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Inflammasome activation is required for human rhinovirus-
induced airway inflammation in naive and allergen-sensitized
mice
Mingyuan Han1, J. Kelley Bentley1, Charu Rajput1, Jing Lei1, Tomoko Ishikawa1, Caitlin R. Jarman1, Julie Lee1, Adam M. Goldsmith1,
William T. Jackson2, Mark J. Hoenerhoff3, Toby C. Lewis1 and Marc B. Hershenson1,4

Activation of the inflammasome is a key function of the innate immune response that regulates inflammation in response to
microbial substances. Inflammasome activation by human rhinovirus (RV), a major cause of asthma exacerbations, has not been
well studied. We examined whether RV induces inflammasome activation in vivo, molecular mechanisms underlying RV-stimulated
inflammasome priming and activation, and the contribution of inflammasome activation to RV-induced airway inflammation and
exacerbation. RV infection triggered lung mRNA and protein expression of pro-IL-1β and NLRP3, indicative of inflammasome
priming, as well as cleavage of caspase-1 and pro-IL-1β, completing inflammasome activation. Immunofluorescence staining
showed IL-1β in lung macrophages. Depletion with clodronate liposomes and adoptive transfer experiments showed macrophages
to be required and sufficient for RV-induced inflammasome activation. TLR2 was required for RV-induced inflammasome priming
in vivo. UV irradiation blocked inflammasome activation and RV genome was sufficient for inflammasome activation in primed cells.
Naive and house dust mite-treated NLRP3−/− and IL-1β−/− mice, as well as IL-1 receptor antagonist-treated mice, showed
attenuated airway inflammation and responsiveness following RV infection. We conclude that RV-induced inflammasome activation
is required for maximal airway inflammation and hyperresponsiveness in naive and allergic mice. The inflammasome represents a
molecular target for RV-induced asthma exacerbations.
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INTRODUCTION
Activation of the inflammasome is a key function of the innate
immune response that regulates inflammation and pyroptosis, a
lytic form of cell death, in response to detected stimuli.1

Inflammasomes consists of three main components: a pattern
recognition receptor; an adaptor protein that consists of a pyrin
domain and a caspase recruitment domain; and the cysteine
protease caspase-1 as the effector. At least five pattern recogni-
tion receptors have been shown to assemble inflammasomes.
Nucleotide-binding oligomerization domain, leucine-rich repeat
and pyrin domain containing 3 (NLRP3) detects a diverse series of
agonists including pathogens (bacteria, fungi, viruses) and sterile
environmental stimuli, such as asbestos and silica.2,3 A two-step
model has been suggested for NLRP3 inflammasome activation.4

The first step, priming by extracellular inflammatory stimuli,
induces NLRP3 and pro-interleukin (IL)-1β expression. The second
step, which may be triggered by an array of cellular mechanisms,
including release of oxidized mitochondrial DNA, reactive oxygen,
mitochondrial dysfunction, lysosomal rupture, and intracellular
calcium and potassium efflux, activates caspase-1- mediated
proteolytic cleavage of pro-inflammatory IL-1 family cytokines
into their bioactive forms, IL-1β and IL-18.

Evidence exists for inflammasome activation in asthma. IL-1β was
increased in sputum and bronchoalveolar lavage (BAL) fluid of
patients with neutrophilic5 and T helper type 2 (Th2)/Th17-
predominant asthma.6 Sputum macrophages from patients with
neutrophilic asthma also showed elevated mRNA expression of
NLRP3, caspase-1, and IL-1β, as well as increased NLRP3 and caspase-
1 protein abundance,7 evidence of NLRP3 inflammasome activation.
Gene signatures of NLRP1, NLRP3, and NLRC4 were increased in
sputum cells of nonsmoking patients with severe neutrophilic or
eosinophilic asthma.8 In contrast, compared to healthy volunteers,
expression of inflammasome genes was decreased in samples of
sputum inflammatory cells from patients with allergic rhinitis or
asthma.9 Finally, IL-1β promotes airway hyperresponsiveness in
rodents sensitized to ovalbumin, a model allergen.10,11

Human rhinovirus (RV), a member of the family Picornaviridae,
genus Enterovirus, carries a single-stranded positive RNA genome,
about 7.5 kb in size. Four structural proteins, VP1, VP2, VP3, and
the myristoylated VP4,12 form the icosahedral capsid. First
identified as the most common cause of upper respiratory tract
infections, advances in molecular methods of viral detection have
linked RV infections to exacerbations of chronic pulmonary
disease, in particular asthma and chronic obstructive pulmonary
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disease.13,14 RV is the most common cause of asthma exacerbation
in children15,16 and adults.13,17

In cultured bronchial epithelial cells, RV infection induces NLRP3
inflammasome activation18,19 and IL-1β secretion.20 Experimental
human RV infection increases nasal IL-1β.21–23 However, the
association between RV-induced inflammasome activation and
airway inflammation has not been established in vivo.
In this study, we examined the effects of RV infection on

inflammasome activation in naive mice as well as those with
allergic airway disease. We found that RV induces inflammasome
activation in vivo and that inflammasome activation plays an
essential role in RV-induced airway inflammation and hyperre-
sponsiveness. We also identified primary roles for Toll-like receptor
2 (TLR2) activation and viral genome in inflammasome priming
and activation, respectively.

RESULTS
RV infection activates the inflammasome in vivo
Previous studies have shown NLRP3 inflammasome activation in
RV-infected bronchial epithelial cells.18,19 We employed in vivo
model to determine the role of RV infection in inflammasome
activation. We collected lungs from RV-infected mice and
measured IL-1β and IL-18 mRNA and protein. IL-1β mRNA and
protein expression, but not IL-18, was increased in RV-infected
mice at early time points of infection (Fig. 1a, b). In addition, mRNA
expression of the pro-inflammatory cytokines Cxcl1, Il6 and TNFa
and the IL-1 receptor antagonist Il1rn was increased (Fig. 1a). RV
increased protein expression of NLRP3 and pro-IL-1β (Fig. 1c, d),
indicative of the RV-induced priming step. RV also triggered
cleavage of pro-IL-1β and caspase-1 and subsequent production
of IL-1β and caspase-1 p12, demonstrating inflammasome
activation in the lungs of RV-infected mice.
To determine the cellular source of inflammasome activation, we

examined airway IL-1β deposition by immunofluorescence. Infection
with RV increased airway IL-1β expression, with the strongest signal
found in subepithelial F4/80+ cells, indicative of airway macrophages
(Fig. 1e). There was less IL-1β staining in the airway epithelium.
Next, we delivered clodronate- or phosphate-buffered saline (PBS)-

containing liposomes to mice intratracheally to deplete macro-
phages as previously described.24 Twenty-four hours later, mice were
inoculated with sham or RV. Clodronate treatment significantly
reduced whole-lung IL-1β mRNA in RV-infected mice (Fig. 1f). RV-
induced protein expression of NLRP3 and pro-IL-1β as well as the
production of mature IL-1β and caspase-1 p12 were also reduced in
clodronate-treated mice (Fig. 1g), confirming the macrophage to be
the major cellular source of inflammasome activation.

We tested the sufficiency of macrophages for inflammasome
activation by transferring bone marrow-derived macrophages from
wild-type and IL-1β−/− mice to the airways of sham-treated and
RV-infected IL-1β−/− mice. IL-1β−/− mice receiving macrophages
from IL-1β−/− mice showed no inflammasome activation follow-
ing RV infection. However, IL-1β−/− mice receiving macrophages
from wild-type mice and infected with RV showed a significant
increase in NLRP3, pro-IL-1β, IL-1β, and caspase-1 p12 (Fig. 1h).

Finally, to test inflammasome activation by a major group RV
strain, THP-1 human monocytic cells were infected with RV-16, a
major group virus, and RV-1A and RV-1B, two minor group viruses.
Each infection showed cleaved caspase-1 and IL-1β (Fig. 1i).
Secreted IL-1β was also detected in the culture supernatant of
virus-infected cells, demonstrating inflammasome activation by
major and minor RV strains.

NLRP3 is required for RV-induced inflammasome activation
We examined RV-induced lung mRNA expression of different
pattern recognition receptors involved in inflammasome forma-
tion. RV induced Nlrp1, Nlrp3, and Nlrc5 mRNA expression but not
Aim2, Nlrc3 or Nlrc4 (Fig. 2a). Immunoblots and

immunofluorescence staining showed increased lung NLRP3
protein expression in RV-infected mice (Figs. 1c and 2b). Similar
to IL-1β, large subepithelial cell F4/80-positive cells were highly
positive for NLRP3 expression (Fig. 2b). Again, there was less
NLRP3 staining in the airway epithelium.
We examined the requirement of NLRP3 for inflammasome

activation using NLRP3−/− mice. RV-infected NLRP3−/− mice
showed significantly decreased caspase-1 p12 and IL-1β levels,
suggesting that NLRP3 is required for the RV inflammasome
activation step (Fig. 2c, d). NLRP3−/− also slightly reduced Il1b
mRNA (Fig. 2e) and pro-IL-1β protein expression (Fig. 2c, d),
consistent with previous reports of an IL-1β autocrine loop.25,26

TLR2 is required and sufficient for the priming step of RV-induced
inflammasome
TLR2 is required for RV-induced cytokine responses in vivo.27 We
employed TLR2−/− mice to determine the role of TLR2 in RV-
induced inflammasome activation. Compared to wild-type mice, RV-
induced Il1b, il1rn, Nlrp3, Nlrc5, and Tnf mRNA expression was
blocked in TLR2−/− mice (Fig. 3a). TLR2−/− mice also showed a
reduction in RV-induced lung IL-1β protein level compared to wild
type (Fig. 3b). Consistent with decreased mRNA expression,
TLR2−/− mice showed a reduction in RV-induced protein abun-
dance of pro-IL1b and NLRP3, demonstrating a block in inflamma-
some priming (Fig. 3c, d). Immunoblots also showed reduced
caspase-1 p12 and mature IL-1β in TLR2−/− mice. We also infected
bone marrow-derived macrophages isolated from wild-type and
TLR2−/− mice with RV. Macrophages from TLR2−/− mice showed
similar results as whole lung, with attenuated RV-induced expression
of pro-IL-1β, NLRP3, mature IL-1β, and caspase-1 p12 (Fig. 3e).
However, lipopolysaccharide (LPS), a TLR4 ligand, increased pro-IL-1β
and NLRP3 in both wild-type and TLR2−/− macrophages. Together,
our results suggest that the RV–TLR2 interaction is essential for the
priming step of inflammasome activation, which in turn is necessary
for inflammasome activation.
We have recently found that the RV–TLR2 interaction is

mediated by the myristoylated viral capsid protein VP4.28 We
treated bone marrow-derived macrophages from wild-type mice
with synthetic MyrVP4. Immunoblots showed increased protein
abundance of pro-IL-1β (Fig. 3f). However, the bioactive product
IL-1β was not present, in contrast to RV-treated cells. In addition,
MyrVP4-induced pro-IL-1β expression was decreased in bone
marrow-derived macrophages from TLR2−/− mice. Thus TLR2 is
not only required but also sufficient for inflammasome priming.

Ultraviolet (UV) irradiation attenuates inflammasome activation in
RV-infected mice
Recognition of viral RNA triggers activation of the NLRP3
inflammasome, which in return mediates innate immune responses
against RNA viruses.29,30 We examined the effect of UV irradiation
(which damages the viral genome and prevents its replication) on
RV-induced inflammasome priming and activation by immunoblot.
C57BL/6 mice treated with UV-irradiated RV-1B showed unchanged
pro-IL-1β and NLRP3 expression levels, indicating an intact priming
step (Fig. 4a, b). However, UV irradiation of RV-1B attenuated
cleavage of caspase-1 p12 and IL-1β, suggesting the essential role
of viral RNA in inflammasome activation.

Transfection of single-stranded RNA is sufficient for inflammasome
activation
RV induced inflammasome activation in mouse bone marrow-
derived macrophages that do not support viral replication.31 It is
therefore plausible that single-stranded viral genomic RNA, rather
than double-stranded RNA (dsRNA) formed during viral replica-
tion, is sufficient for inflammasome activation. To test this, human
THP-1 cells were primed with LPS for 6 h and then subjected to
transient transfection with control single-strand RNA or in vitro-
transcribed RV-1A genomic RNA. LPS-primed THP-1 cells showed
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increased expression of pro-IL-1β and NLRP3 but limited mature
IL-1β and caspase-1 p20 and p22 (Fig. 4c). Transfection of LPS-
treated cells with control single-stranded and RV-1A genomic RNA
each induced increased expression of mature IL-1β and caspase-1
p20 and p22, suggesting that, in primed cells, single-stranded RNA
is sufficient for inflammasome activation

NLRP3 and IL-1β knockouts attenuate RV-induced airway
inflammation in naive mice
We examined differences in RV response between wild-type,
NLRP3−/−, and IL-1β−/− mice. Lungs of wild-type animals
revealed peribronchial inflammatory and intraluminal infiltrates
(Fig. 5a). In contrast, RV-infected NLRP3−/− and IL-1β−/− mice
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showed minimal inflammation. BAL cell counts showed decreased
numbers of total cells and neutrophils in RV-infected NLRP3−/−
and IL-1β−/− mice (Fig. 6d). Following RV infection, Cxcl1, Cxcl10,
Tnf, and Il17 mRNA expression were increased significantly 24 h
postinfection of wild-type C57BL/6 mice but reduced in
NLRP3−/− and IL-1β−/− mice (Fig. 5b). In addition, NLRP3−/−
and IL-1β−/− mice showed decreased airway cholinergic respon-
siveness following RV infection (Fig. 5c).

We have previously shown that inoculation of mice with RV-1B
is associated with modest viral replication.32,33 Compared to wild-

type C57BL/6 mice, NLRP3−/− and IL1b−/− mice showed small
(1/2 log) but statistically significant increases in viral copy number
(Fig. 5d).
Hematoxylin and eosin (H&E) staining showed that treatment

with anti-IL-1β blocked peribronchial inflammatory and intralum-
inal infiltrates (Fig. 5e). Expression of mRNAs encoding IL-1β, IL-
1RN, tumor necrosis factor (TNF)-α, NLRP3, C-X-C chemokine motif
ligand 1 (CXCL-1) and CXCL-2 was decreased (Fig. 5f). Taken
together, these results show that IL-1β plays a key role in the
development of lung inflammation in RV-infected mice.

Fig. 1 Rhinovirus (RV) activates inflammasome in vivo. C57BL/6 mice were inoculated with sham or RV. Lung mRNA (a) and protein
(b) expression were measured 1, 2, 3, 4, or 7 days later. (N= 6 from two different experiments, mean ± SEM, *different from sham, p < 0.05, two-
way analysis of variance (ANOVA) with Tukey’s multiple comparisons test.) c One day after infection, whole lungs were homogenized and
subjected to western blot. Anti-mouse-IL-1β recognizes pro-IL-1β and its bioactive form interleukin (IL)-1β. Anti-mouse-caspase-1 detects both
caspase-1 and its cleaved form, caspase-1 p12. d Group mean relative expression levels were normalized to β-actin. (N= 12 from six different
experiments, mean ± SEM, *different from sham, p < 0.05, two-way ANOVA.) e Lungs were stained for IL-1β (green), F4/80 (red), and nuclei
(DAPI, black; bar, 50 μm). Average number of F4/80+IL-1β+ cells per airway (N= 6 from two different experiments, mean ± SEM, *different from
sham, p < 0.05, unpaired t test.) f, g Clodronate- or phosphate-buffered saline-containing liposomes were delivered to mice intratracheally 24 h
before sham or RV infection. One day after infection, lungs were harvested for mRNA and western blot (N= 6 from one experiment, mean ±
SEM, *different from sham, p < 0.05, two-way ANOVA). h Bone marrow cells from either wild-type or IL-1β−/− mice were cultured in L929
media for 7 days. Macrophages were transferred to IL-1β−/− mice intratracheally at 106 cells per mouse 24 h before RV infection. One day
after infection, lungs were harvested for western blot analysis. (Image is representative of N= 3 from one experiment.) i Human THP-1 (106

cells) were infected with sham, RV-16, RV-1A, or RV-1B at a multiplicity of infection of 1 for 24 h. Both cell lysate and supernatant were
collected for immunoblot assay. Anti-human-capase-1 recognizes two forms of cleaved caspase-1, p22 and p20. Anti-human-IL-1β recognizes
pro-IL-1β and IL-1β. (Image is representative of N= 3 from two experiments.) For clarity, individual data points are not shown for d

Fig. 2 Nucleotide-binding oligomerization domain, leucine- rich repeat and pyrin domain containing 3 (NLRP3) is required for rhinovirus (RV)-
triggered inflammasome. Wild-type C57BL/6 (WT) or NLRP3−/− mice were inoculated with sham or RV for 24 h. a Lung mRNAs were
measured by quantitative PCR (N= 6 from two different experiments, mean ± SEM, *different from sham, p < 0.05, unpaired t test). b Lungs
were stained for NLRP3 (green), F4/80 (red), and nuclei (DAPI, black; bar, 50 μm). Average number of F4/80+NLRP3+ cells per airway (N= 6
from one experiment, mean ± SEM, *different from sham, p < 0.05, unpaired t test.) c, d Whole lungs collected from C57BL/6 and NLRP3−/−
mice were homogenized within lysis buffer and subjected to western blot. Group mean expression levels relative to β-actin are also shown.
(N= 6 from three different experiments, mean ± SEM, *different from sham, †different from wild type, p < 0.05, two-way analysis of variance
(ANOVA)) e Effect of NLRP3−/− on IL1b mRNA (N= 7 from two different experiments, mean ± SEM, *different from WT sham, †different from
WT RV, p < 0.05, two-way ANOVA with Tukey’s multiple comparisons test). For clarity, individual data points are not shown for d
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Reduction of type 2 inflammation and airway eosinophils in RV-
infected house dust mite (HDM)-sensitized and HDM-challenged
mice
We examined whether NLRP3 and IL-1β play roles in RV-mediated
exacerbation of allergic airway disease. First, we examined the
effect of allergen treatment on RV-induced lung inflammasome
activation. We employed a clinically relevant mouse model

designed to recapitulate RV-induced asthma exacerbation, as
described previously.34 Wild-type C57BL/6 mice were sensitized
with HDM and challenged with HDM 10 and 11 days after
sensitization. Mice were infected with RV 1 day after the last
challenge. HDM treatment induced modest pro-IL-1β synthesis
but no mature IL-1β synthesis (Fig. 6a, b). RV infection increased
both pro-IL-1β and mature IL-1β synthesis in HDM-treated mice at

Fig. 3 Rhinovirus (RV)-induced inflammasome activation is Toll-like receptor 2 (TLR2) dependent. Wild-type C57BL/6 (WT) or TLR2−/− mice
were inoculated with sham or RV for 24 h. Lung mRNA (a), protein (b), and inflammasome activation (c, d) were assessed. (N= 6–7 from two
different experiments, mean ± SEM, *different from WT sham, †different from WT RV, p < 0.05, two-way analysis of variance) e Bone marrow-
derived macrophages from C57BL/6 (WT) or TLR2−/− mice were infected with sham or RV at a multiplicity of infection of 1 or 10 for 24 h.
Selected cells were primed with LPS (100 ng/ml) for 6 h. (Image is representative of two experiments.) f Bone marrow-derived macrophages
from C57BL/6 (WT) or TLR2−/− mice were treated with recombinant MyrVP4 (500 ng/ml) for 24 h. (Image is representative of two
experiments.) For clarity, individual data points are not shown for d
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day 1 postinfection, evidence of inflammasome priming and
activation. However, mRNA expression of IL-1β and NLRP3 and
abundance of mature IL-1β and p12 caspase 1 were reduced
compared to PBS-treated RV-infected mice, suggesting that
allergen treatment partially attenuates inflammasome priming
and activation (Fig. 6a–c).
Sham-infected HDM-sensitized and HDM-challenged mice

exhibited signs of allergic airway inflammation compared to
sham-infected naive controls, including increased BAL total cells,
eosinophils, and lymphocytes (Fig. 6d, e). In addition, HDM-
sensitized and HDM-challenged mice inoculated with RV dis-
played exacerbated airway inflammation compared HDM-treated
mice inoculated with sham, including increased total BAL cells;
neutrophils; eosinophils; lymphocytes (Fig. 6d); airway responsive-
ness (Fig. 6e); and mRNA expression of Il4, Il5, Il13, and Ccl24
(Fig. 6g).
Next, we examined airway inflammation in HDM-sensitized

and HDM-challenged, RV-infected, wild-type, NLRP3−/−, and
IL-1β−/− mice. Compared to wild type, HDM-sensitized
and HDM-challenged NLRP3−/− and IL-1β−/− mice showed
significantly reduced RV-induced total cells, neutrophils, lympho-
cytes, and eosinophils, as well as reduced cytokine mRNA
expression (Fig. 6d, g). HDM-treated and RV-infected NLRP3−/−
and IL1β−/− mice showed reduced airway responsiveness
compared to RV-infected HDM-treated wild-type mice (Fig. 6f).

We also examined the effects of a recombinant IL-1 receptor
antagonist on RV-induced inflammation in HDM-treated mice.
Recombinant IL-1RA was given after HDM treatment, 1 h before
and 24 h after RV infection. IL-1RA significantly attenuated RV-
induced eosinophilic inflammation and type 2 cytokine mRNA
expression in allergen-treated mice (Fig. 6h, i).

DISCUSSION
RV is an important cause of asthma exacerbation. However, the
precise mechanisms underlying RV-induced asthma exacerbation
are uncertain. Activation of the inflammasome is a key function of
the innate immune response that regulates inflammation in
response to microbial substances, including viral infections.
Influenza is a well-known stimulus of inflammasome
activation.29,35–37 However, inflammasome activation by RV,
perhaps the most common human infection, has not been well
studied. While RV has been shown to induce NLRP3 inflamma-
some activation18,19 and IL-1β secretion19,20 in cultured bronchial
epithelial cells, little is known about RV-induced inflammasome
activation in vivo or its contribution to airway inflammation and
exacerbation of allergic airway disease. To address this in a
mechanistic manner, we infected C57BL/6 mice with RV-1B, a
minor group strain that replicates in mouse and human cells.38 RV
infection triggered inflammasome priming and activation. Lung

Fig. 4 Ultraviolet (UV) irradiation impairs rhinovirus (RV)-induced inflammasome activation. a Wild-type C57BL/6 mice were infected with
sham, RV, or UV-RV for 24 h. b Group mean relative expression levels were normalized to β-actin. (N= 6 from three different experiments,
mean ± SEM, *different from sham, p < 0.05, †different from RV, two-way analysis of variance) c Human THP-1 cells were preincubated with
lipopolysaccharide (LPS; 1 μg/ml) for 6 h. The LPS-primed cells were then transfected with control or viral genomic single-stranded RNA for
20 h. Whole-cell lysate was assessed for inflammasome activation by immunoblot. (Image is representative of two experiments.) For clarity,
individual data points are not shown for b
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macrophages were a major cellular source of IL-1β. TLR2 was
required and myristoylated VP4, a TLR2 ligand, were sufficient for
inflammasome priming. In contrast, UV irradiation blocked RV-
induced inflammasome activation and single-stranded RV gen-
ome was sufficient for this process, indicating a key role for the RV
genome in inflammasome activation. Naive NLRP3- and IL-1β-
deficient mice showed attenuated RV-induced airway

inflammation (fewer BAL cells and reduced lung cytokine levels),
despite a slightly increased viral load. RV infection of HDM-
sensitized and HDM-challenged mice showed additive or syner-
gistic type 2 inflammatory responses, which were reduced in
NLRP3- and IL-1β-deficient mice, as well as in wild-type mice
treated with IL-1 receptor antagonist. Together, these data show
for the first time that inflammasome activation is required for

Fig. 5 Inhibition of rhinovirus (RV)-induced airway inflammation and hyperresponsiveness in NLRP3−/−, IL-1β−/−, and anti-IL-1β treated
mice. a C57BL/6 (wild-type (WT)), NLRP3−/−, or IL-1β−/− mice were intranasally infected with sham or RV. Lung sections were prepared
2 days after infection. b Transcript levels of pro-inflammatory cytokines were assessed 1 day postinfection by quantitative PCR and results
were expressed as fold change over GAPDH (N= 7 from two different experiments, mean ± SEM, *different from WT sham, †different from WT
RV, p < 0.05, two-way analysis of variance (ANOVA)). c Airway hyperresponsiveness was measured in sham- or RV-treated WT, NLRP3−/−, and
IL-1β−/−mice 2 days after treatment. (N= 4 from 2 different experiments, mean ± SEM, *different from WT RV, †different from WT RV, p < 0.05,
two-way ANOVA with Tukey’s multiple comparisons test.) d RV-positive-strand RNA was assessed 24–48 h after infection and presented as viral
copy numbers in total lung. (N= 7 from two different experiments, mean ± SEM, *different from WT RV, p < 0.05, two-way ANOVA with Tukey’s
multiple comparisons test.) e, f C57BL/6 mice were inoculated with sham+IgG, RV+IgG, or RV+anti-IL-1β. Anti-IL-1β was given 1 h before
infection to selected RV-treated mice. After 24 h, lungs were harvested for histology (e, bar is 50 μm), inflammation score (N= 3 from 1
experiment), and mRNA expression (N= 6 from 2 different experiments, mean ± SEM, *different from sham+IgG, †different from RV+IgG, p <
0.05, one-way ANOVA with Tukey’s multiple comparisons test.) For clarity, individual data points are not shown for c, d
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RV-induced airway inflammation in naive and allergen-
sensitized mice.
Our data are consistent with previous work showing reduced

lung inflammation in influenza-infected mice lacking the NLRP3

inflammasome.29 However, in contrast to influenza-infected
NLRP3-deficient mice with increased mortality, RV-infected
NLRP3−/− mice showed reduced airway responsiveness. Airway
inflammation and responsiveness were reduced in NLRP3- and
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IL-1β-deficient mice despite the fact that viral copy number was
significantly higher 48 h after infection. Thus, in the context of a
non-lethal lung infection, inflammasome activation was deleter-
ious to the host, leading to an asthma exacerbation-like
phenotype. While the amount of viral replication in our model is
limited, these data are consistent with the notion that dispropor-
tionate inflammation, rather than viral-induced cellular damage, is
the cause of RV-induced asthma exacerbation.
Previous studies have examined the role of the inflammasome

products IL-1β and IL-18 in RV infection but in a limited fashion. RV
infection has been shown to induce IL-1β secretion in cultured
bronchial epithelial cells.19,20 IL-1β potentiated RV-1B-induced
CXCL-8 production in cultured BEAS-2B airway epithelial cells.39

Administration of an IL-1 receptor antagonist decreases RV-
induced IL-6 and IL-8 production in primary bronchial epithelial
cells.40 Experimental human RV infection increases IL-1β21–23 and
IL-1841 in nasal washings. However, we did not observe an
increase in IL-18 mRNA in RV-infected mice nor did we find an IL18
signal in children with natural RV infections.
While in vitro studies of RV-induced inflammasome activation

have focused on airway epithelial cells,18,19 we found that
subepithelial macrophages produce IL-1β in response to RV
infection in vivo. Macrophages were required and sufficient for RV-
induced lung inflammasome activation. These data are consistent
with previous work showing that caspase-1 inflammasome
activation in the hematopoietic, but not stromal, compartment
was required to induce protective antiviral immunity in influenza-
infected mice.37 These data provide further support to the
concept that airway macrophages are the main source of
inflammatory cytokines following RV infection, in contrast to
airway epithelial cells,24 which support viral replication.
We found that TLR2 was required for RV-induced mRNA expression

of pro-IL-1β and NLRP3 in C57BL/6 mice and cultured macrophages.
MyrVP4 induced mRNA expression of pro-IL-1β and NLRP3 in cultured
macrophages but not the bioactive products IL-1β and caspase-1 p12.
MyrVP4-induced priming was blocked in TLR2−/− cells. In contrast,
inflammasome priming by LPS, a TLR4 ligand, was not blocked in
TLR2−/− cells. These data show that MyrVP4/TLR2 signaling is
sufficient for inflammasome priming but not activation.
In mice, intact viral RNA was required for cleavage of caspase-1

and production of mature IL-1β. The requirement of dsRNA for
influenza-induced NLRP3 inflammasome activation has been
shown previously.29,36,37 However, in the present study, RV
infection induced inflammasome activation in mouse bone
marrow-derived macrophages, which do not support viral
replication,31 and transient transfection of single-stranded viral
RNA was sufficient for inflammasome activation in LPS-primed
cells. These data provide a mechanism by which macrophages
might rapidly initiate inflammasome activation in response to viral
infection, without the need for viral replication.
Employing NLRP3−/− and IL-1β−/− mice as well as recombi-

nant IL-1β receptor antagonist, we found that inflammasome

activation was required for RV-induced airway eosinophilic
inflammation and type 2 cytokine expression in HDM-sensitized
and HDM-challenged mice. Previous studies have examined
inflammasome activation in mice with allergic airway disease, in
combination with an infectious agent or other stimuli. Ovalbumin-
sensitized mice infected with Chlamydia muridarum develop
NLRP3 inflammasome activation and steroid-resistant allergic
airway disease.42 HDM-sensitized IL-1β−/− mice treated with
dsRNA (to simulate a viral infection) demonstrate attenuated
neutrophilic inflammation and Th2 cytokine expression, whereas
caspase-1−/− mice show reduced eosinophilic inflammation and
Th2 cytokine expression.43,44 However, in contrast to previous
studies, we employed a physiologic pathogen that is a common
cause of asthma exacerbations. To underline this point, we have
found that, in bone marrow-derived macrophages, RV-induced
TNF-α expression is TLR2/MyD88 dependent, in contrast to dsRNA-
induced cytokine expression, which is dependent on TLR3.31 Thus
dsRNA may not be an accurate model of RV infection. Further,
unlike previous studies, we also examined the effect of inflamma-
some blockade on airway responsiveness and viral load.
Inflammasome activation was required for airway hyperrespon-
siveness and IL-1β blockade increased viral load.
Finally, while inflammasome activation was required for

maximum type 2 inflammation after RV infection in allergic mice,
we found that HDM in actual fact attenuated RV-induced
inflammasome activation. This finding is consistent with previous
data showing that inflammasome activation may be reduced in
some asthmatics.9 Thus the contribution of inflammasome
activation to airway inflammation may depend on the type and
severity of asthma, combined with the burden of respiratory viral
infection. It is also conceivable that the level of inflammasome
activation, in combination with other cytokines, regulates the
nature of the subsequent inflammatory response, with “high-
dose” IL-1β contributing to expansion of type 1 innate lymphoid
cells and interferon-γ production and “low-dose” IL-1β contribut-
ing to expansion of type 2 innate lymphoid cells and IL-13
production.45,46

We conclude that RV infection induces TLR2-dependent
inflammasome activation in naive mice and also activates the
inflammasome in mice with allergic airway disease. These data
provide a new mechanism by which RV could contribute to the
development of asthma exacerbations and provide molecular
targets of treatment.

MATERIAL AND METHODS
RV infection of mice
Experiments were approved by the Institutional Animal Care and
Use Committee. RV-1B (ATCC, Manassas, VA) was partially purified
by ultrafiltration using a 100-kD filter and titered by plaque
assay.32 In some experiments. RV was inactivated by UV light.
C57BL/6, TLR2−/− (Jackson Laboratories, Bar Harbor, ME),

Fig. 6 Inflammasome inhibition attenuates rhinovirus (RV)-induced allergic airway inflammation and type-2 immune response in house dust
mite (HDM)-sensitized mice. Whole lungs collected from phosphate-buffered saline (PBS)- or HDM-treated wild-type (WT) mice 1 day post-RV
infection were subjected to western blot (a, b) and quantitative PCR analysis (c). (N= 7 from 2 different experiments, mean ± SEM, *different
from WT sham, †different from WT RV, p < 0.05, two-way analysis of variance (ANOVA) with Tukey’s multiple comparisons test.) d Differential
immune cell counts in bronchoalveolar lavage (BAL) of PBS- or HDM-sensitized and HDM-challenged, sham-, or RV-treated WT, NLRP3−/−,
and IL-1β−/− mice (105 cells/ml) 2 days after treatment (N= 7 from 2 different experiments, mean ± SEM, *different from WT sham, †different
from WT PBS RV or WT HDM RV, ‡different from WT HDM sham, p < 0.05, two-way ANOVA with Tukey’s multiple comparisons test). e, f Airway
responsiveness was measured in PBS- or HDM-sensitized and HDM-challenged, sham-, or RV-treated WT, NLRP3−/−, and IL-1β−/− mice
2 days after treatment. (N= 4 from two different experiments, mean ± SEM, *different from WT sham, †different from WT RV, p < 0.05, two-way
ANOVA). g mRNA levels of type 2 cytokines in the mice lungs. (N= 7 from two different experiments, mean ± SEM, *different from WT sham,
†different from WT PBS RV or WT HDM RV, ‡different from WT HDM sham, p < 0.05 two-way ANOVA with Tukey’s multiple comparisons test). h,
i Recombinant IL-1RA (10 mg/kg body weight) was given after HDM treatment, 1 h before and 24 h after RV infection. BAL cell counts (h) and
lung mRNA levels of type 2 cytokines (i) were measured 2 days post-RV infection. (N= 7 from 2 different experiments, mean ± SEM, *different
from HDM-sham, †different from HDM RV, p < 0.05, one-way ANOVA). For clarity, individual data points are not shown for b, f, g
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NLRP3−/−, or IL-1β−/− mice,47 generally in a 1:1 male-to-female
ratio, were inoculated intranasally under Forane anesthesia with
50 μl RV-1B (5 × 106 plaque-forming unit/mouse) or sham HeLa
cell lysate. Mice were sensitized and challenged by intranasal
exposure to HDM extract (Greer Laboratories, Lenoir, NC) and
infected with 50 μl RV-1B 1 day after exposure. Selected mice were
treated intraperitoneally with 30 μg anti-IL-1β (R&D Systems,
Minneapolis, MN) or 10 mg/kg IL-1 receptor antagonist (Pepro-
Tech, Rocky Hill, NJ).

Mouse model of RV-induced exacerbation of allergic airway
inflammation
Using a previously published protocol,34 anesthetized mice were
sensitized by intranasal exposure to HDM extract (100 μg in 50 μl
PBS, Greer Laboratories, Lenoir, NC). Controls received 50 μl PBS.
Ten days later, mice were dosed intranasally with 10 μg of HDM in
50 μl of PBS on 2 consecutive days. One day after the last
challenge, allergic and control mice were inoculated intranasally
with 50 μl RV-1B as described above. Selected mice were treated
intraperitoneally with 10 mg/kg human recombinant IL-1 receptor
antagonist (PeproTech, Rocky Hill, NJ) after HDM treatment, 1 h
before and 24 h after RV infection. This antagonist is effective
against mouse IL-1 receptor.

Assessment of airway responsiveness
Airway responsiveness was assessed by measuring changes in
total respiratory system resistance after increasing doses of
nebulized methacholine administered through an endotracheal
tube.39 Mechanical ventilation was conducted and total respira-
tory system resistance measured using a Buxco FinePointe
operating system (Buxco, Wilmington, NC).

Analysis of lung inflammation
Differential counts of BAL inflammatory cells were performed as
described previously.48 Lung sections were stained with H&E or
Alexa Fluor-conjugated anti-mouse NLRP3 (Cell Signaling, Dan-
vers, MA), anti-IL-1β (R&D), anti-CD68, and/or anti-F4/80 (Biole-
gend, San Diego, CA). Pathological categories of perivascular/
peribronchiolar and alveolar inflammation were examined and
scored on a scale of 0–4 (0= no lesion, 1=minimal: focal to
multifocal infiltrates barely exceeding background; 2=mild: focal
to multifocal infiltrates easily identified but of limited severity; 3=
moderate: multifocal to locally extensive infiltrates prominent but
significant potential for increased severity; 4= severe: locally
extensive to diffuse infiltrates involving large portions of the
section). In addition, the number of F4/80+IL-1β+ and F4/
80+NLRP3+ cells in and around airways was quantified by the
NIH ImageJ software (Bethesda, MD). Four airways from one
section per mouse were randomly selected for analysis.
After Trizol solubilization, purified RNA was processed for first-

strand cDNA and quantitative PCR (qPCR) using reverse tran-
scriptase and SYBR green qPCR reagents (ThermoFisher Scientific,
Waltham, MA). To quantify virus particles, qPCR for positive-strand
viral RNA was conducted using RV-specific primers and probes.49

Primers used are described in Supplemental Table S1. IL-1β and IL-
18 were measured by enzyme-linked immunosorbent assay (R&D).

Cell culture
Mouse bone marrow monocytes were isolated and cultured in
L929 medium for 7 days as described.31 Cells were infected with
RV-1B at a multiplicity of infection (MOI) of 1 or 10, treated with
500 ng/ml synthetic myristoylated RV capsid protein VP4
(MyrVP4, GenScript, Piscataway, NJ), or primed with 100 ng/ml
Escherichia coli O111:B4 LPS (Sigma-Aldrich, St. Louis). THP-1
human monocytic cells (ATCC) were infected with 1 MOI RV-1B,
RV-16, and RV-1A (ATCC) or transfected with full-length RV-1A
genome or control single-stranded RNA using Lipofectamine
(Thermo Fisher).

In vitro RNA synthesis and transfection
The RV infectious clone pMJ3-HRV-1A was described previously.50

Full-length viral RNA was generated using the MEGAScript T7
Transcription Kit (Thermo Fisher Scientific) and used to transfect
human THP-1 cells using Lipofectamine (Thermo Fisher Scientific).
A control single-stranded RNA was in vitro synthesized using the
plasmid pTRI-Xef provided in the MEGAScript T7 Transcription Kit.
pTRI-Xef contains 1.85 kb of Xenopus elongation factor 1α gene.

Inflammasome priming and activation
Lysates were subjected to western blot assay using anti-mouse IL-
1β (R&D), caspase-1 (Abcam, Cambridge, MA), and NLRP3 (Cell
Signaling) or anti-human IL-1β (R&D) or caspase-1 (Abcam).

Macrophage depletion
Depletion of alveolar macrophages was accomplished by intra-
tracheal instillation of liposomes containing clodronate (dichlor-
omethylenediphosphonic acid, disodium salt, Millipore Sigma,
Burlington, MA), as previously described.24 PBS-containing lipo-
somes were used for control experiments. Liposomes were kept at
4 °C under N2 until use. Depletion was performed 24 h before
sham or RV infection by introducing 50 μl of clodronate- or PBS-
containing liposomes intratracheally under Forane anesthesia.

Adoptive transfer of macrophages to the airways
Mouse macrophages were isolated from either wild type or IL-1β
mice and cultured in L929 medium. Macrophages were trans-
ferred to mice intratracheally at 106 cells per mouse 24 h before RV
infection.27

Data analysis
Data are represented as mean ± standard error. Statistical
significance was assessed by unpaired t test or one-way or two-
way analysis of variance, as appropriate. Group differences were
pinpointed by a Tukey’s multiple comparison test.
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