
Eur Respir J 1998; 12: 619–626
DOI: 10.1183/09031936.98.12030619
Printed in UK - all rights reserved

Copyright ©ERS Journals Ltd 1998
European Respiratory Journal

ISSN 0903 - 1936

Th2 cytokines exert a dominant influence on epithelial cell
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Acute viral respiratory infections may induce clinically
relevant biological and physiological changes within the
lower airway in susceptible individuals [1]. Although such
infections are a potent trigger of asthma symptoms, there
is as yet no consensus as to whether they can initiate as-
thma de novo [2]. Eighty per cent of asthma exacerbations
in school-aged children and half of all adult asthma exac-
erbations have been associated with viral upper respiratory
infections, mostly due to human rhinovirus (HRV) [3, 4].
Studies on experimentally induced HRV infections sug-
gest that the rhinovirus may induce a greater effect on
lower airway inflammation and function in subjects with
established asthma or allergy [5–8]. Separate observations
indicate that atopic individuals may be more susceptible to
the development of HRV infections [9]. The mechanisms of
these events, however, have not been systematically inves-
tigated.

The epithelial cells (EC) are the primary target of HRV
infection in human airways. EC express on their surface
the intercellular adhesion molecule (ICAM)-1, which is the
site of attachment for 90% of the approximately 100 HRV
serotypes [10–12]. ICAM-1 interacts physiologically with
leukocyte function-associated antigen (LFA)-1, expressed

on leukocytes, and thus plays a vital role in the recruit-
ment and migration of immune effector cells to sites of
local inflammation. Recent reports suggest that HRV may
interfere with this ICAM-1/LFA-1 binding on leukocytes
and thus disrupt immune responses that are dependent on
this interaction. These effects could lead to a disorder of
local airway immunity with increased risk of productive
viral replication [13]. Furthermore, HRV per se influences
the expression of ICAM-1 on EC. Studies by the present
authors [14] and others [15, 16] have shown that HRV sig-
nificantly upregulate EC ICAM-1 expression, an effect that
would facilitate viral cell attachment and entry.

HRV infection induces the local production of cyto-
kines, known to mediate the acute-phase reactions of air-
way inflammation [15, 17, 18]. These cytokines [19–23]
can increase the expression of ICAM-1, although the level
of induced expression depends on the specific mediator
and the cell type [14, 24–26]. Recently, it has been shown
that tumour necrosis factor (TNF)-α, interleukin (IL)-1β
and IL-8 maintain their induced increase in cell ICAM-1
expression during HRV infection; in contrast, interferon
(IFN)-γ increases ICAM-1 expression in uninfected cells
but produces a persistent downregulation of ICAM-1 in
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ABSTRACT: Intercellular adhesion molecule (ICAM)-1 is a cell receptor important
in both human rhinovirus (HRV) attachment and immune effector cell mobilization.
The level of expression of ICAM-1 by epithelial cells (EC) therefore plays a crucial
role in the intricate biological phenomena underlying viral binding, host infection and
consequent inflammatory events.

As T-helper (Th)2 lymphocytes predominate within the asthmatic airway, the influ-
ence was evaluated of Th2-associated mediators in the modulation of ICAM-1 expres-
sion on uninfected and HRV-infected EC. H292 EC were cultured in vitro, with
varying concentrations of interleukin (IL)-4, IL-5, IL-10 and IL-13 for 24 h and then
infected with live HRV-14. Surface ICAM-1 expression was assessed by immunocyto-
chemistry.

Infection with HRV-14 resulted in a twofold increase in ICAM-1 expression. IL-4,
IL-5, IL-10 and IL-13 produced a 2.7–5.1-fold enhancement of ICAM-1 expression of
uninfected cells and caused approximately a further twofold increase in infected cells
over the expression induced by HRV infection itself. Interferon-γ in combination with
each Th2-associated cytokine only slightly reduced, but did not override, the Th2-
induced level of ICAM-1 expression on both uninfected and virus-infected EC.

These data suggest that the effects of Th2-associated cytokines on intercellular
adhesion molecule-1 expression and recovery of infectious virus are dominant over
the effects of the Th1-associated cytokines such as interferon-γ. Since the airway
mucosa in atopic asthma is predominantly infiltrated by Th2 lymphocytes, these
results could explain both the increased susceptibility to human rhinovirus infection
in asthmatic patients and the associated exacerbation of asthma symptoms.
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HRV-infected EC [14]. This effect of IFN-γ is accompa-
nied by parallel reductions in HRV titres. Thus, the types
and time kinetics of cytokines present at the level of host
cell-virus interaction may influence the pathogenesis and
course of HRV infection.

Asthmatic airway inflammation is characterized by in-
creased concentrations of the T-helper (Th)2 lymphocyte-
associated cytokines IL-4 and IL-5 [27], as well as enhanced
numbers of cells expressing IL-4, IL-5, IL-10 and IL-13
messenger ribonucleic acid (mRNA) transcripts [28–30],
with parallel reduced expression of Th1-associated cyto-
kine IL-12 [30]. To date, the effect of these asthma-associ-
ated mediators on host cell-HRV interaction has been less
well studied.

This study explored whether Th2-associated cytokines
(IL-4, IL-5, IL-10 and IL-13) are able to modulate the level
of EC ICAM-1 expression and its consequence for viral
binding and host infection. In addition, we have studied
whether simultaneous presence of a Th2 cytokine pattern
outweighs the effects of IFN-γ on the major group HRV
receptor expression on EC. Finally, as IL-12 is pivotal for
Th1 phenotype differentiation with consequent IFN-γ pro-
duction, an evaluation was made of whether the presence
of IL-12 can directly modulate EC surface ICAM-1 ex-
pression. This study used an EC line (NCI-H292) which
shares many properties with human EC [31–32]. Trans-
formed cell lines may lose certain differentiated functions
[33], resulting in possible different responses to HRV and,
therefore, the results will be discussed in comparison to
those on nontransformed primary human nasal epithelial
cells (HNEC).

Materials and methods

Epithelial cell culture

An established bronchial epithelial cell line NCI-H292
(ATCC, CRL-1848, Rockville, MD, USA), derived from
human pulmonary mucoepidermoid carcinoma, was used.
This cell line has been shown to share many properties in
common with human bronchial EC, including the same
cytokeratin expression and growth features as well as the
ability to support replication of HRV [31, 32]. The NCI-
H292 cells were initially grown as described previously
[14]. In brief, monolayers were prepared in RPMI-1640
medium (Sigma, Poole, UK) supplemented with 10% foe-
tal calf serum (FCS; Sigma), 10,000 units·mL-1 penicillin,
10 mg·mL-1 streptomycin and 25 mg·mL-1 amphotericin B
(Sigma), at 37°C in humidified air containing 5% CO2.

In all subsequent experiments freshly trypsinized EC were
washed with medium to remove traces of trypsin and ser-
um, and then plated onto 35 mm culture dishes (ICN Flow
Laboratories, Thame, Oxfordshire, UK) (1×106 cells·well-1),
using a final volume of 2 mL serum-free RPMI-1640
medium supplemented with antimicrobial agents as above
and cultured at 37°C in humidified air containing 5% CO2.

Viral stocks

The main seed of rhinovirus (HRV-14) was kindly pro-
vided by J. Kent, (University of Leicester, UK). A stock

solution of HRV-14 was generated by infecting confluent
monolayers of HeLa Ohio cells (ECACC 84121901, Salis-
bury, UK). HeLa Ohio cell lines were cultured as des-
cribed previously [14]. In brief, HRV-14 was propagated
using confluent non-overlapping monolayers of HeLa Ohio
cells. The medium was first removed and the monolayer
was then inoculated with a known dilution of HRV-14 and
incubated for 90 min on roller cultures at 34°C in humidi-
fied incubator air containing 5% CO2. Residual inoculum
was decanted and replaced by maintenance medium (Eagle's
minimum essential medium (EMEM) supplemented with
5% FCS, 4% sodium bicarbonate, 10,000 units·mL-1 peni-
cillin, 10 mg·mL-1 streptomycin and 25 mg·mL-1 ampho-
tericin B, Sigma) and incubated using roller cultures at
34°C in humidified air containing 5% CO2. The cultures
were then checked daily for cytopathic effect (cpe); once
cpe was >80%, cultures were frozen and thawed three times
in order to release virus from cells. Medium containing
virus was centrifuged at 600×g for 10 min after which the
viral suspension was stored at -70°C until required. Sup-
ernatants from uninfected HeLa were also frozen in aliq-
uots, to be used as a negative control.

Viral purification

Prior to use in experiments, HRV-14 was purified by an
established sucrose gradient method to remove ribosomes
and soluble factors of HeLa cell origin. In brief, 20 µg·
mL-1 ribonuclease (RNase) A (Sigma) was added to the
above viral suspension and incubated at 35°C for 20 min.
Sodium sarkosyl (1%; Sigma) and 1 µL·mL-1 2-mercap-
toethanol (Sigma) were then added to the RNase
A-treated HRV-14 suspension. A solution containing 20
mM Tris acetate (Sigma), 1 M NaCl and 30% (w/v)
sucrose was prepared, 3 mL of which was added to a 50
mL centrifuge tube. Viral suspension (27 mL) was then
overlayered onto this solution. The resulting layered solu-
tions were centrifuged at 200,000×g at 16°C for 5 h. The
supernatant was discarded and the resulting viral pellet
resuspended in med-ium and stored at -70°C until
required.

Rhinovirus infection of H292 epithelial cells

Medium was removed from confluent monolayers of
H292 cells and inoculated with 1 mL HRV-14 at 102.5 50%
tissue culture infective dose (TCID50)·mL-1. After a 90 min
incubation at 34°C, 5% CO2/air the inoculum was re-
moved and cells were washed. The difference between the
viral titres of the inoculum used for infection and superna-
tants retrieved at the end of the period of infection (90
min) was used to calculate the viral uptake by the epithe-
lial cells during the period of infection. The content of
inocula after incubation in an empty well acted as a con-
trol to assess nonspecific adherence of the virus to the
wells. In each case, after the 90 min incubation, the same
amount of virus (102.5 TCID50·mL-1) was recovered from
the empty wells. The medium was replaced by 2 mL of ser-
um free Eagle's medium supplemented with L-glutamine,
10,000 units·mL-1 penicillin, 10 mg·mL-1 streptomycin and
25 µg·mL-1 amphotericin B, and incubation continued at
34°C. The medium was not replaced further until superna-
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tants were recovered at 0, 1, 4, 6, 8, 12 and 14 days after
infection and stored at -70°C for viral titre analysis. Cells
were recovered for immunocytochemistry and to assess cell
viability. Cytospins were made using a cell suspension    at
1×104·mL-1 spun onto alcohol-washed slides using a Shan-
don Cytospin 2 cytocentrifuge (Life Sciences Interna-
tional, Basingstoke, UK). The slides were left to air dry
for 1 h, fixed in a chloroform-acetone mixture (1:1) for 10
min, and left overnight to dry.

Viral titre assay

The TCID50 method was used to calculate the concen-
tration of virus (the viral titre) in supernatants. Serial dilu-
tions of virus were incubated with epithelial cells using
roller cultures, as described above, to assess the dilution of
virus that was not able to cause cpe in cells and so quan-
tify the amount of infectious virus. Serial 10-fold dilutions
of HRV-14 suspension were prepared with med-ium
(EMEM) supplemented with 5% FCS. The TCID50 was
then calculated using the Karber formula:

TCID50= L - d(S/n - 0.5)

where L is log10 of the lowest dilution, d is log10 of the
difference between dilutions, S is the number of positive
tests and n is the number of tests (duplicates) per dilution.

Cytokine pretreatment of H292 cells

Preliminary dose-response studies, using a range of con-
centrations including the effective dose 50 (ED50) were
performed to find the optimal cytokine concentrations. Med-
ium was removed from cultures containing confluent cells
undergoing pretreatment and replaced for 24 h with serum-
free RPMI supplemented with recombinant human cy-
tokines (R&D Systems, Abingdon, UK) separately or in
combination, namely: IL-4 (0.4 ng·mL-1), IL-5 (0.5 ng·
mL-1), IL-13 (10 ng·mL-1), IL-10 (1 ng·mL-1), IFN-γ (1 ng·
mL-1) and IL-12 (0.2 ng·mL-1). All experiments were per-
formed in triplicate.

Immunocytochemistry

A cytokeratin immunoglobulin (Ig)G-specific mono-
clonal antibody (Sigma) was used to assess the purity of
the H292 cell line as being epithelial in origin.

A semiquantitative, three-step indirect immunoenzyma-
tic labelling protocol [34] was used to analyse the surface
ICAM-1 expression modified from established methods
[35, 36] and employed as described previously [14]. EC
were incubated at room temperature for 30 min with 5
µg·mL-1 of a purified mouse monoclonal antihuman anti-
body to ICAM-1 (RR1/1.1 IgG, recognizes ICAM-1s
functional domains 1 and 2; a gift from R. Rothlein; Boeh-
ringer Ingelheim, Ridgefield, CT, USA). Cells were then
washed using a washing buffer and incubated with rabbit
antimouse IgG at a concentration of 1 mg·mL-1 (DAKO,
Cambridge, UK) for 30 min followed by pig antirabbit
IgG at a concentration of 0.8 mg·mL-1 (DAKO) to amplify
the staining intensity [37]. Both secondary and tertiary

antibodies are conjugated to the same enzyme (peroxidase).
Cells were then incubated with benzidine (Sigma) and stain-
ed with Mayer's Hemalum solution (BDH, Lutterworth,
UK). Dilutions of antibody used were based on previous
experiments. A specificity check was carried out using an
isotype-matched mouse IgG1 antibody as a negative con-
trol at a concentration of 10 µg·mL-1 (MsIgG1; Coulter
Clone, Luton, UK). No quenching was required for en-
dogenous peroxidase, as background staining on control
slides was negligible.

To avoid observer bias, all slides were coded prior to
analysis by one observer (J.T. Allen) and read blind by
two independent observers (A. Bianco and S.K. Sethi). A
mean of three readings of each slide was performed. Two
cytospins were assessed for each time point. Cells were
studied at 400× magnification with a light microscope
(Olympus CH-2 microscope, Olympus Optical Co., Tokyo,
Japan). An eyepiece graticule with a graded scale was
sup-erimposed on the microscopic field and cell clumps
were excluded from the counts. Three hundred cells were
count-ed per field. Surface ICAM-1 expression on each of
these EC was scored according to a five-point rating scale
based on the intensity of staining and appearance of the
nucleus: 0=grey/brown, 1=light brown, 2=medium brown,
3=med-ium/ dark brown and 4=dark brown, in grades 0–2
the nucleus appears well defined, while in 3 and 4 the
nucleus is partially or fully obliterated. The number of
cells thus counted in each grade was then multiplied with
the res-pective grade index and the resulting values were
summed. The final result for surface ICAM-1 on EC was
expressed as the POX score adapted from a method used
by HSI and REMICK [34], defined as the difference between
the sum of the specific and background staining:

((a × 0) + (b × 1) + (c × 2) + (d × 3) + (e × 4)) - value for 
the control slide = POX score

where each letter represents number of cells in the respec-
tive grade. The coefficient of variability of the differences
between the counts obtained from all slides by both ob-
servers was between 3 and 17%; and that between the two
observers for each time point was <5%. Photographs of
cells were obtained by automatic equipment (Leica DAS
Mikroskop, Germany; camera Ricoh XIVKR-10 M, Japan).

Statistics

The Wilcoxon signed rank test for paired data and
Mann-Whitney test for independent data was applied to
the results. Probability values of <0.05 were considered
significant.

Results

Effect of Th2 cytokines on ICAM-1 expression of unin-
fected H292 cells

All Th2-associated cytokines tested (IL-4, IL-5, IL-10
and IL-13) enhanced EC ICAM-1 expression in a time-
dependent manner. ICAM-1 reached maximum plateau
values from days 6–8 following pretreatment of cells with
each cytokine for 24 h (table 1). Basal EC ICAM-1 ex-
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pression remained stable throughout the 14 days of the
experiment. IL-4, IL-5 and IL-10 produced a 2.7–3.6-fold
increase in ICAM-1 expression of uninfected cells, whilst
pretreatment with IL-13 produced a 5.1-fold increase in
ICAM-1 expression over baseline. The ICAM-1 increase
produced by IL-13 was significantly (p<0.01) greater than
that produced by IL-4, -5 and -10 (table 1).

Effect of Th1 cytokines on Th2-induced ICAM-1 expres-
sion of uninfected cells

Figure 1 shows Th2 cytokine representative results ob-
tained with IL-13 alone and in combination with IFN-γ on
ICAM-1 expression of uninfected H292 cells. The Th1-
associated mediator IFN-γ induced a small but significant
increase in surface ICAM-1 expression in uninfected cells
(p<0.05). The magnitude of this IFN-γ-driven upregula-
tion of ICAM-1 was significantly lower than that observed
with IL-13 (p<0.001) (fig. 1 and table 2). A combination
of IFN-γ and IL-13 produced a slight, nonsignificant re-
duction in the ICAM-1 expression induced by IL-13 alone
(p>0.05), but only at days 8, 12 and 14 (fig. 1). Similar

results were obtained with combinations of IL-4 and IFN-
γ, and IL-5 and IFN-γ (data not shown).

Table 2 compares the maximal differential change in cell
ICAM-1 expression with all Th2 and Th1 cytokines test-
ed. The incremental increases in uninfected cell ICAM-1
expression by single pre-exposure of IL-4, -5, -10 and 13
were all significantly (p<0.01) greater than those prod-
uced by either IL-12 or IFN-γ. Similarly, the effects of the
Th2 cytokines on uninfected cells were significantly high-
er than the effects of TNF-α reported previously [14].

Effect of Th2/Th1 cytokines alone and in combination on
ICAM-1 expression of HRV-infected H292 cells

The effect of IL-13 alone and in combination with IFN-
γ on HRV-14 infected H292 cells is shown in figure 2.
Infection with HRV-14 resulted in a 2.3-fold increase in
surface ICAM-1 over baseline. Pretreatment with all Th2
cytokines tested induced a further significant increase in
ICAM-1 expression over that induced by HRV-14 itself
(p<0.01) (table 2). Maximal surface ICAM-1 overexpres-
sion was observed on IL-13 pretreated EC (2.37-fold). In
contrast, IFN-γ reduced ICAM-1 expression in virally in-
fected cells to background uninfected levels (fig. 2). IL-12
had no effect on ICAM-1 expression.

The incremental increases in ICAM-1 expression by IL-4,
IL-5, IL-10 and IL-13 were all significantly (p<0.01)

Table 1.  –  Effect of T-helper (Th)2 cytokines on intercellular adhesion molecule (ICAM)-1 expression (POX score) of
uninfected epithelial cells (H292)

Day
0 1 4 6 8 12 14

IL-13 10 ng·mL-1

IL-10 1 ng·mL-1

IL-5 0.5 ng·mL-1

IL-4 0.4 ng·mL-1

Baseline

241±22.1
149±22.3
172±26.2
199±22.5
167±25

301±21
168±25.3
192±26.1
270±22.5
166±22

478±22
281±22
265±21.5
351±24.2
170±21.5

783±27.9
354±25.1
496±24
608±21.5
174±21.6

905±26.1
392±20.1
502±21
631±23.1
178±25.3

870±30
451±21.5
491±24.5
632±27.5
177±27.8

899±20.9
473±22
502±23.4
632±23.8
178±29.7

H292 were cells preincubated for 24 h with optimal concentrations of Th2-associated cytokines (interleukin (IL)-4, IL-5, IL-10 and
IL-13). ICAM-1 expression was assessed at the times indicated. All experiments were performed in triplicate and data are expressed as
mean score±SD (n=18).
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Fig. 1.  –  Effect of interleukin (IL)-13 (10 ng·mL-1) and interferon
(IFN)-γ (1 ng·mL-1) alone and in combination on cell-surface intercellu-
lar adhesion molecule (ICAM)-1 (assessed by POX score) by uninfected
H292 cells. ■: ICAM-1 cell-surface basal expression; ●: expression by
H292 cells pretreated with IL-13 for 24 h before start of the experiment;
❍: ICAM-1 expression by IFN-γ pretreated cells; ý: expression by pre-
treated cells with a combination of IL-13 and IFN-γ. Data are expressed
as mean score±SD (n=18).

Table 2.  –  Maximal differential change in epithelial cell
(EC) intercellular adhesion molecule (ICAM)-1 expression

Uninfected HRV-infected

Th2

Th1

IL-4
IL-5
IL-10
IL-13
IL-12
IFN-γ
TNF-α

3.6*†#

2.85*†#

2.68*†#

5.10*#

1.1‡

1.47*‡

2.29*

2.13*†#

1.75*†#

1.99*†#

2.37*#

1.0‡

0.42‡

1.51*

The table shows differences between cytokine-induced and base-
line ICAM-1 expression (quantified by POX score) on unin-
fected and human rhinovirus (HRV)-infected H292 ECs. Values
represent the proportional differences in the plateau ICAM-1
expression reached during the experimental time period. Values
for tumour necrosis factor (TNF)-α were obtained from a previ-
ous study [14]. All experiments were performed in triplicate. *:
p<0.05 for effect of cytokine on EC ICAM-1 expression versus
basal expression; †: p<0.01 effect of interleukin (IL)-13 versus
IL-4, IL-5 and IL-10 on EC ICAM-1 expression; ‡: p<0.01 for
IL-12 interferon (IFN)-γ versus IL-4, IL-5, IL-10 and IL-13; #:
p<0.01 for TNF-α versus T helper (Th)2 cytokines.
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greater than those produced by either IL-12 or IFN-γ on
HRV-14 infected H292 cells (table 2).

At all time points tested during HRV-14 infection, IFN-
γ in combination with IL-13 delayed, but did not override,
the level of ICAM-1 expression induced by IL-13 alone
(fig. 2). Similar results have been observed with a combi-
nation of IL-4 and IFN-γ, and IL-5 and IFN-γ (data not
shown).

Effects of cytokines on viral titres

Supernatants removed after 90 min of cell incubation
with virus still contained 102.35 TCID50·mL-1 of HRV-14, a
small reduction from the 102.5 TCID50·mL-1 starting ino-
culum. This implies that only a very small quantity of
virus was taken up by the cells. After washing, the recov-
ered viral titre was reduced to 100.4 TCID50·mL-1. Figure 3
shows that recovered viral titres increased rapidly within
24 h from this low level. HRV infection of H292 EC
resulted in further, though less marked, increases up to
day 8, after which recovered viral titres remained at pla-
teau levels.

Figure 3 also shows that pre-exposure of H292 cells for
24 h to IL-4, IL-5, IL-10 and IL-13 increased susceptibil-
ity of the cells to HRV-14 infection, resulting in significant
increases in recovered viral titres compared with infected
baseline conditions (p<0.001) (fig. 3). Pre-exposure to IL-
13 produced higher recovered viral titres than pre-expo-
sure to either IL-4 (p<0.01) or IL-5 (p<0.01) but not
IL-10. In contrast, pre-exposure to IFN-γ significantly
(p<0.01) reduced recovered viral titres (fig. 3).

The effects of Th2 alone and in combination with IFN-γ
are summarized in table 3. The enhancing effects of IL-4,
IL-5, IL-10 and IL-13 on plateau viral titre were not sig-
nificantly affected by IFN-γ.

H292 cell viability, as assessed by trypan blue exclu-
sion, was consistently >95% on 0–6 days in virus-infected
cultures; subsequently >90% on day 8 and 75–80% viable
on 12–14 days.

Discussion

In this study, it was demonstrated that Th2-associated
cytokines, and particularly IL-13, produce a greater in-
crease in uninfected and HRV-infected EC ICAM-1 ex-
pression than Th1-associated cytokines. These enhanced
effects of Th2 cytokines were paralleled by greater in-
creases in recovered viral litres. The upregulation of ICAM-1
on uninfected H292 epithelial cells induced by the Th2-
associated cytokines (IL-4, IL-5, IL-10 and IL-13) was
not influenced by the presence of IFN-γ in the culture

Fig. 2.  –  Effect of a combination of interleukin (IL)-13 (10 ng·mL-1)
and interferon (IFN)-γ (1 ng·mL-1) on cell-surface intercellular adhesion
molecule (ICAM)-1 (assessed by POX score) by human rhinovirus
(HRV)-14-infected H292 cells. ■: ICAM-1 cell-surface basal expres-
sion; ❏: expression by HRV-infected cells; ❍: expression by HRV-14-
infected cells pretreated with IFN-γ; ●: expression by HRV-infected
cells pretreated with IL-13; ý: ICAM-1 expression by HRV-infected
cells pretreated with a combination of IL-13 and IFN-γ. Data are ex-
pressed as mean score±SD (n=18).
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Fig. 3.  –  Effects of interleukin (IL)-4 (●; 0.4 ng·mL-1), IL-5 (❍; 0.5
ng·mL-1), IL-10 (❏; 1 ng·mL-1), IL-13 (ý; 10 ng·mL-1) and interferon
(IFN)-γ (    ; 1 ng·mL-1) on viral titres in supernatants of H292 epithelial
cells recovered at specific time points after infection with human rhino-
virus (HRV)-14 (102.5 50% tissue culture infection dose (TCID50)). ■:
unstimulated infected culture supernatants. Data are expressed as mean
score (n=3). At all time points the SD was ð0.22.

■

Table 3.  –  Effect of T-helper (Th)2 cytokines on human
rhinovirus (HRV)-14 viral titres

Th2 cytokine -IFN-γ +IFN-γ
IL-13
IL-4
IL-5
IL-10
Baseline

3.92+

3.58
3.40
3.45
2.90

3.86*
3.4*
2.94*
3.46*
2.0‡

The table compares the effects of Th2-associated cytokines in-
terleukin (IL)-4, IL-5, IL-10 and IL-13 alone and in combina-
tion with interferon (IFN)-γ, on viral titres in supernatants of
H292 epithelial cells after infection with HRV-14 (102.5 50% tis-
sue culture infection dose (TCID50)). The maximal titres of
HRV-14 (expressed in TCID50) recovered during the 14-day
incubation are shown. All experiments were performed in tripli-
cate and data are expressed as mean score (n=3). +: p<0.01 for
IL-13 versus IL-4, IL5; *: p>0.05 for Th2 cytokines alone ver-
sus Th2 cytokines +IFN-γ; ‡: p<0.01 for basal epithelial cell
intercellular adhesion molecule expression versus IFN-γ.
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medium. Moreover, during HRV-14 infection, the effects of
Th2 cytokines on the major group HRV receptor expres-
sion were only delayed but not overridden by IFN-γ,
unlike previous observations with TNF-α [14]. These find-
ings suggest that a Th2 cytokine environment can influ-
ence the host cell/HRV interaction, inducing at the level of
the target cell a pronounced and relatively IFN-γ-resistant
increase in the attachment site for the majority of HRV
serotypes.

Parallel studies [38] on primary cultures of human nasal
EC (HNEC) obtained from nonatopic healthy subjects sup-
port the above findings with the H292 epithelial cell line.
In the absence of HRV-infection, Th2 cytokines such as
IL-13 induce a twofold increase in ICAM-1 expression on
HNEC over that with IFN-γ. When these HNEC are in-
fected with HRV-14, virus per se increases cell-surface
ICAM-1 significantly but does not reach the maximal lev-
els of expression as seen with IL-13 [38]. Thus, primary
human EC and the H292 cell line have similar responses
to HRV-14 infection, dependent on a critical Th2/Th1
cytokine equilibrium within the target cell milieu, with
consequences for viral binding and host cell infection.

Studies on bronchial biopsies and bronchoalveolar lav-
age (BAL) cells from asthmatic patients have provided
evidence that predominance of Th2 lymphocytes within
their airways and the associated cytokine secretory profile
is crucial in the induction and persistence of the asthmatic
inflammation. BAL cells analysed by in situ hybridization
from atopic asthmatics show an increased proportion of
cells expressing mRNA for IL-3, IL-4, IL-5 and granu-
locyte-macrophage colony-stimulating factor (GM-CSF)
compared with nonatopic control subjects [39]. These propor-
tions of mRNA-positive BAL cells for IL-4 and IL-5 cor-
relate well with BAL eosinophil numbers as well as with
the degree of airflow obstruction and airway responsive-
ness in asthma [28]. Other studies have shown high mRNA
expression of Th2-associated cytokines IL-4, IL-5, IL-10
but not Th1 lymphokines such as IFN-γ in BAL cells and
bronchial biopsies from asthmatic individuals [28, 29].
Recently, increased numbers of IL-13 mRNA-positive cells
in bronchial biopsies from asthmatic subjects have also been
described, with a parallel reduced expression of IL-12
[30], a critical factor in the shift towards Th1 cell differ-
entiation. Since the predominance of Th2-associated cy-
tokines within the asthmatic airways would increase EC
expression of ICAM-1 and thus favour HRV attachment,
this may be an important mechanism to explain the en-
hanced susceptibility of asthmatic subjects to clinical viral
respiratory infections. Indeed, studies performed with or
without segmental allergen challenge, have identified sig-
nificant ICAM-1 upregulation on the bronchial epithel-
ium of asthmatic patients [40, 41]. Accordingly, HNEC
from asthmatic/atopic patients exhibit a significantly greater
baseline expression of ICAM-1 compared to normal heal-
thy subjects [38]. Furthermore, when these asthmatic/atopic
HNEC are infected with HRV-14, a further increase in sur-
face ICAM-1 expression is observed over the baseline.
This viral-induced level of ICAM-1 expression is enhanced
further when the HNEC are pre-exposed to Th2 cytokines.
The magnitude of these responses to HRV-14 infection in
atopic HNEC is threefold over that observed in normal
HNEC. These data support our hypothesis in this current
study that dominant Th2 cytokine processes within the
target cell milieu may be critical to the association bet-

ween respiratory viruses and viral exacerbations of as-
thma.

An increase in ICAM-1 expression induced by Th2
cytokines could also facilitate recruitment of further in-
flammatory cells to the airway by ICAM-1/LFA-1 interac-
tions, as well as enhancing HRV attachment and infection.
Since T-cells recruited in this way will mature in an envi-
ronment rich in accessory factors (such as IL-4) favouring
Th2 differentiation, atopic/asthmatic inflammation within
the airway will be sustained and even enhanced. Such in-
terrelated events would serve as mechanisms for viral-
induced exacerbation of atopic asthma.

This dual function of EC ICAM-1, in both enhancing
susceptibility to viral infection and promoting the recruit-
ment of further Th2 lymphocytes, suggests that therapies
aimed at reducing ICAM-1 expression should reduce epi-
sodes of airway viral infection and their exacerbatory ef-
fects on asthma symptoms. There is evidence that existing
effective asthma treatments act, at least in part, through
these mechanisms. For example, inhaled sodium cromo-
glycate reduces ICAM-1 expression within the airway, with
a corresponding reduction in inflammatory cell infiltration
[42]. Moreover, glucocorticoids reduce ICAM-1 expres-
sion by H292 cells in vitro, an effect which may involve
interaction between glucocorticoid receptors and the tran-
scription factor, nuclear factor (NF)-κB [43]. These res-
ults suggest that more direct approaches using aerosolized
anti-ICAM-1 antibodies or soluble ICAM-1 (sICAM-1)
may be clinically useful. Indeed, intranasal administration
of recombinant sICAM-1 has already been shown to re-
duce symptoms associated with experimentally induced HRV
colds in humans [44].

Many Th1 and Th2 cytokines exert reciprocal inhibi-
tory effects on each others production. For example, IFN-
γ inhibits IL-4 production and IL-4-mediated antibody
class switching to IgE [45]. Similarly, IL-12 inhibits IL-4
synthesis [46]. Conversely, both IL-4 and IL-10 inhibit
IL-2 and IFN-γ production [47, 48]. In this study it has
been shown, for the first time, that during HRV-14 infec-
tion, the effects of Th2 cytokines on the major group HRV
receptor expression are only delayed but not overridden
by the Th1 cytokine IFN-γ. In addition, it was observed
that increasing the dose of IFN-γ to 2 and 5 ng·mL-1 had
no greater effect than the standard concentration of 1 ng·
mL-1 on ICAM-1 expression induced by Th2 cytokines
(data not shown). Therefore these data suggest that the
emergence of Th2-associated cytokine profile within an in-
flammatory milieu can override the biological action of
the Th1 lymphokines.

The results of this study have important clinical impli-
cations. Firstly, the high levels of ICAM-1 expression, with-
in a Th2 cytokine-dominated environment, would favour an
enhanced HRV attachment and infection of airway EC,
accounting for the increased frequency of upper respira-
tory HRV infections in atopic/asthmatic subjects.

Secondly, the marked upregulation of ICAM-1 expres-
sion on HRV-infected cells in the presence of IL-4, IL-5,
IL-10 and IL-13 is only marginally affected by IFN-γ,
concentrations of which are relatively low in the atopic/
asthmatic airway [39]. This high intensity of surface ICAM-
1 expression on EC would not only favour persistence of
viral infection but, by recruiting further pro-inflammatory
cells to the airway, produce an exacerbation of asthmatic
symptoms [49].
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As well as directly targeting the epithelial cell viral re-
ceptor, these observations suggest exciting therapeutic
possibilities for manipulating the local cytokine environ-
ment to enhance antiviral defence.
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