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The chemokine regulated on activation, normal T cells expressed and secreted (RANTES), is a C-C
chemokine and a potent chemoattractant for monocytes, T lymphocytes, basophils, and eosinophils. Its ex-
pression by human airway epithelium has been demonstrated both 

 

in vitro

 

 and 

 

in vivo

 

. We investigated
whether RANTES is expressed by normal human airway epithelial cells after influenza viral infection and
examined its bioactivity. Epithelial cells were obtained from bronchial tissue or nasal polyps of patients
who had undergone lobectomy for lung cancer or polypectomy for nasal polyps. These cells were cultured
by the outgrowth method. Cultured cells were infected with influenza virus A (subtype H3N2) after which
the supernatants and the cells were collected 8 to 72 h after infection. RANTES mRNA (messenger RNA)
was analyzed by the reverse transcriptase-polymerase chain reaction and Southern blot analysis of its prod-
uct. Concentrations of RANTES in the supernatants were analyzed by enzyme-linked immunosorbent as-
say. RANTES protein and mRNA were not detected in the media of uninfected cells. PCR products for
RANTES were clearly detected in nasal and bronchial epithelial cells 24 h after infection. Southern blot
analysis confirmed that the PCR products were indeed specific for RANTES mRNA. Twenty-four to 72 h
after infection, significant levels of RANTES protein were detected in culture media. We also investigated
the chemotactic activity of the supernatant of cultured cells. The supernatant of the cells 48 h after infec-
tion had potent chemotactic activity for eosinophils, which was attenuated by the addition of anti-
RANTES antibodies. These findings suggest that influenza virus infection may induce expression of bio-
active RANTES by normal human bronchial and nasal epithelial cells. 
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The chemokine regulated on activation, normal T cells ex-
pressed and secreted (RANTES), is a member of the C-C
chemokine family whose first two cysteine residues are ad-
jacent (1). RANTES is a chemoattractant for monocytes,
T lymphocytes, basophils, and eosinophils. It is expressed

by T lymphocytes, endothelial cells, fibroblasts, platelets,
mesangial cells, renal tubular epithelial cells, and eosino-
phils (2–6). Immunohistochemical studies have demon-
strated that nasal polyp epithelium and bronchial tissue
from patients with asthma express RANTES (7–9). It has
been reported that RANTES might be expressed by bron-
chial epithelial cell lines and normal human bronchial epi-
thelial cells 

 

in vitro

 

 (10–12).
Viral infection induces inflammatory cells to infiltrate

the nasal and bronchial epithelium and causes various re-
spiratory diseases. Viral infection also induces airway epi-
thelial cells to express cytokines, including interleukin (IL)-1,
IL-6, IL-8, granulocyte-macrophage colony-stimulating fac-
tor (GM-CSF), and tumor necrosis factor 

 

a

 

 (TNF-

 

a

 

). These
cytokines may influence airway inflammation caused by viral
infection (13–19). However, little is known about RANTES
expression in airway viral infection. We previously observed
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that influenza virus can induce RANTES expression in the
NCI-H292 lung cancer cell line (20). Influenza virus is an
important cause of airway viral infection and airway in-
flammation (21, 22). In response to influenza viral infection,
normal airway epithelial cells might express RANTES. In
this study, we cultured human bronchial and nasal epithe-
lial cells obtained from surgical specimens and investigated
their ability to express RANTES mRNA (messenger RNA)
and to release immunoreactive RANTES. We also analyzed
the eosinophilic chemotactic activity of the supernatant of
cultured cells and investigated the bioactivity of RANTES
in culture media.

 

Materials and Methods 

 

Culture of Nasal Epithelial Cells and Normal Human 
Bronchial Epithelial Cells 

 

Normal airway epithelial cells were cultured by a modifi-
cation of the explant method of Lechner and coworkers
(23). Nasal tissue was obtained from 10 nonallergic pa-
tients who had undergone surgery to relieve nasal obstruc-
tion. Bronchial tissue was obtained from 10 patients who
had undergone lobectomy for lung cancer. Tissues were
cut into 0.5 

 

3

 

 0.5 cm pieces and explanted to six-well cul-
ture plates. Two milliliters of LHC-1 medium (MCDB 151
with the Ca

 

2

 

1

 

 concentration increased to 0.1 mM and sup-
plemented with 5 

 

m

 

g/ml insulin, 5 ng/ml epidermal growth
factor, 10 

 

m

 

g/ml transferrin, 5 

 

3

 

 10

 

2

 

4

 

 mM each of phos-
phoethanolamine and ethanolamine, 5 

 

3

 

 10

 

2

 

4

 

 mM hydro-
cortisone, and 50 

 

m

 

g/ml each of gentamicin and kanami-
cin) (Sigma Chemical Co., St. Louis, MO) with 10% fetal
bovine serum (FBS) (GIBCO, Grand Island, NY) was
then added to the plates, which were then incubated in a
humidified 5% CO

 

2

 

 incubator at 36.5

 

8

 

C.
After 7 to 11 d, outgrowths of epithelial cells were cul-

tured in serum-free LHC-1 medium. After 7 d, cells were
dissociated with trypsin (Böehringer-Mannheim, Mann-
heim, Germany) and inoculated into six-well culture plates
coated with collagen (Böttger GmbH, Berlin, Germany).
The identity of cultured cells was confirmed on the basis of
morphologic characteristics and results of immunocyto-
chemical staining with antibodies against cytokeratin, fi-
broblasts, and macrophages (Dako Japan, Kyoto, Japan)
(24). The morphologic characteristics and positive staining
for cytokeratin indicated that more than 96% of cells were
epithelial cells. However, less than 3% of cells reacted
with antibodies against fibroblasts and macrophages.

 

Virus Stock

 

Influenza virus A/Sisen/2/92 (a kind gift from Dr. M. Toda,
Showa University, Tokyo, Japan) was grown in Madin–
Darby canine kidney (MDCK) cells (American Type Cul-
ture Collection, Rockville, MD) in minimal essential medium
containing 2% FBS at 33.5

 

8

 

C under 5% CO

 

2

 

. The infected
culture fluid was subjected to centrifugation to produce a
clear fluid, which was stored in aliquots at 

 

2

 

80

 

8

 

C.

 

Infection of Cell Culture with Influenza Virus A

 

Epithelial cells were cultured to near confluence in six-
well tissue culture plates. Influenza virus A (H3N2) was
added to the plates at a multiplicity of infection of 0.2 (this

viral titer was selected because severe cell damage was not
observed and epithelial cells could produce cytokines with
this viral titer) and allowed to be adsorbed by the cells for
1 h with gentle rocking of the plates every 10 min. After
1 h, virus was removed and 2 ml of serum-free LHC-1 me-
dium was added. Infected cells were incubated at 36.5

 

8

 

C
under 5% CO

 

2

 

 in humidified air. For analysis of viral
RNA, infected cells were harvested 1, 8, 24, 48, and 72 h
after infection. For analysis of RANTES mRNA, nasal and
bronchial epithelial cells, which were either infected or un-
infected, were collected 24 h after infection or when media
were exchanged. Culture media were collected 8, 24, 48,
and 72 h after infection for enzyme-linked immunosorbent
assay (ELISA). 

 

Stimulation of Cell Culture with Cytokines

 

Nasal and bronchial epithelial cells were cultured to near
confluence in 24-well tissue culture plates. To analyze
whether inflammatory cytokines could stimulate RANTES
production, cytokines were added to the plates and the
culture media were collected 24 h after stimulation to
assay RANTES concentration. Added cytokines were as
follows: 10 ng/ml, IL-1

 

b

 

; 100 U/ml, TNF-

 

a

 

; 100 U/ml, in-
terferon 

 

g

 

 (IFN-

 

g

 

); and cytokine mix (a mixture of these
three cytokines).

 

Analysis of Viral RNA by Reverse Transcription-
Polymerase Chain Reaction

 

Total RNA was extracted with guanidium thiocyanate
from samples of about 5 

 

3

 

 10

 

5

 

 cells (25). First-strand com-
plementary DNAs (cDNAs) were synthesized by means of
incubation of 1-

 

m

 

g RNA templates in the presence of
Moloney murine leukemia virus reverse transcriptase
(Pharmacia, Tokyo, Japan), random primers, and reaction
buffer at 37

 

8

 

C for 1 h. After cDNAs were denatured at
94

 

8

 

C for 5 min, the polymerase chain reaction (PCR) was
performed with 5 pmol each of the 5

 

9

 

 and 3

 

9

 

 primers, 5 

 

m

 

l
of cDNA, 0.6 U of 

 

Taq

 

 polymerase (Böehringer-Mann-
heim), and 2.5 

 

m

 

l of PCR reaction buffer (100 mmol/liter,
Tris-HCl; 15 mmol/liter, MgCl

 

2

 

; 500 mmol/liter, KCl; Böeh-
ringer-Mannheim), distilled water was added until the re-
action volume was 25 

 

m

 

l. The PCR primers were synthe-
sized according to the sequence of hemagglutinin gene
type 3 (H3, positions 337–1063) of influenza virus A (26).
The sequences of the primers were 5

 

9

 

-TTGTTGAACG-
CAGCAAAGCT-3

 

9

 

 and 5

 

9

 

-TCTAGTTTGTTTCTCTG-
GTA-3

 

9

 

. The amplification reaction was performed for 25
cycles with denaturation at 94

 

8

 

C for 45 s, annealing at 61

 

8

 

C
for 45 s, and extension at 72

 

8

 

C for 1 min (Perkin-Elmer Ce-
tus, Norwalk, CT) (27). After incubation at 72

 

8

 

C for 10 min,
PCR-amplified products were analyzed with 1.8% agarose
gel electrophoresis and ethidium bromide staining fol-
lowed by visualization with an ultraviolet transilluminator.

 

Analysis of mRNA for RANTES by RT-PCR

 

Total RNA was extracted from 5 

 

3

 

 10

 

5

 

 airway epithelial
cells. The RT-PCR was performed using the method de-
scribed previously. The PCR primers were as follows (1):

RANTES: 5

 

9

 

-ATGAAGGTCTCCGCGGCACGCCT-3

 

9

 

5

 

9

 

-CTAGCTCATCTCCAAAGAGTTG-3

 

9
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b

 

-actin: 5

 

9

 

-GTGGGGCGCCCCAGGCACCA-3

 

9

 

 
5

 

9

 

-CTCCTTAATGTCACGCACGATTTC-3

 

9

 

The amplification reaction was performed for 30 cycles
with denaturation at 94

 

8

 

C for 45 s, annealing at 61

 

8

 

C for
45 s, and extension at 72

 

8

 

C for 1 min.

 

Southern Blot Hybridization of PCR Products

 

After incubation at 72

 

8

 

C for 10 min, PCR-amplified prod-
ucts were analyzed by 1.8% agarose gel electrophoresis.
The gel was soaked in a denaturing solution containing
1.5 M sodium chloride and 0.5 M sodium hydroxide for 45
min with gentle shaking, then soaked in a neutralizing so-
lution containing 1.5 M sodium chloride and 1 M Tris-
EDTA, pH 7.4, for 45 min. The PCR products were trans-
ferred onto a nitrocellulose filter in 10

 

3

 

 SSC (1

 

3

 

 SSC is
0.15 M NaCl plus 0.015 M sodium citrate) for 10 h with
capillary action. The filter was dried at 80

 

8

 

C for 1 h. Prehy-
bridization was carried out at 65

 

8

 

C for 2 h in a solution
containing 6

 

3

 

 SSC, 0.5% sodium dodecyl sulfate (SDS),
5

 

3

 

 Denhardt’s solution, and 100 

 

m

 

g/ml salmon sperm
DNA. Hybridization was carried out at 65

 

8

 

C for 10 h in a
solution containing 5

 

3

 

 SSPE (1

 

3

 

 SSPE is 0.18 M NaCl, 10
mM NaPO

 

4

 

, and 1 mM EDTA [pH 7.7]), 0.2% SDS, 5

 

3

 

Denhardt’s solution, 100 

 

m

 

g/ml salmon sperm DNA, and
the probes for RANTES and 

 

b

 

-actin, which encoded the
internal region of the PCR products (R&D Systems, Min-
neapolis, MN) and were end labeled with 

 

32

 

P by means of
polynucleotide kinase. The filter was washed twice with
2

 

3

 

 SSC and 0.1% SDS at room temperature for 30 min
and then washed at 65

 

8

 

C for 2 h with gentle shaking in
0.1

 

3

 

 SSC and 0.1% SDS. The filter was dried and used to
expose autoradiography film at 

 

2

 

80

 

8

 

C (28). 

 

Assay of RANTES Released into Culture Medium

 

Concentrations of RANTES in the collected culture me-
dium were determined with a commercially available sys-
tem for ELISA (Amersham Life Science, Amersham,
UK). The standards and samples were added to the 96
wells of a microtiter plate coated with anti-RANTES anti-
body. After incubation at room temperature for 2 h, each
well was washed with wash buffer four times. Then, poly-
clonal antibody against RANTES, which was conjugated
to horseradish peroxidase, was added to the well. After
incubation at room temperature for 2 h, each well was
washed with wash buffer four times. Substrate solution
(stabilized hydrogen peroxide and tetramethylbenzidine)
was added to each well, after which the plate was incu-
bated at room temperature for 20 min. Sulfuric acid was
then added to each well, and the absorbance was mea-
sured at 450 nm.

A standard curve was generated by plotting the loga-
rithm of the optical density against the logarithm of the
concentration of the standard; the concentration of each
sample was then calculated. The minimal detectable con-
centration was 2.5 pg/ml. 

 

Assay of IL-1

 

b

 

, TNF-

 

a

 

, and IFN-

 

g

 

 in the Medium 

 

To determine whether inflammatory cytokines mediated
the RANTES production, concentrations of IL-1

 

b

 

, TNF-

 

a

 

,

and IFN-

 

g

 

 in the culture medium collected 24 h after in-
fection were also analyzed using commercially available
ELISA kits (IL-1

 

b

 

 and TNF-

 

a

 

 [R&D Systems]; IFN-

 

g

 

[Genzyme, Cambridge, MA]) with the same method as de-
scribed previously. The minimal detectable concentration
was as follows: IL-1

 

b

 

, 1 pg/ml; TNF-

 

a

 

, 4.4 pg/ml; and IFN-

 

g

 

,
3 pg/ml. 

 

Blocking Assay to IL-1

 

b

 

 and TNF-

 

a

 

We also examined a blocking assay to analyze the inter-
vention of IL-1

 

b

 

 and TNF-

 

a

 

 in RANTES production in-
duced by influenza virus. Anti-IL-1

 

b

 

 antibodies (40 

 

m

 

g/ml;
R&D Systems) and anti-TNF-

 

a

 

 antibodies (40 mg/ml; R&D
Systems) were added at the time of inoculation of influ-
enza virus. Twenty-four hours after, the medium of the
cells was collected and the concentrations of RANTES in
the medium were analyzed by ELISA. 

Eosinophil Chemotaxis

The peripheral blood of healthy volunteers was heparin-
ized and overlaid onto Mono-Poly solution (Dai Nippon
Pharmaceutical Co., Ltd., Osaka, Japan) (29) and then
centrifuged at 400 3 g at room temperature for 20 min.
The polymorphonuclear leukocyte-rich fraction was aspi-
rated and washed twice with phosphate-buffered saline
(centrifugation at 400 3 g for 10 min). Eosinophils were
purified by negative selection with immunomagnetic mi-
crobeads coated with antibody against CD16 (30). Fifty
microliters of MACS CD16 microbeads (Miltenyi Biotec
GmbH, Bergisch Gladbach, Germany) per 5 3 107 cells
was added to the cell pellets, after which the cells were in-
cubated for 30 min at 68C. The cells were suspended in
1 ml of phosphate-buffered saline, and the cell suspension
was applied to the column in a MACS separator. The
CD16-negative cells were collected and the eosinophil pu-
rity was determined by microscopic examination of Gi-
emsa-stained cytospin preparations.

Eosinophil chemotaxis was assayed by means of a mod-
ification of Junger’s method (31) using a 96-well chamber
(Neuro Probe, Inc., MD). Eosinophils were suspended at
2.5 3 105 cells/ml in the LHC medium. Each supernatant of
cultured epithelial cells (uninfected cells and cells infected
with influenza virus A) with or without anti-RANTES
neutralizing antibodies (50 mg/ml, R&D Systems), a vol-
ume of 410 ml, was added to each well of a flat-bottom 96-
well microtiter plate (Neuro Probe, Inc.). The microtiter
plate was placed into the bottom tray of the chamber and
covered with a polycarbonate filter (5-mm pore size,
Neuro Probe, Inc.). Eosinophil suspension (200 ml) was
then added to the upper wells after the chamber was tight-
ened and allowed to migrate for 60 min at 378C in 5% CO2
atmosphere. The upper wells were then emptied by suc-
tion, and the microtiter plate with the attached filter was
removed. The upper surface of the filter was wiped with a
tissue to remove residual cell suspension, and the cells in
the microtiter plate were sedimented by centrifugation at
250 3 g for 15 min. The filter was detached and sedi-
mented cells were counted by phase-contrast microscopy.
The numbers of cells were counted in five random fields
(one field 5 1 mm2) of each duplicate well. LHC medium
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only was used as a negative control, and platelet-activating
factor (PAF) (1027 M; Sigma) or recombinant RANTES
(1, 10, and 100 ng/ml; R&D Systems) was used as a posi-
tive control for eosinophil chemotaxis.

Data Analysis

Analysis of variance was used to evaluate the statistical
significance of the data in the analysis of cytokines concen-
tration in the culture medium and eosinophil chemotaxis.
Differences with P values less than 0.05 were considered
significant. 

Results
Expression of Hemagglutinin Gene in Infected Cells

The hemagglutinin (H3) gene of influenza virus A was de-
tected by RT-PCR in bronchial and nasal epithelial cells
after virus inoculation. The PCR product was not detected
in the samples obtained from uninfected cells (negative
control, Figure 1, lane 1). Samples obtained from cells col-
lected 1 h after infection yielded a thin PCR product at
727 bp (Figure 1, lane 2). Samples from cells collected 24 to
48 h after infection yielded a clear PCR product (Figure 1,
lanes 4 and 5). 

Expression of mRNA for RANTES in Infected Cells

RANTES mRNA was detected by RT-PCR. Samples ob-
tained from nasal epithelial cells (Figure 2a, lane 2) and
bronchial epithelial cells (Figure 2a, lane 4) harvested 24 h
after influenza virus A infection yielded amplified cDNA
bands whose size was compatible with that of the PCR
product (276 bp). No product was detected from unin-
fected nasal and bronchial epithelial cells (Figure 2a, lanes
1 and 3). The PCR product for b-actin (548 bp) was de-
tected in each sample (Figure 2b, lanes 1–4). Southern blot
analysis confirmed that the PCR products were indeed
specific for RANTES mRNA and b-actin (Figure 3).

Presence of RANTES Protein in the Medium of
Infected Nasal Epithelial Cells

RANTES was not detected in the culture medium of unin-
fected nasal epithelial cells at any of the four times exam-
ined. However, RANTES was detected in the culture me-
dium of infected cells 24 h after infection (298 6 173 pg/ml,
mean 6 standard deviation, *P , 0.05) and increased in
concentration until 48 h (806 6 158 pg/ml; Figure 4a).

Production of RANTES Protein in the Medium of
Infected Bronchial Epithelial Cells

As was the case with nasal epithelial cells, immunoreactive
RANTES was not detected in the medium of normal
bronchial epithelial cells at any of the times examined.
However, RANTES was detected at low concentrations
(24.5 6 0.7 pg/ml) in the medium of bronchial epithelial
cells 8 h after influenza viral infection. The concentration

Figure 1. Example of RT-PCR amplification of hemagglutinin
gene in airway epithelial cells. Normal human bronchial epithe-
lial cells were infected with influenza virus A (H3N2) and col-
lected 1, 8, 24, 48, and 72 h after infection. Hemagglutinin gene in
the cells was amplified with RT-PCR, and the PCR products
were analyzed by 1.8% agarose gel electrophoresis and ethidium
bromide staining followed by visualization with an ultraviolet
transilluminator. Lane M, size marker; lane 1, product from unin-
fected cells (negative control); lanes 2–6, products from cells col-
lected 1, 8, 24, 48, and 72 h after infection.

Figure 2. Detection of RANTES mRNA by RT-PCR. Normal
human bronchial and nasal epithelial cells were infected with in-
fluenza virus A (H3N2). The infected cells were collected 24 h af-
ter infection. Uninfected cells were also collected 24 h after the
exchange of medium. RANTES mRNA and b-actin in these cells
were analyzed by RT-PCR. The PCR products were analyzed by
1.8% agarose gel electrophoresis and ethidium bromide staining
followed by visualization with an ultraviolet transilluminator. (a)
Products of RANTES mRNA. (b) Products of b-actin. Lane M,
size marker; lane 1, product of sample from uninfected nasal epi-
thelial cells; lane 2, nasal epithelial cells infected with influenza
virus; lane 3, uninfected bronchial epithelial cells; lane 4, bron-
chial epithelial cells infected with influenza virus. (Examples of
five separate experiments.) 
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of RANTES increased with time and peaked 72 h after in-
fection (506.8 6 134.2 pg/ml; Figure 4b).

Production of RANTES Protein in the Medium of
Epithelial Cells Stimulated by Cytokines

Small amounts of RANTES were detected in the medium
of nasal epithelial cells (Figure 5, open bars) 24 h after
stimulation by each cytokine (9.7 6 7.2 pg/ml by IL-1b, 4.3 6
4.0 pg/ml by TNF-a, 5.5 6 3.7 pg/ml by IFN-g). Its produc-
tion significantly increased 24 h after stimulation with cy-
tokine mix (133.2 6 68.1 pg/ml). 

As was the case with nasal epithelial cells, small amounts
of RANTES were detected in the medium of bronchial
epithelial cells (Figure 5, closed bars) 24 h after stimulation
by each cytokine (14.7 6 9.6 pg/ml by IL-1b, 12.7 6 8.6 pg/
ml by TNF-a, 23.1 6 21.3 pg/ml by IFN-g). However, its
production significantly increased 24 h after stimulation
with cytokine mix (119.7 6 19.4 pg/ml; Figure 5).

Concentration of IL-1b in the Medium of
Epithelial Cells

Small amounts of IL-1b were detected in the medium of
uninfected nasal epithelial cells (4.7 6 1.9 pg/ml). Its con-
centration increased 24 h after infection with influenza vi-
rus (67.3 6 45.7 pg/ml). As was the case for nasal epithelial
cells, uninfected bronchial epithelial cells produced small
amounts of IL-1b (2.0 6 1.7 pg/ml). Its production in-
creased 24 h after infection (34.7 6 25.7 pg/ml; Figure 6a).

Concentration of TNF-a in the Medium of
Epithelial Cells

TNF-a was not detected in the media of uninfected nasal
and bronchial epithelial cells. However, it was detected in
the medium of nasal epithelial cells 24 h after infection
with influenza virus (38.7 6 21.1 pg/ml). It was also de-

tected in the medium of bronchial epithelial cells 24 h after
infection (9.8 6 3.0 pg/ml; Figure 6b).

Concentration of IFN-g in the Medium of
Epithelial Cells

IFN-g was not detected in the media of all experiments
(data not shown).

Figure 3. Southern blot analysis of PCR products. The PCR
products (Figure 2) were blotted and hybridized with probes for
RANTES and b-actin. Lane 1, Southern blot analysis of product
from uninfected nasal epithelial cells; lane 2, nasal epithelial cells
infected with influenza virus; lane 3, uninfected bronchial epithe-
lial cells; lane 4, bronchial epithelial cells infected with influenza
virus. (Examples of five separate experiments.) 

Figure 4. Assay of RANTES in media of cultured airway epithe-
lial cells, which were infected with influenza virus. Media of unin-
fected cells and cells infected with influenza virus were collected,
and RANTES was detected by ELISA. ( a) Time course of
RANTES concentration in the medium of nasal epithelial cells.
(b) Time course of RANTES concentration in the medium of
normal bronchial epithelial cells. Circles represent data of in-
fected cells. Squares represent data of uninfected cells. *P , 0.05
compared with uninfected cells. Five separate experiments were
performed.
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Effect of Anti-IL-1b and Anti-TNF-a Antibodies

Anti-IL-1b and TNF-a antibodies did not suppress the
production of RANTES in nasal and bronchial epithelial
cells (Figure 7).

Eosinophil Chemotaxis

As positive controls, both PAF (0.1 mM) and recombinant
RANTES (10 and 100 ng/ml) had significant chemotactic
activity for eosinophils (PAF: 0.1 mM, 6.5 6 0.7 cells/field;
RANTES: 10 ng/ml, 4.5 6 0.7 cells/field; 100 ng/ml, 7 6 1.4
cells/field). However, as negative controls, the chemotactic
activity of culture medium alone (2 6 0.4 cells/field) and
recombinant RANTES (1 ng/ml, 3.0 cells/field) did not
differ significantly (Figure 8a).

The medium of uninfected nasal epithelial cells (6 6 2.2
cells/field) had significant chemotactic activity for eosino-
phils; however, it was not suppressed by anti-RANTES
antibodies. There was no significance between the activity
in the medium of uninfected cells and that in the medium
of the cells 24 h after infection (6.2 6 2.1 cells/field). The
activity of the medium in the cells 24 h after infection was
not suppressed by anti-RANTES antibodies (Figure 8b).
However, the medium of nasal epithelial cells 48 h after in-
fection had potent chemotactic activity for eosinophils
(12.5 6 0.7 cells/field). This activity was suppressed by

Figure 5. Assay of RANTES in medium of epithelial cells, which
were stimulated by cytokines. Media of the cells stimulated with
10 ng/ml IL-1b, 100 U/ml TNF-a, 100 U/ml IFN-g, and a mixture
of these cytokines were collected 24 h after stimulation, and
RANTES was detected by ELISA. Open bars represent data on
nasal epithelial cells. Closed bars represent data on bronchial epi-
thelial cells. *P , 0.05 compared with unstimulated cells (con-
trol). Four separate experiments were performed.

Figure 6. Assay of IL-1b and TNF-a in medium of cultured air-
way epithelial cells, which were infected with influenza virus. Me-
dia of uninfected cells (control) and cells infected with influenza
virus were collected 24 h after infection, and concentrations of
IL-1b (a) and TNF-a (b) were determined by ELISA. Open bars
represent data on nasal epithelial cells. Closed bars represent
data on bronchial epithelial cells. *P , 0.05 compared with un-
infected cells (control). Four separate experiments were per-
formed. 
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anti-RANTES antibodies to the level of uninfected cells
(5.5 6 0.7 cells/field) (Figure 8c).

As was the case with nasal epithelial cells, the medium
of uninfected normal bronchial epithelial cells was chemo-
tactic for eosinophils (6.0 6 1.0 cells/field); however, it was
not suppressed by anti-RANTES antibodies. There was no
statistical significance between the activity in the medium
of uninfected cells and that in the medium of the cells 24 h
after infection (6.8 6 1.3 cells/field). The activity of the
medium in the cells 24 h after infection was not suppressed
by anti-RANTES antibodies (Figure 8d). However, the
chemotactic activity of the medium of bronchial epithelial
cells 48 h after infection was approximately three times
greater than that of the medium of uninfected cells (17.3 6
2.1 cells/field) and was significantly suppressed when anti-
RANTES antibodies were added (7.0 6 2.0 cells/field)
(Figure 8e).

Discussion
This study demonstrates that cultured normal airway epi-
thelial cells may be infected with influenza virus A, that
the viral RNA replicates in the cells, and that influenza vi-
ral infection induces these cells to express RANTES mRNA
and produce RANTES. This study also demonstrates that
the supernatant of cells infected with influenza virus has

strong chemotactic activity for eosinophils that is sup-
pressed to the level of uninfected cells by anti-RANTES
antibodies.

RANTES is chemotactic for T lymphocytes and eosino-
phils and also activates eosinophils. It has been reported
that RANTES is expressed in the bronchial mucosa of pa-
tients with asthma. Therefore, RANTES may play an im-
portant role in the pathogenesis of airway hypersensitivity
that is caused by the accumulation of inflammatory cells,
such as eosinophils and lymphocytes, in the bronchial mu-
cosa. In this study, we demonstrated that RANTES is pro-
duced by normal airway epithelial cells after influenza vi-
rus infection and that it has strong chemotactic activity for
eosinophils. Respiratory viral infection causes airway in-
flammation and persistent airway hypersensitivity, such as
in asthma. Influenza viral infection may induce RANTES
production by airway epithelium, continuously attracts
eosinophils into the bronchial mucosa, and causes airway
hypersensitivity. Some investigators have reported that vi-
ral infection induces the infiltration of eosinophils into the
airway (32, 33). Our findings may support these reports.

Although we found that recombinant RANTES (10
and 100 ng/ml) caused chemotaxis of eosinophils, the
chemotactic activities of medium only and of the medium
of 1 ng/ml recombinant RANTES did not differ signifi-
cantly. However, RANTES produced by epithelial cells
that had been infected with influenza virus 48 h previously
had strong chemotactic activity for eosinophils at concen-
trations less than 1 ng/ml. This activity may be due to the syn-
ergistic effects of other chemokines for eosinophils, which
are produced by airway epithelial cells and may be upreg-
ulated by viral infection (20, 34). In addition, RANTES
derived from airway epithelial cells might have greater
chemotactic activity than recombinant RANTES, even if
there were no effects of other cytokines in the media.

Although nasal epithelial cells, 48 h after infection, pro-
duced the higher concentration of RANTES compared
with bronchial epithelial cells, the chemotactic activity for
eosinophils in the medium of nasal epithelial cells was less
than that in the medium of bronchial epithelial cells. The
chemotactic activity in the medium of infected cells may
be dependent on the level of RANTES concentration, be-
cause the medium of epithelial cells 24 h after infection
(containing a low level of RANTES) did not have signifi-
cant activity. Therefore, there is a possibility that bron-
chial epithelial cells may produce more bioactive RANTES
compared with nasal epithelial cells. 

Although some investigators have demonstrated that
unstimulated cultured normal human bronchial epithelial
cells produce RANTES (12, 34, 35), in this study we did
not detect RANTES mRNA or RANTES protein produced
by uninfected epithelial cells. Considering the effect of hy-
drocortisone, we cultured these airway epithelial cells in me-
dium without hydrocortisone but could not detect RANTES
production or mRNA expression (data not shown). Be-
cause the amount of RANTES produced by unstimulated
normal airway epithelial cells may be extremely small, this
discrepancy may be due to differences in the sensitivities of
protein assay systems. In addition, the differences in culture
conditions and samples (tissue of patients) may influence
the results of experiments.

Figure 7. The effect of anti-IL-1b and anti-TNF-a antibodies on
the production of RANTES in the media of infected cells. Media
of infected cells with or without anti-IL-1b and anti-TNF-a anti-
bodies were collected 24 h after infection and RANTES was de-
tected by ELISA. Hatched bars represent RANTES concentra-
tion in the media without antibodies. Closed bars represent
RANTES in the media with antibodies. Data shown as a percent-
age of RANTES concentration in the media without antibodies.
Four separate experiments were performed. 
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The mechanism by which RANTES expression is in-
duced by influenza virus infection has not been clarified. As
in the report of Berkman and coworkers (35), we demon-
strated that IL-1b, TNF-a, and IFN-g each induced pro-

duction of small amounts of RANTES protein by nasal and
bronchial epithelial cells and that a combination of these
three cytokines induced production of greater amounts of
RANTES. We hypothesized that these cytokines may con-
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tribute to RANTES expression in viral infection. How-
ever, we could not detect IFN-g in the culture media and
the detected concentrations of IL-1b and TNF-a in the
medium of infected cells were under 100 pg/ml. These low
levels of IL-1b and TNF-a could not induce RANTES in
the epithelial cells (data not shown). Also, anti-IL-1b and
anti-TNF-a antibodies did not suppress RANTES produc-
tion after influenza infection. Therefore, we thought that a
mechanism other than the intervention of cytokines might
play an important role in RANTES expression by influ-
enza virus. 

Some transcription factors may contribute to the
RANTES expression induced by viral infection. Phal and
coworkers report that hemagglutinin of influenza virus ac-
tivates transcription factor NF-kB in HeLa cells (36). Sim-
ilarly, hemagglutinin may activate NF-kB in airway epithe-
lial cells. NF-kB is one of the transcription factors that up-
regulate RANTES (37). Because, as shown in the present
study, the hemagglutinin gene is expressed in airway epi-
thelial cells infected with influenza virus, influenza virus
might regulate RANTES expression in these cells through
the activation of NF-kB.

The present study demonstrates that cultured nasal and
normal bronchial epithelial cells can express and secrete
bioactive RANTES. These findings may contribute to the
understanding of the mechanisms of airway inflammation.
However, because these findings were obtained in vitro,
whether they precisely reflect in vivo airway inflammation
is not known. Further investigations are necessary to clar-
ify the mechanism by which viral infection causes airway
inflammatory disease.
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