Neonatal rhinovirus induces mucous metaplasia and airways
hyperresponsiveness through IL-25 and type 2 innate

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

Objective: We hypothesized that, in contrast to infection of
mature BALB/c mice, neonatal infection with rhinovirus
promotes an IL-25-driven type 2 response, which causes
persistent mucous metaplasia and airways hyperresponsiveness.
Methods: Six-day-old and 8-week-old BALB/c mice were
inoculated with sham HeLa cell lysate or rhinovirus. Airway
responses from 1 to 28 days after infection were assessed by
using quantitative PCR, ELISA, histology, immunofluorescence
microscopy, flow cytometry, and methacholine responsiveness.
Selected mice were treated with a neutralizing antibody to
IL-25.

Results: Compared with mature mice, rhinovirus infection in
neonatal mice increased lung IL.-13 and IL-25 production,
whereas IFN-vy, IL-12p40, and TNF-a expression was
suppressed. In addition, the population of IL-13-secreting type
2 innate lymphoid cells (ILC2s) was expanded with rhinovirus
infection in neonatal but not mature mice. ILC2s 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, IL-25—driven type 2 immune responses. (J
Allergy Clin Immunol 2014 ;uuN:=uN-NEN,)
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The precise mechanisms of asthma development are not fully
understood. Initiation of asthma is highly associated with
enhanced type 2 and reduced type 1 immunologic responses,
which are in turn influenced by allergen exposure, respiratory
tract infection, and genetic background. Early-life exposures to
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Abbreviations used
ILC2: Type 2 innate lymphoid cell
NK: Natural killer
PE: Phycoerythrin
PFU: Plaque-forming units
PMA: Phorbol 12-myristate 13-acetate
PVM: Pneumonia virus of mice
RSV: Respiratory syncytial virus
TCR: T-cell receptor
TLR: Toll-like receptor
TSLP: Thymic stromal lymphopoietin

immune-modulating factors in infancy might be particularly
important in determining the susceptibility to lifelong asthma
development.

Studies have found that the immature immune system is
qualitatively different from the adult immune system, refractory
to type 1 responses 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 pro-
moter, favoring transcription.' Murine neonatal CD4" T cells
harbor IL-4/IL-13 regulatory elements, which are epigenetically
modified to favor type 2 responses.” With antigen challenge, sec-
ondary exposure to antigen causes IL-4—dependent depletion of
Tul cells in neonatal but not adult mice.” Secretion of the type
1 cytokine IL-12 is suppressed in neonatal dendritic cells, thereby
inhibiting Ty cell differentiation.”® Finally, the innate type 1
response to Toll-like receptor (TLR) stimulation is significantly
diminished in neonatal monocytes.”” Thus in early life type
2-biased neonatal adaptive and innate immune responses could
provide a favorable environment for asthma development, partic-
ularly when maintained by appropriate stimuli.

Wheezing-associated acute viral respiratory tract infections in
infancy, particularly those caused by respiratory syncytial virus
(RSV), have long been considered risk factors for asthma.'®!!
However, recent studies suggest a possible role for the common
cold virus, rhinovirus. Epidemiologic studies now show a strong
association between early-life rhinovirus infection and the devel-
opment of asthma in infants and children with a family history
of asthma.'” In Finnish infants hospitalized for respiratory tract
infection—associated wheezing, rhinovirus was associated with
asthma development, which is in contrast to RSV, which was nega-
tively associated."” Retrospective analysis of a birth cohort of
90,000 children showed an increased risk of early childhood
asthma after bronchiolitis during rhinovirus-predominant nonwin-
ter months versus RSV-predominant winter months.'* However,
although it is possible that early-life rhinovirus infection promotes
asthma by maintaining an immature type 2 immune response,
wheezing associated with rhinovirus might simply be a marker
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of pre-existing airways disease. To examine this question, we
tested the effects of rhinovirus infection in neonatal and mature
BALB/c mice and found that, in contrast to adults, neonatal infec-
tion induced type 2 cytokine expression, airways hyperresponsive-
ness, and mucous metaplasia.'5 Nevertheless, the mechanisms by
which rhinovirus infection might lead to chronic airways disease,
particularly during early development, remain unclear.

IL-25 (IL-17E), a cytokine belonging to the IL-17 family, is a
potent inducer of type 2 immunity.'® Systemic injection of IL-25
induces eosinophilia, mucous hyperplasia, and type 2 cytokines,
such as IL-4, IL-5, and IL-13."° Overexpression of IL-25 in
epithelial cells induces goblet cell hyperplasia and a type 2 im-
mune response,'’ and intranasal IL-25 administration provokes
airways hyperresponsiveness.'® Moreover, blocking of IL-25 re-
duces airways responsiveness in a mouse model of allergic
asthma.'” Recent studies have found that lineage-negative
(Lin") lymphoid cells expressing the IL-25 receptor IL-17RB
secrete the type 2 cytokines IL-5 and IL-13 on IL-25 stimulation,
promoting a type 2 immune response.”’>* 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).>> On this basis, we hypothesized that
early-life infection with rhinovirus promotes an IL-25—driven
ILC2-mediated type 2 response, leading to persistent mucous
metaplasia and airways hyperresponsiveness.

METHODS

Additional experimental procedures on the measurement of airways
responsiveness, histology, immunohistochemistry, mRNA and protein quan-
tification, and flow cytometric analysis and sorting are described in the
Methods section in this article’s Online Repository at www.jacionline.org.
The sequences of specific primers for quantitative PCR are provided in
Table E1 in this article’s Online Repository at www.jacionline.org.

Generation of rhinovirus

RVI1B (ATCC, Manassas, Va) was grown in HeLa cells, concentrated, and
partially purified.”® Similarly concentrated and purified HeLa cell lysates were
used for sham infection. Viral titers were measured by using 50% tissue cul-
ture infectivity doses with the Spearman-Karber method”’ or by using a plaque
assay.”®

Rhinovirus infection

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 after achievement of
Forane anesthesia with RV1B (1 X 108 plaque-forming units [PFU]/mL) or
sham HeLa cell lysates. Twenty microliters of RV1B (2 X 10° PFU) or an
equal volume of sham was administered to 5- to 24-day-old mice. Thirty mi-
croliters of RVIB (3 X 10° PFU) or sham was administered to 21-day-old
mice. Fifty microliters of RVIB (5§ X 10° PFU) or sham was administered
to 8-week-old mice.

Anti-IL-25 neutralizing antibody treatment

Six-day-old neonatal mice were treated with either 100 pg of neutralizing
antibody to IL-25 (clone 35B; BioLegend, San Diego, Calif) or isotype control
(rat, IgG1k) intraperitoneally at days O, 7, and 14 of infection. Mice were
killed 3 to 4 weeks after infection for analysis.

Flow cytometric analysis
Lung cells were stained with fluorescein isothiocyanate—conjugated
antibodies for lineage markers (CD3e, T-cell receptor [TCR] 8,
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B220/CD45R, Ter-119, Gr-1/Ly-6G/Ly-6C, CD11b, CD1lc, F4/80, and
FceRla; all from BioLegend), anti-CD25-PerCP-Cy5.5 (BioLegend), anti-
CD127—-phycoerythrin (PE)-Cy5 (eBioscience, San Diego, Calif), anti—c-kit/
CD117-allophycocyanin (eBioscience), anti—sca-1-PE-Cy7 (eBioscience),
anti-T1/ST2-PE (R&D Systems, Minneapolis, Minn), and anti-IL-17RB
(R&D Systems) conjugated with Alexa Fluor 750. Cells were fixed, subjected
to flow cytometry, and analyzed on a FACSAria II (BD Biosciences, San Jose,
Calif). For analysis of intracellular IL-13, fresh aliquots of minced lung tissue
were stimulated for 5 hours with cell stimulation cocktail (40.5 pwmol/L
phorbol 12-myristate 13-acetate [PMA], 670 pwmol/L ionomycin, 5.3 mmol/L
brefeldin A, and 1 mmol/L monensin; eBioscience), fixed, permeabilized, and
incubated with anti-mouse IL-13 clone eBiol3A (eBioscience).

Fluorescence-activated cell sorting of ILC2s

Lin~CD25"CD127" double-positive ILC2s or Lin CD25 CDI127~
double-negative cells were sorted at 9000 cells/200 wL into 96-well plates
and stimulated with media, IL-25 (20 ng/mL), IL-2 (50 ng/mL) plus IL-25
(20 ng/mL), or PMA plus ionomycin for 3 days. Cells were stained with
Diff-Quick to visualize ILC2s (Dade Behring, Newark, Del).

Data analysis

Data are represented as means * SEs. Statistical significance was assessed by
using the unpaired 7 test or 1-way or 2-way ANOVA, as appropriate. Group dif-
ferences were pinpointed by using the Newman-Keuls multiple comparison test.

RESULTS
Compared with adult mice, rhinovirus 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, rhino-
virus infection of neonatal mice increased expression of the type 2
cytokines IL-13, IL-4, and IL-5 immediately after infection, with
slightly different kinetics (Fig 1, A). In contrast, induction of the
type 1 cytokine genes Ifng and 1112p40 was blunted in neonatal
mice, whereas expression was increased in mature mice (Fig 1,
B). Compared with sham infection, Tnfa gene expression was
significantly increased in both neonates and adults after rhinovirus
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 to 7 days after inoculation in
neonatal mice compared with adults (see Fig El in this article’s
Online Repository at www.jacionline.org). We performed
additional studies examining the age dependency of rhinovirus-
induced cytokine responses. Rhinovirus-induced IL-13 expression
increased and IFN-y expression decreased up to 8 days of age (Fig
1, C). These results show that early-life rhinovirus infection elicits
exaggerated type 2 responses and mitigated type 1 responses.

Infection of neonatal mice with rhinovirus
provokes long-term mucous metaplasia and
airways hyperresponsiveness

Neonatal rhinovirus infection led to persistent asthma-like
pathophysiologic changes, including IL-13 expression, mucous
metaplasia, and airways hyperresponsiveness (Fig 2, A-C).
Expression of the mucus-related genes MucSac, Muc5b, and
Gob5 was increased with neonatal but not adult rhinovirus infec-
tion (Fig 2, D). Induction of Muc5ac and Gob5 was maintained
after 8 weeks of infection (see Fig E2 in this article’s Online Re-
pository at www.jacionline.org). We also found that I117rb gene
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FIG 1. Cytokine expression after rhinovirus (RV) infection. A and B, Six-day-old and 8-week-old mice were
inoculated with sham or rhinovirus (n = 4-8 sham, n = 5-14 rhinovirus), and lung mRNA expression was
measured 1 to 7 days later. *P < .05 compared with sham (unpaired t test). C and D, Mice of different
ages (n = 3-10 per group) were inoculated with sham or rhinovirus, and mRNA expression was measured

1 day later. *P < .05 versus sham (unpaired t test).

expression was increased (Fig 2, E), suggesting a possible role for
IL-25 in promoting the type 2 immune response.

Epithelial IL-25 expression is increased with
neonatal rhinovirus infection

We next investigated whether IL-25 expression is increased
after neonatal rhinovirus infection and differentially regulated
with age. Similar to the induction of type 2 cytokines, /125 mRNA
expression was increased in rhinovirus-infected neonatal mice
(6-day-old) but not mature (8-10 weeks old) mice (Fig 3, A).
IL-25 protein production was induced with rhinovirus infection
in neonates but not adults (Fig 3, B). Expression of /I33 did
not change with infection (see Fig E3 in this article’s Online
Repository at www.jacionline.org). Additional studies examining
the age dependency of rhinovirus-induced IL-25 expression
showed significant induction only in mice younger than 6 days

(Fig 3, C). UV-irradiated, replication-deficient virus did not
generate a response (data not shown).

We also investigated whether viral dosage affects the neonatal
type 2 cytokine response. Low-dose rhinovirus significantly
increased /125 but not Ifng mRNA 24 hours after infection (see
Fig E4 in this article’s Online Repository at www.jacionline.
org). These results show that rhinovirus-induced type 2 cytokine
production in neonates is not dose dependent. Lung immunofiuo-
rescent staining showed that rhinovirus-infected epithelial cells
were the major source of IL-25 (Fig 3, D). Lungs of rhinovirus-
infected mature mice showed minimal IL-25.

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

We collected lungs of neonates and adults 2 weeks after
infection and analyzed ILC2 numbers using flow cytometry.
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FIG 2. Mucous metaplasia and airways hyperresponsiveness after neonatal rhinovirus (RV) infection. A,
Time course of lung IL-13 levels from mice infected at 6 days of age. *P < .05 versus sham (unpaired t
test). B, Periodic acid-Schiff-stained lung sections prepared 3 weeks after inoculation of 6-day-old and
8-week-old mice (magnification X100). Bar = 200 um. C, Airway responsiveness 4 weeks after inoculation
of neonatal mice (n = 4 per group). *P< .05 versus sham (2-way ANOVA). D and E, Lung mRNA expression 3
weeks after inoculation. *P < .05 versus sham (unpaired t test).

We gated on small cells, live cells, and Lin~ cells using a  Fig 4, A). Compared with adults, neonatal mice had
mixture of hematopoietic lineage markers (CD3e, TCRP, nearly 2-fold more Lin~ cells (see Fig E5 in this article’s
B220, Ter-119, Gr-1, CDI11b, CDll1c, F4/80, and FceRla; Online Repository at www.jacionline.org). After gating on
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FIG 3. Lung IL-25 levels after rhinovirus (RV) infection. A, Six-day-old and 8-week-old mice were inoculated
with sham or rhinovirus (n = 4-7 per group), and mRNA expression was measured 1 to 7 days after infection.
*P < .05 versus sham (unpaired ttest). B, IL-25 protein. *P < .05 versus sham (1-way ANOVA). C, Mice were
inoculated at different ages (n = 3-10 per group), and mRNA expression was measured 1 day after treat-
ment. *P < .05 versus sham (unpaired t test). D, Two days after infection, lungs were stained for IL-25
(green), rhinovirus (red), and nuclei (4’-6-diamidino-2-phenylindole dihydrochloride [DAPI], black).

Bar = 200 wm; magnification X200.

the Lin~ population, a discrete population of CD25"CD127"
ILC2s was found (Fig 4, A and B). The basal level of
Lin"CD25"CD127" cells in adult mice was comparable
with the previous findings in C57BL/6 mice.”’ After rhinovirus
infection, ILC2s were increased in neonates but not in adults,
both in percentage and number. Further analysis showed that
Lin"CD25*CDI127" 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.”' >
ILC2 numbers were increased as early as 1 day after
infection and maintained 3 weeks after infection (Fig
4, D). Taken together, these results suggest that after
neonatal rhinovirus infection, the population of lung
ILC2s is expanded in neonates, possibly through induction of
IL-25.

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

We investigated whether Lin”CD25%"CD127 " ILC2s produce
IL-13 after rhinovirus infection. First, we analyzed the role of T
cells using flow cytometric analysis. Lung samples were
collected 2 weeks after infection and stimulated with PMA, ion-
omycin, brefeldin A, and monensin. The main population of
IL-13-producing cells was TCRB™ (Fig 5, A). After rhinovirus
stimulation, the number of IL-13-secreting TCR3  cells was
approximately 18-fold higher than the number of IL-13-
secreting TCRB™ cells. To determine whether ILC2s produced
IL-13, Lin™ and Lin~ cell populations were stimulated as
above. The major IL-13-secreting cells were Lin~ (Fig 5, B).
Among Lin”CD25"CDI127" cells contained a high IL-13—pro-
ducing population (Fig 5, C), suggesting that ILC2s are a
major source of IL-13 in the lungs of rhinovirus-infected
neonatal mice. To further examine the capacity of these cells
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FIG 4. Lung Lin"CD25"CD127" ILC2s. A, Six-day-old and 8-week-old mice were inoculated with sham or
rhinovirus (RV), and live ILC2s were identified 14 days later. FSC, Forward scatter; SSC, side scatter. B, Per-
centage (upper panel) and total (lower panel) ILC2s for each group. *P< .05 versus sham and 1P < .05 versus
mature mice (unpaired t test). C, c-Kit/CD117, Sca-1, T1/ST2/ST2L and IL-17RB expression in ILC2s from
sham-treated (black dotted line) and RV-treated mice (red solid line). The isotype control is shown as the
gray filled area. D, ILC2 time course after neonatal infection (n = 3-6 per group). *P < .05 versus sham (un-

paired t test).

to produce IL-13, we sorted Lin~"CD25*CDI127" cells and
CD25 CD127  cells (see Fig E6 in this article’s Online
Repository at www.jacionline.org for gating strategy).
Lin " CD257CDI127" cells expressed c-kit and sca-1, whereas
Lin"CD257CD127" cells were negative for both markers
(Fig 5, D). Similar to other ILC2s, Lin " CD257CDI127" cells
were small cells with circular nuclei and scanty cytoplasm
(Fig 5, E).”*?" 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 rhinovirus-infected neonatal

mice and likely contributes to the observed asthma-like
phenotype.

IL-25 mediates the development of mucous
metaplasia and airways hyperresponsiveness in
rhinovirus-infected neonatal mice

To test whether IL-25 is required for the development of an
asthma-like phenotype, we treated rhinovirus-infected neonatal
mice with a neutralizing antibody against IL-25 (Fig 6, A). Treat-
ment with anti-IL-25 reduced mucous metaplasia (Fig 6, B).
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Expression of the mucus-related genes Muc5ac, Muc5b, and
Gob5 decreased with anti—IL-25 treatment (Fig 6, C). Anti—IL-
25 blocked the development of airways hyperresponsiveness
(Fig 6, D). Finally, anti-IL-25 decreased the expansion of

mucous

DP cells

hyperresponsiveness

ILC2s in rhinovirus-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
metaplasia and airways

in
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rhinovirus-infected neonatal mice, at least in part by increasing
the number of ILC2s.

DISCUSSION

In this study we showed that infection of mice with rhinovirus
induces an age-dependent type 2 immune response in the airways.
Neonatal rhinovirus infection, but not adult infection, increased
IL-13 and IL-25 expression. In contrast, induction of the type 1
cytokines IFN-vy, IL-12p40, and TNF-a was diminished in
neonates compared with adults. The increase in IL-25 production
in neonatal mice was associated with long-term expansion of IL-
25-responsive ILC2s in the lungs. Furthermore, ILC2s were a
significant source of IL-13 after rhinovirus infection. Finally,
rhinovirus-induced mucous cell metaplasia and airways hyper-
responsiveness were attenuated by anti-IL-25. Together, these
studies indicate that rhinovirus 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
the adult immune system, refractory to type 1 responses and
permissive to type 2 responses.’ " In our experiments rhinovirus-
induced IL-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
rhinovirus-infected epithelial cells, although uninfected cells,
including submucosal cells, might also have been involved. To
our knowledge, this is the first report showing a developmental dif-
ference in the IL-25 response. Considering the epigenetic modifi-
cation favoring type 2 cytokine induction in T cells,” it is possible
that the regulatory region of IL-25 is also epigenetically favored
for transcription in neonates compared with adults. Alternatively,
blunted induction of the type 1 cytokine IFN-v in rhinovirus-
infected neonates could be permissive for IL-25 induction. In nat-
ural killer (NK) cell-deficient mice, RSV infection leads to an
exaggerated IL-25 response that is blocked by recombinant
IFN-v treatment, which is consistent with the notion that IFN-vy
blocks IL-25 expression.”' Finally, it is possible that neonates
experienced a greater total IL-25 response based on a higher viral
load 3 to 7 days after inoculation. However, treatment of neonatal
mice with low-dose rhinovirus also induced lung IL-25 expres-
sion, and NK cell-deficient mice with exaggerated IL-25 produc-
tion and attenuated IFN-vy responses have similar viral loads as
wild-type mice,”' suggesting the primacy of interferon regulation.

The cytokine IL-33 has been associated with development of
lung ILC2s and type 2 cytokine responses in mice.”” However, IL-
33 expression was not increased with rhinovirus infection. Thymic
stromal lymphopoietin (TSLP) has also been shown to expand skin
ILC2s in mice.”” RV16 infection increases TSLP expression in hu-
man airway epithelial cells.** Therefore it is conceivable that
TSLP plays a role in rhinovirus-induced ILC2 expansion.

We have previously shown that this IL-13 induction is required
for the development of rhinovirus-induced mucous metaplasia
and airways hyperresponsiveness in neonatal mice.'” Persistent
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induction of IL-13—driven changes in airway inflammation and
function after viral infection were first reported in Sendai-
infected C57BL/6] mature mice.”” Subsequently, persistent IL-
13 production has been noted after neonatal infection by RSV,
pneumonia virus of mice (PVM), and influenza exposure.*®®
In the case of mature Sendai-infected mice, IL-13 was secreted
by a combination of M2-polarized macrophages and invariant
NKT cells.”” In the present study the major cells persistently
secreting IL-13 were Lin~CD25*CD127" ILC2s. These cells ex-
pressed 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.”’** Induction of
ILC2s with viral infection has previously been shown in mature
mice with influenza virus infection.?*>° Finally, an acute increase
in ILC2 numbers was recently shown in neonatal TLR7 null mice
with a severe PVM infection.”’ However, IL-13 production by
ILC2s was not assessed, and virus-induced airway inflammation
and airways hyperreactivity were dependent on memory CD4*
T cells. Our experiments extend previous reports in the following
respects.

First, for the first time, we found that ILC2s are expanded after
infection with rhinovirus, perhaps the most common infection of
human subjects.

Second, we established that ILC2s make IL-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 differ-
ence was based on rhinovirus-induced production of ILC2-
activating cytokines, such as IL-25, rather than the infection itself.

Fourth, after neonatal rhinovirus infection, IL-13 secretion and
ILC2 expansion were long-lived, at least 21 days after infection.
Therefore it is conceivable that ILC2s could produce type 2
cytokines for extended periods, perhaps in response to subsequent
infection or allergen exposure.

Finally, for the first time, we showed that IL-25, in addition to
IL-33, is required for ILC2 expansion after viral infection.

Our finding that rhinovirus 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 establishment of the asthma-like phenotype.
Accordingly, itis possible that other early-life viral infections also
induce mucous metaplasia and airways responsiveness through
the early expansion of the ILC2s. As noted above, neonatal
infection with RSV, PVM, and influenza has been shown to
induce a persistent asthma-like phenotype in mice.*®~* IL-25 pro-
duction has been noted after neonatal infection with RSV.”’
Recently, neonatal PVM infection of TLR7 '~ mice showed an
interferon-low, IL-25-high cytokine response similar to that we
observed, which was associated with recruitment of 1LC2s.%° In
human subjects early-life infection with rhinovirus'*'**' and
RSV'*!! has been associated with asthma development.

The association between viral respiratory tract infection and
asthma is likely to be complex, with asthma development requiring
repeated infections, appropriate genetic background, and allergen
exposure.42'4(’ For example, variants of the ORMDL3/GSDMB

<

treatment (n = 4-5 in each group). * P< .05 versus rhinovirus plus IgG (2-way ANOVA). E, Lin”CD25"CD127"
double-positive ILC2s 4 weeks after infection (top). Group percentages of live ILC2s (n = 3-8 per group,
bottom). *P < .05 versus sham and P < .05 versus rhinovirus plus IgG (unpaired t test).
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locus on chromosome 1721 have recently been associated with
both childhood-onset asthma®’ and rhinovirus-induced wheezing
illnesses in early life.*® In addition, studies have shown additive
or synergistic effects of allergen exposure and neonatal RSV,
PVM,37‘40 inﬂuenza,3 8 and rhinovirus infection.'” Further studies
are needed to characterize the role of innate immune cells,
including ILC2s, in combined responses. For example, it is
conceivable that IL-13—producing ILC2s, perhaps along with
FceRlI-expressing dendritic cells,"””" promote nonspecific IgE
production, leading to atopy development.

We would like to add a few caveats about our mouse model of
rhinovirus infection. We”' and others™” have found that a much
higher viral titer is required to infect mice compared with human
subjects. This finding is to be expected because differences in the
homology of viral receptors and intracellular signaling mecha-
nisms are likely to restrict viral infection and replication in
mice. Nevertheless, we have clearly shown that human RV 1B rep-
licates in mouse lungs, as evidenced by (1) the presence of
negative-strand viral RNA in the lungs of inoculated mice, (2)
the transmissibility of rhinovirus infection from the lung homog-
enates of inoculated mice to cultured HeLa cells, and (3) the in-
duction of a robust lung interferon response.”’ Rhinovirus
replication appears to be augmented in neonatal mice. Neverthe-
less, as in human subjects, rhinovirus infection was not associated
with neonatal mortality. In fact, viral titers were relatively low,
suggesting that even mild viral respiratory tract infections might
elicit an ILC2 response. These data are consistent with recent
speculation by workers in the field that relatively innocuous rhino-
virus infections in early childhood lead to sustained changes in the
immune response, which contribute to the development of asthma.

We conclude that early-life rhinovirus infection could
contribute to asthma development by provoking the 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 development of the asthma phenotype in neonates.
Further characterization of this immune pathway might lead to
new molecular and cellular targets for the prevention of asthma.

We thank Drs Nicholas Lukacs, Carey Lumeng, Bethany Moore, and
Cheong-Hee Chang (all from the University of Michigan Medical School) for
their constructive critiques of this research.

Key messages

o Infection of neonatal but not adult mice with human
rhinovirus induces mucous metaplasia and airways hy-
perresponsiveness, which is associated with enhanced
expression of IL-13 and IL-25; reduced expression of

IFN-vy, IL-12p40, and TNF-«; and expansion of ILC2s.

Neutralization of IL-25
ILC2 expansion, mucous
responsiveness.

attenuates rhinovirus-induced
metaplasia, and airways

Neonatal mice are susceptible to rhinovirus-induced air-
ways disease mediated by IL-25 and ILC2s.
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METHODS

Generation of rhinovirus

RVIB (ATCC) was grown in HeLa cells, concentrated, and partially
purified.®' Similarly concentrated and purified HeLa cell lysates were used for
sham infection. Viral titer was measured by using 50% tissue culture infec-
tivity doses with the Spearman-Karber method™ or by using a plaque assay.™
For the plaque assay, HeLa cell monolayers were infected with serially diluted
rhinovirus and underwent 0.6% agarose solution overlay. Plaque growth was
monitored by using light microscopy and confirmed by means of staining with
crystal violet.

Assessment of airways responsiveness

Airway cholinergic responsiveness was assessed by measuring changes in
total respiratory system resistance in response to increasing doses of nebulized
methacholine.®* Mice were anesthetized with sodium pentobarbital (50 mg/kg
mouse, intraperitoneal injection), and a tracheostomy was performed. Mechani-
cal ventilation was conducted, and total respiratory system resistance was
measured with a Buxco FinePointe operating system (Buxco, Wilmington,
NC). Airway responsiveness was assessed by measuring changes in total respira-
tory system resistance in response to increasing doses of nebulized methacholine.
Statistical analysis was performed by using 2-way ANOVA with repeated mea-
sures and GraphPad Prism 6.0 software (GraphPad Software, La Jolla, Calif).

Histology and immunohistochemistry

Lungs were collected and fixed with 10% formaldehyde and paraffin
embedded. Blocks were sectioned at 500-m intervals at a thickness of 5 pum,
and each section was deparaffinized and hydrated. After antigen demasking
and permeabilization, sections were incubated with Alexa Fluor 488—conju-
gated rabbit anti-mouse IL-25/IL-17E (Millipore, Billerica, Mass), guinea pig
antiserum against HRVIB (ATCC), or Alexa Fluor—conjugated isotype
control IgGs. Antiserum was partially purified by means of incubation with
nitrocellulose-bound HeLa cell proteins and passage through an affinity resin
containing nondenatured mouse lung protein, as described previously.”> Re-
purified antibody was directly conjugated to Alexa Fluor 594. The control
used was Alexa Fluor 594—conjugated guinea pig antiserum. Nuclei were
stained with 4',6-diamidino-2-phenylindole. Images were visualized with a
Zeiss Axioplan microscope equipped with an ApoTome and digital AxioCam
MR charge—coupled device camera (Zeiss, Oberkochen, Germany). Deparaffi-
nized sections were stained with periodic acid—Schiff to visualize mucus
(Sigma-Aldrich, St Louis, Mo).

Measurement of IL-13 and IL-25

IL-13 and IL-25 concentrations were measured with ELISA (eBioscience).
The amount of IL-25 per lung weight was calculated by multiplying the
concentration by the volume of lung homogenate divided by the weight of the
lungs.

Real-time quantitative PCR
Lung RNA was extracted with Trizol method (Invitrogen, Carlsbad, Calif)
with the combination of on-column digestion of genomic DNA (Qiagen,
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Valencia, Calif). cDNA was synthesized from 1 pg of RNA and subjected to
quantitative real-time PCR by using specific mRNA primers for /14, IL5, IL13,
Ifng, 1112p40, Tnfa, Muc5ac, Muc5b, Gob5, and 1117rb. The level of gene
expression was normalized to mRNA of glyceraldehyde-3-phosphate dehy-
drogenase (Gapdh).

Flow cytometric analysis

Lungs were perfused with PBS containing EDTA, minced, and digested in
collagenase I'V. Cells were filtered and washed with RBC lysis buffer, and dead
cells were stained with Pac-Orange Live/Dead fixable dead staining dye
(Invitrogen). Lung cells were then stained with fluorescein isothiocyanate—
conjugated antibodies for lineage markers (CD3e, TCR3, B220/CD45R, Ter-
119, Gr-1/Ly-6G/Ly-6C, CD11b, CD1lc, F4/80, and FceRla; all from
BioLegend), anti-CD25-PerCP-Cy5.5 (BioLegend), anti-CD127-PE-Cy5
(eBioscience), anti—c-kit/CD117-allophycocyanin (eBioscience), anti—
sca-1-PE-Cy7 (eBioscience), anti-T1/ST2-PE (R&D Systems), and anti—
IL-17RB (R&D Systems) conjugated with Alexa Fluor 750. Cells were fixed,
subjected to flow cytometry, and analyzed on a FACSAria II (BD Bio-
sciences). Data were collected with FACSDiva software (BD Biosciences) and
analyzed with FlowJo software (Tree Star, Ashland, Ore). For analysis of
intracellular IL-13, fresh aliquots of minced lung tissue were stimulated for 5
hours with cell stimulation cocktail (40.5 pmol/L PMA, 670 pmol/L
ionomycin, 5.3 mmol/L brefeldin A, and 1 mmol/L. monensin; eBioscience).
Cells were then stained for Live/Dead markers and surface markers, fixed,
permeabilized, and incubated with the anti-mouse IL-13 clone eBiol3A
(eBioscience). Cells were analyzed with the FACSAria II.

Fluorescence-activated cell sorting of ILC2s

Lin"CD257CD127" double-positive ILC2s or Lin CD25 CDI27~
double-negative cells were sorted at 9000 cells/200 pL into 96-well plates
and stimulated with medium, IL-25 (20 ng/mL), IL-2 (50 ng/mL) plus
IL-25 (20 ng/mL), or PMA plus ionomycin for 3 days. Cells were stained
with Diff-Quick to visualize ILC2s (Dade Behring).
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FIG E1. Viral copy number in rhinovirus (RV)-infected neonatal and adult
mice. Six-day-old and 8-week-old mice were inoculated with sham or rhino-
virus intranasally. At specified times, lungs were harvested for analysis.
Viral copy number was analyzed by using quantitative PCR. Shown are in-
dividual data, medians, and interquartile ranges for each time point.
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FIG E2. Persistent expression of mucus-related gene expression in 8-week-old mice infected with rhinovirus
(RV). Gene expression of Mucbac, Muc5b, Gob5, and 1113 was analyzed with quantitative PCR. *P < .05
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FIG E3. Effect of rhinovirus (RV) infection on expression of IL-33. Six-day-
old neonatal BALB/c mice and 8-week-old mature mice were inoculated
with sham or rhinovirus. Whole-lung gene expression of //133was measured
by using quantitative PCR 1 to 7 days after infection.
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FIG E4. Effect of low-dosage rhinovirus infection in the induction of IL-25 and IFN-y. Six-day-old neonatal
BALB/c mice were inoculated with sham, rhinovirus (normal dosage), or rhinovirus (10-fold lower dosage).

Whole-lung mRNA expression was measured by using quantitative PCR 1 day after infection. *P< .05 versus
sham (unpaired t test).
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FIG E5. Lin~ cells in immature and mature mice. Six-day-old neonatal
BALB/c mice and 8-week-old mature mice were inoculated with sham or
rhinovirus (RV). Lungs were collected 14 days after infection. Cell suspen-
sions were stained with a cocktail of lineage antibodies (CD3e, TCRR,
B220/CD45R, Ter-119, Gr-1/Ly-6G/Ly-6C, CD11b, CD11c, F4/80, and FceRla)
and subjected to flow cytometry. The percentage of Lin~ live cells was
calculated. TP < .05 versus neonates (unpaired t test).

HONG ET AL 11.e6



11.e7 HONG ET AL J ALLERGY CLIN IMMUNOL
mmm 2014

O o
%) <
w 0 : o .
LI B LR I B AL I AL BLELELELE LA B B
0 50K 100K 150K 200K 250K 0 50K 100K 150K 200K 250K
FSC > SSC ?
N ~
105-;
T
103—5 )
:
N~
£ o
5 °3 o
RS EAE AN LS TR N 8
0 50K 100K 150K 200K 250K 0 10 10 10
o
FSC > CcD25 >

FIG E6. Gating strategy for sorting ILC2s. Six-day-old neonatal BALB/c mice were infected with rhinovirus.
After 8 days, lungs were processed for cell sorting. Low forward scatter (FSC), low side scatter (SSC), 4'-6-di-
amidino-2-phenylindole dihydrochloride-negative live cells were gated and incubated with lineage cocktail
antibodies (CD3e, TCRB, B220/CD45R, Ter-119, Gr-1/Ly-6G/Ly-6C, CD11b, CD11c, F4/80, and FceRla) to sort
ILC2s. Finally, CD25 and CD127 double-positive cells were identified. DN, Double negative; DP, double
positive.
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TABLE E1. Quantitative PCR primers
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Reverse primer (3'->5’')

Gene name Forward primer (5'->3’)

Gapdh GTC GGT GTG AAC GGATTT G

Gob5 CTG TCT TCC TCT TGA TCC TCC A
Ifng TGG CTG TTT CTG GCT GTT AC
1112p40 CTC CTG GTT TGC CAT CGT TT

113 CCT GGC TCT TGC TTG CGT

1117rb ACC TTC CGG CGG CAA ATG GAC

125 ACA GGG ACT TGA ATC GGG TC

133 GGC TGC ATG CCA AGG ACA AGG

14 GGT CTC AAC CCC CAG CTA GT

15 CTC TGT TGA CAA GCA ATG AGA CG
Mub5b GAG CAG TGG CTA TGT GAA AAT CAG
Muc5Sac AAA GAC ACC AGT AGT CAC TCA GCA A

Tnfa ATG CAC CAC CAT CAA GGA CTC AA

GTC GTT GAT GGC AAC AAT CTC
CGT GGT CTA TGG CGA TGA CG

TCC ACA TCT ATG CCA CTT GAG TT
GGG AGT CCA GTC CAC CTC TA
GGT CTT GTG TGA TGT TGC TCA
GCA TTG GGG ATG TTA TGG GCG CT
TGG TAA AGT GGG ACG GAG TTG
AAG GCC TGT TCC GGA GGC GA
GCC GAT GAT CTC TCT CAA GTG AT
TCT TCA GTA TGT CTA GCC CCT G
CAG GGC GCT GTC TTC TTC AT
CTG GGA AGT CAG TGT CAA ACC
ACC ACT CTC CCT TTG CAG AAC TC
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