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Abstract

Background—Early-life human rhinovirus (RV) infection has been linked to asthma
development in high risk infants and children. Nevertheless, the role of RV infection in the
initiation of asthma remains unclear.

Objective—We hypothesized that, in contrast to infection of mature BALB/c mice, neonatal
infection with RV promotes an IL-25-driven type 2 response which causes persistent mucous
metaplasia and airway hyperresponsiveness.

Methods—Six day-old and eight week-old BALB/c mice were inoculated with sham Hela cell
lysate or RV. Airway responses from 1 to 28 days after infection were assessed by qPCR, ELISA,
histology, immunofluorescence microscopy, flow cytometry and methacholine responsiveness.
Selected mice were treated with a neutralizing antibody to IL-25.

Results—Compared to mature mice, RV infection in neonatal mice increased lung I1L-13 and
IL-25 production whereas IFN-y, IL-12p40 and TNF-a expression were suppressed. In addition,
the population of 1L-13-secreting type 2 innate lymphoid cells (ILC2s) was expanded with RV
infection in neonatal but not in mature mice. ILC2 cells were the major cell type secreting IL-13 in
neonates. Finally, anti-IL-25 neutralizing antibody attenuated ILC2 expansion, mucous
hypersecretion and airways responsiveness.

Conclusions—These findings suggest that early-life viral infection could contribute to asthma
development by provoking age-dependent, 1L-25-driven type 2 immune responses.
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Introduction

The precise mechanisms of asthma development are not fully understood. Initiation of
asthma is highly associated with enhanced type 2 and reduced type 1 immunological
responses which are in turn influenced by allergen exposure, respiratory infection and
genetic background. Early-life exposures to immune-modulating factors in infancy may be
particularly important in determining the susceptibility to lifelong asthma development.

Studies have found that the immature immune system is qualitatively different from that of
adult, refractory to type 1 and permissive to type 2 responses. In contrast to mature T cells,
human cord blood T cells demonstrate a permissive chromatin architecture at the IL-13
proximal promoter, favoring transcription 1. Murine neonatal CD4+ T cells harbor 1L-4/
IL-13 regulatory elements which are epigenetically modified to favor type 2 responses 2.
With antigen challenge, secondary exposure to antigen causes IL-4-dependent depletion of T
helper type 1 (Th1) cells in neonatal but not adult mice 3 Secretion of the type 1 cytokine
IL-12 is suppressed in neonatal dendritic cells, thereby inhibiting Th1 cell

differentiation 4-5. Finally, the innate type 1 response to TLR stimulation is significantly
diminished in neonatal monocytes 79, Thus, in early life, type 2-biased neonatal adaptive
and innate immune responses could provide a favorable environment for asthma
development, particularly when maintained by appropriate stimuli.

Wheezing-associated acute respiratory viral infections in infancy, particularly those caused
by respiratory syncytial virus (RSV), have long been considered risk factors for

asthma 10- 11, However, recent studies suggest a possible role for the common cold virus,
rhinovirus (RV). Epidemiologic studies now show a strong association between early-life
RV infection and the development of asthma in infants and children with a family history of
asthma 12. In Finnish infants hospitalized for respiratory infection-associated wheezing, RV
was associated with asthma development in contrast to RSV, which was negatively
associated 13, Retrospective analysis of a birth cohort of 90,000 children showed an
increased risk of early childhood asthma following bronchiolitis during RV-predominant
non-winter months vs. RSV-predominant winter months 14. However, while it is possible
that early-life RV infection promotes asthma by maintaining an immature type 2 immune
response, wheezing associated with RV may simply be a marker of pre-existing airways
disease. To examine this question, we tested the effects of RV infection in neonatal and
mature BALB/c mice and found that, in contrast to adults, neonatal infection induced type 2
cytokine expression, airway hyperresponsiveness and mucous metaplasia 1°. Nevertheless,
the mechanisms by which RV infection may lead to chronic airways disease, including the
roles of development, remain unclear.

Interleukin 25 (IL-25/1L-17E), a cytokine belonging to IL-17 family, is a potent inducer of
type 2 immunity 18. Systemic injection of 1L-25 induces eosinophilia, mucus hyperplasia
and type 2 cytokines such as IL-4, IL-5, and I1L-13 16, Overexpression of 1L-25 in epithelial
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cells induces goblet cell hyperplasia and a type 2 immune response 17, and intranasal 1L-25
administration provokes airways hyperresponsiveness 18. Moreover, blocking of 1L-25
reduces airways responsiveness in a mouse model of allergic asthma 1°. Recent studies have
found that, upon IL-25 stimulation, lineage-negative lymphoid cells expressing the 1L-25
receptor IL-17RB secrete the type 2 cytokines IL-5 and IL-13, promoting a type 2 immune
response 20-24, These cells, originally termed natural helper cells, nuocytes, innate helper
cells or type 2 multipotent progenitor cells, are now referred to as type 2 innate lymphoid
cells (ILC2s) 2°. On this basis, we hypothesized that early-life infection with RV promotes
an IL-25-driven ILC2-mediated type 2 response, leading to persistent mucous metaplasia
and airway hyperresponsiveness.

Additional experimental procedures on the measurement of airways responsiveness,
histology, immunohistochemistry, mRNA and protein quantification, and flow cytometric
analysis and sorting are described in Online Repository Materials (see Methods in this
article’s Online Repository at www.jacionline.org).

Generation of RV

RV infection

RV1B (ATCC, Manassas, VA) were grown in HeLa cells, concentrated and partially
purified 28. Similarly concentrated and purified HeLa cell lysates were used for sham
infection. Viral titer was measured by fifty percent tissue culture infectivity doses (TCIDsg)
using the Spearman-Karber method 27 or by plaque assay 28.

Experiments were approved by the University of Michigan Institutional Animal Care and
Use Committee. BALB/c mice (Jackson Laboratories, Bar Harbor, ME) were inoculated
through the intranasal route under Forane anesthesia with RV1B (1x108 PFU/mI) or sham
HeLa cell lysates. To 5-24 day-old mice, 20 ul of RV1B (2x10% PFU) or an equal volume of
sham was given. To 21 day-old mice, 30 pl of RV1B (3x10% PFU) or sham was given. To
eight week-old mice, 50 pl of RV1B (5x10% PFU) or sham was administered.

Anti-IL-25 neutralizing antibody treatment

Six-day old neonatal mice were treated with either 100 ug of neutralizing antibody to IL-25
(clone 35B, Biolegend, San Diego, CA) or isotype control (rat, IgG1x) intraperitoneally at
days 0, 7 and 14 of infection. Mice were sacrificed 3—4 weeks after infection for analysis.

Flow cytometric analysis

Lung cells were stained with FITC-conjugated antibodies for lineage markers (CD3e, TCR§,
B220/CD45R, Ter-119, Gr-1/Ly-6G/Ly-6C, CD11b, CD11c, F4/80 and FceRla, from
Biolegend), anti-CD25-PerCP-Cy5.5 (Biolegend), anti-CD127-PE-Cy5 (eBioscience, San
Diego, CA), anti-c-kit/CD117-APC (eBioscience), anti-sca-1-PE-Cy7 (eBioscience), anti-
T1/ST2-PE (R&D Systems, Minneapolis, MN) and anti-IL-17RB (R&D Systems)
conjugated with AF750. Cells were fixed, subjected to flow cytometry and analyzed on a
FACSAria Il (BD Biosciences, San Jose, CA). For analysis of intracellular IL-13, fresh

J Allergy Clin Immunol. Author manuscript; available in PMC 2015 August 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Hong et al. Page 4

aliquots of lung mince were stimulated for 5 h with cell stimulation cocktail (40.5 uM
phorbol 12-myristate 13-acetate, 670 uM ionomycin, 5.3 mM brefeldin A, 1 mM monensin,
eBioscience), fixed, permeabilized and incubated with anti-mouse IL-13 clone eBio13A
(eBioscience).

Fluorescence-activated cell sorting of ILC2s

Lineage-negative CD25 and CD127 double-positive ILC2s or lineage-negative CD25 and
CD127 double-negative cells were sorted at 9000 cells/200 pl into 96 well plates and
stimulated with media, IL-25 (20 ng/ml), IL-2 (50 ng/ml) + IL-25 (20 ng/ml) or PMA +
ionomycin for 3 days. To visualize ILC2s, cells were stained with Diff-Quick (Dade
Behring, Newark, DE).

Data analysis

Data are represented as meanzstandard error. Statistical significance was assessed by
unpaired t-test, one-way or two-way analysis of variance (ANOVA), as appropriate. Group
differences were pinpointed by Newman-Keuls multiple comparison test.

Results

Compared to adult mice, RV infection of neonatal mice provokes an enhanced type 2
immune response and attenuated type 1 response

We infected 6 day-old and 8 week-old mice with RV1B and analyzed cytokine gene
expression. Unlike mature mice, RV infection of neonatal mice increased expression of the
type 2 cytokines IL-13, IL-4 and IL-5 immediately post-infection, with slightly different
kinetics (Fig 1, A). In contrast, induction of type 1 cytokines IFN-y and I1L-12p40 gene was
blunted in neonatal mice, whereas expression was increased in mature mice (Fig 1, B).
Compared to sham infection, TNF-a gene expression was significantly increased in both
neonates and adults after RV infection, but induction was significantly less in neonatal mice.
Consistent with the attenuated type 1 response, viral replication and load tended to be
greater 3—7 days after inoculation in neonatal mice compared to adults (see Fig E1 in the
Online Repository). We performed additional studies examining the age-dependency of RV-
induced cytokine responses. RV-induced IL-13 expression was increased, and IFN-y
expression decreased up to 8 days of age (Fig 1, C). These results show that early-life RV
infection elicits exaggerated type 2 responses and mitigated type 1 responses.

Infection of neonatal mice with RV provokes long-term mucus metaplasia and airways
hyperresponsiveness

Neonatal RV infection led to persistent asthma-like pathophysiological changes including
IL-13 expression, mucous metaplasia and airways hyperresponsiveness (Fig 2, A-C). The
mucus-related genes Muc5ac, Muc5b and Gob5 were increased with neonatal but not adult
RV infection (Fig 2, D). Induction of Muc5ac and Gob5 was maintained after 8 weeks of
infection (Fig E2). We also found that IL-17RB gene expression was increased (Fig 2, E),
suggesting a possible role for IL-25 in promoting the type 2 immune response.
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Epithelial IL-25 is increased with neonatal RV infection

We next asked whether IL-25 expression is increased following neonatal RV infection and
differentially regulated with age. Similar to the induction of type 2 cytokines, IL-25 MRNA
expression was increased in RV-infected neonatal mice (6-day-old) but not mature mice (8-
10 weeks old) (Fig 3, A). IL-25 protein production was induced with RV infection in
neonates but not adults (Fig 3, B). Expression of 1L-33 did not change with infection (Fig
E3). Additional studies examining the age-dependency of RV-induced IL-25 expression
showed significant induction only in mice younger than 6 days-old (Fig 3, C). UV-
irradiated, replication-deficient virus did not generate a response (data not shown). We also
asked whether viral dosage affects the neonatal type 2 cytokine response. Low-dose RV
significantly increased IL-25 but not IFN-ymRNA 24 h after infection (Fig E3). These
results show that RV-induced type 2 cytokine production in neonates is not dose-dependent.
Lung immunofluorescent staining showed that RV-infected epithelial cells were the major
source of IL-25 (Fig 3, D). Lungs of RV-infected mature mice showed minimal 1L-25.

RV infection of neonatal but not mature mice expands the population of IL-17RB-
expressing ILC2s

We collected lungs of neonates and adults two weeks after infection and analyzed ILC2s
using flow cytometry. We gated on small cells, live cells and lineage-negative cells using
mixture of hematopoietic lineage markers (CD3e, TCRf, B220, Ter-119, Gr-1, CD11b,
CD11c, F4/80, FceRla) (Fig 4, A). Compared to adults, neonatal mice had nearly 2-fold
more lineage-negative cells (Fig E5). After gating on the lineage-negative population, a
discrete population of CD25 and CD127 double-positive ILC2s was found (Fig 4, A and B).
The basal level of Lin-negative, CD25, CD127 double-positive cells in adult mice was
comparable to the previous findings in C57BL/6 mice 2, Following RV infection, ILC2s
were increased in neonates but not in adults, both in percentage and number. Further
analysis showed that Lin-negative, CD25, CD127 double-positive cells express c-kit
(CD117), sca-1, IL-17RB, and ST2L (Fig 4, C), suggesting that they are more closely
related to lung natural helper cells than nuocytes, innate helper cells or type 2 multipotent
progenitor cells, which are heterogeneous in c-kit or CD127 expression 21724, 1LC2s were
increased as early as one day after infection and maintained three weeks after infection (Fig
4, D). Taken together, these results suggest that, following neonatal RV infection, the
population of lung ILC2s is expanded in neonates, possibly through the induction of IL-25.

ILC2s are a major IL-13-producing cell in RV-infected neonatal mice

We asked whether Lin-negative CD25, CD127 double-positive ILC2 cells produce IL-13
after RV infection. First, we analyzed the role of T cells utilizing flow cytometric analysis.
Lung samples were collected two weeks after infection and stimulated with phorbol 12-
myristate 13-acetate, ionomycin, brefeldin A and monensin. The main population of IL-13-
producing cells was TCRpB-negative (Fig 5, A). After RV stimulation, the number of 1L-13-
secreting TCRp-negative cells was approximately 18-fold higher than the number of IL-13-
secreting TCRp-positive cells. To determine if ILC2s produced IL-13, lineage-positive and -
negative cell populations were stimulated as above. The major IL-13-secreting cells were
lineage negative (Fig 5, B). Among lineage-negative cells, CD25, CD127 double-positive
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cells contained a high IL-13-producing population (Fig 5, C) suggesting that ILC2s are a
major source of IL-13 in the lungs of RV-infected neonatal mice. To further examine the
capacity of these cells to produce IL-13, we sorted Lin-negative CD25, CD127 double-
positive cells and CD25, CD127 double-negative cells (see Fig E6 for gating strategy).
Double positive cells expressed c-kit and sca-1, whereas double-negative cells were negative
for both markers (Fig 5, D). Similar to other ILC2s, double-positive cells were small cells
with circular nuclei and scanty cytoplasm (Fig 5, E) 20: 30, Stimulation with IL-25 and IL-2
or PMA and ionomycin induced large amounts of IL-13 (Fig 5, F). These results show that
an expanded population of ILC2s is the major source of IL-13 in RV-infected neonatal mice
and likely contribute to the observed asthma-like phenotype.

IL-25 mediates the development of mucus metaplasia and airways hyperresponsiveness in
RV-infected neonatal mice

To test whether I1L-25 is required for the development of an asthma-like phenotype, we
treated RV-infected neonatal mice with a neutralizing antibody against IL-25 (Fig 6, A).
Treatment with anti-1L-25 reduced mucus metaplasia (Fig 6, B). The mucus-related genes
Mucbac, Mucbb, Gob5 decreased with anti-1L-25 treatment (Fig 6, C). Anti-1L-25 blocked
the development of airways hyperresponsiveness (Fig 6, D). Finally, anti-1L-25 decreased
the expansion of ILC2s in RV-infected neonates (Fig 6, E), suggesting that ILC2 expansion
is dependent on IL-25. These results show that IL-25 plays a key role in the development of
mucous metaplasia and airways hyperresponsiveness in RV-infected neonatal mice, at least
in part by increasing the number of ILC2s.

Discussion

In this study, we showed that infection of mice with RV induces an age-dependent type 2
immune response in the airways. Neonatal RV infection, but not adult infection, increased
expression of 1L-13 and IL-25. In contrast, induction of the type 1 cytokines IFN-vy, IL-12
p40 and TNF-a was diminished in neonates compared to adults. The increase in IL-25
production in neonatal mice was associated with long-term expansion of IL-25-responsive
ILC2s in the lungs. Further, ILC2s were a significant source of IL-13 after RV infection.
Finally, RV-induced mucous cell metaplasia and airways hyperresponsiveness were
attenuated by anti-1L-25. Together, these studies indicate that RV induces an age-dependent
asthma-like phenotype which is driven by IL-25 and ILC2s. These studies provide a
mechanism by which viral infection in early-life could lead to persistent type 2 immune
responses and asthma development.

The immature immune system is qualitatively different from that of adult, refractory to type
1 and permissive to type 2 responses 1-9. In our experiments, RV-induced 1L-25 was
regulated in an age-dependent manner and required for the development of mucous
metaplasia and airways hyperresponsiveness. IL-25 appeared to be produced by RV-infected
epithelial cells, though uninfected cells, including submucosal cells, may also have been
involved. To our knowledge, this is the first report showing a developmental difference in
the IL-25 response. Considering the epigenetic modification favoring type 2 cytokine
induction in T cells 2, it is possible that the regulatory region of 1L-25 is also epigenetically
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favored transcription in neonates compared to adults. Alternatively, blunted induction of
type 1 cytokine IFN-y in RV-infected neonates could be permissive for IL-25 induction. In
NK cell-deficient mice, RSV infection leads to an exaggerated I1L-25 response which is
blocked by recombinant IFN-y treatment, consistent with the notion that IFN-y blocks IL-25
expression 3. Finally, it is possible that neonates experienced a greater total 1L-25 response
based on a higher viral load 3-7 days after inoculation. However, treatment of neonatal mice
with low-dose RV also induced lung IL- 25 expression, and NK cell-deficient mice with
exaggerated IL-25 production and attenuated IFN-y responses have similar viral loads as
wild-type mice 31, suggesting the primacy of IFN regulation.

The cytokine 1L-33 has been associated with development of lung ILC2s and type 2
cytokine responses in mice 32, However, 1L-33 was not increased with RV infection.
Thymic stromal lymphopoietin (TSLP) has also been shown to expand skin ILC2s in

mice 33, RV16 infection increases TSLP expression in human airway epithelial cells 34, It is
therefore conceivable that TSLP plays a role in RV-induced ILC2 expansion.

We have previously shown that this IL-13 induction is required for the development of RV-
induced mucous metaplasia and airways hyperresponsiveness in neonatal mice 1°. Persistent
induction of IL-13-driven changes in airway inflammation and function following viral
infection were first reported in Sendai-infected C57BL/6J mature mice 35. Subsequently,
persistent 1L-13 production has been noted following neonatal infection by RSV, pneumonia
virus of mice (PVM) and influenza exposure 36-38, |n the case of mature Sendai-infected
mice, 1L-13 was secreted by a combination of M2-polarized macrophages and invariant
NKT cells 35. In the present study, the major cells persistently secreting IL-13 were lineage-
negative, CD25, CD127 double-positive ILC2s. These cells expressed c-kit, Sca-1, ST2, and
IL-17RB, closely resembling lung natural helper cells and dissimilar from nuocytes, innate
helper cells or type 2 multipotent progenitor cells 21-24.. Induction of ILC2s with viral
infection has previously been shown following in mature mice with influenza virus 29:39,
Finally, an acute increase in ILC2s was recently shown in neonatal TLR7 null mice with a
severe PVM infection 40. However, IL-13 production by ILC2s was not assessed, and virus-
induced airway inflammation and airway hyperreactivity was dependent on memory CD4+
T cells. Our experiments extend previous reports in the following respects. First, we found
for the first time that ILC2s are expanded following infection with RV, perhaps the most
common infection of humans. Second, we established that ILC2s make 1L-13 in response to
viral infection in neonatal animals. Third, we found a developmental difference in the ILC2
response between neonates and adults (see above). This difference was based on RV-
induced production of ILC2-activating cytokines such as IL-25, rather than the infection
itself. Fourth, following neonatal RV infection, IL-13 secretion and ILC2 expansion were
long-lived, at least 21 days after infection. It is therefore conceivable that ILC2s could
produce type 2 cytokines for extended periods, perhaps in response to subsequent infection
or allergen exposure. Finally, we showed for the first time that, in addition to 1L-33, IL-25 is
required for ILC2 expansion following viral infection.

Our finding that RV infection elicits a significant ILC2 response in immature but not mature
mice, one which is based on the age-dependent expression of IL-25 and other cytokines,
suggests that it is the stage of development, rather than the specific virus, that drives
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establishment of the asthma-like phenotype. Accordingly, it is possible that other early-life
viral infections also induce mucous metaplasia and airways responsiveness through the early
expansion of the ILC2 cells. As noted above, neonatal infection by RSV, PVM and
influenza have been shown to induce a persistent asthma-like phenotype in mice 36-38, |L-25
production has been noted following neonatal infection with RSV 37. Recently, neonatal
PVM infection of TLR7~~ mice showed an IFN-low, IL-25-high cytokine response similar
to that we observed, which was associated with recruitment of ILC2 cells #°. In humans,
early-life infection with RV 13:14.41 and RSV 10. 11 have each been associated with asthma
development.

The association between respiratory viral infection and asthma is likely to be complex, with
asthma development requiring the repeated infections, appropriate genetic background and
allergen exposure 42-46, For example, variants of the ORMDL3/GSDMB locus on
chromosome 1721 have recently been associated with both childhood-onset asthma 47 and
RV wheezing illnesses in early life 48. In addition, studies have shown additive or
synergistic effects of allergen exposure and neonatal RSV 36, PVM 3740, influenza 38 and
RV infection 1. Further studies are needed to characterize the role of innate immune cells,
including the ILC2, in combined responses. For example, it is conceivable that I1L-13-
producing ILC2s, perhaps along with FceRI-expressing dendritic cells,*% 59 promote non-
specific IgE production, leading to atopy development.

We would like to add a few caveats about our mouse model of RV infection. We 4° and
others 50 have found that a much higher viral titer is required to infect mice compared with
humans. This finding is to be expected, because differences in the homology of viral
receptors and intracellular signaling mechanisms are likely to restrict viral infection and
replication in mice. Nevertheless, we have clearly shown that human RV1B replicates in
mouse lungs, as evidenced by: 1) the presence of negative-strand viral RNA in the lungs of
inoculated mice, 2) transmissibility of RV infection from the lung homogenates of
inoculated mice to cultured HelL a cells; and 3) the induction of a robust lung interferon
response 49. RV replication appears to be augmented in neonatal mice. Nevertheless, as in
humans, RV infection was not associated with neonatal mortality. In fact, viral titers were
relatively low, suggesting that even mild respiratory viral infections may elicit an ILC2
response. These data are consistent with recent speculation by workers in the field that
relatively innocuous RV infections in early childhood lead to sustained changes in the
immune response which contribute to the development of asthma.

We conclude that early-life rhinoviral infection could contribute to asthma development by
provoking age-dependent, IL-25-driven type 2 immune response. IL-25 induction was
regulated in an age-dependent manner and required for ILC2 expansion and the
development of asthma phenotype in neonates. Further characterization of this immune
pathway may lead to new molecular and cellular targets for the prevention of asthma.
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Cytokine expression after RV infection. A and B, Six-day-old and eight-week-old mice were
inoculated with sham or RV (n=4-8 sham, n=5-14 RV) and lung mRNA measured 1-7 days
later. *P<0.05 compared to sham (unpaired t-test). C and D, Mice of different ages (n=3-10/
group) were inoculated with sham or RV and mRNA expression measured one day later.

*P<0.05 versus sham (unpaired t-test).
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FIG 2.
Mucous metaplasia and airway hyperresponsiveness after neonatal RV infection. A, Lung

IL-13 from six day-old mice. *P<0.05 versus sham (unpaired t-test). B, PAS-stained lung
sections prepared 3 weeks after inoculation of six day-old and eight week-old mice
(magnification, 100X; bar. 200 um). C, Airway responsiveness four weeks after inoculation
of neonatal mice (n=4/group). * P<0.05 versus sham (two-way ANOVA). D and E, Lung
MRNA expression three weeks after inoculation. *P<0.05 versus sham (unpaired t-test).
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FIG 3.
Lung IL-25 after RV infection. A, Six-day-old and eight-week-old mice were inoculated

with sham or RV (n=4-7/group) and mRNA measured 1-7 days after infection. *P<0.05
versus sham (unpaired t-test). B, IL-25 protein. *P<0.05 versus sham (one-way ANOVA).
C, Mice were inoculated at different ages (n = 3—-10/group) and mRNA measured one day
after treatment. *P<0.05 versus sham (unpaired t-test). D, Two days after infection, lungs
were stained for IL-25 (green), RV (red) and nuclei (DAPI, black). (Bar, 200 um;
magnification, 200X).
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Lung lineage-, CD25+, CD127+ ILC2s. A, Six day-old and eight week-old mice were
inoculated with sham or RV and live ILC2s identified fourteen days later. B, Percentage
(upper panel) and total (lower panel) ILC2s for each group. *P<0.05 versus sham, TP<0.05
versus mature mice (unpaired t-test). C, C-kit/CD117, Sca-1, T1/ST2 and IL-17RB
expression in ILC2s from sham- (black, dotted) and RV-treated mice (red, solid). (Isotype
control is grey, filled). D, ILC2 time course after neonatal infection (n = 3-6/group).

*P<0.05 versus sham (unpaired t-test).
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FIG 5.

IL-13 producing cells. A, Percentages of IL-13+, TCRp- and TCRp+ cells two weeks after

neonatal sham or RV. *P<0.05 versus sham, TP<0.05 versus TCRp- cells (unpaired t-test).

and C, Percentages of lineage+ and lineage- 1L-13+ cells (B). Percentages of lineage-
IL-13+, CD127+ and CD25+ cells (C). D-F, Eight days after infection, Lin- CD25+
CD127+ double-positive (DP) and CD25- CD127- double-negative (DN) ILC2s were
characterized for c-kit and Sca-1 (D). Image of ILC2 (E). IL-13 production by stimulated
DP and DN cells (F).
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FIG 6.

Effect of IL-25 neutralization on RV-infected neonatal mice. A, Protocol for anti-1L-25
treatment. B, Three weeks after inoculation, lungs were harvested and stained with PAS.
Bar, 100 um. C, Lung mRNA expression (n = 4-10/group). *P<0.05 versus sham, tP<0.05
versus RV+IgG (unpaired t-test). D, Airway resistance four weeks after RV infection and
antibody treatment (n = 4-5 in each group). *P<0.05 versus RV+IgG (two-way ANOVA).
E, Lineage-negative CD25+ CD127+ ILC2s four weeks after infection (top). Group
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percentages of live ILC2s (n = 3-8/group, bottom). *P<0.05 versus sham, TP<0.05 versus
RV+1gG (unpaired t-test).
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