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We used an in vitro model of differentiated tracheobronchial epithe-
lium to analyze the susceptibility of different cell types to infection
with rhinoviruses (RVs). Primary cells from control subjects were
cultured in an air–liquid interface to form differentiated epithelia.
Suprabasal and basal fractions were separated after trypsin digestion,
and cell suspensions were infected with serotypes RV16 and RV1A.
These cell fractions were analyzed for expression of viral capsid pro-
tein VP2 (flow cytometry), viral replication (real-time PCR), cytoker-
atin-14, and intercellular adhesion molecule–1 (ICAM-1). Compared
with suprabasal fraction,basal cells had increasedpercentages ofcells
staining positive for VP2 (RV1A: 37.8% versus 9.1%, P , 0.01; RV16:
12.0 versus 3.0%, P , 0.05). The average number of viral RNA copies
per cell was also higher in basal cells (2.2- and 2.4-fold increase in
RV1A- and RV16-infected cells, respectively) compared with supra-
basal cells. Furthermore, ICAM-1 was expressed by 33.3% of basal
cells, compared with 8.1% of suprabasal cells (P , 0.05). Finally, in
culture models of epithelial injury (detached suprabasal cells or
scratched surface), there was significantly greater replication of
RV1A compared with intact cell layer. These findings demonstrate
that basal cells are more susceptible to RV infection than suprabasal
cells. For major group RV, this may be in part due to increased
expression of ICAM-1; however, minor group RV also replicated more
effectively in basal cells. These results suggest the possibility that
epithelial cell differentiation is associated with the maturation of
antiviral defense mechanisms.
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The tracheobronchial epithelium is a specialized tissue composed
of several cell types forming a barrier between the external en-
vironment and lung. The functions of airway epithelium include
not only the clearance of inhaled air pollutants and micro-
organisms (1) but also the production of cytokines and mediators
that can recruit and activate inflammatory cells (2, 3) and the
secretion of factors regulating fibroblast and smooth muscle
function (4). The proper structure of airway epithelium is critical
for maintaining normal physiology, and epithelial disruption is
believed to contribute in the pathogenesis of several lung dis-
eases, including bronchial asthma and chronic obstructive pul-
monary disease (5, 6). It is well established that many factors that
exacerbate asthma (e.g., allergens, air pollutants, and respiratory
viruses) can impair epithelial barrier function and induce cell
injury. In addition, cell-derived enzymes and cytokines related to
airway inflammation can increase permeability of the epithelial
layer and damage cells. Indeed, marked signs of epithelial acti-

vation and injury can be found in bronchial biopsies of patients
with asthma (7, 8).

Human rhinoviruses (RVs) are important agents responsible
for airway infections and exacerbations in the course of chronic
obstructive pulmonary disease or bronchial asthma (9, 10). Major
group RVs (90% of serotypes) use intercellular adhesion mole-
cule–1 (ICAM-1) receptor to infect target cells. The remaining
serotypes belong to the minor group and enter host cells via low-
density lipoprotein receptor (LDLR). RVs replicate in epithelial
cells of the upper and proximal lower respiratory tracts (11, 12).
It was found that antiviral immune responses of bronchial epi-
thelial cells are defective or not optimal in patients with asthma
(13, 14). Furthermore, RV infection can diminish the self-repairing
capacities of bronchial epithelial cells in culture models of
epithelial damage (15). Finally, in contrast to undifferentiated
cells, cultured epithelia that are differentiated in vitro are more
resistant to RV infection (16). This could be a result of more
efficient antiviral responses in apical cells, restriction of the
expression of rhinoviral receptors to basal cells, or both.

The main purpose of this study was to determine whether
specific subpopulations of cells from differentiated airway epi-
thelium differ in susceptibility to RV infection. To test this
hypothesis, airway epithelia were differentiated in vitro, sepa-
rated into basal and suprabasal fractions, infected, and analyzed
for expression of cell surface markers, intracellular viral protein,
and RNA. We also tested whether exposure of basal cells in
models of epithelial injury leads to more pronounced replica-
tion of RV. Our results demonstrate that basal cells from
complex airway epithelia are more susceptible to infection with
major and minor group RVs.

MATERIALS AND METHODS

Viruses, Antibodies, and Other Reagents

RV16 and RV1A were grown and titered in HeLa cells as previously
described (11). The R16-7 monoclonal antibody recognizes capsid
protein VP2 and its precursor VP2-3 of RV16 and RV1A (11). Mono-
clonal antibodies to cytokeratin-14 (CK14), b-tubulin IV (ONS.1A6),
goat anti-mouse IgM and IgG secondary antibodies conjugated with
FITC and phycoerythrin (PE), and corresponding isotype controls were
purchased from Sigma-Aldrich (St. Louis, MO). PE-conjugated anti–
ICAM-1 (LB2) and corresponding mouse IgG2b isotype control were
purchased from Becton Dickinson and Co. (Franklin Lakes, NJ). Rabbit
anti-mouse IgG antibodies conjugated with Alexa fluor-488 and -568 and
wheat germ agglutinin (WGA)-Alexa fluor-633 conjugate were purchased
from Molecular Probes (Carlsbad, CA). WGA was used to identify
Golgi, nuclear, and cellular membranes in confocal microscopy.

CLINICAL RELEVANCE

Basal cells in mature airway epithelium are very sensitive
to rhinoviruses (RVs). In the case of increased epithelial
permeability (diseased airways), RV infection is more
severe. Our data in part explain the cause of RV-induced
exacerbations of airway diseases.
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Cell Cultures

Epithelial cells were isolated from postmortem lung transplant tracheal
and bronchial tissues of four subjects by pronase (Roche, Basel, Switzer-
land) and DNase (Sigma-Aldrich) digestion (17). Frozen stocks of
passage 0 tracheobronchial epithelial cells were thawed and seeded onto
75-cm2 flasks that were coated with human placental collagen (Sigma-
Aldrich). When passage 1 cells reached 90% confluence, they were
treated with trypsin, resuspended in supplemented bronchial epithelial
growth medium (BEGM) (Cambrex, Walkersville, MD), and seeded
onto collagen-coated 1.13-cm2 Transwell polycarbonate inserts (7- to
10-mm-thick membranes, 0.4-mm pore size) (Costar; Corning Inc.,
Corning, NY) at 1.3 3 105 cells/cm2. The next day, medium from upper
inserts was removed, and the medium in the bottom well was replaced
with a 1:1 mixture of BEGM and Dulbecco’s modified Eagle’s medium
(DMEM) containing supplements (final concentration: insulin, 5 mg/ml;
transferrin, 10 mg/ml; rhEGF, 0.5 ng/ml; hydrocortisone, 1.4 mM; epineph-
rine, 2.7 mM; triiodothyronine, 10 nM; all-trans-retinoic acid, 50 nM;
bovine pituitary extract, 4 ml/ml; gentamycin, 50 mg/ml; amphotericin,
50 ng/ml) (18). Cells in inserts were cultured at an air–liquid interface with
media changed every other day. Daily measurements of transepithelial
resistance (TER) were made using a chopstick EVOM voltohmmeter
(World Precision Instruments, Sarasota, FL) after temporary addition
of 0.5 ml of culture medium to the upper insert. Only mature, fully
differentiated epithelia between Days 30 and 50 of culture were used for
the experiments.

Histology

Cultures were fixed for 24 hours at room temperature with 10% for-
malin, paraffin embedded, and cross sectioned. Slides were stained using
hematoxylin-eosin, alcian blue, and Periodic Acid Schiff methods.

Isolation of Apical and Basal Cells

To isolate suprabasal cells, the insert cultures were washed twice with
calcium-free PBS and incubated for 30 to 40 minutes in calcium-free
minimum essential medium to break intercellular junctions. When TER
reached the background level, medium was removed, and 0.7 ml of
trypsin/EDTA solution (2.5 mg/ml, 378C) (Gibco Invitrogen, Carlsbad,
CA) was added. After 7 to 10 minutes of incubation at room temperature,
the suprabasal cells started to detach and could be easily separated from
the basal layer. The detached cells were pipetted several times to make
a single-cell suspension and washed with 10% FCS-DMEM. The layer of
adherent basal cells that remained in inserts was washed twice in BEGM
and incubated for 30 minutes at 378C. Remaining patches of superficial
cells were removed by gentle rinsing with a 200-ml pipette tip, after which
trypsin/EDTA solution was added to detach basal cell fraction. Single-
cell suspensions of suprabasal and basal cells were washed once in
10% FCS-DMEM and resuspended in BEGM at final concentrations of
0.4 3 106 cells/ml for further experiments.

Infection with RV

Tracheobronchial cell suspensions in BEGM and supplements were
transferred into 4.5-ml polypropylene tubes (0.4 3 106 cells per sample)
and incubated for 3 to 5 hours (5% CO2, 348C). Cell suspensions were
centrifuged (200 3 g for 10 min) and resuspended in 50 mL of PBS
containing calcium, magnesium, and RV (multiplicity of infection
[MOI], 2.5 or 20 plaque-forming units [PFU] per cell; MOI 10 in three
experiments for RT-PCR). After 30 minutes of incubation at room
temperature to allow for viral attachment, 0.75 ml of BEGM medium
with reduced hydrocortisone (1 3 1028 M) was added to cell
suspensions containing RV, and cells were incubated for an additional
8 hours (348C, 5% CO2) for viral replication. As a control for these
experiments, HeLa cell suspensions in DMEM were processed with the
same procedures.

Flow Cytometry

Bronchial epithelial or HeLa cells were washed once in cold PBS, fixed
for 30 minutes in 1% paraformaldehyde PBS, and permeabilized for 10
minutes in PBS with 0.12% Triton-X100. Fixed cells were incubated
with goat-IgG for 30 minutes to block nonspecific binding and stained
for 1 hour with saturating concentrations of appropriate monoclonal
antibodies. Samples were washed once with 0.02% Triton-X100 PBS

and incubated for 30 minutes with secondary goat anti-mouse con-
jugates. Stained cells were analyzed with a Becton Dickinson Facs-
Calibur flow cytometer equipped with a 488-nm argon laser and
instrument settings optimized for the acquisition of epithelial cells.
At least 5,000 events in forward scatter/side scatter gate were counted.
Results are presented as the percentage of cells staining positive, set on
uninfected cells or isotype controls. For ICAM-1 expression analysis,
cells were stained with PE-conjugated anti–ICAM-1 antibody for
30 minutes and fixed and permeabilized for cytokeratin detection.

Analysis of RV RNA

For experiments with cell suspensions, total RNA was extracted from
infected cells with Trizol reagent (Invitrogen) and reverse transcribed.
Real-time PCR was performed as described by Mosser and colleagues
(19). The RV RNA detected in the reaction was normalized to the total
number of cells in each sample.

RV Infection in Models of Epithelial Damage

To analyze the influence of epithelial structure on RV penetration to
basal cells and their susceptibility for infection in situ, we introduced
three models of epithelial damage. (1) Model of increased permeabil-
ity. Mature epithelia were washed intensively with calcium-free PBS
and incubated in calcium-free minimum essential medium for approx-
imately 40 minutes to dissociate intercellular junctions. Epithelia with
decreased TER (range, 200–300 ohms/cm2) were incubated in supple-
mented BEGM medium (calcium shift) for 15 minutes before infection.
(2) The model of suprabasal cell detachment was prepared as described
previously. Single-cell layers of basal cells attached to a membrane
were left in supplemented BEGM medium for at least 8 hours or
overnight to form a confluent monolayer. (3) Model of epithelial
scratch. The surface of submerged epithelium was injured by three full-
thickness scratches using a 200-ml pipette tip. Inserts were washed with
BEGM to remove the debris, and injured epithelia were cultured
submerged (250 ml of BEGM to upper well) for 24 hours to induce
basal cell migration and regeneration of epithelial wounds. At the time
of infection, intact or damaged epithelia were washed with PBS
containing calcium and magnesium and incubated with 100 ml of PBS
and 0.1% BSA containing RV1A at a concentration of 1 3 107 PFU/
ml. After 1 hour of incubation at room temperature to allow for viral
attachment, epithelial surfaces were washed three times with PBS to
remove excess RVs and incubated at air–liquid interface with low-
hydrocortisone BEGM in a bottom well for 12 hours at 348C. Total
RNA was extracted from epithelial cells with an RNeasy mini kit
(Qiagen, Inc., Valencia, CA) and reverse transcribed. The amount of
RV RNA copies was measured with real-time PCR and calculated as
a number of PFU equivalents (standardized to cell number and
compared with samples with known RV concentration) in total RNA
extracted from each insert (19).

Confocal Microscopy

Monolayers of basal cells were fixed in cold PBS containing 4%
paraformaldehyde, permeabilized with 0.3% Triton-X100, incubated
overnight with PBS supplemented with 10% FBS, and blocked for an
additional hour with 5% rabbit serum in PBS. Membranes were then
stained for 1 hour with mouse primary antibodies, washed with cold
PBS, and stained for 1 hour with secondary rabbit anti-mouse conju-
gates and WGA-Alexa fluor-633. The membranes were excised from
inserts and mounted inverted onto slides. The MCR-0124 system
(BioRad, Hemel Hempstead, UK) with a krypton/argon mixed-gas
laser (producing three laser light lines: 488, 568, and 647 nm) combined
with a Nikon inverted microscope (Nikon Diaphot 200; Nikon, Tokyo,
Japan) was used for confocal microscopy. Image processing was done
using LaserSharp 5.2 software (Carl Zeiss, Jena, Germany).

Statistical Analysis

The data are presented as means 6 SD in the text or SEM in the figures
(GraphPad Software, Inc., San Diego, CA). One-way repeated meas-
ures ANOVA with Bonferroni’s post-test or nonparametric Mann-
Whitney and Wilcoxon tests were used to examine the significance of
differences.
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RESULTS

Establishment of Air–Liquid Interface Epithelial Cell Cultures

After cell seeding (1.3 3 105 cells/cm2) to obtain confluent mono-
layers, the epithelium was composed of undifferentiated cells
that proliferated rapidly. Visual inspection and measurement of
transepithelial resistance (Figure 1A) revealed several distinct
phases of growth: formation of tight junctions (increasing TER),
formation of multilayered epithelium (Days 7–14, peak TER),
appearance of differentiated cells (Days 16–18, gradual reduction
in TER), and formation of mature epithelium (z 28 d, TER
1,100–1,500 ohms/cm2 and stable). The number of differentiated
ciliary cells gradually increased, and, in the majority of inserts,
30 to 50% of the surface was ciliated after 30 days of culture
(Figure 1B). Histologic examination of 30-day-old cultures
revealed pseudostratified epithelium with two to three cell layers;
included in the apical cells were many mucin-producing and
ciliated cells (Figure 1C–1E). After 30 days in culture, the
epithelial morphology resembled that of native bronchial epithe-
lium, and these conditions were used in subsequent experiments.

Separation and Analysis of Basal and Suprabasal Cells

To prepare separate suspensions of suprabasal and basal cells,
we developed a technique using incubation with calcium-free
medium to disrupt tight junctions followed by treatment with
trypsin to detach the upper cell layer. The remaining adherent
single cell layer was composed of basal cells firmly attached to
the collagen-coated polycarbonate membrane. These cells were

Figure 1. Characteristics of differentiated epithelium. (A) Transepithe-
lial resistance (TER) measurements. Data collected in two successive

days from six different cultures are pooled and shown as an average

6SEM. (B) Ciliated cells in the apical layer were demonstrated in 35-day
culture (original magnification: 3600). Membranes were fixed, per-

meabilized, and stained with anti–b-tubulin IV antibody and secondary

rabbit–anti-mouse Alexa fluor-488 (green). Cells are counterstained

with wheat germ agglutinin (WGA)-Alexa fluor-633 (pseudocolor blue).
(C–E) Histologic properties. Cross-sections of paraffin-embedded insert

membranes (Day 30 culture; original magnification: 31,000) were

stained with hematoxylin-eosin (C), alcian blue (D), and periodic acid

Schiff (PAS) (E). Arrows point to mucin-producing cells (blue in alcian
and magenta in PAS-stained samples).

Figure 2. Analysis of CD14 expression in basal cells. (A) Representative

flow cytometric histograms of cytokeratin-14 (CK14) fluorescence in

suprabasal (bold line), basal (shaded area), and HeLa cells (CK142

control; broken line). (B) Single-cell basal layers obtained after supra-

basal cell detachment were stained with anti-CK14 antibody (anti-

mouse–IgM-FITC, green) and WGA-Alexa fluor-633 (pseudocolor blue).
Two representative photographs of selected cultures are shown (orig-

inal magnification: 3600).
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removed using trypsin digestion to produce a single-cell sus-
pension. This technique enabled separation of both cell frac-
tions with greater than 90% viability. By flow cytometry, basal
cells were 61.0 6 8.5% CK141 (Figure 2A); this was in agree-
ment with heterogeneous staining of basal cells for CK14 by
confocal microscopy (Figure 2B). We also observed a small per-
centage (15.3 6 8.0%) of CK141 cells in the suprabasal fraction.
This may be in part due to the presence of a small number of
contaminating basal cells and intermediate cells because in vivo
data indicate that a fraction of these cells express CK5/14
markers (20).

Higher Expression of ICAM-1 in Basal Cells

To analyze expression of ICAM-1, a receptor for major group
RVs, suspensions of basal and suprabasal cells were double
stained with anti–ICAM-1 and anti-CK14 antibody immediately
after cell separation. HeLa cells express high levels of ICAM-1
and served as a positive control (Figure 3). Relatively few
suprabasal cells expressed ICAM-1 (8.1 6 7.8% positive), and
the fraction of cells expressing this receptor was significantly
(P , 0.05) higher in cells from the basal compartment (33.3 6

22.9%) in CK141 and CK142 fractions (33.2% and 34.0%
positive, respectively).

Comparison of Rhinovirus Infectivity

To characterize the infection rates of epithelial cell subpopulations,
single-cell suspensions of suprabasal cells, basal cells, and HeLa
cells (positive control) were infected with RV16 or RV1A and
incubated for 8 hours to allow for viral replication. In preliminary
experiments, the expression of VP2 protein in HeLa cells increased
with higher MOI (Figure 4A). For bronchial epithelial cells, rates
of infection were significantly higher in the basal fraction compared
with suprabasal cells (Figure 4B). In RV1A-infected cells (MOI
20), 37.8 6 10.8% of basal cells versus 9.1 6 3.5% of apical cells
were VP2 positive (P , 0.01). Significant differences were also

observed for RV16 infection (12.0 6 5.1% versus 3.0 6 1.3%,
respectively; P , 0.05). Consistent with these results, the amount of
RV1A or RV16 RNA copies per cell was higher in infected basal
fraction compared with suprabasal cells (mean, 2.2- and 2.4-fold
increase, respectively) (Figure 4E). There was no significant dif-
ference in the rates of RV protein detection related to CK14
expression, and this was confirmed by immunofluorescent staining
and confocal microscopy (Figures 4C and 4D).

Infection of Damaged Epithelia

To reproduce structural changes in mature bronchial epithelium
similar to those observed in vivo, we used three different culture
models of epithelial damage: incubation in the absence of Ca and
Mg to increase transepithelial permeability, enzymatic detachment
of suprabasal cells, and scratching the differentiated epithelia with
a pipette tip (Figure 5A). Samples of damaged and intact epithelial
cells were incubated for 10 hours with RV1A, and viral replication
was analyzed in cellular lysates. The infection rate was z50-fold
higher in the model of suprabasal cells detachment and almost
5-fold higher in epithelial wound model (P , 0.05 for each
comparison; Figure 5B). There was a trend toward greater infection
rates in cultures with increased permeability (low-TER model).

DISCUSSION

We used an in vitro model of differentiated tracheobronchial
epithelium to analyze the susceptibility of particular cell types
to RV infection. Primary airway epithelial cells were differen-
tiated by culturing at the air–liquid interface system to form
polarized mucociliary epithelium with structural characteristics
that resemble native tissue (18, 21, 22). To separate fractions of
basal and suprabasal cells, we developed an easy method to
disrupt tight junctions and detach superficial cells. Evaluation of
basal versus suprabasal cells revealed differences, including
increases in ICAM-1 and CK14 expression. Furthermore, the

Figure 3. Comparison of ICAM-1 expression in epithelial

suprabasal (A), basal (B), and HeLa (C) cells. Representative
histograms show ICAM-1 fluorescence (bold line) and

matched isotype control. (D) ICAM-1 expression was signif-

icantly greater on basal cells, including CK141 and CK142

cell populations. Data are presented as mean 6 SEM (n 5

5). *P , 0.05.
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percentage of RV-infected basal cells was substantially higher,
and viral RNA was increased when compared with cells from
suprabasal layers. These findings were confirmed using in vitro
models of epithelial damage where exposure of basal cells, after
detachment of upper cell layers or surface scratch, caused sig-
nificantly greater RV1A replication. Collectively, these results
indicate that, in these in vitro epithelial cell models, cells in the
superficial layer are relatively resistant and basal cells are more
susceptible to RV.

These results have important implications for mature bronchial
epithelium in vivo and potential consequences in the case of
epithelial injury. During growth and differentiation, epithelial cells
form specific intercellular junctions that contribute to epithelial
integrity and spatial localization of the cell layers (23). The
differentiated columnar cells form a complex system of tight and

adherent junctions on their apical pole. The basal cells are firmly
attached to the basal lamina via hemidesmosomes and thus serve to
anchor more superficial cells. Inhaled substances and mediators
produced in inflamed mucosa can disrupt epithelial structure and
increase permeability (24). Some allergens (e.g., Der p 1) are
proteases that can cleave cell adhesion proteins and disrupt tight
junctions (25, 26). In addition, proinflammatory Th2 (IL-4, IL-13)
and Th1 (IFN-g) cytokines (27, 28), as well as histamine, leukocyte-
derived enzymes, and cationic proteins, can decrease epithelial
barrier function (29, 30). When considered together, findings from
this study and that of Lopez-Sousa and colleagues (16) suggest that
airway epithelium that is disrupted by air pollutants, infectious
agents, or other noxious agents could allow virus to penetrate past
the infection-resistant apical cells and reach basal cells that are
more susceptible to RV infection and replication.

Figure 4. Replication of human

rhinovirus (RV) in differentiated

bronchial epithelial cells. (A) De-
tection of capsid protein after in-

fection of HeLa cells with RV1A

and RV16. The percentage of in-

fected cells staining positive for
VP2 are plotted in comparison to

uninfected control cells (means 6

SEM; n 5 6). (B) Differences in in-

fection rates in RV-infected basal
versus suprabasal epithelial cells.

Data represent mean values 6

SEM (n 5 5). #P , 0.05 for 2.5
versus 20 multiplicity of infection

(MOI) comparison. *P , 0.05;

**P , 0.01 for suprabasal versus

basal comparison. (C) Colocaliza-
tionofCK14antigenandRVstruc-

tural proteins in RV1A-infected

monolayers of basal cells obtained

after suprabasal cell detachment.
Cells were double stained with

anti-CK14 antibody (anti-mouse–

IgM FITC, green) and anti-VP2
R16-7 antibody (anti-mouse–IgG

Alexa fluor-568, red). Examples of

infected CK142 (red, arrowheads)

or CK141 cells (yellow, arrows) are
shown (original magnification:

3600). (D) RV-infected cells from

basal fraction were double stained

with anti-VP2 and anti-CK14 anti-
bodies. Flow cytometric data are

presented as mean values 6 SEM

(n 5 5). No significant difference

was seen when comparing CK141

and CK142 cells. #P , 0.05; ##P ,

0.01 in 2.5 versus 20 MOI com-

parison. (E ) Detection of RV RNA
in RV-infected basal versus supra-

basal cells. Results of three inde-

pendentexperimentsarepresented

as connected data points (repre-
senting samples from the same

preparations) and geomeans (hori-

zontal lines).
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RVs enter target cells via ICAM-1 (major group) or LDLR
(minor group) receptors (31) and can replicate in tracheobron-
chial epithelium in vitro (11) and in vivo (32). It was recently
reported that differentiated epithelial cells are relatively resis-
tant to RV infection in comparison to undifferentiated cell
monolayers (16). Furthermore, the degree of RV infection was
inversely correlated to TER. The higher rate of infectibility in
cultures with disrupted intercellular junctions may be the
consequence of specific pattern of expression of RV-related
receptors in mature, pseudostratified epithelium (7, 33, 34).
ICAM-1 is almost exclusively restricted to the basal layer of
bronchial epithelium (33), although it is substantially induced in
inflamed tissues and after cytokine (IFN-g, TNF-a) treatment
of epithelial cells in vitro (35, 36). Our data confirm that ICAM-
1 expression in in vitro differentiated tracheobronchial epithe-
lium is largely restricted to basal cells. This observation may in
part explain our results in major group RV infection because
restriction of ICAM-1 to basal cells makes them more suscep-
tible to RV entry. The distribution and regulation of expression
of minor group RV receptor LDLR has not been extensively
studied in differentiated bronchial epithelium; however, baso-
lateral sorting of LDL receptors seems to be a characteristic
feature of all polarized epithelial cells (37). In addition, RVs
infect epithelial cells via ceramide-enriched membrane rafts
(38). Differentiation of apical polarized cells during epithelial
growth may be associated with changed cellular membrane prop-
erties that may interfere with particle trafficking and raft forma-

tion. It is also possible that differentiating apical cells acquire
more efficient innate antiviral responses.

Epithelium in asthmatic airways can exhibit signs of cellular
damage and activation (7, 8, 39). This has led to speculation that
the bronchial epithelium is continuously undergoing cycles of
injury followed by induction of progenitor cells and subsequent
regeneration (40). Bossios and colleagues (15) reported that
subconfluent primary bronchial epithelial cells had greater RV-
induced cytotoxicity compared with confluent monolayers, sug-
gesting that rapidly dividing cells were more susceptible to
infection. There is evidence that CK14-expressing basal cells re-
present a progenitor cell population capable of regenerating all
other epithelial cell fractions (41–43). We found that the basal
layer of epithelium differentiated in vitro is composed of CK141

and CK142 cells, and this pattern has been described in previous
studies (44, 45). Here we show that RVs can penetrate to basal
cells during epithelial injury and can infect and replicate in
CK141 and CK142 cells. Collectively, these results suggest that
RV infection of basal cells in damaged epithelium could inhibit
the process of epithelial repair (15).

These experiments were conducted using a model of differ-
entiated epithelium that has some inherent limitations. For exam-
ple, cells from other lineages (e.g., dendritic cells, lymphocytes,
and neuroendocrine cells) are lacking. Although this could be
regarded as a limitation of this model, it allows for the study of
pure epithelial cell fractions. It will be desirable to repeat these
experiments in native bronchial epithelium that is excised from
mucosal surfaces, although methods for the separation of specific
epithelial cells from native epithelium need to be developed.

In conclusion, we found that basal cells from airway epithe-
lium differentiated in vitro are more susceptible to RV infec-
tion. In addition, models that expose basal cells to viruses exhibit
higher RV replication due to infection of most sensitive cells. If
this is also true in vivo, these findings imply that environmental
exposures or diseases that damage the epithelium could pro-
mote more severe RV infections. These findings suggest that
this mechanism could contribute to increased lower respiratory
tract susceptibility to RV infections in asthma, a disease of
chronic airway inflammation.
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