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Abstract

Rhinovirus infections cause over one third of all colds and
are a contributing factor to exacerbations of asthma. To
gain insights into the early biochemical events that occur in
infected epithelial cells, we develop, for the first time, a
model in which a pure respiratory epithelial cell population
can be routinely infected by rhinovirus. Viral infection was
confirmed by demonstrating that viral titers of supernatants
and lysates from infected cell increased with time and by
PCR. Infection by rhinovirus 14 was inhibited by homotypic
antiserum and by antibodies to intercellular adhesion mole-
cule-i (ICAM-1), the receptor for this virus. Susceptibility
of epithelial cells to infection by rhinovirus 14 (but not rhi-
novirus 2, an ICAM-1 independent strain) can be increased
by preexposure of cells to TNFa, whereas IFNy reduces
susceptibility to infection by both rhinovirus strains. Rhino-
virus infection per se does not markedly alter ICAM-1 ex-
pression on epithelial cells. Finally, we demonstrate that
rhinovirus infection induced increased production of IL-8,
IL-6, and GM-CSFfrom epithelial cells. Production of IL-
8 correlated with viral replication during the first 24 h after
infection. This model should provide useful insights into the
pathogenesis of rhinovirus infections. (J. Clin. Invest. 1995.
96:549-557.) Key words: common cold * asthma * airway
inflammation * ICAM-1 * neutrophils.

Introduction

Rhinovirus infections are responsible for over 30% of all the
common colds experienced each year (1). Moreover, it is be-
coming increasingly recognized that rhinovirus infection can be
a precipitating or exacerbating factor of other diseases, includ-
ing asthma (2-4), chronic bronchitis (4, 5), sinusitis (6, 7),
and otitis media (8). Despite the high prevalence of rhinovirus
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infections, the pathogenesis of the subsequent disease process
is incompletely understood.

Several lines of evidence indicate that the respiratory epithe-
hal cell is the primary site of rhinovirus infection in humans.
Intercellular adhesion molecule-i (ICAM-1), 1 the receptor for
the major group of rhinoviruses (9, 10), is known to be ex-
pressed by epithelial cells ( 11 ). Moreover, during colds, rhino-
virus has been detected, in a limited number of shed epithelial
cells, by indirect immunofluorescence ( 12), as well as in epithe-
lial cells from biopsies of infected subjects by in situ hybridiza-
tion (13). In contrast to infections with viruses such as influ-
enza, rhinovirus infections result in no obvious changes in the
morphology or integrity of the nasal epithelium (14), implying
that symptoms are unlikely to be due to cytotoxic effects of the
virus. It has been shown, however, that levels of inflammatory
mediators, including kinins (15, 16) and IL-1 (17), are in-
creased in nasal secretions of subjects with symptomatic colds,
and it is known that symptomatic rhinovirus infections are asso-
ciated with increased numbers of neutrophils both in the nasal
mucosa (14) and in recovered nasal secretions (15, 18). Fur-
thermore, the severity of nasopharyngeal symptoms in experi-
mental colds also correlates with the numbers of lymphocytes
in nasal secretions (18). Although the sequence of events lead-
ing from infection to the manifestation of symptoms, generation
of mediators, and recruitment of cells remains unknown, it
seems reasonable to hypothesize that this sequence of events
must be initiated as a result of changes in the biochemistry of
infected epithelial cells. If this is indeed the case, then delinea-
tion of such biochemical changes is of obvious importance for
the development of improved therapeutic approaches to the
management of rhinovirus infections and their complications.
To perform such studies, however, it is clearly critical to be able
to routinely infect respiratory epithelial cells with rhinovirus in
a setting independent of other cell types that are normally pres-
ent in the airway mucosa.

Wenow report a method by which a pure human respiratory
epithelial cell line can be routinely infected with rhinovirus and
present initial studies on the regulation of susceptibility to viral
infection by preexposure to cytokines. Moreover, we demon-
strate that infection of these cells with rhinovirus leads to in-
creased production of proinflammatory cytokines that could
play a role in the pathogenesis of symptomatic infections.

Methods

Viruses, viral antisera, cell lines, and media components. Humanrhino-
virus types 14 (HRV-14) and 2 (HRV-2), HeLa cells, and guinea
pig polyclonal antisera to HRV-14 and HRV-2 were purchased from
American Type Culture Collection (Rockville, MD). The BEAS-2B
cell line was kindly provided by Dr. Curtis Harris (National Cancer
Institute, Bethesda, MD). This cell line was derived from normal human
bronchial epithelial cells by transfection with an adenovirus 12-SV40
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hybrid virus (19). Reagents for culture media were obtained as follows:
Ham's F-12 medium, and penicillin/streptomycin/fungizone (GIBCO
Laboratories, Grand Island, NY); insulin, hydrocortisone, EGF, endothe-
lial cell growth supplement, and triiodothyronine (Collaborative Research,
Bedford, MA); cholera toxin (Sigma Chemical Co., St. Louis, MO); and
DMEsupplemented with 10% FBS (Biofluids, Rockville, MD).

Epithelial cell culture. The BEAS-2B cells used in our studies were
cultured as previously described (20) and were used between passages
35 and 50. Cells were plated on 6-well plates (Costar, Cambridge, MA)
at a density of 2.5 x 104 cells/cm2 in a serum-free medium consisting
of Ham's F-12 nutrient medium that contained penicillin, streptomycin,
and fungizone (100 U/ml, 100 U/ml, and 250 ng/ml, respectively),
insulin (5 Mg/ml), hydrocortisone ( I0-7 M), EGF( 12.5 ng/ml), endo-
thelial cell growth supplement (3.75 ag/ml), triiodothyronine (3 x I0-9
M), and cholera toxin (10 ng/ml). This medium is referred to as F12/
6X. The cells were incubated at 370C in humidified air that contained
5% C02-

Viral stocks. A stock solution of HRV-14 was generated by infecting
monolayer cultures of HeLa cells. Cultures were grown in DME/FBS
for several days until cytopathic effects were obvious, after which the
cultures were frozen at -70'C, thawed, and sonicated. The virus-con-
taining fluid so obtained was frozen in aliquots at -70'C. The content of
viral stock solutions was determined using the HeLa cell assay described
below. Because of the limited number of studies performed with HRV-
2, stocks of this virus were used directly as obtained from the supplier.

Detection and titration of viruses. Rhinoviruses were detected by
exposing confluent monolayers of HeLa cells in 96-well plates to serial
10-fold dilutions of virus-containing medium or lysates in Ham's F-12/
10% FBS. Plates were then incubated at 34°C for 5 d after which the
medium was removed, and cells were washed with 100 Ml of PBS and
fixed by adding 50 M1 of methanol per well for 1 min. The methanol
was then replaced with 100 Ml of 0.1% crystal violet in distilled water
for 20 min. Plates were washed, and absorbance at 570 nM was mea-
sured using a plate reader. The amount of specimen required to infect
50% of monolayers (TCID50) was determined. Specificity was con-
firmed by showing that preincubation of viral medium with a serotype-
specific rhinovirus antibody, but not with an irrelevant antibody, for 30
min blocked the cytopathic effect on HeLa cells.

Viral infection of BEAS-2B cells. Medium was removed from sub-
confluent monolayers of BEAS-2B cells and was replaced with 2 ml
HBSS(Biofluids). Rhinovirus was added at appropriate concentrations.
For routine infections, a concentration of 102.5 TCID50/ml was used.
After a 1-h incubation at 34°C, the viral solution was removed and the
cells were washed once with 2 ml of fresh HBSS. Cells were then fed
with F12/6X and incubated at 34°C. Supernatants were removed at
various times after infection and stored at -70°C for determination of
viral content. Viral titers of the material used for infection and of the
supernatants removed at the end of the infection period were also deter-
mined to estimate the maximal amount of viral uptake that had occurred
during the exposure period. As an additional control for nonspecific
adherence of virus, the content of inocula after a 1-h incubation in
empty wells was also assessed. Finally, cell-associated viral content was
also analyzed using sonicated BEAS-2B cells.

Effect of type-specific antisera on HRV-14 infection. HRV-14 ( 102.5
TCID50/ml) was incubated for 30 min with a 1:10 dilution of antiserum
to HRV-14. The virus was then incubated with BEAS-2B cell mono-
layers at 34°C for 15 min in 95% air-5% CO2 before washing the
monolayer and culturing in F12/6X. BEAS-2B cell monolayers were
also exposed for the same time period to HRV-14 that had been incu-
bated with a 1:10 dilution of antiserum to HRV-2 or with no antibody.
The viral content of the supernatant culture medium 24 h after infection
was determined as described above.

Effect of antibodies to ICAM-J on HRV-14 infection. Subconfluent
epithelial cells were incubated for 60 min at 37°C in 95% air-5% CO2
with medium alone or with medium containing either of two mouse
monoclonal anti-human antibodies to ICAM-1:84H10 (AMAC Com-
pany, Westbrook, MA) or RR1 (a gift from Dr. R. Rothlein, Boehringer

Ingelheim, Ridgefield, CT). Both of these antibodies recognize the
ICAM-1 functional domain. As an additional control, monolayers were
also incubated with medium containing a class-matched monoclonal
antibody to HLA- 1. After washing off excess antibodies, the monolayers
were exposed to HRV-14 (1025 TCID50/ml) for 15 min before rinsing
and adding fresh F12/6X medium. The viral content of this medium
was then assessed after 24 h.

Detection of rhinovirus mRNAby reverse transcription-PCR. Con-
fluent monolayers of BEAS-2B cells, in 6-well plates, were exposed to
medium alone or to medium containing HRV-14 ( 103 5 TCID50/ml) for
15 min. Monolayers were then washed and placed in F12/6X. From
the cells exposed to virus, RNAwas extracted at 0, 1, and 24 h after
the 15-min exposure period, while for cells exposed to medium alone,
RNAwas extracted only at 24 h after exposure. For each sample, RNA
was extracted using the GlassMAX RNA microisolation system
(GIBCO/BRL, Gaithersburg, MD). In brief, 300 MI1 of ice-cold guani-
dine isothiocyanate containing 2-mercaptoethanol was added to each
well and the cells were lifted by scraping. After transfer to a microcentri-
fuge tube, each sample was mixed thoroughly by vortexing and the
RNAwas precipitated with ethanol. After centrifugation, the RNAwas
resuspended in an acidic sodium iodide solution and passed over a spin
cartridge containing a silica-based membrane. After washing, the RNA
was subsequently eluted into a sterile microcentrifuge tube using 50 I1.
of diethylpyrocarbonate-treated water that had been prewarmed to 65°C.

After drying, the RNAwas resuspended in 3.5 IL of diethylpyrocar-
bonate-treated water and mixed with 0.5 pIl each of lOx DNase I reaction
buffer and DNase I to degrade any traces of genomic DNA. The DNase
I was subsequently inactivated by addition of 0.5 kd of 20 mMEDTA
and heating for 10 min at 65°C. Reverse transcription reactions were
carried out on aliquots of isolated RNAfor 60 min at 37°C in a final
volume of 20 MI using Superscript Reverse Transcriptase (GIBCO/
BRL) in the presence of DTT, human placental RNase inhibitor, 1 Ml
each of 10 mMsolutions of nucleoside triphosphates (dATP, dTTP,
dCTP, and dGTP), and 200 ng of the downstream oligonucleotide
primer to be used for the subsequent PCR. After reverse transcription,
PCR was performed using two primers designated OL26 (upstream,
5'GCACTTCTGTTTCCCC3') and OL27 (downstream, 5'CGGACA-
CCCAAAGTAG3') that are directed to a highly conserved 5' noncod-
ing region of the viral genome (21). These PCRprimers were synthe-
sized by the Johns Hopkins University Genetics Resources Core. PCR
reactions were carried out in a final volume of 50 Ml in a PCRmachine
(Perkin-Elmer Cetus, Norwalk, CT) programmed as follows: one dena-
turing cycle at 94°C for 2 min, 30 reaction cycles at 94°C for 1 min,
55°C for 2 min, and 72°C for 4 min, followed by a final extension cycle
at 72°C for 5 min. A positive reaction is indicated by a product at 380
bp. The identity of the PCRproduct was confirmed by Southern blotting
using a labeled internal oligonucleotide probe JWA-1 (5'GCATTC-
AGGGGCCGGAG3')as described previously (21).

Effects of exposure to cytokines on susceptibility to infection with
rhinovirus. Because HRV-14 uses ICAM-1 as its cellular receptor, we
examined the effects of cytokines that are known to increase the expres-
sion of ICAM-l on BEAS-2B cells on the susceptibility of the cells to
infection HRV-14. It has been shown that TNFa and IFNy are each
capable of increasing the expression of ICAM-l on BEAS-2B cells and
that the effects of the two cytokines are additive (22, 23). Monolayers
of BEAS-2B cells were incubated, therefore, for 24 h with either TNFa
(10 U/ml, Genzyme, Cambridge, MA), IFNy (30 U/ml, Biosource
International, Camarillo, CA), or to both TNFa (10 U/ml) and IFNy
(30 U/ml). These concentrations were shown earlier to be optimal for
inducing ICAM-1 expression on BEAS-2B cells (23). Wealso tested
the effects of IFNa (30 U/ml, Biosource International) and IL-1 (1 ng/
ml, UBI, Lake Placid, NY), which do not increase ICAM-l expression
on epithelial cells. After removal of cytokines, cells were exposed to
serial 10-fold dilutions of virus for 1 h at 34°C. After viral infection, cells
were incubated in F12/6X. Medium was replaced daily. The presence of
virus in medium removed after 72 h was determined to assess whether
infection occurred at each dose of virus used. For all of these experi-
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ments, this index of susceptibility to infection, defined as the minimum
dose of virus that could induce infection, was compared with the suscep-
tibility of control BEAS-2B cells that were not preincubated with cyto-
kines. To further study the role of ICAM-1 in observed effects, addi-
tional paired experiments were performed in which the effects of cyto-
kines on the susceptibility to HRV-14 were compared with effects on
susceptibility with HRV-2, which does not use ICAM-1 as its receptor.

Effects of HRV-14 infection on ICAM-1 expression. Confluent mono-
layers of BEAS-2B cells were exposed to HRV-14 (103- TCIDm/m1)
for 1 h. After 1, 4, 12, and 24 h, cells were removed from the plates
by repeated pipetting in Ca/Mg-free HBSSthat contained 6 mMEGTA
(20). For each analysis, 1.5 x 105 cells were incubated for 30 min at
40C in 20 ,1 PBS/0.2% BSA/0.4% human IgG (to block Fc receptors)
that contained either 84H10 or My-13 (Zymed, South San Francisco,
CA), a monoclonal antibody that recognizes a nonfunctional domain
of ICAM-1. The cells were washed, resuspended in saturating amounts
of FITC-conjugated goat F(ab') anti-mouse IgG for 30 min, and then
washed again. Fluorescence was measured using a flow cytometer
(EPICS Profile, Coulter Electronics Inc., Hialeah, FL) and was ex-
pressed as mean fluorescence intensity (24). The percentage of cells
staining positively with each monoclonal antibody was calculated by
comparison with background staining using an irrelevant class-matched
mouse monoclonal as the primary antibody (Coulter).

Neutrophil adhesion to BEAS-2B cell monolayers. Human neutro-
phils of > 95% purity were obtained from peripheral blood of healthy
volunteers by density gradient centrifugation and hypotonic lysis of
erythrocytes using previously described methods (25). Viability of neu-
trophil preparations always exceeded 95%, as assessed by exclusion of
erythrocin B dye. For radiolabeling, neutrophils were suspended at a
concentration of 2.5 x 106 cells/ml and were incubated with 5'Cr for
30 min at 37°C, as described previously (25). Neutrophils were washed
and 2.5 x 105 cells were added to each well of 24-well plates containing
confluent BEAS-2B monolayers 24 h after the monolayers had been
exposed to virus or to medium. Viral infection of exposed monolayers
was confirmed by monitoring the cytopathic effects of cell supernatants
on HeLa cells as described above. Neutrophils, either nonactivated or
after activation with 1 AMFMLP, were incubated with BEAS-2B cells
for 10 min at 37°C before nonadherent cells were removed by aspiration
and rinsing. Adherent cells were then lysed with 1 Mammonium hy-
droxide. Neutrophil binding was quantified as the amount of radioactiv-
ity in each lysate, as detected by a gammacounter. Results were ex-
pressed as the percentage of the total counts added to each well that
bound to the monolayer.

Effects of HRV-14 infection on production of cytokines. In initial
experiments, monolayers of BEAS-2B cells were infected with HRV-
14 (1025 TCIDM/ml), and supernatants recovered 24 h later were ana-
lyzed for the presence of IL-8, IL-6, and GM-CSF. Based on the data
obtained, supernatants recovered at differing times after viral infection
during the experiments that were used to monitor viral titers were used
to examine the time course of production of IL-8, the cytokine released
in the greatest amounts. Levels of 11L-6 and GM-CSFin cell supernatants
were assayed using commercial kits (R&D Systems, Minneapolis, MN).
Levels of IL-8 were measured using an ELISA sensitive to 30 pg/ml
of IL-8. Plates are coated with 100 yl of a 1:1,200 dilution of a purified
IgG fraction of a polyclonal rabbit anti-human IL-8 antibody. After
blocking nonspecific binding sites with 1% sheep serum in PBS, a 100-
til volume of standards, or appropriately diluted samples, are incubated
for 90 min at 37°C. Wells are washed and then incubated for 90 min
at 37°C with 100 jil of the same anti-human IL-8 that has been biotinyl-
ated. Positive samples are detected by incubation for 30 min with strep-
tavidin-peroxidase and subsequent addition of 100 pl of 1 mM2,2'-
azino-di- [3 ethylbenzthiazoline sulfonic acid] as a substrate, and the
absorbance is read at 410 nm on a plate reader. The assay shows no
crossreactivity with RANTES, MIP-1, GRO, or a series of other mem-
bers of the chemokine family. Structurally unrelated cytokines, including
IL-1, IL-2, IL-3, IL-4, IL-5, IL-6, TNFa, and GM-CSFalso show no
crossreactivity. Analysis of several epithelial cell supernatants in this

Table I. Effects of Rhinovirus 14 Infection on Expression of
ICAM-1 on BEAS-2B Cells

ICAM-1 expression (fold of control noninfected cells)
Time after

infection (h) Antibody 84H10* Antibody Myl3*

0 1.17±0.29 0.94±0.07
4 1.05±0.25 1.10±0.09

12 1.3±0.37 1.17±0.07
24 1.5±0.26 1.76±0.33

Values are means±SD; n = 3. * Directed to functional binding site of
ICAM-1. * Directed to nonfunctional component of ICAM-1.

assay provided results that were in excellent agreement with those ob-
tained in a commercial assay (R & D Corp.).

To confirm that cytokine production was indeed due to the effects
of rhinovirus infection and not to a contaminant present in the viral
stock, two different types of experiments were performed to prevent
infection with HRV-14. First, as described above, epithelial cells were
preincubated using a monoclonal antibody (84H10) to ICAM-1 or a
class-matched IgG1 control monoclonal at an identical concentration,
and the effects of epithelial cell IL-8 production examined. Second, the
ability of ultraviolet (UV)-inactivated virus to induce cytokine produc-
tion was also examined. UV inactivation was performed as described
previously (26).

Statistical analysis. Demonstration of significant increases in viral
titers was performed using a one-way ANOVA.The effects of cytokines
on the dose of virus necessary to cause infections were compared using
Student's t tests. Analysis of the effects of viral infection and time on
the expression of ICAM-1 on BEAS-2B cells was performed using a
two-way repeated measures ANOVA. A similar analysis was used to
examine the effects of viral infection and time on IL-8 production.
Subsequent post-hoc analysis was performed using paired Student's t
tests. The effects of anti-ICAM-1 and of UV inactivation on virally
induced cytokine production were compared by paired t tests after nor-
malizing data from each experiment in terms of increases induced by
virus. For all analyses, values of P < 0.05 were assumed to be signifi-
cant.

Results

HRV-14 infection of BEAS-2B cells. Exposing subconfluent
BEAS-2B cell monolayers to HRV-14 (1025 TCID5o/ml) con-
sistently led to infection. In each of four experiments used to
monitor viral titers, the supernatant removed after the 1-h infec-
tion period still contained 102.5 TCID50/ml of virus when as-
sessed in the HeLa cytotoxicity assay, implying that only a
small amount of virus was taken up by the cells. Subsequent
collection of culture medium at differing times after viral expo-
sure revealed no detectable virus at 1 and 4 h after infection.
Virus was detected in the culture medium 8 h after infection,
and the viral content progressively increased between 8 and 24
h after infection (Fig. 1, left). Evidence of continuous viral
production was obtained by demonstrating that the viral titers
of supernatants collected during the second and third 24-h peri-
ods after infection each contained similar levels of virus to those
detected at 24 h after infection (Fig. 1, right). Analysis of the
levels of cell-associated virus (the virus detectable in sonicates
of the BEAS-2B cells) followed a similar time course to that
observed in the medium (Fig. 2). Again, these data suggested
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that very little virus is initially taken up by the cells, because
there was no detectable virus at 0 or 4 h after the infection
period. By 12 h, however, virus was clearly detectable and titer
levels continued to increase at 24 h (Fig. 2, left). Viral titers
then stayed reasonably constant when cells were lysed at 48
and 72 h postinfection (Fig. 2, right), despite continuing release
into the supernatants. In both cell supernatants and lysates, viral
titer levels increased significantly with time (P < 0.05 in each
case by ANOVA). BEAS-2B cell viability, as assessed by ex-
clusion of erythrocin B, was consistently > 95% in HRV-14-
infected cultures. Rhinovirus infection also had no effect on
cell growth. In nine experiments, using cells at differing levels
of confluency, cell counts 24 h after infection were not different
(noninfected, 6.6±1.1 X 105; infected, 7.0±1.3 x 105; P = 0.5
by paired t test).

Detection of viral RNAby PCR. Further evidence of rhinovi-
rus infection of BEAS-2B cells, and of viral replication, was
provided by PCR analysis (Fig. 3). In each of three experi-
ments, RNA extracted from control uninfected cells did not
produce any detectable PCRproduct at 380 bp (lane 2). Simi-
larly, no product was detected using RNAextracted from cells
immediately after the 15-min exposure period to virus (lane 3),
again implying that very little virus is initially taken up by the
cells. A faint product was observable in RNAextracted from
cells 1 h after the infection period (lane 4), while a clear product
band was observed using RNAextracted from cells 24 h after
the infection period (lane 5).

Effect of type-specific viral antisera and anti-ICAM-1 on
HRV-14 infection. In four experiments, HRV-14 infection of
BEAS-2B cells led to measurable viral titers in supernatants
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Figure 1. Viral titers in superna-
tants of BEAS-2B cells obtained
at differing times after exposure to
1025 TCID50 of rhinovirus 14.
(Left) Viral titers in supernatants
of BEAS-2B cells collected at se-
quential times during the first 24
h after infection. (Right) Viral ti-
ters in supernatants collected dur-

8 hour 48 to 72 hour ing the second and third 24-h peri-
ction collection ods after infection. Data are ex-

pressed as means±SEM(n = 4).

collected 24 h after viral exposure (1.4±0.1 log TCID50 units;
mean±SEM). Infection could be completely blocked in all of
these experiments by preincubation of the virus with polyclonal
antiserum to HRV-14. In contrast, HRV-14 infection could not
be blocked by polyclonal antiserum to HRV-2, as medium col-
lected 24 h after exposure contained levels of virus similar to
those found in BEAS-2B cells exposed only to HRV-14 in the
absence of antibody (1.25±0.1 log TCID50 units). Preincuba-
tion of BEAS-2B cells with a monoclonal antibody (84H10)
to ICAM-1 also completely blocked the subsequent infection
of these cells with HRV-14. HRV-14 infection could also be
totally inhibited using a second monoclonal antibody (RR1) to
ICAM- 1.

Effects of cytokine pretreatment on susceptibility to HRV
infection. Pretreatment of BEAS-2B cells for 24 h with TNFa
(10 U/ml) increased the susceptibility of BEAS-2B cells to
HRV-14 infection, decreasing by 10-fold the minimum dose of
virus necessary to cause infection (Fig. 4). In contrast, both
IFNy and IFNa reduced the susceptibility to infection, increas-
ing the minimum dose of HRV-14 necessary to cause infection
by 10-fold. Pretreatment with IL-1 did not affect the susceptibil-
ity to infection. Interestingly, when cells were preincubated with
a combination of TNFa and IFNy, the effects of IFNy predomi-
nated in that susceptibility to infection was decreased (Fig. 4).

To evaluate the role of alterations of ICAM-1 expression in
the effects of TNFa and IFNy on susceptibility of BEAS-2B
cells to infection by HRV-14, additional paired experiments
were performed on three different passages of BEAS-2B cells
to compare the effects of these cytokines on susceptibility to
infection with HRV-14 and HRV-2. In each experiment, HRV-
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Figure 2. Titers of rhinovirus in
BEAS-2B cell lysates recovered at
differing times after infection.
(Left) Titers at sequential times
during the first 24 h after infec-
tion. (Right) Viral titers in lysates
collected at 48 and 72 h after in-
fection. For the latter time points
the medium above cells was re-

48 hours 72 hours placed every 24 h. Data are ex-
post infection post infection pressed as means±SEM(n = 4).
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Figure 3. Detection of replication of rhinovirus RNAby reverse tran-
scription-PCR. A positive signal is demonstrated by a band at 380 bp.
Lane 1, XDNA/Hind III fragment molecular weight markers; lane 2,
RNAextracted from noninfected cells; lanes 3-5, RNAfrom cells at
0, 1, and 24 h after infection, respectively. Data are representative of
three different experiments.

2 was also capable of infecting BEAS-2B cells. The dose of
virus necessary to cause infection was higher than that needed
for HRV-14, but this was also the case for infecting HeLa cells
(not shown). Preincubation with IFNy increased by 10-fold
the minimum dose of both HRV-14 and HRV-2 that were neces-
sary to cause infection. In contrast, although preincubation with
TNFa again increased the susceptibility to infection by HRV-
14, this cytokine had no effect on the minimum dose of HRV-
2 that was necessary to cause infection (Fig. 5).

Effects of HRV-14 infection on expression of ICAM-J. Flow
cytometry analysis of ICAM-1 expression at differing times
after incubation of cells with rhinovirus gave similar results
with each of the two monoclonal antibodies used (Table I).
Even in control noninfected cells, all cells expressed ICAM-1.
A small increase in ICAM- 1 was seen 24 h after infection in
each of three experiments, but there were no statistically sig-
nificant differences when analyzed by ANOVA. Moreover, this
modest increase in ICAM- 1 expression was not associated with
an increased capacity for neutrophil adhesion. In three experi-
ments, adhesion of nonactivated neutrophils to infected epithe-
lial cells was 4.1±0.3%, whereas adhesion to noninfected
monolayers was 4.6±0.5%. Similarly, adherence of FMLP-acti-
vated neutrophils was 21.5±0.5% to infected monolayers and
21.0±2% to noninfected epithelial cells.

Effect of HRV-14 infection on cytokine production. An ini-
tial analysis of supernatants collected from infected and control
cells at 24 h after infection showed that rhinovirus infection
increases cytokine secretion (Fig. 6). Because viral infection
did not alter cell numbers (see above), all cytokine values are
reported in picograms per milliliter of supernatant. Secretion
of IL-8, IL-6, and GM-CSFwere all increased in response to
rhinovirus infection, although in terms of absolute levels, IL-8
production (2,100±200 pg/ml) predominated. Quite high levels
of IL-6 (1,070±202 pg/ml) were also produced, whereas GM-
CSF levels (30±1 pg/ml) were markedly lower. Because IL-8
was the predominant cytokine produced, further studies were
performed to relate secretion of this cytokine to viral titer levels.
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Figure 4. Effects of 24-h preexposure of BEAS-2B cells to cytokines
on susceptibility to infection by HRV-14. Data are expressed as means-
±SEM. Numbers in parentheses indicate the number of experiments in
which each cytokine was tested. * P < 0.001 vs. control; Pp < 0.01
vs. control; * P < 0.05 vs. control.

Aliquots of supernatants from the same experiments used to
assay the viral titers shown in Fig. 1 were assayed for IL-8
(Fig. 7). During the first 24 h after infection, 1L-8 production
increased in a manner that paralleled viral titers. Statistical anal-
ysis by ANOVAdemonstrated that the curves for cytokine pro-
duction from infected and noninfected cells were significantly
different (P < 0.05), with interactive effects of both treatment
and time. Maximal 11L-8 production was seen 24 h after infection
when 1,075±250 pg/ml was detected in the culture medium
from infected cells compared with 410+240 pg/ml in the culture
medium from control cells (P < 0.005). By repeated-measure
ANOVA, there were no significant differences with respect to
time or treatment between each of the 24-h collection periods.
Thus, by the second and third 24-h collection periods after
infection, when IL-8 production from infected cells was reduced
to 525±130 and 730±175 pg/ml, respectively, these values
were no longer different from those from noninfected cells
(Fig. 7).

To confirm that cytokine production was induced by rhino-
virus and not by a contaminant in the viral stocks, the effects
of preincubation of epithelial cells with mouse monoclonal anti-
body to human ICAM-1 (84H10), or an irrelevant mouse class-
matched monoclonal IgG1 control, on cytokine production 24
h after viral exposure were examined. Infection of cells with
HRV-14 again resulted in a stimulation of 11L-8 productiqn,
almost tripling the levels seen in supernatants from noninfected
cells (Fig. 8). Incubation of cells with antibody to ICAM-1
again completely blocked viral infection, as assessed by the
absence of detectable viral titers in the supernatants recovered
24 h after viral exposure (not shown). This treatment also
significantly (P < 0.02) inhibited the virally induced increases
in 11L-8 production. By contrast, the irrelevant IgG, monoclonal
had no effect on 11L-8 production (Fig. 8). As an additional
control, the effects of UV inactivation of rhinovirus was also
examined in three experiments. Spontaneous production from
noninfected cells at 24 h was 375±110 pg/ml. Infection with
active HRV-14 increased this to 750±120 pg/ml. By contrast,
exposure to UV-inactivated virus resulted in the production of
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Figure 5. Comparison of the effects of TNFa
and IFN, on the susceptibility of BEAS-2B
cells to infection by HRV-14 and HRV-2.
Data are expressed as means±SEMfrom
three paired experiments.

only 450±140 pg/ml of IL-8. Thus, UV inactivation signifi-
cantly (P < 0.02) reduced virally induced cytokine production.

Discussion

Studies of the effects of rhinovirus infection on biochemical
pathways of respiratory epithelial cells have been hampered by
the lack of suitable in vitro culture systems. Because rhinovirus
replicates only in higher primates (27), such studies mandate
the use of human tissues. Previous attempts at in vitro systems
have used polyp explants (28) or monolayer cultures derived
from outgrowths of tissue fragments (29), but these cultures
contain other cell types, most notably fibroblasts, making it
difficult to delineate which biochemical events are directly at-
tributable to viral infection of the epithelium. Wenow report
the development, for the first time, of a culture system in which

I

Figure 6. Levels of cyto-
kines in supernatants col-
lected 24 h after viral ex-

posure from HRV-14 in-
fected and uninfected
BEAS-2B cells. Data
are presented as

means+SEM(n = 3).
Note the differing ordi-
nate scales.

a pure population of human respiratory epithelial cells can be
routinely infected with rhinovirus.

Viral infection of BEAS-2B cells, and proof of subsequent
viral replication, was confirmed by several approaches: by dem-
onstration of increased viral shedding into the culture medium
of infected cells with time, assessed by the cytopathic effects
of this medium on HeLa cells, and by showing that the cyto-
pathic effects of BEAS-2B cell lysates also increased with time
after infection. These studies implied that an equilibrium state
between viral replication and shedding was reached by - 24 h
after infection, since the viral content of cell lysates remained
almost constant at later time periods, even though viral titers
during the second and third 24-h periods after infection re-
mained comparable with those seen at 24 h. The final method
used to demonstrate viral replication relied on PCR of viral
RNAafter reverse transcription into DNA. Experimental condi-
tions were established clearly demonstrating that viral RNA
increased during the first 24 h after infection, as indicated by a
pronounced band on PCRcompared with the absence of any
signal immediately after infection. The lack of any PCRsignal
immediately after infection, together with the inability to detect
virus using the HeLa assay in either the supernatants or lysates
of infected cells until 8-12 h after post infection, implies that
very little virus is initally taken up during the infection process.
This low efficiency of infection is consistent with studies per-
formed using HeLa cells where the viral particle to infectious
unit ratio was found to be as high as 800:1 (30).

The specificity of the infection process for BEAS-2B cells
by HRV-14 was confirmed by demonstrating that infection
could be blocked using a homotypic neutralizing antibody but
not by an antibody to an unrelated serotype, HRV-2. Similarly,
monoclonal antisera directed against the functional binding site
of ICAM-1, the major rhinovirus receptor, could also block
infection by HRV-14. In all of these experiments, however, it
was necessary to restrict exposure times of cells to the virus to
15 min. At longer incubation times (e.g., 1 h), inhibition be-
came less consistent, presumably because of the high affinity
of the virus for its receptor and of the requirement for very few
viral particles to enter the cell to induce infection.

Infection of BEAS-2B cells with HRV-14 was found to
occur most easily when subconfluent monolayers were exposed
to virus. The reasons for this are unclear. It is tempting to
speculate that it may involve the relative distribution of ICAM-
1 on the luminal and basolateral surfaces of cells as they become
confluent, but this seems unlikely because the BEAS-2B cell is
relatively undifferentiated and does not form electrically tight
junctions in culture. Moreover, confluent monolayers can still
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routinely be infected, even though 10-fold higher concentrations
of virus are required (not shown). Regardless of the degree of
confluence of monolayers at infection, rhinovirus infection did
not affect cell growth rate. Moreover, a consistent observation
is that rhinovirus infection is not cytotoxic for BEAS-2B cells,
in that cell viability was routinely > 95% even at 6 d after
infection. This is consistent not only with the observed lack of
epithelial damage after rhinovirus infection in vitro (14) but
also with prior studies using outgrowth monolayers in which
cytopathic effects were noted on fibroblasts in the outgrowth
populations but not on the epithelial cells (29). The lack of
cytotoxicity in our model facilitates studies of virally induced
biochemical changes in these cells, since the possibility that
any such changes are occurring as a result of cell death can be
ruled out.

It is known that cytokines can be generated by numerous
cell types within the airways in response to a variety of stimuli
and conditions. It has been shown that exposure of epithelial
cells to cytokines such as TNFa and IFNy can upregulate the
expression of ICAM-1 on these cells (22, 23). Moreover, in
HeLa cells, upregulation of ICAM- 1 by these cytokines is asso-
ciated with inceased binding of major group rhinoviruses (31).
On the other hand, interferons are effective prophylactic agents
in preventing rhinovirus infections in vivo (32). To assess the
effects of cytokines on the susceptibility of BEAS-2B cells to
viral infection, we chose to monitor the lowest dose of virus
capable of causing infection. This was considered preferable to
monitoring viral titers at a fixed time after infection with a
single dose of virus, since the latter parameter would be more
susceptible to artifacts associated with changes in cell growth
rates in response to cytokines. It was clear that TNFa increases
susceptibility to infection with HRV-14, consistent with its abil-
ity to increase the expression of ICAM-1. The role of ICAM-
1 was confirmed in subsequent experiments in which it was

I
Figure 8. Preincubation
of BEAS-2B cells with a
monoclonal antibody
(84H10) to the func-
tional domain of ICAM-
1, but not with a class-
matched irrelevant anti-
body (IgGI), inhibits
virally induced IL-8 pro-
duction. Data are ex-

IRV-14 HRV-14 pressed as means±SEM
IgGi a-ICAM (n = 3).

shown that TNFa had no effect on susceptibility to infection
with HRV-2, a minor group rhinovirus that does not use ICAM-
1 as its receptor. In contrast, both IFN'y (which also increases
ICAM-1 expression) and IFNa (which does not alter ICAM-
1 expression) reduced the susceptibility of BEAS-2B cells to
infection. Interestingly, when TNFa and IFNy were tested in
combination, the antiviral effects of IFNy predominated. At
this point, the predominant pathways triggered by IFNy in
BEAS-2B cells to reduce susceptibility to infection are un-
known, but IFNy can regulate replication of other viruses by
several mechanisms in various cell types, including induction
of indoleamine 2,3-dioxygenase (33), induction of 2',5'-oli-
goadenylate synthetase (34), and induction of nitric oxide syn-
thase (35). Whatever the mechanisms involved, these data are
consistent with the hypothesis that the relative levels of cyto-
kines within the airway may play a role in helping to explain
the variations in susceptibility of individuals to infection.

In recent years, it has become apparent that the respiratory
epithelial cell plays a much more active role in regulating airway
inflammation than was appreciated previously, providing sup-
port for our hypothesis that stimulation of biochemical pathways
in infected epithelial cells could induce a series of events that
contribute to the pathogenesis of rhinovirus infections. It is
also clear from the current studies that rhinovirus infection can
stimulate epithelial cell cytokine production. That the increase
in cytokine production was due to viral infection and not to a
contaminant, such as a cytokine, in the viral stocks was con-
firmed by demonstrating that the increase in cytokine production
could be inhibited by blockade of infection with antibodies to
ICAM-1 or by inactivation of the virus with UV light. The
enhanced production of IL-8 within 24 h after infection is in
good agreement with previous studies demonstrating that infec-
tion of epithelial cells with influenza (36) or respiratory syncy-
tial virus (RSV) (37) also stimulates IL-8 production in this
time frame, before the onset of demonstrable cytotoxic effects.
In the case of RSV infection, however, IL-8 production was
not maximal, and LL-6 and GM-CSFproduction were not ob-
served, until 96 h after infection, during the RSV replicative
phase. In the current studies with rhinovirus, increased IL-8
production was also correlated with viral replication during the
first 24 h, and both IL-6 and GM-CSFcould be detected within
this time frame. In contrast to RSV, however, IL-8 production
tended to decrease at subsequent time points, despite the pres-
ence of continued viral replication. This is of interest given that
the symptomatic phase of rhinovirus infections usually resolves
within 5-6 d after infection, even though viral shedding can
still be detected several days later (38).
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The cytokines produced from epithelial cells in response to
viral stimulation have biological properties that are of interest
with respect to the pathogenesis of colds. IL-8 is a potent che-
moattractant for, and activator of, neutrophils (39) and also has
chemotactic activity for lymphocytes (40), the two predominant
cell types in the nasal mucosa during rhinovirus infections (14,
18). IL-6 can not only induce B cell differentiation and antibody
production but is also capable of stimulating T cell activation
(41). Finally, GM-CSFcan prime both neutrophils and eosino-
phils for enhanced activation to chemical stimuli (42), and
inhalation of aerosolized GM-CSFinduced infiltration of acti-
vated macrophages and neutrophils in nonhuman primates (43).
The capacity of rhinovirus to induce the production of all three
of these epithelial cytokines is also of interest from the perspec-
tive of viral exacerbations of asthma, since increased epithelial
expression of IL-8, IL-6, and GM-CSFhas been reported in
asthmatics (44).

In summary, we developed a model system in which a pure
human respiratory epithelial cell line can be routinely infected
with rhinovirus. Susceptibility to viral infection can be modified
by preexposure of the cells to selected cytokines. Moreover,
infection of epithelial cells with rhinovirus induces biochemical
changes in the infected cells, as evidenced by the increased
production of cytokines that could play a role in the recruitment
and activation of inflammatory cells into the airway of infected
individuals. Although it must be acknowledged that the BEAS-
2B is a transformed cell line and is not representative of normal
airway epithelium in vivo, this cell type shares many properties
in common with normal epithelial cells. This model system
provides a valuable tool, therefore, for studying rhinovirus in-
fection of epithelial cells and should yield useful insights into
the early events associated with the pathogenesis of rhinovirus
infections.
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