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Background: Rhinovirus infections are the dominant cause
of asthma exacerbations, and deficient virus induction of
IFN-a/b/l in asthmatic patients is important in asthma
exacerbation pathogenesis. Mechanisms causing this interferon
deficiency in asthmatic patients are unknown.
Objective: We sought to investigate the expression of suppressor
of cytokine signaling (SOCS) 1 in tissues from asthmatic
patients and its possible role in impaired virus-induced
interferon induction in these patients.
Methods: We assessed SOCS1mRNA and protein levels in vitro,
bronchial biopsy specimens, and mice. The role of SOCS1 was
inferred by proof-of-concept studies using overexpression with
reporter genes andSOCS1-deficientmice. Anuclear role of SOCS1
was shown by using bronchial biopsy staining, overexpression of
mutant SOCS1 constructs, and confocal microscopy. SOCS1 levels
were also correlated with asthma-related clinical outcomes.
Results: We report induction of SOCS1 in bronchial epithelial
cells (BECs) by asthma exacerbation–related cytokines and by
rhinovirus infection in vitro. We found that SOCS1 was
increased in vivo in bronchial epithelium and related to asthma
severity. SOCS1 expression was also increased in primary BECs

from asthmatic patients ex vivo and was related to interferon
deficiency and increased viral replication. In primary human
epithelium, mouse lung macrophages, and SOCS1-deficient
mice, SOCS1 suppressed rhinovirus induction of interferons.
Suppression of virus-induced interferon levels was dependent on
SOCS1 nuclear translocation but independent of proteasomal
degradation of transcription factors. Nuclear SOCS1 levels were
also increased in BECs from asthmatic patients.
Conclusion: We describe a novel mechanism explaining
interferon deficiency in asthmatic patients through a novel
nuclear function of SOCS1 and identify SOCS1 as an important
therapeutic target for asthma exacerbations. (J Allergy Clin
Immunol 2015;136:177-88.)
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Asthma exacerbations are the major cause of morbidity,
mortality, and health care costs in asthmatic patients and cause
a decrease in lung function.1 Respiratory tract virus infections, of
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Abbreviations used

AA: Atopic asthma

BAL: Bronchoalveolar lavage

BEC: Bronchial epithelial cell

CISH: Cytokine-inducible SH2-containing protein

GFP: Green fluorescent protein

ISG: Interferon-stimulated gene

ISRE: Interferon-stimulated response element

KC: Keratinocyte-derived chemokine

LIX: LPS-induced CXC chemokine

NANA: Nonatopic nonasthmatic

NF-kB: Nuclear factor kB

NLS: Nuclear localization sequence

polyI:C: Polyinosinic-polycytidylic acid

SOCS: Suppressor of cytokine signaling

SOCS1wt: Full-length wild-type human SOCS1

STAT: Signal transducer and activator of transcription

STRA: Severe therapy-resistant atopic asthma

which human rhinoviruses are by far the most common,2,3 cause
the great majority of asthma exacerbations. The mechanisms
involved in asthma exacerbations are poorly understood, but
increased susceptibility to rhinovirus infections is strongly
implicated.4,5

We originally reported impaired induction of the innate antiviral
IFN-b6 and IFN-l7 by rhinovirus infection in lung cells from asth-
matic patients and implicated deficiency of IFN-l in asthma exac-
erbation severity in human subjects in vivo.7 Recent studies have
confirmed deficient respiratory tract virus induction of IFN-a,
IFN-b, and/or IFN-l in bronchial epithelial cells (BECs), bron-
choalveolar lavage (BAL)macrophages, peripheral blood dendritic
cells, and PBMCs from asthmatic patients.8-14 Although impaired
interferon induction might be associated with asthma control,15

the mechanism or mechanisms responsible for impaired interferon
induction are currently unknown. Two recent studies reported that
exogenous TGF-b enhanced rhinovirus replication in fibroblasts
and BECs and that this was accompanied by reduced interferon
levels.16,17 The latter study also reported that anti–TGF-b treatment
of BECs from asthmatic patients was accompanied by reduced
suppressor of cytokine signaling (SOCS) 1 and SOCS3gene expres-
sion,17 possibly associating these SOCS proteins with interferon
deficiency, but no investigations of SOCS functionwere performed.

There are 7 SOCS family members in human subjects
and mice: SOCS1 through SOCS6 and cytokine-inducible
SH2-containing protein (CISH). The family is characterized by
a central SH2 domain and a C-terminal SOCS box motif that
couples SOCS proteins to a Cullin-RING E3 ubiquitin ligase
complex. Therefore SOCS proteins can act as adaptors to target
bound proteins for ubiquitination and proteasomal degradation
and thus function as negative regulators of cytokine signaling.
SOCS1 through SOCS3 have been studied in detail, including
development of knockout mice.18-20 SOCS1 deletion causes
fatal inflammation, which can be rescued by deletion of
IFNG.18 In mice SOCS1 and SOCS2 negatively regulate TH2
immunity19,21-23; however, a human polymorphism enhancing
SOCS1 expression is associated with asthma.24 T-cell SOCS3
mRNA levels are increased in asthmatic patients and correlate
with IgE levels,20 but a functional role for SOCS3 in human
asthma is unknown, and thus the role of SOCS proteins in asthma
is unclear.

In the context of viral infections, SOCS proteins suppress
cytokine receptor signaling through inhibition of Janus-activated
kinase and signal transducer and activator of transcription (STAT)
signaling,25-27 and preliminary data suggest that SOCS1 and
SOCS3 might suppress influenza-induced IFN-b promoter
activation.28 However, there are no data on the possible role of
SOCS proteins in suppressing viral induction of interferons in
patients with asthma and during asthma exacerbations.

We hypothesized that SOCS1/3 would be induced by
proinflammatory cytokines and rhinovirus infection in BECs
in vitro. Thus we investigated SOCS expression in human primary
BECs from asthmatic patients ex vivo and their possible role in
interferon deficiency and increased viral replication in these cells.
We also investigated whether SOCS1/3 proteins could directly
suppress viral induction of innate interferons in airway cells
in vitro and in vivo. We found that SOCS1, but not SOCS3, levels
were increased in cells from asthmatic patients and also found that
nuclear localization of SOCS1 was required for suppression of
virus-induced interferons. This suppression was independent of
the only known nuclear function of SOCS1, which is induction
of proteasomal degradation of signaling proteins. Thus we
describe a novel mechanism explaining interferon deficiency in
asthmatic patients, a new nuclear function of SOCS1, and
identify SOCS1 as an important therapeutic target for asthma
exacerbations.

METHODS
For detailed methods, including patient data, animal models, reagents,

experimental protocols, and statistical analysis, please see the Methods

section and Tables E1-E3 in this article’s Online Repository at www.

jacionline.org.

RESULTS

SOCS1 is induced in primary BECs by

proinflammatory cytokines and rhinovirus
SOCS3 mRNA expression is increased in T cells in asthmatic

patients,20 but upregulation of SOCS1 by IL-13 in airway smooth
muscle cells from asthmatic patients is impaired.22 Thus whether
SOCS proteins are upregulated in asthmatic patients is uncertain,
and whether SOCS proteins are upregulated in cells that are
infected by respiratory tract viruses is unknown. Therefore we
first investigated the effects of the TH2 cytokines IL-4 and
IL-13 on SOCS1 through SOCS6 and CISH mRNA and protein
expression in BECs because these cytokines are strongly
implicated in asthma pathogenesis.29,30 IL-4 and IL-13 both
induced SOCS1 mRNA and protein expression (Fig 1, A).
Densitometric analysis for the Western blots in Fig 1 are shown
in Fig E1 in this article’s Online Repository at www.jacionline.
org. No other SOCS proteins/mRNAs were induced by IL-4 or
IL-13, with the exception of CISH, which was significantly
induced by both.

We next investigated the ability of the proinflammatory
cytokines TNF-a and IL-1b, rhinovirus infection, and
polyinosinic-polycytidylic acid (polyI:C; as a mimic of other
viral infections) to induce SOCS expression in BECs. We found
that TNF-a and IL-1b both induced SOCS1 (Fig 1, B) but not any
other SOCS family member, whereas both SOCS1 (Fig 1, C) and
SOCS3 (see Fig E2 in this article’s Online Repository at www.
jacionline.org) were induced by RV1B (representative of minor
group rhinoviruses), RV16 (major group), and polyI:C. RV1B
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