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Rationale: Infection with rhinovirus (RV) triggers exacerbations of
asthma and chronic obstructive lung disease.

Objectives: We sought to develop a mouse model of RV employing
RV1B, a minor group serotype that binds to the low-density lipopro-
tein receptor.

Methods: C57BL/6 mice were inoculated intranasally with RV1B,
replication-deficient ultraviolet (UV)-irradiated RV1B, or RV39, a
major group virus.

Measurements and Main Results: Viral RNA was present in the lungs of
RV1B-treated mice, but not in those exposed to UV-irradiated RV1B
or RV39. Lung homogenates of RV-treated mice contained infectious
RV 4 days afterinoculation. RV1B exposure induced neutrophilic and
lymphocytic airway inflammation, as well as increased lung expres-
sion of KC, macrophage-inflammatory protein-2, and IFN-a and IFN-
B. RV1B-exposed mice showed airway hyperresponsiveness 1 and 4
days after inoculation. UV-irradiated RV1B induced modest neutro-
philic airway inflammation and hyperresponsiveness 1 day after ex-
posure. Both RV1B and UV-irradiated RV1B, but not RV39, increased
lung phosphorylation of Akt. Confocal immunofluorescence showed
colocalization of RV1B and phospho-Akt in the airway epithelium.
Finally, pretreatment with the phosphatidylinositol 3-kinase inhib-
itor LY294002 attenuated chemokine production and neutrophil
infiltration.

Conclusions: We conclude that RV1B induces airway inflammation
invivo. Evidenceis presented that viral replication occurs invivoand is
required for maximal responses. On the other hand, viral replication
was not required for a subset of RV-induced responses, including
neutrophilic inflammation, airway hyperresponsiveness, and Akt
phosphorylation. Finally, phosphatidylinositol 3-kinase/Akt signal-
ing is required for maximal RV1B-induced airway neutrophilic in-
flammation, likely via its essential role in virus internalization.
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Viral infections trigger nearly 80% of asthma exacerbations,
and rhinovirus (RV) accounts for the majority of virus-induced
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AT A GLANCE COMMENTARY
Scientific Knowledge on the Subject

Understanding of rhinovirus-induced exacerbations of asthma
and chronic obstructive lung disease is incomplete, in part
because of the absence of an animal model.

What This Study Adds to the Field

Rhinovirus-1B exposure induces airway inflammation and
hyperresponsiveness in mice. Phosphatidylinositol 3-kinase/
Akt signaling is required for maximal rhinovirus-induced
airway inflammation.

exacerbations (1, 2). RV also accounts for a substantial per-
centage of chronic obstructive pulmonary disease (COPD)
exacerbations (3, 4). Understanding of RV-induced exacerba-
tions is incomplete, in part because of the absence of an animal
model. Rhinovirus RNA has been detected by polymerase
chain reaction (PCR) analysis in lower airway cells from
volunteers experimentally infected with RV16 (5, 6) and RV
capsid protein has been found in airway epithelial cells, albeit
sporadically (6). However, RV has not been cultured from the
lower airways of immunocompetent subjects, and therefore the
extent to which RV infects or replicates in the lower airways of
humans remains unclear.

RV, a member of the Picornaviridae family of viruses, is
responsible for the majority of common colds. The virus is com-
posed of an icosahedral protein capsid and a positive, single-
stranded RNA genome. More than 100 serotypes of RV have
been identified. These are divided into two groups on the basis of
their cellular receptors. The major subgroup RVs (e.g., RV14,
RV16, and RV39) comprise 90% of RV serotypes and attach to
intercellular adhesion molecule (ICAM)-1 on the airway epithe-
lial cell surface. In contrast, minor subgroup RVs (e.g., RV1B
and RV2) attach to proteins of the low-density lipoprotein re-
ceptor (LDL-R) family, which consists of LDL-R, LDL-R-related
protein, very low—density lipoprotein receptor, and apoER2. De-
spite these differences, RV16, a major group RV, and RV1B, a
minor group RV, induce similar chemokine responses in human
airway epithelial cells (7, 8).

Whereas species-specific variations in ICAM-1 prevent in-
fection of mouse cells by major group RV, the LDL-R family of
proteins is highly conserved between human and mouse, pro-
viding a possible means of infection for minor group viruses.
Early studies examining the restriction of RV2 replication in a
mouse fibroblast cell line suggested that these cells lack the
intracellular molecules required for RV replication (9). How-
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ever, it was subsequently shown that RV16 replicates in mouse
cells after transfection of viral RNA (10). Additional studies
have shown replication of RV1A in cultured mouse fibroblasts
(11) and replication of RV1B in LA-4 mouse airway epithelial
cells (12). We have also observed replication of RV1B in pri-
mary mouse tracheal epithelial cells as evidenced by detection
of cytopathic effect, cytokine induction, and viral 3C protease
expression with intact but not ultraviolet (UV)-inactivated virus
(P. Jourdan, J. Burnet, and S. Johnston, unpublished data). It is
therefore conceivable that RV1B, a minor group virus, infects
mouse airways in vivo.

Numerous studies suggest a role for C-X-C chemokines with
the neutrophil-attractant Glu-Leu-Arg (ELR) motif in the
pathogenesis of asthma and COPD exacerbations (13-22). We
have shown in airway epithelial cells that RV colocalizes with
the p110B catalytic subunit of phosphatidylinositol (PI) 3-kinase
and the serine-threonine kinase Akt in lipid rafts (23). ICAM-1
engagement induces phosphorylation of the PI 3-kinase p85
regulatory subunit, activation of PI 3-kinase, accumulation of 3-
phosphorylated PI at the site of RV infection, and Akt phos-
phorylation (23, 24). Inhibition of PI 3-kinase and Akt blocked
internalization of labeled RV into cells, and attenuated RV-
induced NF-«B trans-activation and IL-8 expression (24). Finally,
replication-deficient, UV-irradiated virus also elicited IL-8 ex-
pression, suggesting that viral replication was not required for
the IL-8 response. On this basis, we hypothesize that RV1B ex-
posure induces neutrophilic airway inflammation in mice, and
that PI 3-kinase/Akt signaling, which is activated on binding of
RYV to the airway epithelial cell surface in vitro, is required for
neutrophilic inflammation in vivo.

Some of the results of these studies have been previously
reported in the form of an abstract (25).

METHODS
See the online supplement for additional details regarding all methods.

Animals

Six- to 8-week-old female C57BL/6 mice (Charles River Laboratories,
Wilmington, MA) were housed in a pathogen-free area within the
institutional animal care facility of the University of Michigan (Ann
Arbor, MI).

Cell Culture

16HBE140~ human bronchial epithelial cells were provided by S. R.
White (University of Chicago, Chicago, IL). HeLa and LA-4 mouse
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bronchial epithelial cells were obtained from the American Type
Culture Collection (ATCC, Manassas, VA).

Generation of RV Stocks

RV1B was generated from an infectious cDNA clone (12). RV39 was
obtained from the ATCC. Viral stocks were concentrated and partially
purified as described (24, 26). Virus was titered by infecting HelLa
monolayers with serially diluted RV and assessing cytopathic effect.
Fifty percent tissue culture infectivity doses (TCIDs) were determined
by the Spearman-Karber method (27). Purified RV1B was irradiated
with UV light, using a CL-1000 crosslinker (UVP, Upland, CA) (26).
Efficiency of irradiation was confirmed by reverse transcriptase (RT)-
PCR (see below).

RV1B Exposure

16HBE140~ and LA-4 cells were serum-starved overnight and infected
with RV1B (multiplicity of infection of 1.0 for 1 h at 33°C). Mice were
anesthetized by intraperitoneal injection with ketamine and xylazine,
and intranasally inoculated with 50 pl of RV1B (1 X 108 TCIDsp/ml) or
an equal volume of sham HeLa cell lysate. In selected experiments,
mice were given 50 pl of LY294002 (3 mg/kg; Sigma-Aldrich, St. Louis,
MO) intranasally or dimethyl sulfoxide vehicle. One hour later, mice
were intranasally inoculated with 20 pl of RV1B (2. 5 X 108 TCIDsy/ml)
or an equal volume of sham HeLa cell lysate.

Immunoblotting

Proteins were resolved by sodium dodecyl sulfate-10% polyacrylamide
gel electrophoresis and transferred to nitrocellulose. Membranes were
probed with antibodies against Ser*’> phospho-Akt and total Akt (Cell
Signaling Technology, Danvers, MA).

Presence of Viral RNA

RNA was extracted from lungs with TRI Reagent (Sigma-Aldrich) and
analyzed for viral RNA by RT-PCR, as described (28). Cellular RNA
was also collected by nasal lavage. Quantitative real-time PCR was
performed with specific primers and probes for positive- and negative-
strand (replicative) RV RNA, as well as 18S rRNA (29, 30).

Histology and Immunofluorescence Staining

Sections were stained with hematoxylin and eosin and examined by
light microscopy, or incubated with RV1B antiserum (ATCC) and
phospho-Akt (Cell Signaling Technology) and visualized by confocal
fluorescence microscopy.

Determination of RV1B Infectivity

RV1B infectivity was assessed by homogenizing lungs from mice in-
oculated with RV1B, UV-irradiated RV1B, or sham treatment; over-

Figure 1. Human rhinovirus 1B (RV1B) infection increases
chemokine production and Akt phosphorylation in human
and murine airway epithelial cells. (A) T6HBE140~ human
airway epithelial cells were infected with major group
serotype RV39 or minor group serotype RV1B and condi-

* tioned medium was collected 48 hours postinfection and

examined for IL-8/CXCL8 expression. (B) LA-4 murine
airway epithelial cells were pretreated for 1 hour with
LY294002 (10 pM) or dimethyl sulfoxide vehicle control
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and then infected with RV1B or mock-infected (sham) and
murine IL-8 homolog, KC/CXCL1 was examined 48 hours
postinfection. Bars represent the SEM for three experi-
ments (*significantly different from sham, P < 0.05; **sig-
nificantly different from sham and RV1B + LY294002,
P < 0.05; one-way analysis of variance [ANOVA]).
16HBET140~ (C) and LA-4 cells (D) were infected with
RV1B or RV39 for 10 minutes and examined for phos-
phorylation of Akt. Immunoblots shown are typical of
three separate experiments. UV = ultraviolet.
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Figure 2. Viral RNA is detectable in the lungs of RV1B-
treated mice. (A) Female C57BL/6 mice were inoculated
with RV1B by intranasal instillation and lungs were exam-
ined by RT-PCR for viral RNA 1 day postinoculation. Mice
were also exposed to ultraviolet (UV)-irradiated replication-
deficient RV1B or RV39, a major group virus. As a positive
control, Hela cells were infected for 1 hour with RV1B at
a multiplicity of infection of 10. RNA was extracted 16
hours postexposure and analyzed for viral RNA. Blots
shown are typical of three separate experiments. GAPDH =
glyceraldehyde-3-phosphate dehydrogenase. (B and C)
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laying this material onto confluent monolayers of HeLa cells; assessing
cytopathic effects; and measuring viral RNA expression by PCR.

Lung Inflammatory Cells

Bronchoalveolar lavage (BAL), differential cell counts, and myeloper-
oxidase (MPO) activity assays were performed as described (31).

Cytokine/Chemokine Expression

Protein levels in cell-conditioned medium and lung homogenates were
measured by ELISA (R&D Systems, Minneapolis, MN). After RNA
extraction, lung IFN-a, -B, and -y mRNA levels were measured by
quantitative real-time PCR using specific primers and probes.

tive-strand (B) and negative-strand (replicative) (C) rhino-
virus (RV) RNA by quantitative PCR. Although positive-
strand viral RNA decreased steadily after inoculation, viral
RNA was detected up to 7 days postinoculation. There was
a small but significant increase in positive-strand viral RNA
copy number between the 12- and 18-hour time points
(P = 0.043, one-way analysis of variance). We also de-
tected a modest amount of negative-strand viral RNA,
consistent with viral replication (n = 4-6, geometric
mean * SEM). (D) Positive-strand viral RNA was detected
in the nasal washes of RV1B-inoculated mice up to 3 days
after exposure (n = 3, geometric mean = SEM). (E and F)
One day postexposure, lungs from sham-inoculated (E) or
RV1B-inoculated (F) mice were formalin-fixed and probed
with purified RV1B antiserum. Specific staining for RV1B
was noted in some but not all central airways. Scale bars:
20 pm. (G-) Supernatants from homogenized mouse
lungs that were sham inoculated (G), inoculated with
RV1B (H), or inoculated with UV-irradiated RV1B (/) were
overlaid onto confluent Hela cell monolayers and exam-
ined for cytopathic effect (arrowheads). Images shown
are typical of three separate experiments (original magni-
fication, X100).

Measurement of Respiratory System Resistance

Mice were anesthetized, endotracheally intubated, and ventilated with
a flexiVent (Scireq, Montreal, PQ, Canada). Airway responsiveness
was assessed by measuring changes in resistance after administration of
nebulized methacholine.

Data Analysis

Statistical significance was assessed by one- or two-way analysis of
variance. The Student-Newman-Keuls test was used to pinpoint differ-
ences identified by analysis of variance.
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RESULTS

RV1B Infection Increases Phosphatidylinositol
3-Kinase-dependent Chemokine Production in Human
and Murine Airway Epithelial Cells

Confluent, serum-starved 16HBE140~ human airway epithelial
cells were infected with minor serotype RV1B, major serotype
RV39, or lysate from uninfected HeLa cells (sham) for 1 hour at
33°C. Conditioned medium was collected 48 hours after in-
fection and examined for IL-8 expression by ELISA. RV1B and
RV39 increased IL-8 expression to similar levels (Figure 1A).
Using the same infection procedure, LA-4 murine airway epi-
thelial cells were infected with RV1B and the murine IL-8 homo-
log KC/CXCL1 was examined by ELISA. RV1B increased KC
expression nearly ninefold (Figure 1B). Pretreatment with the
PI 3-kinase chemical inhibitor 1.Y294002 attenuated RV1B-
induced neutrophil chemoattractant expression in murine LA-4
cells, as it does in RV39-stimulated human airway epithelial
cells (24). RV infection increased phosphorylation of Akt,
a downstream effector protein of PI 3-kinase, in both human
and murine airway epithelial cells (Figures 1C and 1D). Treat-
ment with RV39 had no effect on LA-4 cell Akt phosphorylation
(Figure 1D) or KC expression (data not shown). These data
demonstrate that RV1B infection induces PI 3-kinase—dependent
production of neutrophil chemoattractants in both murine and
human airway epithelial cells.

Viral RNA Is Detectable in the Lungs of RV1B-treated Mice

Female C57BL/6 mice were anesthetized and inoculated with
RVI1B (50 pl at 1 X 10% TCIDs¢/ml) by intranasal instillation.
One day after inoculation, mice were killed and the lungs were
analyzed by RT-PCR for the presence of viral RNA. Selected mice
were also inoculated with replication-deficient UV-irradiated
RV1B or RV39. Viral RNA was detected after RV1B inocu-
lation (Figure 2A). No viral RNA was detected in mice infected
with UV-irradiated RV1B or RV39, a major group serotype.
Positive- and negative-strand viral RNAs were also measured
by quantitative PCR. Negative-strand viral RNA is generated
only during viral replication, and therefore is suggestive of
RV1B replication. Although there was a progressive decline in
the level of positive-strand viral RNA with time, RV1B-exposed
mice demonstrated the presence of viral RNA up to 7 days after
inoculation, and there was a shallow but statistically significant
peak of viral RNA expression 18 hours after RV exposure
(Figure 2B), suggestive of viral replication. Consistent with this,
a modest amount of negative-strand RNA was detectable up to 4
days after inoculation (Figure 2C). No negative-strand RNA was
detectable in the viral preparation. Nasal aspirates of RV1B-
treated mice showed rhinoviral RNA up to 3 days after exposure
(Figure 2D). No viral RNA was detected in mice treated with
uninfected HeLa cell lysate (sham inoculation) or UV-irradiated
RVIB (data not shown).

Lungs were formalin-fixed and paraffin-embedded 1 day post-
exposure, and sections were stained for RV1B. Specific staining
was seen in the airway epithelial cells of mice inoculated with
RV1B but not in those of mice treated with an equal volume of
uninfected HeLa cell lysate (sham inoculation) (Figures 2E and
2F). RV1B staining was confined to a subset of the large airways.
Positive staining was observed in groups of cells in close prox-
imity, suggesting that RV1B maintains its infectivity in vivo.

We also homogenized lungs 1 to 4 days after exposure and
overlaid clarified supernatant containing RV1B on confluent
HelLa cell monolayers. HeLa cells were examined for cytopathic
effect, and HeLa cell lysates were examined for viral RNA by
real-time PCR. Lung homogenate from RV1B-treated mice

induced HeLa cytopathic effects up to 4 days after RV ex-
posure, whereas homogenates from UV-irradiated RV1B- or
sham-inoculated mice did not (Figures 2G-2I, and Table 1).
Finally, viral RNA was detectable in HeLa cell lysates overlaid
with lung homogenates from RV1B-treated mice.

RV1B Exposure Induces Airway Inflammation

Formalin-fixed, paraffin-embedded lungs harvested 1 day post-
inoculation were stained with hematoxylin and eosin. Sham-
inoculated mice showed no inflammation (Figure 3A). However,
RV1B-exposed mice showed neutrophilic and monocytic inflam-
mation around some large airways (Figure 3B). The lungs of mice
inoculated with replication-deficient, UV-irradiated RV1B showed
some evidence of neutrophilic inflammation, but affected areas
were less numerous and smaller in size (Figure 3C).
Neutrophil infiltration was quantified by BAL counts as well
as lung MPO activity. One day postexposure, RV1B-infected
mice showed a significant increase in BAL neutrophils compared
with sham-infected animals (Figure 3D, left). The mean percent-
age of BAL neutrophils increased from 8% (sham inoculation)
to 33% (RV1B). Interestingly, mice exposed to UV-irradiated
virus demonstrated a moderate increase in BAL neutrophils com-
pared with sham-exposed animals. The number of BAL neu-
trophils sharply declined 2 days after RV1B exposure. Similar
to BAL counts, MPO activity was increased 1 day postexposure
and declined thereafter (Figure 3E, left). Further, mice inocu-
lated with UV-irradiated RV demonstrated a level of MPO ac-
tivity intermediate between intact RV1B and sham inoculation
(Figure 3E, right), consistent with the lung histology. Finally,
RV1B-treated animals also showed increases in BAL lympho-
cyte counts (Figure 3D, right). Lymphocyte counts declined on
Day 2 and then increased on Days 4 and 7 after exposure.

RV1B Increases Expression of Chemokines in Vivo

Mice were inoculated with sham HeLa cell lysate, RV1B, UV-
irradiated RV1B, or RV39. KC, macrophage-inflammatory
protein (MIP)-2/CXCL2-3, RANTES (regulated upon activa-
tion, T-cell expressed and secreted)/CCLS, MIP-1a/CCL3, and
JE/CCL2 were increased after RV1B exposure compared with

TABLE 1. EFFECTS OF LUNG HOMOGENATES FROM
RHINOVIRUS-EXPOSED MICE ON HelLa CELL MONOLAYERS

Time
Exposure Postexposure Cytopathic RNA 18S RNA
Agent (d) Effect* (cycle number) (cycle number)
RV1B 1 +++ 28.98 19.84
1 +++ 29.02 20.40
2 ++++ 34.1 20.07
2 ++4++ 35.0 20.4
4 ++++ 24.6 20.05
4 ++4++ 22.1 19.51
UV-RV1B 1 ++ 42.7 19.8
1 ++ 41.9 19.84
2 + — 20.27
2 + — 20.02
4 + — 19.05
4 + — 18.73

Definition of abbreviations: RV1B = minor group rhinovirus serotype; UV-RV1B =
replication-deficient ultraviolet-irradiated RV1B.

Cells were examined for cytopathic effect, and cell lysates were examined for viral
RNA by real-time polymerase chain reaction.

* +, observed only in wells treated with 1:2 dilution of lung homogenates; ++,
observed only in wells treated with 1:2 and 1:5 dilutions of lung homogenates;
+++, observed only in well treated with 1:2, 1:5, and 1:10 dilutions of lung
homogenates; ++++, observed in wells treated with 1:2, 1:5, 1:10, and 1:20
dilutions of lung homogenates; —, no detectable RNA.
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Figure 3. RV1B inoculation increases airway inflamma-
tion. Formalin-fixed, paraffin-embedded lungs harvested
1 day after viral exposure were stained with hematoxylin
and eosin. (A) Sham-inoculated mice showed no inflam-
mation. (B) RV1B-exposed mice demonstrated airway in-
flammation, indicated by arrows. (C) Mice exposed to
ultraviolet (UV)-irradiated RV1B also showed evidence of
inflammation (arrows). Scale bars: 50 pm. Images shown
are typical of three separate experiments. (D) Bronchoal-
veolar lavage (BAL) was performed on mice 1 day post-
exposure and inflammatory cells were counted. Rhinovirus
(RV)-exposed mice demonstrated increases in neutrophil
(left)y and lymphocyte (right) infiltration in the BAL fluid. (E)
Left: Myeloperoxidase (MPO) activity was increased in
RV1B-exposed mice 1 day postinoculation and declined
to sham levels on Days 2 through 4. Right: In a separate
experiment, mice exposed to UV-irradiated RV1B showed
an intermediate increase in BAL neutrophil percentage
and MPO activity. (Columns and error bars represent
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sham controls (Figures 4A—4E). Inoculation with UV-irradiated
RV1B did not induce chemokine production above sham except
in the case of the neutrophil chemoattractant MIP-2, the level of
which was significantly different from both sham and RV1B.
Inoculation with RV39 did not induce chemokine or cytokine
production. We examined the time course of chemokine pro-
duction up to 4 days after exposure to HeLa cell lysate or RV1B.
Increases in KC, MIP-2, RANTES, MIP-1a, and JE protein
expression were each sustained for at least 3 days after treatment
(Figures 4F-47).

RV1B Increases Expression of Interferons In Vivo

Mice were exposed to sham HelLa cell lysate, RV1B, or UV-
irradiated RV1B. RV1B-exposed mice, but not animals exposed
to sham HeLa cell lysate or UV-irradiated RV1B, demon-
strated significant increases in lung IFN-a and -3 mRNA and
protein expression (Figures SA and 5B), consistent with the
presence viral RNA (see above).

RV1B Exposure Increases Airway Responsiveness

At 1 and 4 days postinoculation, mice exposed to HelLa cell
lysate, RV1B, or UV-irradiated RV1B were anesthetized and

a cannula was inserted into the trachea for mechanical ventila-
tion. Increasing doses of nebulized methacholine were given
and respiratory system resistance was measured. One day after
exposure, mice infected with RV1B demonstrated a significant
increase in cholinergic airway responsiveness compared with
sham mice (Figure 6). Mice exposed to UV-irradiated RV1B
exhibited an intermediate state of airway responsiveness, which
was significantly increased compared with sham controls. Four
days after exposure, mice treated with RV1B, but not UV-
irradiated RV1B, maintained a state of airway hyperresponsive-
ness (Figure 6).

Pl 3-Kinase/Akt Signaling Is Required for RV1B-induced
Airway Inflammation

Whole lung homogenates from mice were collected 1 day
postexposure. Phosphorylation of Akt, a downstream effector
of PI 3-kinase, was increased in mice treated with RV1B or UV-
irradiated RV1B, compared with sham controls or RV39-treated
mice (Figures 7A and 7B). Confocal immunofluorescence micros-
copy showed colocalization of RV1B and phosphorylated Akt in
the airways of RVI1B-infected but not sham-infected mice
(Figures 7C-7F).
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Figure 4. RV1B increases lung chemokine production. (A-E) Mice were exposed to RV1B, replication-deficient ultraviolet (UV)-irradiated RV1B, or
major group virus RV39, and chemokines were analyzed 1 day postexposure. KC/CXCL1, RANTES (regulated upon activation, T-cell expressed and
secreted)/CCL5, macrophage-inflammatory protein (MIP)-1a/CCL3, and JE/CCL2 were increased with RV1B exposure, but not after inoculation with
UV-irradiated RV1B or RV39. Mice inoculated with UV-irradiated RV1B showed an intermediate increase in MIP-2/CXCL2-3 expression. (F-f)
Chemokine production was measured for 4 days after RV1B exposure. RV1B increased KC, MIP-2, RANTES, MIP-Tq, and JE expression. (Error bars
represent the SEM for 6-17 mice; *significantly different from sham, P < 0.05; **significantly different from sham and UV RV1B, P < 0.05; one-way

analysis of variance.)

To determine whether PI 3-kinase, the upstream activator of
Akt, is required for RV-induced responses, RV1B- or sham-
inoculated mice were pretreated with LY294002 or vehicle, as
described previously (32, 33). Mice received L'Y294002 (3 mg/kg)
in 50 pl of dimethyl sulfoxide intranasally 1 hour before inocu-
lation. Bronchoalveolar lavage was performed 1 day after viral
exposure. LY294002 pretreatment decreased the percentage of
neutrophils in BAL fluid in a dose-dependent manner (Figure
8A). LY294002 significantly reduced RV1B-induced KC, MIP-2,
MIP-1a, and IFN-y production (Figures 8B-8F). Taken together,
these data suggest that PI 3-kinase is required for RV1B-induced
neutrophil infiltration and maximal chemokine production in the
lung.

DISCUSSION

Viral infections trigger nearly 80% of asthma exacerbations,
and RV accounts for the majority of virus-induced exacerba-
tions (1). RV is also an important trigger of COPD exacerba-
tions (3, 4). In the respiratory tract, RV replicates mainly in the
ciliary epithelial cells of the nasal mucosa and, to a lesser extent,
oral cavity and throat (34). In the common cold, typical
symptoms such as coryza and cough climax on Day 2 or 3 and
usually resolve by Day 5, although occasionally they may persist
for longer. However, little is known about infection of the lower
respiratory tract with RV. Until recently, rhinoviruses had not
been reliably cultured from lower airway secretions (35). RV
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RNA has been detected by PCR in lower airway cells from
volunteers experimentally infected with RV16 (5, 6), and
rhinovirus capsid protein has been found in airway epithelial
cells, albeit sporadically (6). Together these findings suggest
that rhinoviruses can grow in the lower airways, although the
extent of RV replication in these locations is unknown.
Because of species-specific variations in the ICAM-1 D1
extracellular immunoglobulin domain, mouse models of major
group RV have not been implemented. However, the LDL-R
family of proteins is highly conserved between human and mice,
providing a possible means of infection for minor group viruses.
In the present article, we show evidence that RV1B infects
mouse airway epithelial cells in vivo. After intranasal inocula-

tion with RV1B, we isolated positive-strand and negative
(replicative)-strand viral RNAs from the lungs of C57BL/6
mice up to 7 and 4 days after exposure, respectively. We also
detected RV1B protein in airway epithelial cells 1 day after
inoculation. Although specific to the airway epithelium, RV1B
protein expression was patchy and limited to the larger airways,
similar to patients experimentally infected with RV16 (6). We
also showed that lung homogenate from RV1B-exposed mice
infects HeLa cells. RV1B exposure induced airway inflamma-
tion, as demonstrated by lung histology, increased BAL neu-
trophils and lymphocytes, and increased MPO activity. RV1B
also induced the production of KC, MIP-2, RANTES, MIP-1«,
and JE. The observed neutrophilic inflammation is similar to

—o—sham —o—sham Figure 6. RV1B infection increases airway cho-
8 s —e RV1B —e«—RV1B linergic responsiveness. Mice were anesthetized
S —u— UV RV1B i —o— UV RVIB **///3 and endotracheally intubated, and changes in
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‘%I | Jy-E— ’ / ~ T viral exposure. Mice inoculated with RV1B, com-
> 5 157 / /T ) i I pared with sham-inoculated mice, demonstrated
o~ o5 0 airway cholinergic responsiveness that was pres-
2 g‘;‘/ 1.0 - ent 1 day after exposure and persisted to 4 days
o g
2 1.01 : ' ' ' . : . ' ' after exposure. One day after exposure, mice
= 0 10 20 30 40 0 10 30 40 given ultraviolet (UV)-irradiated RV1B exhibited
methacholine (mg/ml) methacholine (mg/ml) an intermediate state of airway responsiveness

day 1

day 4

that was significantly increased compared with
sham controls. (Data represent means = SEM for

three mice; *significantly different from sham inoculation, P < 0.05; **significantly different from sham and UV-irradiated RV1B; P < 0.05, two-

way analysis of variance.)
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* kinase downstream target, Akt, is acti-

bl vated in RV1B- and ultraviolet (UV)-
RV1B-exposed mice. Whole lung

homogenates collected 1 day postex-

posure were analyzed for Sert’3 Akt

phosphorylation and total Akt expres-

sion. (A) Exposure to RV1B and UV-

] irradiated RV1B each increased Akt

sham RV1B UV- RV39
RVIB

phosphorylation compared with sham
inoculation (representative blot shown).
(B) Densitometry showing RV1B- or UV
RV1B-induced increases in Akt phos-
phorylation when compared with total
Akt. Error bars represent the SEM for six
mice (*significantly different compared
with sham and RV39, P < 0.05; one-way
analysis of variance). (C—F) RV1B and
phospho-Akt colocalize in airway epithe-
lial cells. Confocal fluorescence images
demonstrate staining for RV1B (green),
phospho-Akt (red), and airway nuclei
(blue). For each image, the airway
lumen is oriented to the right, and scale
bars represent a length of 10 um. (C) A
merged image from a large airway of

a sham-inoculated mouse. There is no specific staining of the airway epithelium. (D), (E), and (F) show green, red, and merged images, respectively, of
alarge airway from an RV1B-exposed mouse. Note orange-appearing colocalization of RV1B and phosphorylated Akt in four individual airway epithelial

cells (arrowheads). Images shown are typical of three separate experiments.

that found in human subjects after experimental RV16 infection
(13, 15, 16). Neutrophil number, IL-8, and epithelial-derived
neutrophil activating peptide-78 are also increased in the
sputum and airways of patients with exacerbations of asthma
(17, 18) and COPD (19-22). Airway inflammation was accom-
panied by a functional state of hyperresponsiveness that per-
sisted 4 days after viral exposure. RV1B exposure induced
a robust interferon response, further evidence of viral replica-
tion (36). Finally, inoculation with UV-irradiated virus had
significantly reduced effects on airway inflammation, cytokine
expression, and methacholine responsiveness compared with
intact virus. Together, these data suggest that mouse lower
airways may be infected with RV1B.

On the other hand, several observations speak against
infection. First, although the extent and time course of viral
replication in the human lung is unknown, the steep reduction
in viral RNA we observed is inconsistent with the time course of
viral replication in the upper respiratory tract of humans (37).
Second, positive staining of the airway epithelium with RV1B
antiserum does not prove replicative infection; the use of an
antibody targeting nonstructural viral proteins would better
address this issue. Third, because UV irradiation may partially
inhibit picornavirus attachment (38), the effects of viral irradi-
ation on RV-induced responses may overestimate the role of
viral replication, and may instead represent an inhibition of RV
binding to the airway epithelium.

Moreover, it should be noted that exposure to UV-irradiated
virus, but not sham HeLa cell lysate, caused modest airway
neutrophilic inflammation and short-lived airway cholinergic
responsiveness. In addition, UV-irradiated RV induced the pro-
duction of a mouse IL-8 homolog, MIP-2, providing a possible
mechanism for the observed neutrophilic inflammation. Finally,
UV-irradiated virus was sufficient to induce airway epithelial
cell Akt phosphorylation (see below). These data suggest that
early events before viral replication, for example, viral attach-
ment and internalization, may be sufficient for a subset of RV-

induced epithelial cell responses. Because, as noted above, UV
irradiation may partially inhibit picornavirus attachment (38),
and therefore UV inactivation, experiments may underestimate
the sufficiency of virus attachment and internalization for
cellular responses. Numerous studies have demonstrated the
sufficiency of UV-irradiated virus to induce IL-8 expression in
cultured airway epithelial cells (24, 39-42). Bafilomycin, an
inhibitor of vacuolar proton ATPases, which promotes the low
endosomal pH needed for viral uncoating, decreases RV14-
induced ICAM-1 but not IL-8 expression in human tracheal
epithelial cells (40). If indeed events before viral replication
such as attachment and internalization were sufficient for
a subset of RV-induced epithelial cell responses, this could
explain how RV enhances lower airway inflammation in the
absence of abundant viral replication (35).

RV attachment and endocytosis promote phosphorylation of
the p85 regulatory subunit of PI 3-kinase, as well as activation of
PI 3-kinase and Akt phosphorylation, in cultured human bron-
chial epithelial cells (24). In the present study, we found that
RV1B colocalizes with phosphorylated Akt in the airway epi-
thelium of exposed mice, and increases the phosphorylation of
Akt in whole lung extracts. Pretreatment of RV1B-infected
mice with the PI 3-kinase chemical inhibitor LY294002 de-
creased BAL neutrophils and lung KC, MIP-2, MIP-1a, and
IFN-vy production. Administration of UV-irradiated replication-
deficient virus also increased Akt phosphorylation, but induced
only modest neutrophilia and lung KC expression. Taken
together, these data suggest that activation of PI 3-kinase/Akt
signaling is required but not sufficient for maximal RV-induced
airway inflammation. We have previously shown in cultured
human bronchial epithelial cells that PI 3-kinase activity is
required for viral internalization (24), and therefore this is likely
the mechanism by which LY294002 blocks RV1B-induced
airway responses. PI 3-kinase may therefore represent a thera-
peutic target for RV-induced exacerbations of chronic airway
disease.
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As expected, RV39, a major subgroup RV, failed to induce
airway inflammation in C57BL/6 mice, likely due to species-
specific variations in ICAM-1. We therefore could not compare
the signaling events and inflammatory events initiated by major
group RV with those found in the present study after minor
group (RV1B) exposure. However, infection with RV1B and
RV39 induced similar levels of Akt phosphorylation and IL-8
expression in cultured 16HBE140~ human bronchial epithelial
cells, and inhibition of PI 3-kinase blocked RV1B-induced 1L-8
expression (data not shown), just as it blocks RV1B-induced
KC expression in mouse cells. Although the downstream sig-
naling events after ligation of LDL-R have not been extensively
studied, LDL-R family members bind ligands and internalize
them for lysosomal degradation by clathrin-mediated endocy-
tosis, similar to ICAM-1 (43). Ligation of LDL-R by apoprotein
E and LDL induces Akt activation (44). Lipoprotein particles
induce NADPH oxidase-mediated production of superoxide in
endothelial cells via an LDL-R family receptor (45), as has been
reported after RV16 infection of A549 cells (46). Finally, one
study has shown that RV1B and RV16, a major group serotype,
induce nearly identical patterns of gene expression in primary
cultured airway epithelial cells (47). Thus, there are ample data
suggesting that major and minor subgroup RVs elicit similar air-
way epithelial cell signaling pathways and inflammatory responses.

We conclude that RV1B exposure induces airway inflamma-
tion and hyperresponsiveness in C57BL/6 mice. Although our
results are suggestive, we cannot conclusively state that the
observed airway changes are due to replicative infection, rather
than simply binding and endocytosis of the virus. Indeed,
nonreplicative UV-irradiated virus was sufficient to induce a

subset of RV-induced responses. Nevertheless, our model, es-
pecially when combined with established animal models of asthma,
COPD, and cystic fibrosis, could provide important insight into
the pathogenesis of RV-induced exacerbations of chronic airway
disease. Finally, on the basis of our observation that activation
of PI 3-kinase/Akt signaling is required for maximal RV-
induced neutrophilic airway inflammation, future studies exam-
ining the role of PI 3-kinase inhibitors in the treatment of RV-
induced airway disease may be warranted.
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