dong, C.; Flavell, R.A.; Davis, R.J. C-jun nh(2)-terminal kinase inhibits targeting of the protein
phosphatase calcineurin to nfatc1. Mol. Cell. Biol. 2000, 20, 5227–5234. [CrossRef]

122. Zhang, Y.L.; Blattman, J.N.; Kennedy, N.J.; Duong, J.; Nguyen, T.; Wang, Y.; Davis, R.J.; Greenberg, P.D.;
Flavell, R.A.; Dong, C. Regulation of innate and adaptive immune responses by map kinase phosphatase 5.
Nature 2004, 430, 793–797. [CrossRef] [PubMed]

123. Hsiao, W.Y.; Lin, Y.C.; Liao, F.H.; Chan, Y.C.; Huang, C.Y. Dual-specificity phosphatase 4 regulates stat5
protein stability and helper t cell polarization. PLoS ONE 2015, 10, e0145880. [CrossRef] [PubMed]

124. Burchill, M.A.; Yang, J.; Vogtenhuber, C.; Blazar, B.R.; Farrar, M.A. Il-2 receptor beta-dependent stat5
activation is required for the development of foxp3+ regulatory t cells. J. Immunol. 2007, 178, 280–290.
[CrossRef] [PubMed]

125. Moon, S.J.; Lim, M.A.; Park, J.S.; Byun, J.K.; Kim, S.M.; Park, M.K.; Kim, E.K.; Moon, Y.M.; Min, J.K.;
Ahn, S.M.; et al. Dual-specificity phosphatase 5 attenuates autoimmune arthritis in mice via reciprocal
regulation of the th17/treg cell balance and inhibition of osteoclastogenesis. Arthritis Rheumatol. 2014, 66,
3083–3095. [CrossRef] [PubMed]

126. Kumabe, S.; Itsumi, M.; Yamada, H.; Yajima, T.; Matsuguchi, T.; Yoshikai, Y. Dual specificity phosphatase16
is a negative regulator of c-jun nh2-terminal kinase activity in t cells. Microbiol. Immunol. 2010, 54, 105–111.
[CrossRef] [PubMed]

127. Musikacharoen, T.; Bandow, K.; Kakimoto, K.; Kusuyama, J.; Onishi, T.; Yoshikai, Y.; Matsuguchi, T.
Functional involvement of dual specificity phosphatase 16 (dusp16), a c-jun n-terminal kinase-specific
phosphatase, in the regulation of t helper cell differentiation. J. Biol. Chem. 2011, 286, 24896–24905. [CrossRef]
[PubMed]

http://dx.doi.org/10.1126/scitranslmed.3009124
http://dx.doi.org/10.1152/ajplung.00045.2007
http://dx.doi.org/10.1152/ajplung.00301.2009
http://www.ncbi.nlm.nih.gov/pubmed/21148792
http://www.ncbi.nlm.nih.gov/pubmed/16972040
http://dx.doi.org/10.1038/nm.2896
http://www.ncbi.nlm.nih.gov/pubmed/22961107
http://dx.doi.org/10.1128/JVI.00796-10
http://www.ncbi.nlm.nih.gov/pubmed/20573822
http://dx.doi.org/10.1086/512615
http://www.ncbi.nlm.nih.gov/pubmed/17357048
http://dx.doi.org/10.1111/cea.12498
http://www.ncbi.nlm.nih.gov/pubmed/25627660
http://dx.doi.org/10.1146/annurev.immunol.20.091301.131133
http://www.ncbi.nlm.nih.gov/pubmed/11861597
http://dx.doi.org/10.1016/j.immuni.2011.05.014
http://dx.doi.org/10.1074/jbc.M109.052472
http://dx.doi.org/10.1128/MCB.20.14.5227-5234.2000
http://dx.doi.org/10.1038/nature02764
http://www.ncbi.nlm.nih.gov/pubmed/15306813
http://dx.doi.org/10.1371/journal.pone.0145880
http://www.ncbi.nlm.nih.gov/pubmed/26710253
http://dx.doi.org/10.4049/jimmunol.178.1.280
http://www.ncbi.nlm.nih.gov/pubmed/17182565
http://dx.doi.org/10.1002/art.38787
http://www.ncbi.nlm.nih.gov/pubmed/25047518
http://dx.doi.org/10.1111/j.1348-0421.2009.00188.x
http://www.ncbi.nlm.nih.gov/pubmed/20377744
http://dx.doi.org/10.1074/jbc.M111.245019
http://www.ncbi.nlm.nih.gov/pubmed/21613215


Int. J. Mol. Sci. 2019, 20, 678 21 of 23

128. Zhang, Y.L.; Nallaparaju, K.C.; Liu, X.; Jiao, H.P.; Reynolds, J.M.; Wang, Z.X.; Dong, C. Mapk phosphatase 7
regulates t cell differentiation via inhibiting erk-mediated il-2 expression. J. Immunol. 2015, 194, 3088–3095.
[CrossRef]

129. Laurence, A.; Tato, C.M.; Davidson, T.S.; Kanno, Y.; Chen, Z.; Yao, Z.; Blank, R.B.; Meylan, F.; Siegel, R.;
Hennighausen, L.; et al. Interleukin-2 signaling via stat5 constrains t helper 17 cell generation. Immunity
2007, 26, 371–381. [CrossRef]

130. Smith-Garvin, J.E.; Koretzky, G.A.; Jordan, M.S. T cell activation. Annu. Rev. Immunol. 2009, 27, 591–619.
[CrossRef]

131. Molina, T.J.; Kishihara, K.; Siderovski, D.P.; van Ewijk, W.; Narendran, A.; Timms, E.; Wakeham, A.; Paige, C.J.;
Hartmann, K.U.; Veillette, A.; et al. Profound block in thymocyte development in mice lacking p56lck. Nature
1992, 357, 161–164. [CrossRef]

132. Li, J.P.; Yang, C.Y.; Chuang, H.C.; Lan, J.L.; Chen, D.Y.; Chen, Y.M.; Wang, X.; Chen, A.J.; Belmont, J.W.;
Tan, T.H. The phosphatase jkap/dusp22 inhibits t-cell receptor signalling and autoimmunity by inactivating
lck. Nat. Commun. 2014, 5, 3618. [CrossRef] [PubMed]

133. Yang, C.Y.; Li, J.P.; Chiu, L.L.; Lan, J.L.; Chen, D.Y.; Chuang, H.C.; Huang, C.Y.; Tan, T.H. Dual-specificity
phosphatase 14 (dusp14/mkp6) negatively regulates tcr signaling by inhibiting tab1 activation. J. Immunol.
2014, 192, 1547–1557. [CrossRef] [PubMed]

134. Cutrera, R.; Baraldi, E.; Indinnimeo, L.; Del Giudice, M.M.; Piacentini, G.; Scaglione, F.; Ullmann, N.;
Moschino, L.; Galdo, F.; Duse, M. Management of acute respiratory diseases in the pediatric population: The
role of oral corticosteroids. Ital. J. Pediatr. 2017, 43, 21. [CrossRef] [PubMed]

135. Heck, S.; Kullmann, M.; Gast, A.; Ponta, H.; Rahmsdorf, H.J.; Herrlich, P.; Cato, A.C.B. A distinct modulating
domain in glucocorticoid receptor monomers in the repression of activity of the transcription factor ap-1.
EMBO J. 1994, 13, 4087–4095. [CrossRef] [PubMed]

136. Ray, A.; Prefontaine, K.E. Physical association and functional antagonism between the p65 subunit of
transcription factor NF-κB and the glucocorticoid receptor. Proc. Natl. Acad. Sci. USA 1994, 91, 752–756.
[CrossRef] [PubMed]

137. Keranen, T.; Moilanen, E.; Korhonen, R. Suppression of cytokine production by glucocorticoids is mediated
by mkp-1 in human lung epithelial cells. Inflamm. Res. 2017, 66, 441–449. [CrossRef] [PubMed]

138. King, E.M.; Holden, N.S.; Gong, W.; Rider, C.F.; Newton, R. Inhibition of NF-κB-dependent transcription
by mkp-1 transcriptional repression by glucocorticoids occurring via p38 mapk. J. Biol. Chem. 2009, 284,
26803–26815. [CrossRef] [PubMed]

139. Prabhala, P.; Bunge, K.; Ge, Q.; Ammit, A.J. Corticosteroid-induced mkp-1 represses pro-inflammatory
cytokine secretion by enhancing activity of tristetraprolin (ttp) in asm cells. J. Cell. Physiol. 2016, 231,
2153–2158. [CrossRef] [PubMed]

140. Issa, R.; Xie, S.P.; Khorasani, N.; Sukkar, M.; Adcock, I.M.; Lee, K.Y.; Chung, K.F. Corticosteroid inhibition
of growth-related oncogene protein-alpha via mitogen-activated kinase phosphatase-1 in airway smooth
muscle cells. J. Immunol. 2007, 178, 7366–7375. [CrossRef]

141. Quante, T.; Ng, Y.C.; Ramsay, E.E.; Henness, S.; Allen, J.C.; Parmentier, J.; Ge, Q.; Ammit, A.J. Corticosteroids
reduce il-6 in asm cells via up-regulation of mkp-1. Am. J. Respir. Cell Mol. Biol. 2008, 39, 208–217. [CrossRef]

142. Wang, X.; Nelin, L.D.; Kuhlman, J.R.; Meng, X.; Welty, S.E.; Liu, Y. The role of map kinase phosphatase-1 in
the protective mechanism of dexamethasone against endotoxemia. Life Sci. 2008, 83, 671–680. [CrossRef]
[PubMed]

143. Abraham, S.M.; Lawrence, T.; Kleiman, A.; Warden, P.; Medghalchi, M.; Tuckermann, J.; Saklatvala, J.;
Clark, A.R. Antiinflammatory effects of dexamethasone are partly dependent on induction of dual specificity
phosphatase 1. J. Exp. Med. 2006, 203, 1883–1889. [CrossRef] [PubMed]

144. Pemmari, A.; Paukkeri, E.-L.; Hämäläinen, M.; Leppänen, T.; Korhonen, R.; Moilanen, E. Mkp-1 promotes
anti-inflammatory m(il-4/il-13) macrophage phenotype and mediates the anti-inflammatory effects of
glucocorticoids. Basic Clin. Pharmacol. Toxicol. 2018. [CrossRef] [PubMed]

145. Maier, J.V.; Brema, S.; Tuckermann, J.; Herzer, U.; Klein, M.; Stassen, M.; Moorthy, A.; Cato, A.C.B. Dual
specificity phosphatase 1 knockout mice show enhanced susceptibility to anaphylaxis but are sensitive to
glucocorticoids. Mol. Endocrinol. 2007, 21, 2663–2671. [CrossRef] [PubMed]

http://dx.doi.org/10.4049/jimmunol.1402638
http://dx.doi.org/10.1016/j.immuni.2007.02.009
http://dx.doi.org/10.1146/annurev.immunol.021908.132706
http://dx.doi.org/10.1038/357161a0
http://dx.doi.org/10.1038/ncomms4618
http://www.ncbi.nlm.nih.gov/pubmed/24714587
http://dx.doi.org/10.4049/jimmunol.1300989
http://www.ncbi.nlm.nih.gov/pubmed/24403530
http://dx.doi.org/10.1186/s13052-017-0348-x
http://www.ncbi.nlm.nih.gov/pubmed/28335827
http://dx.doi.org/10.1002/j.1460-2075.1994.tb06726.x
http://www.ncbi.nlm.nih.gov/pubmed/8076604
http://dx.doi.org/10.1073/pnas.91.2.752
http://www.ncbi.nlm.nih.gov/pubmed/8290595
http://dx.doi.org/10.1007/s00011-017-1028-4
http://www.ncbi.nlm.nih.gov/pubmed/28299397
http://dx.doi.org/10.1074/jbc.M109.028381
http://www.ncbi.nlm.nih.gov/pubmed/19648110
http://dx.doi.org/10.1002/jcp.25327
http://www.ncbi.nlm.nih.gov/pubmed/26825339
http://dx.doi.org/10.4049/jimmunol.178.11.7366
http://dx.doi.org/10.1165/rcmb.2007-0014OC
http://dx.doi.org/10.1016/j.lfs.2008.09.003
http://www.ncbi.nlm.nih.gov/pubmed/18845168
http://dx.doi.org/10.1084/jem.20060336
http://www.ncbi.nlm.nih.gov/pubmed/16880258
http://dx.doi.org/10.1111/bcpt.13163
http://www.ncbi.nlm.nih.gov/pubmed/30388313
http://dx.doi.org/10.1210/me.2007-0067
http://www.ncbi.nlm.nih.gov/pubmed/17636038


Int. J. Mol. Sci. 2019, 20, 678 22 of 23

146. Newton, R.; King, E.M.; Gong, W.; Rider, C.F.; Staples, K.J.; Holden, N.S.; Bergmann, M.W. Glucocorticoids
inhibit il-1 beta-induced gm-csf expression at multiple levels: Roles for the erk pathway and repression by
mkp-1. Biochem. J. 2010, 427, 113–124. [CrossRef] [PubMed]

147. Shah, S.; King, E.M.; Chandrasekhar, A.; Newton, R. Roles for the mitogen-activated protein kinase (mapk)
phosphatase, dusp1, in feedback control of inflammatory gene expression and repression by dexamethasone.
J. Biol. Chem. 2014, 289, 13667–13679. [CrossRef] [PubMed]

148. Trevor, J.L.; Deshane, J.S. Refractory asthma: Mechanisms, targets, and therapy. Allergy 2014, 69, 817–827.
[CrossRef]

149. Loke, T.K.; Mallett, K.H.; Ratoff, J.; O’Connor, B.J.; Ying, S.; Meng, Q.; Soh, C.; Lee, T.H.; Corrigan, C.J.
Systemic glucocorticoid reduces bronchial mucosal activation of activator protein 1 components in
glucocorticoid-sensitive but not glucocorticoid-resistant asthmatic patients. J. Allergy Clin. Immunol. 2006,
118, 368–375. [CrossRef]

150. Bhavsar, P.; Hew, M.; Khorasani, N.; Torrego, A.; Barnes, P.J.; Adcock, I.; Chung, K.F. Relative corticosteroid
insensitivity of alveolar macrophages in severe asthma compared with non-severe asthma. Thorax 2008, 63,
784–790. [CrossRef]

151. Wang, M.J.; Gao, P.F.; Wu, X.J.; Chen, Y.T.; Feng, Y.K.; Yang, Q.; Xu, Y.J.; Zhao, J.P.; Xie, J.G. Impaired
anti-inflammatory action of glucocorticoid in neutrophil from patients with steroid-resistant asthma.
Respir. Res. 2016, 17, 9. [CrossRef]

152. Xia, Y.X.C.; Radwan, A.; Keenan, C.R.; Langenbach, S.Y.; Li, M.N.; Radojicic, D.; Londrigan, S.L.;
Gualano, R.C.; Stewart, A.G. Glucocorticoid insensitivity in virally infected airway epithelial cells is
dependent on transforming growth factor-beta activity. PLoS Pathog. 2017, 13, 25. [CrossRef] [PubMed]

153. Goleva, E.; Jackson, L.P.; Harris, J.K.; Robertson, C.E.; Sutherland, E.R.; Hall, C.F.; Good, J.T.; Gelfand, E.W.;
Martin, R.J.; Leung, D.Y.M. The effects of airway microbiome on corticosteroid responsiveness in asthma.
Am. J. Respir. Crit. Care Med. 2013, 188, 1193–1201. [CrossRef] [PubMed]

154. Papi, A.; Contoli, M.; Adcock, I.M.; Bellettato, C.; Padovani, A.; Casolari, P.; Stanciu, L.A.; Barnes, P.J.;
Johnston, S.L.; Ito, K.; et al. Rhinovirus infection causes steroid resistance in airway epithelium through
nuclear factor κb and c-jun n-terminal kinase activation. J. Allergy Clin. Immunol. 2013, 132, 1075–1085.
[CrossRef] [PubMed]

155. Rahman, M.M.; Prabhala, P.; Rumzhum, N.N.; Patel, B.S.; Wickop, T.; Hansbro, P.M.; Verrills, N.M.;
Ammit, A.J. Tlr2 ligation induces corticosteroid insensitivity in a549 lung epithelial cells: Anti-inflammatory
impact of pp2a activators. Int. J. Biochem. Cell Biol. 2016, 78, 279–287. [CrossRef] [PubMed]

156. Tephly, L.A.; Carter, A.B. Differential expression and oxidation of mkp-1 modulates tnf-alpha gene expression.
Am. J. Respir. Cell Mol. Biol. 2007, 37, 366–374. [CrossRef] [PubMed]

157. Jin, Y.; Hu, D.L.; Peterson, E.L.; Eng, C.; Levin, A.M.; Wells, K.; Beckman, K.; Kumar, R.; Seibold, M.A.;
Karungi, G.; et al. Dual-specificity phosphatase 1 as a pharmacogenetic modifier of inhaled steroid response
among asthmatic patients. J. Allergy Clin. Immunol. 2010, 126, 618–625. [CrossRef] [PubMed]

158. Giembycz, M.A.; Newton, R. Beyond the dogma: Novel beta2-adrenoceptor signalling in the airways.
Eur. Respir. J. 2006, 27, 1286–1306. [CrossRef] [PubMed]

159. Kwak, S.P.; Hakes, D.J.; Martell, K.J.; Dixon, J.E. Isolation and characterization of a human dual-specificity
protein-tyrosine-phosphatase gene. J. Biol. Chem. 1994, 269, 3596–3604. [PubMed]

160. Manetsch, M.; Rahman, M.M.; Patel, B.S.; Ramsay, E.E.; Rumzhum, N.N.; Alkhouri, H.; Ge, Q.; Ammit, A.J.
Long-acting beta2-agonists increase fluticasone propionate-induced mitogen-activated protein kinase
phosphatase 1 (mkp-1) in airway smooth muscle cells. PLoS ONE 2013, 8, e59635. [CrossRef]

161. Kaur, M.; Chivers, J.E.; Giembycz, M.A.; Newton, R. Long-acting beta2-adrenoceptor agonists synergistically
enhance glucocorticoid-dependent transcription in human airway epithelial and smooth muscle cells.
Mol. Pharmacol. 2008, 73, 203–214. [CrossRef]

162. Hackett, T.L.; Singhera, G.K.; Shaheen, F.; Hayden, P.; Jackson, G.R.; Hegele, R.G.; Van Eeden, S.; Bai, T.R.;
Dorscheid, D.R.; Knight, D.A. Intrinsic phenotypic differences of asthmatic epithelium and its inflammatory
responses to respiratory syncytial virus and air pollution. Am. J. Respir. Cell Mol. Biol. 2011, 45, 1090–1100.
[CrossRef] [PubMed]

163. Liang, Q.; Guo, L.; Gogate, S.; Karim, Z.; Hanifi, A.; Leung, D.Y.; Gorska, M.M.; Alam, R. Il-2 and il-4
stimulate mek1 expression and contribute to t cell resistance against suppression by tgf-beta and il-10 in
asthma. J. Immunol. 2010, 185, 5704–5713. [CrossRef] [PubMed]

http://dx.doi.org/10.1042/BJ20091038
http://www.ncbi.nlm.nih.gov/pubmed/20100175
http://dx.doi.org/10.1074/jbc.M113.540799
http://www.ncbi.nlm.nih.gov/pubmed/24692548
http://dx.doi.org/10.1111/all.12412
http://dx.doi.org/10.1016/j.jaci.2006.04.055
http://dx.doi.org/10.1136/thx.2007.090027
http://dx.doi.org/10.1186/s12931-016-0462-0
http://dx.doi.org/10.1371/journal.ppat.1006138
http://www.ncbi.nlm.nih.gov/pubmed/28046097
http://dx.doi.org/10.1164/rccm.201304-0775OC
http://www.ncbi.nlm.nih.gov/pubmed/24024497
http://dx.doi.org/10.1016/j.jaci.2013.05.028
http://www.ncbi.nlm.nih.gov/pubmed/23871663
http://dx.doi.org/10.1016/j.biocel.2016.07.030
http://www.ncbi.nlm.nih.gov/pubmed/27477309
http://dx.doi.org/10.1165/rcmb.2006-0268OC
http://www.ncbi.nlm.nih.gov/pubmed/17507666
http://dx.doi.org/10.1016/j.jaci.2010.06.007
http://www.ncbi.nlm.nih.gov/pubmed/20673984
http://dx.doi.org/10.1183/09031936.06.00112605
http://www.ncbi.nlm.nih.gov/pubmed/16772391
http://www.ncbi.nlm.nih.gov/pubmed/8106404
http://dx.doi.org/10.1371/journal.pone.0059635
http://dx.doi.org/10.1124/mol.107.040121
http://dx.doi.org/10.1165/rcmb.2011-0031OC
http://www.ncbi.nlm.nih.gov/pubmed/21642587
http://dx.doi.org/10.4049/jimmunol.1000690
http://www.ncbi.nlm.nih.gov/pubmed/20926789


Int. J. Mol. Sci. 2019, 20, 678 23 of 23

164. Vroling, A.B.; Jonker, M.J.; Luiten, S.; Breit, T.M.; Fokkens, W.J.; van Drunen, C.M. Primary nasal epithelium
exposed to house dust mite extract shows activated expression in allergic individuals. Am. J. Respir. Cell
Mol. Biol. 2008, 38, 293–299. [CrossRef] [PubMed]

165. Rastogi, R.; Du, W.; Ju, D.; Pirockinaite, G.; Liu, Y.; Nunez, G.; Samavati, L. Dysregulation of p38 and mkp-1
in response to nod1/tlr4 stimulation in sarcoid bronchoalveolar cells. Am. J. Respir. Crit. Care Med. 2011, 183,
500–510. [CrossRef] [PubMed]

166. Jaakkola, M.S.; Jaakkola, J.J. Effects of environmental tobacco smoke on the respiratory health of adults.
Scand. J. Work Environ. Health 2002, 28 (Suppl. 2), 52–70.

167. Crotty Alexander, L.E.; Shin, S.; Hwang, J.H. Inflammatory diseases of the lung induced by conventional
cigarette smoke: A review. Chest 2015, 148, 1307–1322. [CrossRef]

168. Gaffey, K.; Reynolds, S.; Plumb, J.; Kaur, M.; Singh, D. Increased phosphorylated p38 mitogen-activated
protein kinase in copd lungs. Eur. Respir. J. 2013, 42, 28–41. [CrossRef]

169. Li, D.; Hu, J.; Wang, T.; Zhang, X.; Liu, L.; Wang, H.; Wu, Y.; Xu, D.; Wen, F. Silymarin attenuates cigarette
smoke extract-induced inflammation via simultaneous inhibition of autophagy and erk/p38 mapk pathway
in human bronchial epithelial cells. Sci. Rep. 2016, 6, 37751. [CrossRef]

170. Liu, C.; Russell, R.M.; Wang, X.D. Low dose beta-carotene supplementation of ferrets attenuates
smoke-induced lung phosphorylation of jnk, p38 mapk, and p53 proteins. J. Nutr. 2004, 134, 2705–2710.
[CrossRef]

171. Seumois, G.; Zapardiel-Gonzalo, J.; White, B.; Singh, D.; Schulten, V.; Dillon, M.; Hinz, D.; Broide, D.H.;
Sette, A.; Peters, B.; et al. Transcriptional profiling of th2 cells identifies pathogenic features associated with
asthma. J. Immunol. 2016, 197, 655–664. [CrossRef]

172. Wan, Y.I.; Shrine, N.R.G.; Artigas, M.S.; Wain, L.V.; Blakey, J.D.; Moffatt, M.F.; Bush, A.; Chung, K.F.;
Cookson, W.; Strachan, D.P.; et al. Genome-wide association study to identify genetic determinants of severe
asthma. Thorax 2012, 67, 762–768. [CrossRef] [PubMed]

173. Arthur, J.S.C.; Ley, S.C. Mitogen-activated protein kinases in innate immunity. Nat. Rev. Immunol. 2013, 13,
679–692. [CrossRef] [PubMed]

174. Doddareddy, M.R.; Rawling, T.; Ammit, A.J. Targeting mitogen-activated protein kinase phosphatase-1
(mkp-1): Structure-based design of mkp-1 inhibitors and upregulators. Curr. Med. Chem. 2012, 19, 163–173.
[CrossRef] [PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1165/rcmb.2007-0278OC
http://www.ncbi.nlm.nih.gov/pubmed/17901406
http://dx.doi.org/10.1164/rccm.201005-0792OC
http://www.ncbi.nlm.nih.gov/pubmed/20851927
http://dx.doi.org/10.1378/chest.15-0409
http://dx.doi.org/10.1183/09031936.00170711
http://dx.doi.org/10.1038/srep37751
http://dx.doi.org/10.1093/jn/134.10.2705
http://dx.doi.org/10.4049/jimmunol.1600397
http://dx.doi.org/10.1136/thoraxjnl-2011-201262
http://www.ncbi.nlm.nih.gov/pubmed/22561531
http://dx.doi.org/10.1038/nri3495
http://www.ncbi.nlm.nih.gov/pubmed/23954936
http://dx.doi.org/10.2174/092986712803414196
http://www.ncbi.nlm.nih.gov/pubmed/22320295
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	The Epithelial Response to Respiratory Viral Infection 
	The MAPKs and Cytokine Release 
	The MAPKs and Viral Replication 
	The MAPKs and Mucus Production 
	Regulation of the MAPKs by DUSPs in Respiratory Viral Infection 
	DUSP1/MKP1 
	DUSP10/MKP5 
	DUSP4/MKP2 


	T Cell Responses 
	The Role of DUSP1 in Steroid Treatment 
	Studies Linking DUSPs to Asthma and Sarcoidosis 
	Conclusions 
	References

