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Deficient inflammasome activation permits an exaggerated
asthma phenotype in rhinovirus C-infected immature mice
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Compared to other RV species, RV-C has been associated with more severe respiratory illness and is more likely to occur in children
with a history of asthma or who develop asthma. We therefore inoculated 6-day-old mice with sham, RV-A1B, or RV-C15.
Inflammasome priming and activation were assessed, and selected mice treated with recombinant IL-1β. Compared to RV-A1B
infection, RV-C15 infection induced an exaggerated asthma phenotype, with increased mRNA expression of Il5, Il13, Il25, Il33,
Muc5ac, Muc5b, and Clca1; increased lung lineage-negative CD25+CD127+ST2+ ILC2s; increased mucous metaplasia; and
increased airway responsiveness. Lung vRNA, induction of pro-inflammatory type 1 cytokines, and inflammasome priming (pro-IL-
1β and NLRP3) were not different between the two viruses. However, inflammasome activation (mature IL-1β and caspase-1 p12)
was reduced in RV-C15-infected mice compared to RV-A1B-infected mice. A similar deficiency was found in cultured macrophages.
Finally, IL-1β treatment decreased RV-C-induced type 2 cytokine and mucus-related gene expression, ILC2s, mucous metaplasia,
and airway responsiveness but not lung vRNA level. We conclude that RV-C induces an enhanced asthma phenotype in immature
mice. Compared to RV-A, RV-C-induced macrophage inflammasome activation and IL-1β are deficient, permitting exaggerated type
2 inflammation and mucous metaplasia.

Mucosal Immunology (2021) 14:1369–1380; https://doi.org/10.1038/s41385-021-00436-0

INTRODUCTION
Human rhinoviruses (RVs) are positive-strand RNA viruses grouped
in the genus Enterovirus in the family Picornaviridae. In addition to
the previously discovered species RV-A and RV-B, a new species
RV-C was first identified by highly sensitive genome sequencing
for a variety of clinical specimens in 2006.1,2 Thus far, 55 RV-C
genotypes have been reported.3,4 Intercellular adhesion molecule
1 (ICAM-1) and low-density lipoprotein (LDL) receptor,5,6 receptors
for major and minor RV-A and RV-B subtypes, are expressed on
airway epithelial cells7,8 and immune cells, such as macro-
phages,9,10 mast cells, and basophils.11,12 RV-C infection is
restricted to ciliated airway epithelial cells that express the RV-C
receptor cadherin-related family member 3 (CDHR3).13–15

Accumulating evidence indicates that RV-C is the most
prevalent rhinovirus species detected in children diagnosed with
acute respiratory illness. Infections with RV-C are more likely to
occur in children with a history of asthma or who develop
asthma.16–21 In a prospective study of children <5 years of age
from two U.S. counties, children with RV-C infections were
significantly more likely than those with RV-A infections to have
underlying high-risk conditions such as asthma (42 vs 23%) and to
have a discharge diagnosis of asthma (55 vs 36%).16 In addition, in
a prospective study of 260 children hospitalized in the pediatric
intensive care unit with a diagnosis of either acute asthma
exacerbation or bronchiolitis, RV-C was present in 22.3% of
samples, followed by RV-A (17.5%) and RV-B (1.7%).21 Finally,
recent data suggest a possible role for early-life RV-C infections in

asthma development. A multicenter prospective study of U.S.
infants hospitalized for bronchiolitis found that only infants with
RV-C had a higher risk of physician-diagnosed asthma at 4 years of
age.22 Allergic sensitization was additive but not necessary for
asthma development. These investigators also found that severe
RV bronchiolitis was associated with greater nasopharyngeal type
2 cytokine levels.23

Epidemiologic studies in high-risk infants indicate that early-life
wheezing-associated respiratory infection with RV is a major
predisposing factor for asthma development.24–27 We have shown
that RV-A1B infection of 6-day-old immature mice causes the
development of a chronic asthma-like mucous metaplasia
phenotype that requires expansion of interleukin (IL)-13-produ-
cing type 2 innate lymphoid cells (ILC2s).28,29 RV-induced innate
cytokines IL-25, IL-33, and thymic stromal lymphopoietin (TSLP)
work cooperatively for maximal ILC2 expansion and function.30

Further, we found that RV-A1B triggered Nod-like receptor protein
3 (NLRP3) inflammasome activation and IL-1β production in the
airway macrophages of 6-day-old mice.31 Macrophage IL-1β
limited type 2 inflammation and mucous metaplasia following
RV-A1B infection by suppressing production of the epithelial cell
innate cytokines and ILC2 function.
No experimental studies have investigated the association of

early-life RV-C infection in asthma development. To address this
knowledge gap, we infected 6-day-old immature mice with RV-
C15 and compared the asthma phenotypes with RV-A1B-infected
mice. We hypothesize that RV-C causes an exaggerated asthma
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phenotype, which is permitted in part by reduced inflammasome
activation.

RESULTS
RV-C15 infection of 6-day old mice
cDNA encoding RV-C15 and HeLa-E8 cells expressing CDHR3
C529Y were provided by James Gern and Yury Bochkov, University
of Wisconsin.14 Six-day-old C57BL/6J mice were inoculated
intranasally with 1.5 × 106 plaque-forming unit equivalents (ePFU)
of RV-C15 in 15 µL phosphate-buffered saline (PBS), 1.5 × 106 ePFU
RV-A1B, or an equal volume of sham HeLa cell lysate. There was no
difference in lung viral load 1, 4, and 7 days post-infection (Fig. 1a).
Two days after infection, RV-C15 significantly induced Ifna mRNA
expression (Fig. 1b). Lungs were also formalin fixed and paraffin
embedded 2 days after exposure and sections were stained with
fluorescent-tagged anti-enterovirus (anti-EV) viral protein 3 (vp3),
acetyl-ɑ-tubulin, and anti-CDHR3. RV-C15 but not RV-A1B coloca-
lized with CDHR3 in ciliated airway epithelial cells (Fig. 1c). We also
found RV-C15 in airway CD11b+ macrophages.

RV-C15 causes an exaggerated asthma-like phenotype in
immature mice
RV-A1B infection of 6-day-old immature mice induces an asthma-
like phenotype and type 2 inflammatory responses.28,32 To
examine virus species differences, we infected 6-day-old mice
with sham HeLa cell lysate, RV-A1B, and RV-C15. Again, early-life
RV-A1B infection induced a mucous metaplasia phenotype, as
evidenced by periodic acid–Schiff (PAS) staining and Muc5ac
protein deposition in the airway epithelium 21 days after infection
(Fig. 2a, b). RV-A1B infection also increased mRNA levels of type 2
cytokines Il5 and Il13 and mucus-related genes Muc5ac, Muc5b,
and Clca1 (Fig. 2c). In addition, compared to sham infection, RV-
A1B infection increased airway responsiveness to methacholine
(Fig. 2e).
We then examined the response of 6-day-old mice to RV-C15.

Compared to RV-A1B, RV-C15 infection of 6-day-old mice induced

significantly higher mRNA expression of Il5 and Il13 as well as the
mucus-related genes Muc5ac, Muc5b, and Clca1. RV-C also caused
even greater PAS staining, Muc5ac protein accumulation, and
airway responsiveness compared to RV-A. In contrast, compared
to sham treatment, both RV-A1B and RV-C significantly increased
mRNA expression of the type 1 cytokines Tnf, Ifng, Cxcl1, and Cxcl2
(Fig. 2d). There was no difference in Tnf, Ifng, Cxcl1, or Cxcl2 mRNA
expression between RV-A1B and RV-C15. RV-C15 did not increase
Il17 mRNA.
We previously reported that ILC2s are indispensable for the

early-life RV infection-induced type 2 cytokine production and
mucous metaplasia.28,29 We compared lung ILC2s in RV-A1B- and
RV-C15-infected immature mice. Seven days after infection, RV-
A1B significantly expanded lineage-negative, CD25-positive,
CD127-positive, and ST2-positive ILC2s as reported previously
(Fig. 3a). Compared to RV-A1B, RV-C15 further increased the
number of lung ILC2s. Compared to RV-A infection, ILCs were
significantly higher after RV-C infection 4 and 7 days post-
inoculation (Fig. 3b). Higher ILC2 numbers in RV-C15-infected mice
were observed as early as 4 days after infection and maintained
4 weeks after infection. These results are consistent with the
notion that early-life infection of RV-C15 exaggerates the
development of the asthma phenotype via regulation ILC2
expansion.

Comparison of RV-C15- and RV-A1B-induced innate cytokines
The innate cytokines IL-25, IL-33, and TSLP cooperate to promote
ILC2 function and expansion during early-life RV infection.30 We
therefore compared lung innate cytokine responses to RV-C15 and
RV-A1B. IL-33, IL-25, and TSLP mRNA and protein expression were
induced by RV-A1B infection. mRNA and protein levels of IL-33
were measured day 1 after infection and IL-25 and TSLP were
measured 7 days after infection (Fig. 4a, b), when their production
is maximal.30,31 Cytokine deposition was also detected by
immunofluorescence microscopy 2 days after infection (Fig. 4c).
Relative to RV-A1B, innate cytokine expression was significantly
increased in the RV-C15-infected mice.

Fig. 1 Infection of 6-day-old mice with RV-C15. a RV positive-strand RNA was assessed 1, 4, and 7 days after infection and presented as viral
copy number in total lung (N= 9–12, from three experiments, mean ± SEM). b Lung mRNA expression of Ifna, Ifnb, and Ifnl measured 2 days
post infection (N= 7 from two experiments, mean ± SEM, *different from sham, one-way ANOVA). c Two days after infection, airways from RV-
C15-infected mice were stained with anti-VP3 (red), anti-acetyl α-tubulin (blue), anti-CDHR3, or CD11b (green). Acetyl α-tubulin was localized
to the epithelial cell apical surface. RV-C15 co-localized with CDHR3 in ciliated airway epithelial cells and CD11b in airway macrophages. Scale
bar, 50 μm.
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Fig. 2 RV-C15 exaggerates the development of an asthma-like phenotype and type 2 responses in immature mice. Six-day-old wild-type
C57BL/6 mice were inoculated with sham, RV-A1B, or RV-C15. Mucous metaplasia was assessed by PAS staining (a) and Muc5ac
immunofluorescence (b). Lung sections prepared 3 weeks after treatment of 6-day-old mice. c, d Lung mRNA expression of Il5, Il13, Muc5ac,
Muc5b, and Clca1 (measured 7 days post infection) and Tnf, Ifng, Cxcl1, Cxcl2, and Il17 (measured 1 day post infection) (n= 6–13 from two
experiments, mean ± SEM, *different from sham, †different from RV-A1B, p < 0.05, one-way ANOVA). e Airway saline and methacholine
responsiveness was measured 3 weeks post-infection (N= 3–4, mean ± SEM, *different from sham, †different from RV-A1B, p < 0.05, two-way
ANOVA with two-stage linear step up procedure of Benjamini, Krieger, and Yekutieli multiple comparisons test).
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RV-C15-induced inflammasome activation is deficient in
cultured macrophages
We have shown that RV-A1B infection induces macrophage
inflammasome priming and activation in both mature33 and
immature mice.31 Inflammasome priming (step 1), as evidenced
by mRNA and protein abundance of pro-IL-1β and NLRP3, is
dependent on Toll-like receptor 2 (TLR2), whereas inflammasome
activation (step 2), as demonstrated by protein abundance of
mature IL-1β and caspase-1 p12, is dependent on viral genome.33

While inflammasome priming is reduced in immature compared

to mature mice, IL-1β tends to limit the asthma phenotype by
attenuating RV-induced airway innate cytokine responses.31 We
reasoned that, in immature mice, deficient inflammasome
activation by RV-C15 might permit an even higher level of innate
cytokine expression and ILC2 expansion, leading to an exagger-
ated asthma phenotype. We therefore examined viral-induced
inflammasome activation in cultured macrophages. RV-A1B and
RV-C15 induced equal expression of pro-IL-1β and NLRP3 in
human peripheral blood mononuclear cell (PBMC)-derived macro-
phages, THP-1-derived macrophages, and mouse bone marrow-

Fig. 3 Lung lineage-negative CD25+CD127+ST2+ ILC2s in RV-infected 6-day-old mice. a and b Six-day-old wild-type C57BL/6 mice were
inoculated with sham, RV-A1B, or RV-C15. Four, 7, 10 or 14 days later, live ILC2s were identified as lineage-negative (upper panels), CD25+ and
CD127+ (middle panels, both dot plot and contour plots are shown) and ST2+ (lower panels). ILC2s were quantified as a percentage of lin−
cells and as a total ILC2s per lung. b, time course of viral-induced lung lineage-negative CD25+ CD127+ST2+ ILC2s (n= 6–9, mean ± SEM
from two experiments for day 7; n= 3–4, mean ± SEM from one experiment for days 4, 10, and 14, *different from sham, †different from RV-
A1B, p < 0.05, one-way ANOVA).
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derived macrophages (Fig. 5a–c). TLR2−/− bone marrow-
derived macrophages showed a significant reduction in RV-C15-
induced mRNA expression of Il1b and Nlrp3, demonstrating that
TLR2 is required for RV-C15-mediated inflammasome priming
(Fig. 5d).
However, compared to RV-A1B-infected cells, levels of cleaved

caspase-1 (caspase-1 p12), mature IL-1β, and secreted IL-1β were
significantly decreased in RV-C15-infected THP-1 macrophages,
indicating attenuated inflammasome activation (Fig. 5b, c). To
study virus entry, human THP-1-derived macrophages and mouse
bone marrow-derived macrophages were incubated with RV-A1B
or RV-C15 for 1 h and washed three times with PBS. One hour after
infection, RV-C15-infected human THP-1-derived macrophages
and mouse bone marrow-derived macrophages showed reduced
viral RNA (vRNA; Fig. 5e) and vp3 levels (Fig. 5f) compared to RV-
A1B-infected cells. Consistent with this, confocal images of sham-
and virus-infected THP-1 cells and primary mouse lung macro-
phages showed less viral entry into endosomes following infection
with RV-C15 (Fig. 5g). There was no mRNA expression of CDHR3 in
either human THP-1 cells or mouse bone marrow macrophages
(Fig. 5h). Consistent with our previous study,34 there was no
replication of RV-A1B in cultured macrophages (not shown).

Together these data suggest that RV-C15-induced inflammasome
activation is limited due to reduced entry of virions and viral
genome.

Deficient inflammasome activation following RV-C15-infection
in vivo
We determined the effects of RV-C15 on inflammasome priming
and activation in immature mice, comparing with RV-A1B. We
collected the lungs from RV-A1B- and RV-C15-infected 6-day-old
mice and measured inflammasome priming (pro-IL-1β and NLRP3)
and inflammasome activation (IL-1β and caspase-1 p12). RV-C15
and RV-A1B induced an equal amount of pro-IL-1β and NLRP3
mRNA and protein expression 1 day post-infection (Fig. 6a–c),
indicative of the equivalent inflammasome priming. However,
cleavage of pro-IL-1β and caspase-1 and subsequent production
of IL-1β and caspase-1 p12 was significantly attenuated in RV-C15-
infected immature mice compared to RV-A1B (Fig. 6a, c).
We performed flow cytometry to determine the level of active

caspase-1 and cellular source of IL-1β. Cells were stained with
FLICA 660-YVAD-FMK reagent and fluorescent-tagged anti-pro-IL-
1β, anti-CD45, and anti-F4/80. FLICA 660-YVAD-FMK is cell
permeable and covalently binds with active caspase-1 enzyme.

Fig. 4 Innate cytokine expression in RV-infected 6-day-old mice. Six-day-old C57BL/6 mice were inoculated with sham, RV-A1B, and RV-C15.
Whole-lung mRNA (a) was measured using quantitative PCR, and whole-lung IL-33, IL-25, and TSLP protein (b) were examined by ELISA. (N=
7–12 from two experiments, mean ± SEM, *different from sham, †different from RV-A1B, p < 0.05, one-way ANOVA). c Two days post-infection,
lungs were stained for IL-33 (red), IL-25 (green), TSLP (red), and nuclei (DAPI, black). Scale bar, 50 mm.
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Compared to sham-infected 6-day-old mice, both RV-A1B- and RV-
C15-infected mice showed a greater percentage of pro-IL-1β+
lung cells and almost all of them were CD45+ F4/80+ (Fig. 6d),
consistent with our previous finding that the airway macrophage
is the major cellular source of IL-1β.31,33 There were no differences
in these cell percentages with RV-A1B and RV-C15. On the
contrary, the percentage of pro-IL-1β+ active caspase-1+ cells
was significantly decreased in RV-C15-infected mice compared to
RV-A1B (Fig. 6d).

IL-1β protects against RV-induced type 2 immune responses
in vivo
We previously showed in immature mice that inhibition of IL-1β
responses with Anakinra increases RV-A1B-induced type 2 airway
inflammation.31 If reduced inflammasome activation and IL-1β
production permit the exaggerated asthma phenotype associated
with RV-C15 infection, then exogenous IL-1β should inhibit RV-
C15-induced type 2 immune responses. We administered 0.1 ng of
recombinant IL-1β intranasally to 6-day-old mice 1 h prior to RV-
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C15 infection. Seven days after infection, mice treated with
exogenous IL-1β showed decreased expression of Il5 and Il13 as
well as mucus-related genes Muc5ac, Muc5b, and Clca1 (Fig. 7a).
On the other hand, exogenous IL-1β had no effect on Tnfa, Ifng,
Cxcl1, or Cxcl2 measured 1 day post infection (Fig. 7b). IL-1β
treatment had no significant effect on viral copy number 1 and
4 days post infection (Fig. 7d). In addition, IL-1β inhibited lung IL-
25 and IL-33 mRNA expression (Fig. 7c). Further, IL-1β attenuated
RV-C15-induced airway responsiveness (Fig. 7e), mucus metaplasia
(Fig. 7f, g), and lung ILC2s (Fig. 7h).

DISCUSSION
Early-life wheezing-associated respiratory infections with RV are
associated with asthma development in high-risk infants.24–27 A
multicenter prospective study of U.S. infants hospitalized for
bronchiolitis found that infants with RV-C had a higher risk of
physician-diagnosed asthma at 4 years of age.22 We therefore
compared the effects of RV-A1B infection and RV-C15 infection in
immature mice. As we found previously, RV-A1B infection of 6-
day-old mice induced type 2 cytokine expression, mucous
metaplasia, airway hyperresponsiveness, and ILC2 expansion.
However, compared to RV-A1B, RV-C15 infection induced greater
type 2 cytokine expression, mucous metaplasia, airway respon-
siveness, and ILC2 expansion. Further, compared to RV-A1B, RV-
C15-induced macrophage inflammasome activation was reduced
in vitro and in vivo. Finally, treatment with IL-1β decreased RV-
C15-induced type 2 cytokine and mucus-related gene expression,
mucous metaplasia, airways responsiveness, and ILC2 number,
consistent with the notion that reduced inflammasome activation
permits the asthma exaggerated phenotype. These data provide a
mechanism by which early-life infection with RV-C could increase
the risk of asthma later in life.
RV-C has been associated with severe respiratory illnesses in

children and adults, including wheezing, O2 supplementation,
hospitalization, and Intensive Care Unit admission. Infections with
RV-C are more likely to occur in children with a history of asthma
or who develop asthma.16–21

Despite recognition of RV-C as a cause of severe exacerbation,
virtually nothing is known about the pathogenesis of RV-C
infections. RV-C has been refractory to study because it is difficult
to grow in vitro. RV-C has been grown in primary mucociliary-
differentiated human airway epithelial cells at air–liquid inter-
face35 and HeLa cells transduced with the CDHR3 AA allele (HeLa-
E8 cells).36 An animal model of RV-C has not been established. To
accomplish this, we infected 6-day-old mice with RV-C15 grown in
HeLa-E8 cells overexpressing CDHR3 (from Y. Bochkov and J. Gern,
University of Wisconsin). Lungs from RV-C15-infected mice
showed significant increases in interferon-β mRNA expression,
consistent with the presence of vRNA. However, vRNA levels for
both viruses peaked 24 h after inoculation, ruling out substantial
replicative infection. To identify RV-C15, we used an antibody
against EV-D68 vp3 that recognizes RV-A1B and RV-C15. RV-C15

localized to airway epithelial cells. As with RV-A1B, we also found
examples of RV-C15 in airway macrophages.
Despite a similar amount of viral copies in the lung, RV-C15

infection of 6-day-old mice induced significantly higher levels of
mRNA encoding the type 2 cytokines IL-5 and IL-13 than RV-A1B
infection. Type 1 cytokines were not differentially expressed,
however. mRNA expression of the IL-13-dependent mucus genes
Muc5ac, Muc5b, and Clca1 was also significantly higher in RV-C15-
infected mice. Accordingly, airways showed increased deposition
of Muc5ac and more PAS-positive cells. Thus, infection of
immature mice with RV-C15 induces an exaggerated mucous
metaplasia phenotype compared to RV-A1B. Consistent with the
production of IL-5 and IL-13 by ILC2s, we found more lineage-
negative, ST2+, CD25+, and CD127+ cells in the lungs of RV-C15-
infected mice. Higher ILC2 numbers in RV-C15-infected mice were
observed as early as 4 days after infection and maintained 2 weeks
after infection. Our previous studies have shown that ILC2
expansion after early-life RV-A1B infection is driven by the innate
cytokines IL-25, IL-33, and TSLP.28,30 We found that, compared to
RV-A1B, RV-C15 infection of immature mice showed increased
mRNA and protein abundance of these proteins, with deposition
primarily in airway epithelial and subepithelial cells. Taken
together, these data are consistent with human data showing
that infants with severe RV bronchiolitis, who are more likely to
have RV-C infection,21,22 demonstrate higher nasopharyngeal
levels of IL-5, IL-13, and TSLP.23

Macrophage inflammasome-mediated IL-1β limits RV-induced
mucous metaplasia in immature mice by attenuating airway
epithelial cell IL-25 and IL-33 expression.31 We therefore reasoned
that the higher level of innate cytokine expression in RV-C15-
infected mice might be due, at least in part, to reduced
inflammasome activation. In contrast to ICAM-1 and LDL family
receptors, the receptors for major and minor group RVs,
respectively, CDHR3 expression is restricted to ciliated airway
epithelial cells.13–15 Activation of the NLRP3 inflammasome
requires at least two signals. Signal I, known as the priming
signal, activates the nuclear factor-kB signaling pathway through
activation by tumor necrosis factor-α or pattern recognition
receptors, such as the TLRs and Nod-like receptors, and induces
the expression of pro-IL-1β, pro-IL-18, and NLRP3.37–39 We found
that RV-A and RV-C induced equal levels of inflammasome
priming and that priming by RV-C, as shown previously for RV-
A,31,33 was TLR2-dependent. The second step triggers oligomer-
ization of NLRP3 and recruitment of the adapter protein ASC and
pro-caspase-1 to form an active inflammasome complex, leading
to in turn to proteolytic cleavage of dormant pro-caspase-1 into
active caspase-1 and conversion of the cytokine precursor pro-IL-
1β into mature and biologically active IL-1β. vRNA is a potent
stimulus of inflammasome activation.33,40–42 In the present study,
RV-C15 inflammasome activation was decreased compared to RV-
A1B both in vitro and in vivo, as evidenced by reduced protein
abundance of cleaved caspase 1 and IL-1β, as well as fewer active
lung caspase 1-containing CD45+F4/80+ cells. Compared to RV-

Fig. 5 Inflammasome activation in RV-C15-infected macrophages. a Human PBMC macrophages, human THP-1 macrophages, and mouse
bone marrow-derived macrophages were infected with sham, RV-A1B, or RV-C15 at an MOI of 1 for 24 h. Cell lysate was harvested for mRNA
expression. b Both cell lysate and supernatant from RV-infected human THP-1 macrophages were collected for immunoblot assay. Anti-
human-IL-1β recognizes pro-IL-1β and its bioactive form IL-1β. Anti-human-caspase-1 detects both caspase-1 and its cleaved form, caspase-1
p12. c Group mean relative expression levels were normalized to β-actin. (N= 6 from five individual experiments, mean ± SEM, *different from
sham, †different from RV-A1B, p < 0.05, one-way ANOVA.) d Mouse bone marrow-derived macrophages isolated from both WT and TLR2−/−
mice were infected with sham or RV-C15. Lung or cells were harvested 24 h post infection for mRNA. e, f Human THP-1 macrophages and
mouse bone marrow-derived macrophages were incubated with RV-A1B or RV-C15 at an MOI of 1 for 1 h at 33 °C and subsequently washed
three times with PBS. RV-positive strand RNA (e) was assessed 1, 6, 16, 24, 36, or 48 h after infection and presented as viral copy number per μl
of RNA. (N= 3–6, mean ± SEM, *different from RV, p < 0.05, unpaired t test). The viral protein (f) was examined by western blot using anti-vp3
antibody. g Human THP-1 cells (upper panel) and mouse bone marrow-derived macrophages (lower panel) were incubated with RV-A1B and
RV-C at an MOI of 1 for 1 h at 33 °C and subsequently stained for vp3 (red), EEA1 (green), and nuclei (DAPI, black). h CDHR3 mRNA expression
in human THP-1 cells and mouse bone marrow-derived macrophages.
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A1B, there was less viral uptake of RV-C15 into cultured
macrophages, as evidenced by decreased vRNA, vp3, and
incorporation into late endosomes. CDHR3 was not expressed in
cultured macrophages, consistent with the possibility that
clathrin-mediated endocytosis is reduced in RV-C15-inoculated

cells, thereby reducing the amount of intracellular viral genome
available for NLRP3 inflammasome activation. In contrast, RV-C15-
induced inflammasome priming likely rely on CDHR3- and
clathrin-independent mechanisms of viral attachment and entry.
For example, based on the atomic structure, sialic acid-containing

Fig. 6 Deficient inflammasome activation in RV-C15-infected immature mice. Six-day-old C57BL/6 mice were inoculated with sham, RV-A1B,
or RV-C15. a One day after infection, whole lungs were homogenized within the lysis buffer and subjected to western blot. Anti-mouse-IL-1β
recognizes pro-IL-1β and its bioactive form IL-1β. Anti-mouse-caspase-1 detects both caspase-1 and its cleaved form, caspase-1 p12. b Group
mean relative expression levels were normalized to β-actin. (N= 3 from three experiments, mean ± SEM, *different from sham, †different from
RV-A1B, p < 0.05, one-way ANOVA.) c mRNA expression was measured 1 day later. (N= 6 from two experiments, mean ± SEM, *different from
sham, p < 0.05, one-way ANOVA with Tukey’s multiple comparisons test.) d Lung pro-IL-1β+ cells in RV-infected 6-day-old mice. Pro-IL-1β+
cells were identified 1 day after infection. Pro-IL-1β+/CD45+, pro-IL-1β+/F4/80+, and pro-IL-1β+/active caspase-1+ cells were analyzed as a
percentage of live cells, respectively (n= 4, mean ± SEM, *different from sham, †different from RV-A1B, p < 0.05, one-way ANOVA).
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Fig. 7 IL-1β treatment is protective against RV-C15-induced type 2 inflammation. Six-day-old C57BL/6 mice were inoculated with sham or
RV in combination with recombinant mouse IL-1β (rIL-1β) a–c Whole-lung mRNA and protein were assessed 1 day (Tnf, Cxcl1, Cxcl2, Ifng, and
Il33) or 7 days (Il5, Il13, Il25, Muc5ac, Muc5b, and Clca1) post infection. (N= 6–8 from two experiments, mean ± SEM, *different from sham, p <
0.05; †different from RV-C15, p < 0.05, one-way ANOVA). d RV-positive strand RNA was assessed 1 and 4 days after infection and presented as
viral copy number in total lung. (N= 6–7 from two experiments, mean ± SEM, *different from sham, p < 0.05; †different from RV-C15, p < 0.05,
one-way ANOVA). e Airway methacholine responsiveness was measured 3 weeks post-infection. (N= 3–4, mean ± SEM, *different from sham,
†different from RV-C15+ rIL-1β, p < 0.05, two-way ANOVA with two-stage linear step up procedure of Benjamini, Krieger, and Yekutieli multiple
comparisons test. Note: data shown for sham and RV-C are identical to those in Fig. 2. Airway resistance results were separated into two
figures for clarity.) f, g Mucous metaplasia was assessed by PAS staining (f) and Muc5ac immunofluorescence (g). Lung sections prepared
3 weeks after treatment of 6-day-old mice. h Six-day old wild-type C57BL/6 mice were inoculated with RV-C15 and recombinant IL-1β. Seven
days later, live ILC2s were identified as lineage-negative, CD25+, CD127+, and ST2+ cells (panel shows only CD25 and CD127 for clarity). ILC2s
were quantified as total ILC2s per lung and percentage of lineage-negative cells (n= 5, mean ± SEM from one experiment, *different from RV-
C15, p < 0.05, unpaired t test).
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glycoproteins and gangliosides might act as attachment factors
for RV-C15,43 and studies in human airway epithelial cells suggest
the existence of an RV-C co-receptor.15 RV-C15 binding to a
secondary, low-affinity receptor may be sufficient for the initiation
of signaling pathways required for inflammasome priming but
inadequate for inflammasome activation. In addition, macro-
phages employ clathrin-independent endocytic activities, includ-
ing flotillin-dependent endocytosis, caveolae-dependent
endocytosis, and macropinocytosis.44,45

To test whether inflammasome activation attenuates the viral-
induced asthma phenotype, we treated mice with the inflamma-
some product IL-1β prior to RV-C15 infection. Treatment with IL-1β
blocked lung expression of type 2 and innate cytokines (but not
type 1 cytokines). These data are consistent with the notion that
reduced inflammasome activation following RV-C15 infection
permits the exaggerated asthma phenotype. On the other hand,
it is also conceivable that RV-C15 directly stimulates increased
innate cytokine expression by the airway epithelium, driving ILC2-
dependent mucous metaplasia. Variances in the phosphorylation
of kinases (p38, JNK, ERK5) and transcription factors (ATF-2, CREB,
CEBPα) have been observed between major and minor group
RVs46 and it stands to reason that RV-C, which binds to a different
receptor in the airway epithelium than major and minor group
viruses, will elicit differential signaling and protein expression.
One weakness of this report is the lack of substantial viral

replication in the mouse model. However, while replication of
human RV is minimal in mice, we feel that the resulting host-
induced innate immune response and immunopathology is still
worthy of study. Our observation of different immune responses
to RV-A1B, RV-C15, and EV-D68,47 which are qualitative in nature
and resemble responses in human subjects, suggest that the
model is relevant to human disease. Another weakness is the
absence of studies examining the identity of the RV-C receptor in
mice. This will require the generation of a neutralizing antibody
against mouse CDHR3.
We conclude that early-life RV-C infection induces an enhanced

asthma phenotype in mice compared to RV-A. Macrophage NLRP3
inflammasome activation is reduced following RV-C infection,
permitting exaggerated type 2 inflammation and mucous
metaplasia.

MATERIAL AND METHODS
Ethics statement
Mouse work was approved by the University of Michigan Animal Care and
Use Committee, protocol # PRO00008264, and performed according to the
2011 Guide for the Care and Use of Laboratory Animals.

Generation of RV-C15 and RV-A1B
A cDNA infectious clone harboring the full-length RV-C15 genome and
HeLa-E8 stable cells expressing human CDHR3 C529Y were provided by
James Gern and Yury Bochkov, University of Wisconsin.14 The cDNA was
in vitro transcribed and resulting full-length vRNA was transfected into
HeLa-H1 cells (ATCC, Manassas, VA) using lipofectamine (Thermo Fisher
Scientific, Waltham, MA). Virus was harvested from the HeLa-H1 cell
supernatants and used to infect HeLa-E8 cells. RV-A1B, RV-A2, RV-A16, HEV-
D68 (ATCC, Manassas, VA), and RV-C15 were partially purified from infected
HeLa cell lysates by ultrafiltration using a 100 kD cut-off filter.30 Similarly
concentrated and purified HeLa cell lysates were used for sham infection.

RV infection of mice
Six-day-old C57BL/6J mice (Jackson Laboratories, Bar Harbor, ME), male or
female, were inoculated through the intranasal route under Forane
anesthesia with 1.5 × 106 ePFU of RV-C15 in 15 µL PBS, 1.5 × 106 ePFU of
RV-A1B in 15 µL PBS, or an equal volume of sham HeLa cell lysate. RV-C
ePFU was calculated based on a calibrated standard curve for RV-A1B.43

Littermates were randomly allocated to RV-C15, RV-A1B, or sham
treatment. Technicians were aware of the treatment allocation during
the conduct of the experiments. Selected mice were treated intranasally

with 0.1 ng of recombinant mouse IL-1β (R&D Systems, Minneapolis, MN),
1 h before RV infection. Lungs were harvested at 1, 2, 4, 7, 10, 14, or 21 days
after infection for analysis.

Histology and immunofluorescence microscopy
Three weeks after RV infection, lungs were perfused through the
pulmonary artery with PBS containing 5 mM EDTA. Next, lungs were
inflated and fixed with 4% paraformaldehyde overnight. Five-micrometer-
thick paraffin sections were cut and processed for histology or
fluorescence microscopy as described.30 Lung sections were stained with
PAS (Sigma-Aldrich, St Louis, MO) or Alexa Fluor 488-conjugated anti-
Muc5ac at 1 μg/mL (Thermo Fisher Scientific, Rockford, IL) to visualize
mucus. For RV-C staining, the presence of viral capsid protein was
examined by Alexa Fluor 488-conjugated anti-HEV-D68 vp3 (GeneTex,
Irvine, CA). This antibody recognizes vp3 from HEV-D68, RV-A1B, RV-A2, RV-
A16, and RV-C15 (see online repository, Figure E1). Lung sections were
incubated with anti-vp3, mouse anti-acetyl α-tubulin (MilliporeSigma,
Burlington, MA), mouse anti-CD11b (BioLegend, San Diego, CA), and a
rabbit polyclonal antibody raised against a conserved 14-amino acid
sequence in the second calcium-binding domain of human and mouse
CDHR3 (produced by Genscript, Piscataway, NJ). For IL-25, IL-33, and TSLP
staining, lung sections were harvested 2 days post-RV infection and stained
with Alexa Fluor 488-conjugated rabbit anti-mouse IL-25/IL-17E (Millipore,
Billerica, MA), Alexa Fluor 555-congjugated goat anti-mouse IL-33 (R&D
Systems), and Alexa Fluor 555-congjugated rat anti-mouse TSLP (BioLe-
gend). The level of PAS staining in the airway epithelium was quantified by
the NIH ImageJ software (Bethesda, MD). PAS and Muc5ac were
represented as the fraction of PAS+ or Muc5ac+ epithelium compared
with the total basement membrane length.

Flow cytometric analysis
Lungs from sham-, RV-A1B-, and RV-C15-treated immature C57BL/6J mice
were harvested 1, 4, 7, 10, or 14 days post-infection, perfused with PBS
containing EDTA, minced, and digested in collagenase IV. Cells were
filtered and washed with red blood cell lysis buffer, and dead cells were
stained with PacBlue (Thermo Fisher Scientific). To identify ILC2s, cells were
harvested 7 days post infection and then stained with fluorescent-tagged
antibodies for lineage markers (CD3ε, TCRb, B220/CD45R, Ter-119, Gr-1/Ly-
6G/Ly-6C, CD11b, CD11c, F4/80, and FcεRIa; all from BioLegend), anti-CD25
(BioLegend), anti-CD127 (eBioscience), and anti-ST2 (BioLegend) as
described.28 To determine caspase-1 activation, lung cells were harvested
1 day post-infection and incubated with cell-permeable FLICA 660-YVAD-
FMK caspase-1 inhibitor reagent (ImmunoChemistry Technologies, Bloo-
mington, MN). Active caspase-1 enzyme covalently binds with FLICA 660-
YVAD-FMK and retains the far-red fluorescent signal within the cell. Cells
were then stained with fluorescent-tagged anti-CD45 and anti-F4/80
(BioLegend) and subsequently treated with permeabilization buffer
(eBioscience) and stained with anti-IL-1β (eBioscience). Cells were detected
using an LSR Fortessa Flow Cytometer (BD Biosciences, San Jose, CA). Data
were collected using the FACSDiva software (BD Biosciences) and analyzed
using the FlowJo software (TreeStar, Ashland, OR).

Quantitative real-time polymerase chain reaction (qPCR)
After solubilization with Trizol (Invitrogen), RNA was extracted from cells
and tissue according to the manufacturer’s recommendations. Purified
RNA was processed for first-strand cDNA and qPCR using reverse
transcriptase and SYBR green qPCR reagents (Thermo Fisher Scientific).
For in vivo experiments, mRNA Il1b, Nlrp3, Tnf, Ifng, Cxcl1, Cxcl2, Il17, and
Il33 were measured 1 day post infection; Ifna, Ifnb, and Infl mRNA was
measured 2 days post infection; and Il5, Il25, Il13, Muc5ac, Muc5b, and Clca1
mRNA were measured 7 days post infection. Expression levels were
normalized to GAPDH using the ΔΔCt method. Primers used are described
in the online repository Table S1. To quantify virus particles, qPCR for
positive-strand vRNA was conducted using RV-specific primers and probes
(forward primer: 5’-GTGAAGAGCCSCRTGTGCT-3’; reverse primer: 5’-
GCTSCAGGGTTAAGGTTAGCC-3’; probe: 5’-FAM-TGAGTCCTCCGGCCCCT-
GAATG-TAMRA-3’).48

Measurement of IL-1β, IL-25, and IL-33 protein levels
Lung IL-25, IL-33, and TSLP (Thermo Fisher Scientific) were measured by
enzyme-linked immunosorbent assay (ELISA). ELISA data were analyzed by
the BioTek Gen5 software (Winooski, VT). Total lung protein concentration
was measured by BCA protein assay (Thermo Fisher Scientific).
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Cell culture
To generate bone marrow-derived macrophages, mouse bone marrow
monocytes were isolated from C57BL/6J and TLR2−/− (B6.129-Tlr2tm1Kir/J)
mice (Jackson Laboratories) and cultured in L929 medium, a source of
macrophage colony-stimulating factor (M-CSF), for 7 days.49 Human primary
PBMCs (Precision for Medicine, Frederick, MD) were cultured in RPMI-1640
media supplemented with 20 ng/mL of recombinant human M-CSF. THP-1
human monocytic cells (ATCC) were differentiated with 5 ng/mL of phorbol
12-myristate 13-acetate as described.50 Cells were infected with RV-A1B and
RV-C15 at a multiplicity of infection of 1.0 at 33 °C. To study virus entry,
human THP-1-derived macrophages and mouse bone marrow-derived
macrophages were incubated with RV-A1B or RV-C15 for 1 h and washed
three times with PBS. vRNA and CDHR3 mRNA expression were quantified by
qPCR (see below) and the presence of RV-C was examined by western blot
and immunofluorescence using anti-EV-D68 vp3. Late endosomes were
visualized with anti-EEA1 (Invitrogen, Carlsbad, CA). Images were visualized
using a Leica SP5 inverted laser confocal microscope (Buffalo Grove, IL).

Western blot assay
Lungs were harvested 1 day post-infection, dissolved in lysis buffer, and
homogenized for western blot assay using anti-mouse IL-1β (R&D
Systems), anti-mouse caspase-1 (Abcam, Cambridge, MA), anti-mouse
NLRP3 (Cell Signaling Technology), and anti-β actin (Millipore Sigma,
Burlington, MA). RV-A1B- and RV-C15-infected THP-1-derived macrophages
were harvested 1 day post-infection and dissolved in lysis buffer for
western blot assay using anti-human IL-1β (R&D Systems), anti-human
caspase-1 (Abcam), and anti-human NLRP3 (Abcam).

Assessment of airway responsiveness
Airway responsiveness was assessed by measuring total respiratory system
resistance after administration of nebulized saline and increasing doses of
methacholine administered through an endotracheal tube.28,32 Due to the
small size of the mice, these measurements were carried out 4 weeks after
infection. Mechanical ventilation was conducted and total respiratory
system resistance was measured using a Buxco FinePointe operating
system (Wilmington, NC).

Quantification and statistical analysis
Statistical analysis was performed using the GraphPad Prism software (San
Diego, CA). The number of animals per group was chosen as the minimum
likely required for conclusions of biological significance, established from
previous experience. A total of 272 mice were studied. No animals or data
points were excluded from the analysis. Data are represented as mean±
standard error of the mean (SEM). For airways resistance data, statistical
significance was assessed by two-way analysis of variance (ANOVA) with the
two-stage linear step up procedure of Benjamini, Krieger, and Yekutieli multiple
comparisons test. For all other results, statistical significance was assessed by
unpaired t test or one-way ANOVA, as appropriate. For one-way ANOVA, group
differences were pinpointed by Tukey’s multiple comparisons test.
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