
Amantadine inhibits RANTES production by in¯uenza
virus-infected human bronchial epithelial cells

1Yasukiyo Asai, *,1Shu Hashimoto, 1Kousei Kujime, 1Yasuhiro Gon, 1Kenji Mizumura,
2Kazufumi Shimizu & 1Takashi Horie

1First Department of Internal Medicine, Nihon University School of Medicine, Tokyo, Japan and 2Department of
Microbiology, Nihon University School of Medicine, Tokyo, Japan

1 Amantadine can prevent and decrease airway in¯ammation by inhibiting in¯uenza virus (IV)
replication; however, the e�ect of amantadine on RANTES production by human bronchial
epithelial cells (BEC) has not been determined. In the present study, we examined the e�ect of
amantadine on RANTES production and also analysed p38 mitogen-activated protein (MAP) kinase
and c-Jun-NH2-terminal kinase (JNK) activation to clarify the mechanism in the e�ect of
amantadine on RANTES production, since we have previously shown that p38 MAP kinase and
JNK regulate RANTES production by IV-infected BEC.

2 BECthathadbeenpreincubatedwithamantadinewere infectedwith IVand thenp38MAPkinaseand
JNK activation in the cells and RANTES concentrations in the culture supernatants were determined.

3 Amantadine-induced inhibition of virus replication resulted in a decrease in p38 MAP kinase and
JNK activity and decreased expression of RANTES in IV-infected cells.

4 Amantadine did not inhibit p38 MAP kinase and JNK activation induced by tumour necrosis
factor-a (TNF-a) as a non-viral stimulus.

5 These results indicate that amantadine inhibits IV infection-induced RANTES production by
human BEC and that the inhibition by amantadine of RANTES production might result from an
indirect inhibitory e�ect of amantadine on p38 MAP kinase and JNK activation via the inhibition of
virus replication, and we emphasize that amantadine may produce a bene®cial e�ect on controlling
bronchial asthma exacerbation caused by IV infection.
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Introduction

In¯uenza virus (IV) infection causes airway in¯ammation and
bronchial asthma exacerbation (Nicholson et al., 1993; Folkerts
et al., 1998; Johnston et al., 1998). The pathogenesis of airway
in¯ammation caused by IV is complex, and involves multiple

in¯ammatory cells, cytokines and mediators (Folkerts et al.,
1998; Johnston et al., 1998). Airway epithelial cells are the initial
site of IV infection, and have the capacity to produce a variety

type of biologically activemolecules, including cytokines (Polito
& Proud 1998). IV-infected airway epithelial cells, at least in
part, participate in the production of airway in¯ammation and

asthma exacerbation by expressing various cytokines (Choi et
al., 1992; Matsukura et al., 1996; 1998). Consequently, the
inhibition of cytokine production by airway epithelial cells is an

important strategy for controlling asthma exacerbation.
Amantadine (1-aminoadamantane hydrochloride) can in-

hibit in¯uenza A virus (IVA) uncoating and subsequent
replication by blocking ion channel activity of IVAM2 integral

membrane protein (Kato & Eggers 1969; Skehel et al., 1978;

Hay, 1992). Thus, amantadine can prevent and decrease the
severity of IV infection (Dolin et al., 1982; Jackson, 1986).
However, the e�ect of amantadine on cytokine production by
IV-infected human airway epithelial cells has not been

determined. In the present study, we therefore examined the
e�ect of amantadine on the production of RANTES that
exhibits a chemotactic activity for eosinophils (Baggiolini &

Dahinden 1994; Humbert, 1996), by IV-infected human
bronchial epithelial cells (BEC). In addition, since we have
previously shown that p38 mitogen-activated protein (MAP)

kinase and c-Jun-NH2-terminal kinase (JNK) regulate IV
infection-induced RANTES production by human BEC
(Kujime et al., 2000), we also examined the e�ect of amantadine

on IV infection-induced p38 MAP kinase and JNK activation
in the context of its e�ect on RANTES production.

Methods

Virus stock

In¯uenza virus strain A/Udon/307/72 (H3N2) was grown in
Madian-Darby canine kidney cells (American Type Culture
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Collection, Rockville, MD, U.S.A.) in DMEM (Nissui Co.
Ltd., Tokyo, Japan) and semipuri®ed by two cycles of
di�erential centrifugation from the infected culture super-

natants. Virus stock was stored at 7808C.

Cells and reagents

Bronchial epithelial cell lines, NCI-H292, were obtained from
American Type Culture Collection. NCI-H292 were grown in
culture medium which is RPMI 1640 (Nissui Co. Ltd, Tokyo,

Japan) supplemented with 10% heat-inactivated FCS (Mitsu-
bishikasei, Co. Ltd, Japan), streptomycin and penicillin
(Meiji Pharmaceutical Co. Ltd, Tokyo, Japan). SB 203580

as the speci®c inhibitor of p38 MAP kinase activity (Lee et
al., 1994) was obtained from Carbiochem-Novabiochem
Corporation (La Jolla, CA, U.S.A.). CEP-1347 as the speci®c

inhibitor of JNK activation (Maroney et al., 1998) was kindly
provided by Cephalon Incorporated (West Chester, PA,
U.S.A.). SB 203580 and CEP-1347 were dissolved in DMSO.
Amantadine was obtained from Sigma Chemical Co. (St.

Louis, MO, U.S.A.). Human recombinant tumour necrosis
factor-a (TNF-a) were kindly provided by Dainippon
Pharmaceutical Co. Ltd. (Osaka, Japan).

Cell cultures

The cells were placed onto 24-well ¯at bottomed tissue culture
plate (Corning, Corning, NY, U.S.A.) for cytokine production
and tissue culture plate (Falcon 1007, Oxnard, CA, U.S.A.) for

Western blot analysis, and cultured using culture medium at
378C in humidi®ed 5% CO2 atmosphere. When the cells were
grown in subcon¯uent conditions, the culture medium was
replaced with serum free RPMI 1640 and the cells were cultured

for 16 h. In order to examine IV infection-induced RANTES
production, and p38 MAP kinase and JNK activation; the cells
were infected with IV at multiplicity of infection (moi) of 2. In

order to examine the e�ect of amantadine, SB 203580 and
CEP-1347 on RANTES production by IV-infected BEC; the
cells that had been incubated with amantadine, SB 203580 or

CEP-1347 for 1 h were infected with IV and cultured for 24 h.
At the end of 24 h, the culture supernatants were harvested and
centrifuged, and the supernatants were collected, ®ltrated with
a millipore ®lter and stored at 7808C until assay. In order to

examine the e�ect of amantadine on IV-infection-induced
RANTES production, and p38 MAP kinase and JNK
activation and on TNF-a-induced RANTES production, and

p38 MAP kinase and JNK activation, the cells that had been
incubated with amantadine for 1 h were infected with IV and
cultured for the desired times as indicated.

Measurement of RANTES

The concentration of RANTES in the culture supernatants
from BEC were measured by commercially available ELISA
kits (Amersham International, Aylesbury, U.K.). ELISA was
performed according to the manufacturer's instructions. All

samples were assayed in duplicate.

Western blot analysis of p38 MAP kinase and JNK

Analysis of threonine and tyrosine phosphorylation of p38
MAP kinase was performed using an anti-phosphorylated

threonine and tyrosine of p38 MAP kinase antibody (ab)
(anti-phospho-speci®c p38 MAP kinase ab, New England
Biolabs, Inc.) which is speci®c for active p38 MAP kinase

and does not cross react with Erk and JNK. Analysis of
threonine and tyrosine phosphorylation of JNK was
performed using an anti-phosphorylated threonine and
tyrosine of JNK ab (anti-phospho-speci®c JNK ab, New

England Biolabs, Inc.) which is speci®c for active JNK and
does not cross react with p38 MAP kinase and Erk. Analysis
of p38 MAP kinase and JNK was performed according to

manufacturer's instructions as described previously (Hashi-
moto et al., 1999). Brie¯y, after separating proteins from cell
lysate by a 15% SDS±PAGE, the cell lysate containing 10 mg
of protein was electrophoretically transferred to membrane
and the membrane was incubated with speci®c ab to
phosphorylated threonine and tyrosine of p38 MAP kinase

(a�nity-puri®ed rabbit polyclonal IgG) or speci®c ab to
phosphorylated threonine and tyrosine of JNK (a�nity-
puri®ed rabbit polyclonal IgG) for analysis of JNK, and then
it was incubated with the horseradish peroxidase-conjugated

anti-rabbit IgG ab and horseradish peroxidase-conjugated
anti-biotin ab to detect biotinylated protein markers. Blots
were incubated with ECL (enhanced chemiluminescence)

solution for 1 min and exposed on KODAK XAR ®lm. In
order to show the amounts of p38 MAP kinase and JNK
precipitated, blots were stripped and reprobed using

phosphorylation-state independent p38 MAP kinase-speci®c
ab (a�nity puri®ed rabbit polyclonal IgG) to determine total
p38 MAP kinase levels or phosphorylation-state independent

JNK-speci®c ab (a�nity puri®ed rabbit polyclonal IgG) to
determine total JNK levels, respectively.

Statistical analysis

Statistical signi®cance was analysed by using analysis of
variance (ANOVA). P value less than 0.05 was considered

signi®cant. When statistical signi®cance was reached, post hoc
tests (Fischer's Protected Least Signi®cant Di�erence, Sche�'s
F) were performed.

Results

IV infection induces RANTES production

First, BEC were infected with IV and cultured for 12, 24 and

48 h, and RANTES concentrations of the culture super-
natants were determined. As shown in Figure 1, IV infection
induced RANTES production was a time-dependent manner.

p38 MAP kinase and JNK regulate IV infection-induced
RANTES production

We have previously shown that p38 MAP kinase and JNK,
at least, regulate IV-induced RANTES production (Kujime et
al., 2000). In order to con®rm the previous results and verify

the experimental condition in this study, we examined the
threonine and tyrosine phosphorylation of p38 MAP kinase
and JNK in IV-infected cells, and the e�ect of SB 203580 and

CEP-1347 on IV induced RANTES production. Activation of
p38 MAP kinase and JNK is mediated by dual phosphoryla-
tion of the threonine and tyrosine residues of p38 MAP
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kinase and JNK (Derijard et al., 1994; Raingeaud et al.,
1995). Increases in the threonine and tyrosine phosphoryla-
tion of p38 MAP kinase and JNK re¯ect activation state of

p38 MAP kinase and JNK. We therefore examined the
threonine and tyrosine phosphorylation of p38 MAP kinase
kinase and JNK in IV-infected cells. Our previous study with

the time-course of p38 MAP kinase and JNK activation in
IV-infected BEC showed that p38 MAP kinase and JNK
activation in IV-infected BEC were maximal at 6 h. There-

fore, in the present study we performed the brief experiment
to examine p38 MAP kinase and JNK activation in IV-
infected cells. To this end, the cells were lysed for analysis of
p38 MAP kinase and JNK activation at 1, 4, 6 and 12 h after

IV infection. As shown in Figure 2, IV infection activated
p38 MAP kinase and JNK and their maximal responses
occurred at 6 h. Lower panel of Figure 2a showed that equal

amounts of p38 MAP kinase protein were immunoblotted
with phosphorylation-independent p38 MAP kinase-speci®c
ab regardless of time of culture periods, indicating that IV

infection-induced p38 MAP kinase activation occurred in the
absence of changes in p38 MAP kinase protein levels.
Similarly, IV infection-induced JNK activation occurred in

the absence of changes in JNK protein levels (lower panel of
Figure 2b). SB 203580 and CEP1347 inhibited RANTES
production by IV-infected cells (Figure 2c). The present
results veri®ed the role of p38 MAP kinase and JNK in IV

infection-induced RANTES production by BEC. Addition of
DMSO vehicle alone did not attenuate IV infection-induced
increases in p38 MAP kinase and JNK activation (data not

shown).

Amantadine inhibits IV infection-induced RANTES
production

In order to examine the e�ects of amantadine on IV

infection-induced RANTES production, the cells that had

been preincubated with various doses of amantadine for 1 h
were infected with IV, and cultured for 24 h. RANTES
concentrations in the supernatants were determined. As

shown in Figure 3, amantadine inhibited RANTES produc-
tion in a dose-dependent manner.

Amantadine inhibits IV-induced p38 MAP kinase and
JNK activation

IV infection-induced RANTES production is, at least,

regulated by p38 MAP kinase and JNK (Kujime et al.,
2000). In the next, we examined the e�ect of amantadine on
IV-induced p38 MAP kinase and JNK activation in order to

clarify the mechanism of amantadine-mediated inhibition of
RANTES production. To this end, we examined the e�ect of
amantadine on IV infection-induced p38 MAP kinase and

JNK activation at 6 h after IV infection. Amounts of
phosphorylated threonine and tyrosine of p38 MAP kinase
and JNK were lower in IV-infected cells that had been
preincubated with amantadine than those that had been

preincubated without amantadine, showing that amantadine
inhibited IV infection-induced p38 MAP kinase and JNK
activation (Figure 4). Lower panel of Figure 4a showed that

equal amounts of p38 MAP kinase protein were immuno-
blotted with phosphorylation-independent p38 MAP kinase-
speci®c ab regardless of culture conditions, indicating that the

inhibition of IV infection-induced p38 MAP kinase activation
by amantadine occurred in the absence of changes in p38
MAP kinase protein levels. Similarly, the inhibition of IV

infection-induced JNK activation by amantadine occurred in
the absence of changes in JNK protein levels (lower panel of
Figure 4b).

Amantadine does not inhibit TNF-a-induced p38 MAP
kinase and JNK activation

Amantadine inhibited IV-induced p38 MAP kinase and JNK
activation and consequent RANTES production. Since this
drug is well known to inhibit virus replication (Kato et al.,

1969; Skehel et al., 1978; Hay, 1992), the inhibition by
amantadine of IV infection-induced p38 MAP kinase and
JNK activation might result from the inhibition of virus
replication. However, a direct inhibitory e�ect of amantadine

on p38 MAP kinase and JNK activation has not been
determined. To test this possibility, since it has been shown
that TNF-a activates p38 MAP kinase to produce RANTES

by BEC (Hashimoto et al., 2000), we employed TNF-a as
non-viral stimulus to activate p38 MAP kinase and JNK and
examined the e�ect of amantadine on TNF-a-induced p38

MAP kinase and JNK activation and RANTES production.
As shown in Figure 5a and 5b, amantadine did not inhibit
TNF-a-induced p38 MAP kinase and JNK activation,

indicating that amantadine does not have a direct inhibitory
e�ect on p38 MAP kinase and JNK activation. We also
measured the concentrations of RANTES in the culture
supernatants from TNF-a-infected BEC in the presence or

absence of amantadine. Amantadine did not inhibit TNF-a-
induced RANTES production (Figure 5c). The total number
of the cells and cell viability at the end of the culture period

of each experiment, determined by trypan blue exclusion dye,
did not di�er with culture conditions, suggesting that IV
infection-induced RANTES production and the inhibition by

Figure 1 IV infection induces RANTES production by BEC. BEC
were cultured with medium or infected with IV and the concentra-
tions of RANTES in the culture supernatants were determined at 12,
24 and 48 h after cultivation. The results are expressed as mean+s.d.
in the ®ve di�erent experiments. *P50.01 compared with RANTES
concentrations in BEC cultured with medium.
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amantadine and MAP kinase inhibitors of RANTES

production did not result from cell cytotoxicity.

Discussion

In the present study, we examined the e�ect of amantadine on

IV infection-induced RANTES production by human BEC.
The results showed that (1) amantadine-induced inhibition of
virus replication resulted in a decrease in p38 MAP kinase and

JNK activity and decreased expression of RANTES in IV-
infected cells, and (2) amantadine did not inhibit p38 MAP
kinase and JNK activation, and RANTES production induced
by TNF-a as a non-viral stimulus. These results indicate that

amantadine inhibits IV infection-induced RANTES produc-
tion by human BEC and that the inhibition by amantadine of
RANTES production might result from an indirect inhibitory

e�ect of amantadine on p38 MAP kinase and JNK activation
via the inhibition of virus replication, but not a direct
inhibitory e�ect of p38 MAP kinase and JNK activation.

We ®rstly examined the e�ect of amantadine on IV
infection-induced RANTES production by human BEC.
The results showed that amantadine inhibited RANTES
production in a dose-dependent manner. 10 mM of amanta-

dine partially inhibited RANTES production. Next, we
examined the e�ect of amantadine on IV infection-induced

Figure 2 p38 MAP kinase and JNK regulate IV infection-induced RANTES production. BEC were stimulated with IV for the
desired times as indicated. The lysates from BEC were separated by a 15% SDS±PAGE, transferred to membranes, and blotted
either with a speci®c antibody (ab) to phosphorylated threonine and tyrosine of p38 MAP kinase (phospho-p38 MAP kinase; upper
panel of (a)) or a speci®c ab to phosphorylated threonine and tyrosine of JNK (phospho-JNK; upper panel of (b)). Blots shown in
the upper panel of (a) were stripped and reprobed using a phosphorylation state-independent p38 MAP kinase speci®c ab to show
the amounts of p38 MAP kinase blotted (p38 MAP kinase; lower panel of (a)). Blots shown in the upper panel of (b) were stripped
and reprobed using a phosphorylation state-independent JNK speci®c antibody to show the amounts of JNK blotted (JNK; lower
panel of (b)). Lane P of (a) and (b) represent phosphorylated p38 MAP kinase and JNK control protein for positive control,
respectively (New England Biolabs, Inc.). Lane N of (a) and (b) represent nonphosphorylated p38 MAP kinase and JNK control
protein for negative control, respectively (New England Biolabs, Inc.). The amounts of phosphorylated p38 MAP kinase and JNK
proteins were quanti®ed by NIH image analyzer and are presented as the amounts of phosphorylated p38 MAP kinase and JNK
proteins relative to control cells treated without IV (1.0). Three identical experiments independently performed gave similar results.
Fold increase in amounts of phosphorylated p38 MAP kinase and JNK proteins as indicated below are expressed as the mean+s.d.
in three di�erent experiments. *1=P50.01 compared with amounts of phosphorylated p38 MAP kinase or JNK proteins in IV-
uninfected BEC. BEC that had been preincubated either with medium, SB 203580 (10 mM) or CEP-1347 (1 mM) for 1 h were
cultured with medium or infected with IV and the concentrations of RANTES in the culture supernatants were determined at 24 h
after IV infection (c). The results are expressed as the mean+s.d. in six di�erent experiments. *2=P50.01 compared with
RANTES concentrations in BEC cultured without inhibitor.

Figure 3 Amantadine inhibits IV infection-induced RANTES
production. BEC that had been preincubated either with medium
or various concentrations of amantadine for 1 h were cultured with
medium or infected with IV. The concentrations of RANTES in the
culture supernatants were determined at 24 h after infection. The
results are expressed as the mean+s.d. in six di�erent experiments.
*1=P50.05 compared with RANTES concentrations in BEC
cultured without amantadine. *2=P50.01 compared with RANTES
concentrations in BEC cultured without amantadine.
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p38 MAP kinase and JNK activation to clarify the
mechanism in amantadine-mediated inhibition of RANTES
production, since our previous results (Kujime et al., 2000)

and the present study showed that p38 MAP kinase and
JNK, at least, regulated IV infection-induced RANTES
production by human BEC. The results showed that 10 mM
of amantadine partially inhibited IV infection-induced p38

MAP kinase and JNK activation. This correlated with a
partial inhibition of RANTES production by amantadine.
These results indicated that amantadine-mediated inhibition

of RANTES production resulted from amantadine-mediated
inhibition of p38 MAP kinase and JNK activation.

The relationship between the IV growth and cellular

functions has been determined, including cytokine production

Figure 4 Amantadine inhibits IV infection-induced p38 MAP kinase and JNK activation. BEC that had been preincubated either
with medium or amantadine (10 mM) for 1 h were infected with IV. p38 MAP kinase and JNK activation was analysed at 6 h after
IV infection. The cells were cultured with medium (lane 1), amantadine (lane 2), IV (lane 3) and IV and amantadine (lane 4). Three
identical experiments independently performed gave similar results. Fold increase in amounts of phosphorylated p38 MAP kinase
and JNK proteins as indicated below are expressed as the mean+s.d. in three di�erent experiments. *1=P50.01 compared with
amounts of phosphorylated p38 MAP kinase or JNK proteins in IV-infected BEC cultured without amantadine.

Figure 5 Amantadine does not inhibit TNF-a-induced p38 MAP kinase and JNK activation, and RANTES production. BEC that
had been preincubated either with medium or amantadine (10 mM) for 1 h were stimulated with TNF-a (10 ng ml71). p38 MAP
kinase and JNK activation was analysed at 10 min after stimulation with TNF-a (a) and (b). The cells were cultured with medium
(lane 1), amantadine (lane 2), TNF-a (lane 3) and TNF-a and amantadine (lane 4). The fold increases in amounts of phosphorylated
p38 MAP kinase and JNK proteins are indicated below. Three identical experiments independently performed gave similar results.
Fold increase in amounts of phosphorylated p38 MAP kinase and JNK proteins as indicated below are expressed as the mean+s.d.
in three di�erent experiments. The concentrations of RANTES in the culture supernatants were determined at 24 h after TNF-a
stimulation (c). The results are expressed as the mean+s.d. in three di�erent experiments.
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and apoptosis (Pahl & Baeuerle, 1995; Takizawa et al., 1996;
Schultz-Cheery & Hinshaw, 1996; Bussfeld et al., 1998;
Morris et al., 1999). Therefore, it is of interest to determine a

relationship between IV growth and the induction of p38
MAP kinase and JNK activation and subsequent cytokine
production. The present study showed that the treatment of
cells with amantadine resulted in a decrease in p38 MAP

kinase and JNK activity, and decreased expression of
RANTES in IV-infected cells. Since amantadine is a well-
known inhibitor of IV uncoating, thus inhibiting subsequent

IV replication (Kato et al., 1969; Skehel et al., 1978; Hay,
1992), virus replication is required for p38 MAP kinase and
JNK activation and RANTES production. Recently, double-

strand RNA (dsRNA) analogue poly(IC) has been demon-
strated to activate p38 MAP kinase and JNK (Jordanov et
al., 2000). We are currently investigating the IV-speci®c

molecule involved, including dsRNA for p38 MAP kinase
and JNK activation to clarify this point.
IV infection results in acute in¯ammation and increased

cytokine secretion at areas of viral replication (Nicholson et

al., 1993; Folkerts et al., 1998; Johnston et al., 1998; Polito et
al., 1998; Choi et al., 1992; Matsukura et al., 1996; 1998).
Amantadine can prevent and decrease airway in¯ammation

by inhibiting IV replication (Kato et al., 1969; Skehel et al.,

1978; Hay, 1992). In addition, our results indicated that the
inhibition of IV replication by amantadine inhibits p38 MAP
kinase and JNK activation, resulting in the decreased

RANTES production. RANTES plays an important role in
the production of airway in¯ammation in asthmatics
(Baggiolini et al., 1994; Humbert, 1996; Pizzichini et al.,
1999). Therefore, the inhibition of RANTES production can

be important in the attenuation of airway in¯ammation in
asthmatics. Consequently, an inhibitory e�ect of amantadine
on RANTES production by IV-infected BEC may have a

bene®cial e�ect on controlling bronchial asthma exacerba-
tion.
From the data presented here, we conclude that amanta-

dine inhibits RANTES production by IV-infected BEC.
Therefore, the inhibition of RANTES production by
amantadine is an important strategy for controlling bronchial

asthma exacerbation caused by IV infection.
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