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Infection of airway epithelium by rhinovirus is the most common
cause of asthma exacerbations. Even in mild asthma, airway epithe-
lium exhibits mucous metaplasia, which increases with increasing
severity of the disease. We previously showed that squamous
cultures of human airway epithelium manifest rhinoviral infection
at levels many times higher than in well-differentiated cultures of
amucociliaryphenotype.Herewetestedthehypothesis thatmucous
metaplasia is also associated with increased levels of rhinoviral
infection.Mucousmetaplasiawas inducedwith IL-13,whichdoubled
the numbers of goblet cells. In both control (mucociliary) and IL-13–
treated (mucous metaplastic) cultures, goblet cells were preferen-
tially infected by rhinovirus. IL-13 doubled the numbers of infected
cells by increasing the numbers of infected goblet cells. Further-
more, IL-13 increased both the maturity of goblet cells and the
probability that a goblet cell would be infected. The infection of cells
other than goblet cells was unaltered by IL-13. Treatment with IL-13
did not alter the levels of rhinovirus receptor ICAM-1, nor did the
proliferative effects of IL-13 enhance infection, because rhinovirus
did not colocalize with dividing cells. However, the induction of
mucous metaplasia caused changes in the apical membrane struc-
ture, notably a marked decrease in overall ciliation, and an increase
in the overall flatness of the apical surface. We conclude that mucous
metaplasia in asthma increases the susceptibility of airway epithe-
lium to infection by rhinovirus because of changes in the overall
architecture of the apical surface.
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Bronchial responsiveness to viral respiratory infections is
heightened in asthma, and most exacerbations of asthma are
associated with such infections (1). Rhinovirus is responsible for
more than half of all respiratory-tract infections, and is gener-
ally thought to be the most common cause of asthma exacer-
bations (2–5). Rhinovirus infects the airway epithelium, and the
airway epithelium is abnormal in asthma. Although evidence
for increased epithelial cell exfoliation exists (6), the best-

documented epithelial change, even in mild asthma, is mucous
metaplasia (7, 8). We previously showed that the degree of viral
infection depends on the type of differentiation of human air-
way epithelial cell cultures. Specifically, after exposure to the
same multiplicity of infection (MOI) of rhinovirus, squamous-
cell cultures produced z100 times as much virus as cultures of
healthy mucociliary phenotype (9). We therefore hypothesized
that the mucous metaplasia seen in asthma also makes the
epithelium more susceptible to viral infection. To test this hy-
pothesis, we used IL-13 to induce mucous metaplasia in cultures
of human airway epithelial cells. We then compared the levels
of rhinovirus infection in metaplastic cells and cells of a normal
mucociliary phenotype.

MATERIALS AND METHODS

Human Tissues and Cell Culture

Eighteen normal, nondiseased whole tracheas were provided by the
National Disease Research Interchange (Philadelphia, PA) within
24 hours of autopsy or surgical resections, through its Human Tissues
and Organs for Research Program. Tracheal primary cultures were
obtained as previously described (10). In brief, strips of epithelium
were removed from underlying tissue and treated with protease over-
night. Cells were expanded in a 25–75-cm2 Corning cell culture treated
flasks (Costar, Corning, NY). When cells reached 80% confluence, they
were harvested and plated in plating medium at 0.5 3 106 cells/cm2 on
1.13-cm2 Transwell polycarbonate inserts in a 12-well cluster (cata-
logue no. 3401; Costar). To achieve mucociliary differentiation, cells
were maintained in a 1:1 mixture of Dulbecco’s MEM and Ham’s
F-12 medium (DME/F12), supplemented with 2% Ultroser G, peni-
cillin, streptomycin, amphotericin B, and gentamycin, and kept at an
air–liquid interface (ALI). Squamous-cell cultures were generated
by immersion feeding with DME/F12 supplemented with 5% FCS.
The medium was replaced every 2 days. Our methods are described
in full elsewhere (11, 12). The use of human tissues was approved
by the Office of Research at the University of California at Davis,
the Committee on Human Research at the University of California
at San Francisco, and the Institutional Review Board at each
university.

CLINICAL RELEVANCE

Our studies show that mucous metaplasia increases the
susceptibility of the airway epithelium to rhinovirus in-
fection because of a loss of apical membrane complexity.
We induced mucous metaplasia with IL-13, which may also
be largely responsible for the mucous metaplasia of airway
epithelium in asthma. Therefore, in vivo, a blockade of
IL-13 may inhibit not only the mucous metaplasia often
associated with asthma, but in so doing may also reduce the
frequency and severity of asthma exacerbations induced by
rhinovirus infection.
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Virus Cultures and Titration

Rhinovirus serotype 16 (a gift from Shigeo Yagi, Viral and Rickettsial
Disease Laboratory, California Department of Health Services,
Richmond CA) was originally obtained from the University of
Wisconsin, and had been passaged twice in WI-38 cells. At the Viral
and Rickettsial Disease Laboratory, it was passaged three more times
through human fetal diploid lung (HFDL) cells, which were grown in
roller bottles in Eagle’s MEM in Hank’s F-12 medium with 10% FBS.
Just before inoculation, cells were washed with Eagle’s MEM in
Hank’s F-12 medium without FBS. When the cytopathic effect reached
75–100%, the roller bottles were subjected to three freeze–thaw cycles,
and the supernatant was spun at low speed to dispose of cellular debris.
The supernatant was collected and frozen at 2708C until use. The
concentration of virus in the supernatant was 106.8 median tissue
culture infective dose (TCID50)/ml, as determined using HFDL.

Transepithelial Resistance

Measurements of transepithelial electrical resistance (Rte) and trans-
epithelial potential difference (Vte) were performed every 2 days
immediately before routine media changes. The mucosal surface was
covered with PBS (500 ml), and measurements were performed with
a ‘‘chopstick’’ voltmeter (Millicell ERS; Millipore Products, Bedford,
MA). The PBS solution was immediately removed after measurements
were completed. Cell sheets were used only if the Rte was greater than
500 V 3 cm2 and the range of Rte of the 12 sheets in the cluster was no
more than 200 V 3 cm2.

Experimental Protocol

Cells became electrically tight (i.e., achieved an acceptable resistance
of .500 V 3 cm2) after 3–5 days in culture. Because cells require z3–
4 weeks in culture to develop maximal mucociliary differentiation (12,
13), we waited a further 14 days before adding IL-13. Based on the
literature (14–16) and our own preliminary studies, we induced mucous
metaplasia by exposing cultures to 10 ng/ml recombinant human IL-13
for 7 days. Thus, unless otherwise stated, all cells were studied exactly
21 days after becoming electrically tight, i.e., z24–26 days after plating.
Control cells from the same cultures received vehicle alone. After the
addition of IL-13, media changes and measurement of Rte and Vte were
performed daily in both treated and control cells. The 500-ml aliquots
of apical PBS used to make the electrical measurements were retained
for analyses of mucin content. After 7 days of IL-13 treatment, treated
and control cells were inoculated with 100 ml of 105 TCID50/ml of
human rhinovirus 16 (RV-16) in PBS on the mucosal surface, and
incubated at 378C for 1 hour. The apical viral suspension was then
collected, and ‘‘chopstick’’ voltmeter measurements were obtained.
Next, the apical surface was washed three times with 500 ml of PBS,
and the final rinse was collected. Basolateral media were then changed.
Twenty-four hours after the end of the inoculation period, ‘‘chopstick’’
voltmeter measurements were again acquired, and apical-surface
washes and basolateral media samples were collected. Some cell sheets
were fixed in 4% paraformaldehyde in phosphate-buffered solution for
later structural analyses. Others were placed in 1% SDS buffer with
1:20 protease inhibitor (Broad-Spectrum b2 m; Sigma-Aldrich, St.
Louis, MO) for later analyses of cell lysates.

Mucin ELISA

Apical washes from cell lysates were analyzed for total mucin content,
using the 17B1/17Q2 mucin ELISA, as described previously (17). A
standard curve was generated using known concentrations of lyophi-
lized human mucus (a gift of Dr. Reen Wu, University of California at
Davis, Davis, California). Mucin levels were normalized to total cell
protein determined with bicinchoninic acid, using BSA as a standard.

Immunofluorescence

Cell sheets and underlying filters were cut from plastic inserts and fixed
in 10% neutral buffered formalin for 1 hour before undergoing
immunofluorescence. For RV-16 immunofluorescence, cell sheets were
placed in a water bath heated to 958C in 0.01 M sodium citrate buffer
for 30 minutes, and then cooled to room temperature for antigen
retrieval. Antigen retrieval was used to break protein cross-links
formed by formalin fixation, to uncover antigenic sites for the primary

antibody. When RV-16 immunofluorescence was combined with the
detection of other antigens using identical species–derived primary
antibodies, antigen retrieval was applied as described (18). Filters were
permeablized in chilled (2208C) methanol for 10 minutes, followed by
three washes for 5 minutes each in TBS. Filters were blocked in
a solution of 5% normal goat serum with 1% IgG-free BSA in Tris-
buffered saline (TBS) for 1 hour on an orbital shaker (at 70 rpm). After
blocking, filters were washed once with TBS for 5 minutes. A solution
of mouse anti–RV-16 pool-1 (a gift of Dr. A.G. Mosser, University of
Wisconsin, Madison, WI), which binds to the VP2 and VP0 capsid
proteins of RV-16 (19), was made in 1% IgG-free BSA in TBS at
a final concentration of 1:5,000. Filters were incubated in 150 ml of the
solution in the dark overnight at 48C. After incubation, filters were
washed three times for 5 minutes each in TBS buffer with 0.1% Tween-
20 (TBS-T). Filters were then incubated with a solution of secondary
goat anti-mouse Cy3 antibody in 1% IgG-free BSA made in TBS at
a final concentration of 1:200 for 30 minutes on an orbital shaker
(at 70 rpm). Filters were then washed three times in TBS-T buffer
for 5 minutes each, followed by one wash in TBS buffer for 5 minutes.

Staining with mouse anti-human B6E8, an antibody specific for
airway goblet cells (10, 20), rabbit anti-human Ki-67 (clone SP6; Abcam,
Cambridge, MA), mouse anti-human MUC5AC (clone 45M1; Santa
Cruz Biotechnology, Santa Cruz, CA), rabbit anti-human centrin-1
(C7736; Sigma-Aldrich), which localizes to mature centrioles and basal
bodies in ciliated cells (21), and rabbit polyclonal anti-human ICAM-1
(clone H-108; Santa Cruz Biotechnology) was performed under the same
conditions as for RV-16, with the exclusion of the first heat antigen
retrieval step, unless costaining for RV-16 was involved.

All tissues processed for immunofluorescence were treated with
Yo-Pro-1 (Invitrogen, Carlsbad, CA) DNA stain to view nuclei, and
were mounted on a slide with an anti-fade solution. For quantification,
cell sheets were imaged on Zeiss confocal microscope model L510
Carl Zeiss Microimaging (Jena, Germany). Z-stacks (1 mm between
scans) were taken of each field, and the number and average size of
nuclei were counted using ImageJ Image Processing and Analysis
Software in Java (http://rsbweb.nih.gov/ij/), with an x–y field size of
230 3 230 mm or 320 3 320 mm. The number of RV-16–positive cells
was also counted in each stack. Data for each experiment were ob-
tained from three different tracheas, with four randomly selected fields
from each of 2–3 cell sheets per culture.

Histology

Cell sheets were cut from plastic inserts before fixing for 1 hour in 10%
neutral buffered formalin before routine tissue processing, and were
embedded in paraffin. Five-micron sections were stained with muci-
carmine and examined with a light microscope equipped with a digital
camera. Fluorescent periodic acid Schiff (FPAS) staining was performed
with acriflavine HCl, and nuclei were stained with Yo-Pro-1 (22).

Scanning Electron Microscopy

Scanning electron microscopy was performed using standard protocols
described previously (23). Apical membrane areas were measured
using the Freehand Tool from the ImageJ software toolbar (http://
rsb.info.nih.gov/ij/docs/tools.html).

Immunoblotting

Western blot analysis for RV-16 was performed using an 8–18%
gradient gel, according to standard blotting protocols described pre-
viously, using mouse anti–RV-16 pool-1 (19). Western blot analyses for
centrin-1 clone N-15 (Santa Cruz Biotechnology) and ICAM-1 clone
H-108 (Santa Cruz Biotechnology) were performed on the same blot in
a 10–20% gradient gel. Pooled treated or control cell lysates were
made from individual experiments, and 40 mg/ml of total protein from
each sample were added per lane. Blots were viewed by chemilumi-
nescence on a Fujifilm LAS-4000 series (GE Healthcare Lifesciences,
Piscataway, NJ). Background was subtracted from the images, and after
thresholding and binary conversion, the intensity of each band was
recorded and expressed as arbitrary units (AUs) of pixel density, using
Multi Gauge software (GE Healthcare Lifesciences). Levels of all
proteins were normalized to b-actin, determined using mouse anti-
b-actin (Sigma-Aldrich). Protein levels were then calculated as 100 3

(AUprotein 2 AUbackground)/(AUb-actin 2 AUbackground), where ‘‘protein’’
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refers to AUs obtained for RV-16 viral proteins VP2 and VP0, centrin-1,
or ICAM-1. ‘‘b-actin’’ refers to AUs obtained for the b-actin standard,
and ‘‘background’’ refers to the background AUs obtained from the blot.

Statistical Analysis

Statistically significant differences between means were determined
using the Student paired t test, with P , 0.05 considered statistically
significant.

RESULTS

Induction of Mucous Metaplasia

Unless otherwise indicated, all cells were studied 21 days after
becoming electrically tight, corresponding to 24–26 days after
plating. Moreover, exposure to IL-13 was invariably for 7 days
(Days 14–21 after becoming electrically tight) at 10 ng/ml.

IL-13 did not alter the total cell protein levels (592 6 34 mg/cm2

for control cells, and 546 6 36 mg/cm2 for treated cells). Nor did
IL-13 cause a statistically significant change in the total number
of cells, with control cultures having an average of 1,280 6 60
cells per field (of 230 3 230 mm), compared with 1,190 6 80
cells per field in IL-13–treated cultures. However, control cell
sheets had an Rte of 1,536 6 93 versus 966 6 86 V 3 cm2 for
IL-13–treated cell sheets, a statistically significant difference.

Mucin levels secreted at the apical surface were determined
from the mucous content of 500-ml aliquots of PBS that were
used in performing electrical measurements. In all cultures, the
mucous contents increased as cells matured. However, in cells
treated with IL-13, mucin content of the bathing medium was
significantly elevated, with the highest level seen on Day 7
of treatment, when the total amount of apical mucin was 62.6 6

2.2 ng, compared with 15.4 6 2.3 ng in untreated cell sheets
(P , 0.05). IL-13 induced an increase in numbers of mucous
cells, as revealed by staining with FPAS (Figure 1A), staining
with antibody B6E8 (Figure 1B), or conventional light micros-
copy procedures (Figure 1C). Staining with B6E8 or with the
mucin 5AC clone 45M1 showed precise colocalizion of the two
antibodies (Figure 2), a result predicted by our earlier demon-
strations that B6E8 is specific for the mucous granules of airway
epithelial goblet cells (10, 20). As measured with B6E8, num-
bers of goblet cells increased significantly after treatment with
IL-13, nearly doubling either in absolute terms or as a percent-
age of the total cell number (Table 1). The numbers of goblet
cells determined with MUC5AC clone 45M1 were not statisti-
cally different from those determined with B6E8. Further, the use
of MUC5AC clone 45M1 also revealed a significant, z2-fold
increase in goblet-cell numbers induced by IL-13 (as described in
the online supplement).

Figure 1. Induction of mucous metapla-

sia by IL-13. (A) Detection of mucus with

fluorescent periodic acid Schiff (orange).

Focal plane, z5 mm below apical mem-
brane; nuclei are green. (B) Representa-

tive staining of goblet cells with

monoclonal antibody B6E8 (blue). Nuclei

are stained green with Yo-Pro-1. (C )
Light microscopy with mucicarmine

staining. Distended cell bodies of several

goblet cells are marked by asterisks.
Several more lie predominantly outside

the plane of the section, but all can be

identified by the mucus they release.

Each pair of images was from cell sheets
derived from the same trachea. Scale

bars 5 25 mm (A), 50 mm (B), and

20 mm (C ).

Figure 2. Colocalization of antibodies MUC5AC and

B6E8. Panels, left to right: B6E8, MUC5AC and colocaliza-
tion of both. Scale bar 5 10 mm.

654 AMERICAN JOURNAL OF RESPIRATORY CELL AND MOLECULAR BIOLOGY VOL 43 2010



Exposure to IL-13 also produced a decrease in the number of
ciliated cells, as determined by scanning electron microscopy or
Western blotting for centrin. Scanning electron microscopy
(Figure 3A) showed fewer ciliated cells per unit area of apical
surface after IL-13 treatment (19 6 5 per cm2 versus 48 6

6 per cm2 in untreated control cells). Thus, whereas nonciliated
membranes accounted for 27.43% 6 5.48% of the total apical
membrane area in mucociliary cultures, this figure increased
significantly to 63.60% 6 5.20% in mucous cultures. In agree-
ment with the results of others (16, 24, 25), we also found that
cilia were reduced in size after treatment with IL-13.

A loss of cilia upon treatment with IL-13 was also evident
from centrin-1 staining (Figure 3B). Western blotting was used to
quantify this loss of centrin (Figure 3C). Control cell sheets had
an average level of centrin-1 of 0.92 6 0.23 AUs versus 0.45 6

0.17 AUs for IL-13–treated cell sheets (P , 0.05; paired t test),
a significant difference between the two conditions (Figure 3D).

Effects of IL-13 on Rhinovirus Infection

In preliminary experiments, we compared patterns of infection
in squamous, mucociliary, and mucous cultures, as revealed by
immunocytochemical staining for RV-16. We found no signal in
cultures unexposed to virus (Figure 4A). However, after in-
fection, 49% 6 5% of cells in squamous cultures were positive
for rhinovirus, and in any given infected cell, multiple foci of
infection occurred, averaging z8 per cell, and ranging as high as
20 (Figure 4B). By contrast, in mucociliary cultures, 1.6% 6

0.09% of cells were infected, and numbers of foci of infection
were almost always one per cell, and never more than three
(Figure 4C). These results are consistent with our previous
studies indicating that squamous cultures of human airway
epithelium show levels of viral infection (measured from in-
fectious particles released and levels of viral RNA in cell
lysates) z100-fold greater than those of mucociliary cultures
derived from the same tracheas (9). After treatment of mucociliary
cultures with IL-13, numbers of rhinovirus-infected cells increased
by z2.5-fold (Figure 4D). Similar to control cells exposed to virus,
generally only one focus of infection per cell was evident. The
focal planes depicted in Figure 4 were from the middles of cells
sheets, where virus was present as discrete foci, usually in the
perinuclear region.

Next we performed a quantitative comparison of mucous
and mucociliary cultures in terms of numbers of goblet cells and
numbers of cells infected with rhinovirus. Representative
confocal micrographs from these studies are shown in Figure
4, and the quantitative data are summarized in Figure 2. The
confocal images are shown for focal planes either through the
center of the cell sheet or just below the apical membrane. This
is because the cell sheets consist of several layers, and most cells
in the lower layers (corresponding to basal cells of native
epithelium) have no contact with the lumen. Thus, levels of
virus decline progressively as the focal plane moves deeper into
the cell sheet. Changes also occur in the pattern of staining.
Near the apical membrane, virus is often associated with mucus
and shows a diffuse staining pattern. Nearer the center of the
cell sheet, virus is found in discrete perinuclear foci.

In both control and treated cells, rhinovirus preferentially
infected goblet cells. Thus, in control cell sheets, z55% of
infected cells were identified as goblet cells by immunocyto-
chemistry (Table 2 and Figures 5A–5C), although goblet cells
comprised only 8% of the total (Table 1 and Figures 5A–5C). In
IL-13–treated cell sheets, goblet cells comprised 18% of the
total cells (Table 1 and Figures 5D–5F) and 76% of infected
cells (Table 2 and Figures 5D–5F). The increase in numbers of
infected cells induced by IL-13 (171 per field) was almost
exactly the same as the increase in the numbers of infected

goblet cells (154 per field). The numbers of cells that were
infected but did not stain for mucus were not significantly
altered by IL-13 treatment (Table 2). Thus, the increase in
levels of infection induced by IL-13 was largely attributable to
the increase in numbers of goblet cells. However, whereas IL-13
increased total numbers of goblet cells by 91%, it increased the
numbers of infected goblet cells by 261%. Thus, IL-13 increased
the likelihood that goblet cells would be infected: 17% of goblet
cells were infected in control cell sheets, and 32% were infected
after treatment with IL-13. The predominant colocalization of
mucus and virus in cell sheets treated with IL-13 is illustrated in
Figure 5F.

To confirm that treatment with IL-13 increased the level of
viral infection of mucociliary cultures, we performed Western
blotting for capsid protein. As shown in Figure 6, IL-13 treat-
ment significantly increased levels of both provirions, as mea-
sured by VP0, and mature infectious virions, as measured by
VP2. The former increased by 152%, and the latter by 165%, in
good agreement with the 155% increase in numbers of infected
cells revealed by immunocytochemistry.

The treatment of squamous cultures with IL-13 (using the
same exposure regimen as for mucociliary cultures) altered
neither the number of cells infected with rhinovirus (45% 6

2%, versus 49% 6 5% in untreated cells) nor the number of foci
of infection per cell (data not shown). Furthermore, IL-13 did
not induce the formation of mucins in squamous cultures, as
determined by FPAS, staining with mAb B6E8, or conventional
light microscopy.

Possible Modes of Action of IL-13 on Viral Infection

Two hypotheses initially arose to explain why the mucous
metaplasia induced by IL-13 was associated with increased
levels of rhinovirus infection. First, levels of ICAM-1, the major
receptor for RV-16, may have increased. Second, rhinovirus
may preferentially infect dividing cells, and the numbers of
these cells might increase in the metaplastic state.

To test the first hypothesis, we localized ICAM-1 by immu-
nocytochemistry, and found the strongest signal by far to come
from the apical membrane in both mucociliary and mucous
cultures (Figures 7A and 7B). Interestingly, considerable vari-
ation occurred in the levels of apical membrane ICAM-1 from
cell to cell, and no correlation was evident between levels of
apical ICAM-1 and levels of apical mucus. On the other hand,
no difference was apparent in ICAM-1 distribution or staining
intensity in the apical membranes of the two phenotypes.
Furthermore, Western blotting revealed no difference in total
levels of ICAM-1 in paired mucous and mucociliary samples
from six different cultures (Figures 7C and 7D). Squamous
cultures had z4 times as much ICAM-1 as either mucous or
mucociliary cultures.

To test the second hypothesis, that the increase in levels of
viral infection induced by IL-13 was attributable to an increase
in the numbers of cycling cells, we stained for Ki-67, a nuclear
protein found in cells in all phases (G1, S, G2, and M) of the

TABLE 1. TOTAL NUMBER OF GOBLET CELLS PER FIELD
(OF 320 3 320 mM)

Control Cells IL-13

Total number of cells 4,227 6 310 3,767 6 113

Total number of goblet cells 352 6 9 674 6 17*

Data were collected from six mature cell sheets grown at an air–liquid interface

from two different tracheas with four randomly selected fields from each sheet.

Goblet cells were detected with antibody B6E8.

* Significantly different from control cells.
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growth cycle, but not in cells during G0. Preliminary studies
were performed to determine the levels of cycling with Ki-67
staining at different times after plating. At 24 hours after
plating, z30% of cells were cycling. At 48 hours, z 80% of
cells were cycling, and mitotic figures were occasionally seen.
By 5 days in culture, however, the cells were confluent and
polarized (high transepithelial resistance), individual cells and
nuclei were much smaller than at 24 or 48 hours, and cells in the
growth phase comprised only z5% of the total. By 3 weeks,
only 1–2% of cells stained with Ki-67. To compare the
colocalization of rhinovirus with cycling cells, we used cell
sheets at 10 days after confluence, because these would have

more cycling cells than at 21 days, as applied in most of our
studies. We used our standard 1-hour exposure to virus with
a 24-hour period after exposure. Although we observed a sig-
nificantly increased number of Ki-67–positive cells in IL-13–
treated cell sheets (101 6 7 Ki-67 per field versus 79 6 7 Ki-67
per field in untreated cell sheets, n 5 8 fields, three cultures;
P , 0.05), no colocalization of Ki-67–positive cells and rhino-
virus infection occurred (Figure 8). In addition, Ki-67–positive
cells were primarily localized to the basal cell layers, whereas
virus was located more apically. Therefore, enhanced levels of
infection are not a result of the proliferative effects of IL-13.

We next asked whether the lower Rte of mucous cultures
(1,536 6 93 versus 966 6 86 V 3 cm2) was associated with
higher levels of infection. The low Rte may have been attribut-
able to breaks in tight junctions and increased access of virus to
basolateral receptors. In mucociliary cells from these tracheas,
Rte showed a fivefold range from 500 to 2,500 V 3 cm2, but the
linear regression of the percentage of infected cells per filter on
Rte was not statistically significant (R2 5 0.001, P 5 0.857; n 5 24
cell sheets from eight tracheas). In cells treated with IL-13, a
wide range in Rte (400 to 1,600 V 3 cm2) overlapped substantially
with the Rte levels of mucociliary cultures. Again, no statistically
significant dependence of numbers of infected cells on Rte was
evident (R2 5 0.055, P 5 0.231; n 5 24, eight tracheas).

As mentioned previously, the apical membranes of cells
treated with IL-13 were larger and less ciliated than in un-
treated cultures, suggesting that the ability of cells to bind and
internalize virus correlated with the flatness of their apical
membranes. This hypothesis already receives considerable sup-
port from our earlier finding of greatly increased levels of in-
fection in squamous cultures (9). However, in cultures grown
under conditions that produce mucociliary differentiation, it is
well-established that the complexity of the apical membrane
increases progressively over the first 28 days in culture (10, 13).

Figure 3. Decreased ciliogenesis induced by IL-13 treatment. (A)

Scanning electron micrographs of apical surface of mature cell sheets.

Large apical surface area and a decrease in ciliated cells are evident after

treatment with IL-13. (B) Immunofluorescence of centrin-1. Cilia are
evident at the apical surface of cell sheets (green). (C ) Quantification of

cilia in airway epithelial cells by centrin-1 Western blot. IL-13–treated cell

sheets have lower concentration of centrin-1 protein, when normalized

to b-actin levels. (D) Pooled data from three experiments. Centrin-1 is
detected at z2-fold higher level in cell lysates from control cell sheets.

AU, arbitrary units as a measure of pixel density. Centrin-1 levels were

normalized to b-actin. Means 6 SE for 2–3 cells sheets for three cultures.

Figure 4. Detection of rhinovirus infection of airway epithelial cells

by rhinovirus (RV )-16 immunohistochemistry (nuclei, green, using Yo-
Pro-1; RV-16, red ). (A) Squamous-cell cultures not receiving virus. (B)

Squamous cultures exposed to RV-16. (C ) Mucociliary cultures exposed

to virus demonstrate occasional perinuclear staining of infectious

particles (arrows). (D) IL-13–treated cells exposed to virus. Cell sheets
are from the same tissue. Scale bar 5 10 mm.
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Therefore, cells from one trachea were exposed to virus at set
times 10–32 days after confluence (cultures used in the other
studies described here were all exposed to virus at 21 days).
With increasing age, control cultures (untreated with IL-13)
showed a progressive decline in numbers of infected cells, from
z2% at 10 days to z0.1% at 32 days (Table 3). The decrease in
levels of infection with time was statistically significant (best
least squared linear regression, R2 5 0.767; n 5 5). In contrast,
cells treated with IL-13 for 7-days before adding virus showed
a significant increase (R2 5 0.776) in levels of infection over the
same period (Table 3).

DISCUSSION

Infection of airway epithelium by rhinovirus is the most
common cause of asthma exacerbations. Even in mild asthma,

airway epithelium shows mucous metaplasia, and the degree of
this metaplasia increases with increasing severity of the disease.
We previously showed that squamous cultures of human airway
epithelium show levels of viral infection z 100-fold greater than
those of mucociliary cultures derived from cells from the same
trachea (9). Here, we further show that the change from the
mucociliary to the mucous metaplasia phenotype is also asso-
ciated with increased susceptibility to rhinoviral infection.

We induced mucous metaplasia with IL-13. Several lines of
evidence suggest that this cytokine plays a major role in the
induction of mucous metaplasia seen in asthma (26–29). IL-13
has been shown to increase in bronchial tissues from patients
with asthma (30). The IL-13 treatment of primary cultures from
human airway epithelium increases the ratio of secretory cells
to ciliated cells, induces goblet-cell metaplasia, and decreases
ciliary beat frequency, and these effects can be reversed by
blocking the receptor to IL-13 (25, 26, 28, 31, 32). IL-13 is
produced by most resident airway cells, with differential expres-
sion between cell types (33). IL-13 has been shown to play
a direct role in propagating and perpetuating airway inflamma-
tion, initiating subepithelial fibrosis, regulating mucous hyperse-
cretion, and causing alterations to epithelial cell function (34).
Polymorphisms in the IL-13 gene have been linked to an in-
creased incidence of, and susceptibility to asthma (35).

We found that treatment with 10 ng/ml IL-13 for 7 days
increased the release of mucin, as measured by ELISA. More-
over, observable increases occurred in the number of cells that
stained for either antibody B6E8 (Table 1 and Figure 1B) or
FPAS (Figure 1A), or that appeared to be mucous cells by light

TABLE 2. CELL COUNTS QUANTIFYING NUMBER OF CELLS
POSITIVE FOR RHINOVIRUS BY IMMUNOFLUORESCENCE

Control Cells IL-13

Total number of infected cells 110 6 7 281 6 38*

Total number of infected goblet cells 59 6 6 213 6 33*

Total number of infected non–goblet cells 51 6 9 68 6 9

Data were collected from six mature cell sheets grown at an air–liquid interface

with four randomly selected fields from each sheet. sheets were from each of two

different tracheas. Data represent an average of 24 fields for each treatment

group. Data were determined using antibody B6E8. Exactly comparable results

were obtained with MUC5AC clone 45M1. See online supplement.

* Significantly different from control cells.

Figure 5. Rhinovirus preferentially infects goblet cells,

an effect enhanced by goblet-cell metaplasia induced by

IL-13. Nuclei, green; mucus, blue; virus, red. (A) Apical
plane of control cell sheets shows colocalization of virus to

goblet cells. (B) Center plane of control cell sheets shows

no mucus staining. (C ) Z-stack of control cell sheets. (D)
Apical plane of IL-13–treated cell sheet shows colocaliza-

tion of virus to goblet cells. (E ) Center plane of IL-13–

treated cell sheet shows no mucus staining. (F ) Z-stack of

IL-13–treated cell sheets; scale bar 5 25 mm. Arrows in-
dicate colocalization of mucus and virus. Where this

occurs in IL-13–treated cells, levels of both mucus and

virus are higher than in control cells. Asterisks indicate

virus unassociated with mucus. Cells sheets were grown
from the same trachea. Scale bar in E 5 25 mm. Same scale

for A, B, D, and E. Red vertical bars in z-stacks represent

25 mm.
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microscopy (Figure 1C). The increase in the number of mucous
cells was accompanied by a reduction in the degree of ciliation of
cultures, with significantly decreased Rte. These results suggest
that IL-13–treated cultures represent a good model for the
epithelial phenotype of mucous hyperplasia and metaplasia as-
sociated with asthma.

The effects of IL-13 on susceptibility to rhinoviral infection
appeared entirely attributable to the induction of mucous meta-
plasia. Thus, the increase in numbers of infected cells equaled the
change in numbers of infected goblet cells. Furthermore, the odds
of a given mucous cell being infected were increased by IL-13
treatment.

Further evidence that the effects of IL-13 on levels of viral
infection were attributable to the induction of mucous meta-
plasia in mucociliary cultures was obtained by using squamous
cultures. Pretreatment of these cultures with IL-13 caused no
structural changes whatsoever. In particular, mucous cells did
not appear, and levels of rhinoviral infection did not increase.

We investigated the hypothesis that the increased levels of
rhinoviral infection seen with mucous metaplasia were attribut-
able to increased levels of ICAM-1 on the apical membrane.
Immunocytochemical staining for ICAM-1 was most intense on
the apical membrane, with no overt differences in staining
pattern or intensity between mucociliary and mucous cultures.
Furthermore, total levels of ICAM-1, as determined by Western
blotting, were identical in the two cell types (although squamous
cells contained about four times more ICAM-1 than either).
However, we acknowledge the need for caution in the interpre-
tation of Western blots. Doubtless, ICAM-1 is densest on apical
membranes, but the area of a basolateral membrane is greater,
and ICAM-1 from this latter membrane (or from the cytoplasm)
may make a greater contribution to total levels than anticipated

from the immunocytochemical data. Interestingly, total levels of
ICAM-1 in squamous cultures were z 4 times greater than in
mucociliary cultures (Figure 7A), but the levels of virus pro-
duced were at least 100 times greater (9). This finding empha-
sizes the importance of factors other than binding sites in the
total amount of virus produced by any epithelial phenotype.

Next, we tested the hypothesis that rhinovirus preferentially
infected cycling or dividing cells. Many examples exist of both
DNA and RNA viruses (36–39) that require host factors for
translation and replication, and that replicate better in dividing
than nondividing cells. However, we never observed a colocaliza-
tion of Ki-67 and rhinovirus. We interpret this result to mean that
dividing cells do not have apical membranes, and cannot be
infected by rhinovirus. This interpretation is further validated by
the finding that cycling cells were only found at the bottom layers
of cell sheets in both treatment conditions.

A highly ciliated epithelium, as seen in healthy airways, may
sterically block rhinovirus from accessing its receptor ICAM-1.
Thus, we speculate that the ability of rhinovirus to bind to
ICAM-1 and to be endocytosed is increased in cells with flatter
apical surfaces. This would explain the very high levels of
infection seen in squamous cultures (9). Consistent with this
hypothesis, we found large apical membranes with reduced
ciliation in IL-13–treated sheets. To test this idea further, we
compared levels of infection in control cultures of different
ages. Cultures after z10 days showed no ciliation and no goblet
cells, and possessed comparatively undifferentiated apical mem-
branes (13). However, the levels of infection were at least four
times greater than in cultures after . 21 days, at which time
mucociliary differentiation is well advanced (13, 40).

Ezrin is a key component in the clathrin-mediated internal-
ization of rhinovirus (41). After a 12-day treatment of cultured
spheroids from human tracheal epithelium with IL-13, levels of
ezrin declined by 30% (25), although no change was evident
after 7 days (the treatment duration used in the present studies).
Furthermore, with the transition from a mucociliary to a mucous
phenotype, the predominant ezrin staining shifted from the
microvilli of ciliated cells to the cytoplasm, although the authors
did not indicate whether ciliated or secretory cells were in-
volved (25). Clearly, such changes in the levels and distribution
of ezrin will affect the internalization of rhinovirus, and may be
responsible for the increased uptake of virus seen with mucous
metaplasia, or alternatively, may alter the effects of potentiating
factors that potentiate viral replication.

The increase in the number of goblet cells in IL-13–treated
sheets was accompanied by a decrease in Rte. We therefore
considered the possibility that the increased levels of infection
in mucous cultures compared with mucociliary cultures may be
attributable to reduced barrier function. However, we reject this
hypothesis for a number of reasons. First, we show here that
in control cells and in cells treated with IL-13, there is no
dependence of levels of infection on Rte. Second, in other work
(Sachs and Widdicombe, unpublished findings), we exposed
cells to Ca–Mg-free medium. This exposure opened tight
junctions, as revealed by a decline in Rte to zero, but had no
effect on the numbers of cells infected with virus. Third, the
addition of virus to the basolateral side of the cultures produced
levels of infection considerably lower than with additions to the
apical surface (Sachs and Widdicombe, unpublished findings).
This is consistent with our immunocytochemical finding that
ICAM-1 has a predominantly apical localization (Figure 7C).
Fourth, we find little reason to believe that pores the size of
rhinoviruses exist in airway epithelium in general or in our
cultures in particular. Multiple images from both scanning
electron microscopy and confocal fluorescence microscopy
showed that our cultures, regardless of resistance, were all

Figure 6. Quantification of rhinovirus infection by Western blot (A)

IL-13–treated cell sheets have higher levels of rhinovirus capsid pro-

teins, when normalized to b-actin levels. (B) Pooled data from three
experiments. Rhinovirus proteins VP2 and VP0 are detected at z3-fold

higher levels in cell lysates from IL-13–treated cell sheets. AU, arbitrary

units as a measure of pixel density.
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completely confluent. No gaps were visible in the cell sheet, and
ZO-1 staining revealed that every cell was surrounded by an
intact tight junction. Hence virus would have to penetrate
through tight junctions, and the effective pore size of even the
leakiest of these is z4 Å (42, 43) Tricellular junctions, i.e., the
points where tight junctions branch, constitute an exception to
this statement. But even here, the effective pore diameter was
estimated as z 10 nm at most (44), although functional studies
indicate that it is usually much less (45).

Our viral preparation was a crude cell lysate, and thus the
increased level of viral infection seen in mucous cells may be
attributable to a selective action of these contaminants on this
cell type. Unfortunately, such an effect can never be ruled out
completely, because eliminating contaminants entirely is im-
possible. Thus, concentrating a virus with centrifugal filters or
similar devices will merely enhance the concentration of virus
relative to contaminants. Key contaminants may still be present
in the suspension at concentrations supramaximal for the
observed effect. However, we think a selective action of
contaminants is unlikely for three reasons. First, exposure times
to virus were brief (1 hour), thereby minimizing the time
available for any contaminants to induce significant changes in
the cellular apparatus for the binding and internalization of
virus. Second, viral suspension was added to the mucosal
surface of confluent cell sheets, and epithelial receptors for
cytokines and other bioactive agents are generally on the
basolateral membrane. Third, we used virus at a concentration
of 105 TCID50/ml, a 63-fold dilution of the original suspension
(106.8 TCID50/ml).

We show that mucous metaplasia in vitro is associated with
increased levels of viral infection. Even patients with mild

Figure 7. Quantification of
rhinovirus receptor ICAM-1 in

airway epithelial cells. (A) Im-

munofluorescence of ICAM-1

in control cell sheets shows
the receptor is primarily local-

ized to the apical surface. (B)

Immunofluorescence of ICAM-
1 in IL-13–treated cell sheets

shows similar apical locali-

zation of ICAM-1, with no

apparent association with
goblet-cell staining. Top: Z-

projection of an x–y stack.

Bottom: x–y plane at level of

the apical membrane. B6E8,
blue; ICAM-1, green, at apical

membrane; nuclei, green, using

Yo-Pro-1. Scale bar 5 15 mm.
(C ) Squamous-cell sheets have

higher levels of ICAM-1 protein

levels, compared with control

cell sheets when normalized to
b-actin levels. Mucus (IL-13–

treated) and mucociliary cell

sheets have similar levels of

ICAM-1 protein when normal-
ized to b-actin levels. (D)

Pooled data from three exper-

iments. AU, arbitrary units as
a measure of pixel density.

Figure 8. Immunofluorescence of Ki-67 (blue) and rhinovirus (red )

shows no correlation between dividing cells and infection. Nuclei are

green. Results are from a 10-day-old culture in which division was
greater than at 21 days. However, virus only infected nondividing cells

at all ages. Scale bar 5 10 mm.

TABLE 3. DEPENDENCE OF INFECTION ON AGE OF CULTURE

Culture

Age

(Days)

Control Cells

(Percentage of Cells Infected)

IL-13

(Percentage of Cells Infected)

A 10 1.76 6 0.35 2.33 6 0.45

B 12 1.40 6 0.13 2.72 6 0.20

C 14 0.69 6 0.03 3.28 6 0.04

D 21 0.48 6 0.03 6.52 6 0.08

E 32 0.13 6 0.01 6.27 6 0.05

Data are from four randomly selected fields from each of two cell sheets

per age. IL-13 was added 7 days before adding virus.
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asthma have more goblet cells in their airway epithelium.
Moreover, consistent with higher levels of viral infection,
patients with asthma contract abnormally severe lower respira-
tory tract symptoms during colds (46, 47). Therefore, during
a cold, patients with asthma should demonstrate more shedding
of virus from the epithelium. However, studies involving ex-
perimental inoculations of rhinovirus failed to show an effect of
asthma on viral titers in nasal lavages or induced sputum (48).
Several reasons for this discrepancy between in vivo and in vitro
studies are possible. First, most patients in studies of experi-
mental inoculations in vivo have comparatively mild asthma,
and therefore presumably less mucous metaplasia than with
in vitro systems. Second, comparisons of viral release from
patients with asthma and normal subjects in vivo are made
difficult by the extreme variability in levels of virus recovered.
For instance, in a study by Message and colleagues (47), viral
titers in nasal lavage or induced sputum varied over at least five
orders of magnitude, and although virus retrieved in lavages or
sputum from patients with asthma averaged from 0.5–2 logs
greater than normal, these differences were not statistically
significant. Finally, however good the culture model, the possi-
bility always remains that results obtained in vitro do not apply
to the more complex situation in vivo.

In conclusion, our study shows that mucous metaplasia
increases the susceptibility of the airway epithelium to rhinovi-
rus infection. Furthermore, our data suggest that the increased
susceptibility is attributable to a loss of apical membrane com-
plexity. We induced mucous metaplasia with IL-13, and this
agent may also be largely responsible for the mucous metaplasia
of airway epithelium in asthma. Our results therefore have
important implications concerning IL-13 as a target for asthma
therapy. Most of the costs, and most of the morbidity, of asthma
are attributable to asthma exacerbations, and most exacerba-
tions are triggered by viral respiratory infections (49, 50), and
especially by rhinovirus. A recent study described the associa-
tion of increased levels of serum IL-13 with rhinovirus-induced
asthmatic symptoms (47). Allergen ovalbumin (OVA)-challenged
mice infected with rhinovirus also have increased levels of serum
IL-13 (51). Therefore, blockade of IL-13 may inhibit the mucous
metaplasia often associated with asthma (52), and by so doing
may reduce the frequency and severity of asthma exacerbations.
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