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were exposed to serial 10-fold dilutions of type 14 rhinovirus at a dose
ranging from 10! to 10°TCIDs, units/ml, containing procaterol or
vehicle for 1h at 33 °C. After exposure to type 14 rhinovirus, cells
were rinsed with PBS, and a fresh medium without the addition of
procaterol was replaced. Cells in the tubes were then cultured at 33 °C
by rolling in an incubator.

We collected the supernatant fluids at 1, 12, and 24 h after type 14
rhinovirus infection with the methods described above (Collection of
supernatant fluids for measurements). Supernatant fluids were also
collected at 3 days (72 h), 5 days (120 h) and 7 days (168 h) after type
14 rhinovirus infection.

Because we found in the preliminary experiments that the
supernatant fluids collected at 3 days (72 h) after infection showed
maximum viral titers, we measured the rhinovirus titers in the
supernatant fluids collected at 3 days (72 h) after infection with the
human embryonic fibroblast cell assay described above in order to
assess whether infection occurred at each dose (10', 102, 103, 10* or
10°TCIDs, units/ml) of type 14 rhinovirus used. After addition of
virus-containing supernatant fluids to the fibroblast cells, the
presence of the typical cytopathic effects of rhinovirus was observed
for 7 days (168 h) (Yamaya et al., 2007).

2.10. Measurement of ICAM-1 expression

The mRNA of ICAM-1 was examined with the two-step real-time RT-
PCR analysis with the methods described above (Quantification of
rhinovirus RNA), by using a forward primer (5'-GCACTTCTGTTTCCCAG-
GAGC-3’) and a reverse primer (5'-CGGACACCCAAAGTAG TCGGT-3').
Tagman probe (5'-[FAM] CCTTTAACCGTTATCCGCCA [TAMRA]-3’] was
designed for ICAM-1. The expression of [CAM-1 mRNA was also
normalized to the constitutive expression of rRNA. Concentrations of
sICAM-1 in supernatant fluids were measured with the enzyme
immunoassay (EIA) (Yamaya et al., 2007).

2.11. Measurement of changes in acidic endosomes

The distribution and the fluorescence intensity of acidic endosomes
in the cells were measured as previously described with a dye,
LysoSensor DND-189 (Molecular Probes, Eugene, OR, USA) (Suzuki et
al,, 2001). Live-cell imaging was performed. The cells on coverslips in
Petri dishes were observed with a fluorescence microscope (OLYMPUS
IX70; OLYMPUS Co. Ltd., Tokyo, Japan). The excitation wavelength was
443 nm, and the emitted light from the cells was detected through a
505-nm filter. The fluorescence intensity was calculated using a
fluorescence image analyzer system (Lumina Vision®; Mitani Co. Ltd.,
Fukui, Japan) equipped with a fluorescence microscope. Fluorescence
intensity of acidic endosomes was measured in 100 human tracheal
epithelial cells, and the mean value of fluorescence intensity was
expressed as a percentage of the control value compared with the
fluorescence intensity of the cells before any treatment.

We studied the effects of a long period of treatment with
procaterol (0.1 M, 72 h) on acidic endosomes, because cells were
pretreated with procaterol for 3 days (72 h) before type 14 rhinovirus
infection. Furthermore, to examine the time-dependent effects of
procaterol on acidic endosomes, cells were treated with procaterol
(0.1 uM) for the time ranging from 0 h to 3 days (72 h).

To examine the concentration-dependent effects of procaterol on
acidic endosomes, cells were treated with procaterol at concentra-
tions ranging from 1 nM to 100 nM.

2.12. Measurement of cytokine production

We measured interleukin-1p, interleukin-6, and interleukin-8 of
supernatant fluids by specific enzyme-linked immunosorbent assays
(ELISAs) (Yamaya et al., 2007) in duplicate human tracheal epithelial
cells in plastic tubes at all time points.

2.13. NF-kappa B assay

Nuclear extracts from human tracheal epithelial cells were
prepared using a TransFactor extraction kit (BD Bioscience/CLON-
TECH, Mountain View, CA, USA) according to manufacturer's instruc-
tions. After centrifugation at 20,000xg for 5min at 4 °C, nuclear
extracts were assayed for p50, p65, and c-Rel content. An equal
amount of nuclear lysate was added to incubation wells precoated
with the DNA-binding consensus sequence. The presence of translo-
cated p50, p65, and c-Rel subunit was assayed by using a TransFactor
Family Colorimetric Kit-NF«<B (BD Bioscience/CLONTECH) according
to the manufacturer's instructions (Fiorucci et al., 2002). Plates were
read at 655nm and results are expressed as OD, which shows
quantitative levels of NF-kB subunits (Fiorucci et al.,, 2002).

2.14. Western blot analysis

Western blot analysis for the degradation of inhibitory kappa B-a
(IkB-at) and the analysis of the amount of phosphorylated IkB-at (p-
IkB-a) and PB-actin were performed with the methods described
previously (Kim et al., 2008) with some modification. Total cellular
proteins from human tracheal epithelial cells before and after type 14
rhinovirus infection in the presence or absence of procaterol (0.1 uM)
and a selective 3,-adrenergic receptor antagonist ICI 118551 (1 uM)
were harvested and lysed in modified radioimmunoprecipitation
assay (RIPA) buffer (1% NP-40, 0.25% sodium deoxycholate, 150 mM
NaC1, 20 mM Tris, pH 7.5, and 10 mM EDTA) supplemented with
phosphatase and protease inhibitors.

Protein concentrations were determined using the Bio-Rad protein
assay reagent, according to the manufacturer's instructions. Twenty
micrograms of cellular proteins from treated or untreated cell extracts
were separated on 10% SDS-polyacrylamide gels and electroblotted
onto nitrocellulose membranes that were incubated for 2 h with
blocking solution (5% skim milk) at 4 °C and then with primary
antibody overnight. Primary antibodies used in this study were a
monoclonal rabbit anti-phospho-IkB-ov (Ser32) antibody (1:1000
dilution; Cell Signaling Technology, Danvers, MA, USA), a polyclonal
rabbit anti-IkB-o¢ (C-21) antibody (1:200 dilution; Santa Cruz
Biotechnonogy, Santa Cruz, CA, USA), and a monoclonal mouse anti-
p-actin antibody (1:10,000 dilution; Sigma-Aldrich, St. Louis, MO,
USA). Blots were then washed four times with Tween 20/Tris-buffered
saline (TTBS), incubated with one of the following secondary
antibodies for 1h at room temperature: peroxidase-conjugated
anti-rabbit IgG (1:1000 dilution; DakoCytomation, Glostrup,
Denmark) for p-lIkB-a and IkB-a or peroxidase-conjugated anti-
mouse IgG (1:10,000 dilution; Jackson Immuno Research Laborato-
ries, Avondale, PA, USA) for B-actin. Blots were rewashed three times
with TTBS, and chemiluminescence was detected using an Amersham
ECL Plus western blotting detection kit (GE Healthcare, Waukesha, W1,
USA) and a LAS-1000 lumino image analyzer (Fujifilm, Tokyo, Japan).
The results were quantified using Image] 1.42 software (http://rsb.
info.nih.gov/ij/). The data were obtained by dividing the results in
each culture condition by the results of R-actin.

2.15. Cyclic AMP assay

Intracellular cyclic AMP (cAMP) levels were measured as previ-
ously reported (Chiulli et al., 2000) with the cAMP-Screen™ System
(Applied Biosystems). Human tracheal epithelial cells, cultured in a
96-well plate, were treated with either procaterol (0.1 uM), ICI
118551 (1 uM), procaterol (0.1 uM) plus ICI 118551 (1 uM), or vehicle
(0.01% ethanol) for either 5 min, 10 min, 20 min, or 3 days (72 h).
Intracellular cAMP was then extracted by adding Assay/Lysis buffer to
the cells in the wells, and the extracted samples were incubated at
37 °C for 30 min. The samples containing cAMP were incubated with
anti-cAMP antibody in the wells of the 96-well plates at room
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temperature for 60 min. The combined cAMP with anti-cAMP
antibody, which was adhered to the bottom of the wells, was then
rinsed with wash buffer, and 100 pl/well of CSPD®/Sapphire-II™ RTU
substrate/enhancer solution was added to the wells and incubated for
30 min. The signal was measured in a luminometer (Luminoscan
acent; ThermoFisher Scientific Co., MA, USA) for 1s/well. The
standard curve was obtained by using 10-fold dilutions of cAMP at
the concentrations ranging from 0.6x 10~ pmol to 6x10°pmol in
each well of 96-well plates. Results are shown as pmol/well according
to the standard curve and expressed as pmol/mg protein after being
normalized to the amount of protein in the cells in the wells.

2.16. Statistical analysis

Results are expressed as means 4 S.EM. Statistical analysis was
performed using a one-way analysis of variance (ANOVA). Subse-
quent post-hoc analysis was made using Bonferroni's method. For all
analyses, values of P<0.05 were assumed to be significant. n refers to
the number of donors (tracheae) from which cultured epithelial cells
were used.

3. Results

3.1. Effects of procaterol on rhinovirus infection in human tracheal
epithelial cells

Exposing confluent human tracheal epithelial cell monolayers to
type 14 rhinovirus (5.0x 1072 TCIDs, units/cell) consistently led to
infection. No detectable virus was revealed at 1 h after infection, but
type 14 rhinovirus was detected in culture medium at 12 h, and the
viral content progressively increased between 1 and 12h after
infection (Fig. 1). Evidence of continuous viral production was
obtained by demonstrating that each of the supernatant fluids
collected during either 12 h to 24 h (1 day), 1day (24 h) to 3 days
(72'h), 3days (72 h) to 5days (120 h), or 5 days (120 h) to 7 days
(168 h) after infection contained significant levels of type 14
rhinovirus (Fig. 1). The viral titer levels in supernatant fluids increased
significantly with time for the first 3 days (72 h) (P<0.05 by ANOVA).
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Fig. 1. The time course of viral release in supernatant fluids of human tracheal epithelial
cells obtained at different times after exposure to 5.0 x 10~2 TCIDs,, units/cell of type 14
rhinovirus in the presence of procaterol (0.1 uM) (closed circles), the vehicle of
procaterol (ethanol, 0.01%) (open circles), or the presence of procaterol (0.1 pM) plus
ICI 118551 (1 pM) (open triangles). The epithelial cells isolated from the same donors
were treated with either procaterol, vehicle, or procaterol plus ICI 118551. To examine
whether supernatant fluids contain significant amount of rhinovirus, cytopathic effects
on human embryonic fibroblast cells were observed for 7 days (168 h) after placing the
supernatant fluids on the fibroblast cells. The rates of change in type 14 rhinovirus
concentration in the supernatant fluids are expressed as TCIDsg units/ml/24 h. Results
are means+S.EM. from 6 different tracheae (2 ex-smokers and 4 non-smokers).
Significant differences from viral infection alone are indicated by *P<0.05.

Furthermore, in the tracheal cells from subjects whose cells were
infected with rhinovirus, the supernatant fluids collected during 1
(24 h) to 3 days (72 h) after infection contained consistent levels of
type 14 rhinovirus (4.53 & 0.18 log TCIDs, units/ml/24 h, n=38).

Treatment of the cells with procaterol (0.1uM) significantly
decreased the viral titers of type 14 rhinovirus in supernatant fluids
from 12 h after infection (Fig. 1). Furthermore, a selective 3,-adrenergic
receptor antagonist ICI 118551 (1 uM) reversed the inhibitory effects of
procaterol on type 14 rhinovirus titer levels (Fig. 1), whereas ICI 11851
alone did not change the titer levels (data not shown).

Type 14 rhinovirus titer levels in supernatant fluids of the cells,
collected from 13 ex-smokers over 1 day (24 h) to 3 days (72 h) after
infection, did not differ from those of 25 patients who had never
smoked (4.58+0.32log TCIDsp units/ml/24h vs 4.5040.21 log
TCIDso units/ml/24 h, respectively, P>0.02). Likewise, type 14
rhinovirus titer levels in supernatant fluids of the cells from three
patients complicated with COPD did not differ from those from 35
patients without COPD (data not shown). No virus was detected in
supernatant fluids after infection of ultraviolet (UV)-inactivated type
14 rhinovirus (data not shown).

Treatment with procaterol (0.1pM) for 3 days (72 h) did not
change the viability (99 & 1% in procaterol vs 98 + 1% in vehicle, n =5,
P>0.50), as assessed by the exclusion of trypan blue. Furthermore,
until 7 days (168 h) after the start of cell culture, cells made confluent
sheets in the tubes in both the culture medium alone and the medium
containing procaterol at the same time point. The cell number of
confluent sheets cultured in the medium supplemented with
procaterol (0.1 pM) did not differ from that in the medium alone
(2.140.3x10° of cells/tube in procaterol vs 2.2 4 0.3 x 10° of cells/
tube in vehicle, n=5, P>0.50). When LDH concentrations in
supernatant fluids 3 days (72 h) after procaterol treatment (0.1 pM)
were measured, treatment with procaterol (0.1 uM) for 3 days (72 h)
did not change the LDH concentration (32 + 3 IU/1/24 h in procaterol
vs 33 £3[U/1/24 h [U/ml in vehicle, n=5, P>0.50).

Procaterol inhibited type 14 rhinovirus infection concentration-
dependently. The maximum effect was obtained at 0.1 M, 1.0 M,
and 10 pM, and the minimum effect was obtained at 3 nM (Fig. 2).
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Fig. 2. Concentration-response effects of procaterol on the viral release in supernatant
fluids collected over 1 day (24 h) to 3 days (72 h) after infection. The cells were treated
with procaterol (closed circles) or vehicle (Control; ethanol, 0.01%, open circle) from
3 days (72 h) before type 14 rhinovirus infection until the end of the experiments after
type 14 rhinovirus infection. The epithelial cells isolated from the same donors were
treated with either procaterol or vehicle. In order to examine whether supernatant
fluids contain significant amount of rhinovirus, cytopathic effects on human embryonic
fibroblast cells were observed for 7 days (168 h) after placing the supernatant fluids on
the fibroblast cells. The rates of change in type 14 rhinovirus concentration in the
supernatant fluids are expressed as TCIDsq units/ml/24 h. Results are means + S.E.M.
from 10 different tracheae (4 ex-smokers and 6 non-smokers). Significant differences
from vehicle alone (Control) are indicated by *P<0.05 and **P<0.01.
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3.2. Effects of procaterol on viral RNA by real-time RT-PCR

Further evidence of the inhibitory effects of procaterol on type 14
rhinovirus RNA replication in human tracheal epithelial cells was
provided by real-time quantitative RT-PCR analysis. The RNA
extraction was performed at 1 day (24 h), 3 days (72 h) and 5 days
(120 h) after type 14 rhinovirus infection. Type 14 rhinovirus RNA in
the cells was consistently observed from 1 day (24 h) after infection,
increased with time after infection (Fig. 3), and maximum rhinovirus
RNA replication was observed at 3 days (72 h) after infection (data at
120 h not shown), whereas type 14 rhinovirus RNA in the cells was
not observed before infection (data not shown). Procaterol (0.1 uM)
decreased the type 14 rhinovirus RNA at 1day (24 h) and at 3 days
(72 h) after infection (Fig. 3).

On the other hand, ICI 118551 (1puM) reversed the inhibitory
effects of procaterol on the type 14 rhinovirus RNA replication,
whereas ICI 118551 alone did not change it (Fig. 3). The amount of
type 14 rhinovirus RNA in the cells treated with ICI 118551 (1 uM)
alone did not differ from that in the cells treated with vehicle (ethanol,
0.01%) at 1 day (24 h) and at 3 days (72 h) after type 14 rhinovirus
infection (Fig. 3). In contrast, the amount of type 14 rhinovirus RNA in
the cells treated with procaterol (0.1 pM) plus ICI 118551 (1 uM) were
significantly higher than that in the cells treated with procaterol alone
and did not differ from that in the cells treated with vehicle at 1 day

(24 h) and at 3 days (72 h) after type 14 rhinovirus infection (Fig. 3).

3.3. Effects of procaterol on susceptibility to rhinovirus infection

Treatment of the cells with procaterol (0.1 M) decreased the
susceptibility of the cells to infection by type 14 rhinovirus. When
viral release was measured using supernatant fluids collected 3 days
(72 h) after rhinovirus infection, the minimum dose of type 14
rhinovirus necessary to cause infection in the cells treated with
procaterol (0.1pM, 72h) (3.24+0.2log TCID5, units/ml, n=35,
P<0.05) was significantly higher than that in the cells treated with
the vehicle of procaterol (ethanol, 0.01%) (2.2 + 0.2 log TCIDs, units/
ml, n=5) (Fig. 4A). Likewise, when viral release was measured using
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Fig. 3. Replication of viral RNA in human tracheal epithelial cells at 1 day (24 h) or
3 days (72 h) after infection with type 14 rhinovirus in the presence of procaterol
(0.1 pM) (RV + Proc), vehicle (0.01% ethanol) (RV), ICI 118551 (1 uM) (RV +ICI), or the
presence of procaterol (0.1 uM) plus ICI 118551 (1 pM) (RV + Proc + ICI) as detected by
real-time quantitative RT-PCR. The epithelial cells isolated from the same donors were
treated with either procaterol, vehicle, ICI 118551, or procaterol plus ICI 118551.
Results are expressed as the relative amount of RNA expression (%) compared with that
of maximal rhinovirus RNA at day 3 (72 h) in the cells treated with vehicle, and
reported as means + S.EM. from five samples (2 ex-smokers and 3 non-smokers).
Significant differences from treatment with a vehicle (RV) at each time are indicated by
*P<0.05.
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Fig. 4. (A) The minimum dose of type 14 rhinovirus necessary to cause infection in the
human tracheal epithelial cells treated with either procaterol (0.1 uM, 72 h), vehicle
(Control, 0.01% ethanol), or procaterol (0.1 M) plus ICI 118551 (1 uM) (Procaterol +
ICI). The epithelial cells isolated from the same donors were treated with either
procaterol, vehicle, or procaterol plus ICI 118551. In order to examine whether
supernatant fluids contain significant amount of rhinovirus, cytopathic effects on
human embryonic fibroblast cells were observed for 7 days (168 h) after placing the
supernatant fluids on the fibroblast cells. The minimum dose of type 14 rhinovirus
necessary to cause infection is expressed as TCIDs; units/ml. Results are means + S.EM.
from seven different tracheae (2 ex-smokers and 5 non-smokers). Significant
differences from vehicle alone (Control) are indicated by *P<0.05. (B) Viral release in
supernatant fluids collected during 24 h (1 day) to 72 h (3 days) after infection with
type 14 rhinovirus at a dose ranging from 10 to 10°TCID5, units/ml in the presence of
procaterol (0.1 pM) (gray columns) or the vehicle of procaterol (ethanol, 0.01%) (open
columns). The rates of change in type 14 rhinovirus concentration in the supernatant
fluids are expressed as TCIDsq units/ml/24 h. Results are means 4 S.E.M. from seven
different tracheae (2 ex-smokers and 5 non-smokers). Significant differences from viral
infection alone at each dose of type 14 rhinovirus are indicated by *P<0.05 and
**P<0.01.

supernatant fluids collected 5 days (120 h) and 7 days (168 h) after
type 14 rhinovirus infection, the minimum dose of rhinovirus
necessary to cause infection in the cells treated with procaterol and
that in the cells treated with the vehicle of procaterol were the same
values as those in supernatant fluids collected at 3 days (72 h) after
rhinovirus infection (data not shown).

A selective ,-adrenergic receptor antagonist ICI 118551 (1 uM)
itself did not change the minimum dose of type 14 rhinovirus
necessary to cause infection in the cells, and did not affect the
susceptibility (data not shown). In contrast, ICI 118551 reversed the
effects of procaterol on susceptibility to type 14 rhinovirus infection.
Treatment of the cells with ICI 118551 (1 pM, 72 h) plus procaterol
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(0.1 uM, 72 h) decreased the minimum dose of type 14 rhinovirus
necessary to cause infection in the cells (2.2 + 0.2 log TCIDs, units/ml,
n=>5) as compared with the dose in the cells treated with procaterol
(P<0.05) (Fig. 4A), to the levels in the cells treated with the vehicle of
procaterol (ethanol, 0.01%) (Fig. 4A).

Type 14 rhinovirus titer levels in supernatant fluids collected at
3days (72 h) after rhinovirus infection increased with the dose of
rhinovirus infected to epithelial cells (P<0.05 by ANOVA) (Fig. 4B)
Furthermore, treatment with procaterol (0.1 uM, 72 h) reduced the
type 14 rhinovirus titers in supernatant fluids at each dose of
rhinovirus infection (Fig. 4B).

3.4. Effects of procaterol on the expression of ICAM-1

Procaterol (0.1pM, 72 h) reduced the baseline ICAM-1 mRNA
expression in the cells by about 40% compared with that of the cells
treated with the vehicle of procaterol (ethanol, 0.01%) before type 14
rhinovirus infection (Fig. 5A). Furthermore, concentrations of sSICAM-
1 in supernatant fluids in the cells treated with procaterol (0.1 uM)
were significantly lower than those in the cells treated with the
vehicle of procaterol before type 14 rhinovirus infection (Fig. 5B).

ICI 118551 (1 uM) itself did not change ICAM-1 mRNA expression
and sICAM-1 release in supernatant fluids (Fig. 5A and B). In contrast,
ICI 118551 (1 pM) reversed the inhibitory effects of procaterol on the
ICAM-1 mRNA expression in the cells and sICAM-1 release in
supernatant fluids (Fig. 5A and B). The ICAM-1 mRNA expression
and concentrations of sICAM-1 in supernatant fluids in the cells
treated with procaterol (0.1 M) plus ICI 118551 (1puM) were
significantly higher than those in the cells treated with procaterol
(0.1 uM) alone and did not differ from those in the cells treated with
the vehicle (ethanol, 0.01%) before type 14 rhinovirus infection
(Fig. 5A and B).

3.5. Effects of procaterol on the acidification of endosomes

Acidic endosomes in human tracheal epithelial cells were stained
green with LysoSensor DND-189 (Fig. 6A-C) as shown previously
(Yamaya et al.,, 2007). Treatment with the vehicle (ethanol, 0.01%) for
3 days (72 h) did not change the number of acidic endosomes with
green fluorescence in the cells (Fig. 6A and B) and the fluorescence
intensity from acidic endosomes compared with that in the cells
before any treatment (Fig. 6D). In contrast, treatment with procaterol
(0.1 M, 72 h) reduced the number of acidic endosomes with green
fluorescence in the cells (Fig. 6C) and the fluorescence intensity from
acidic endosomes in the cells compared with cells treated with vehicle
of procaterol (ethanol, 0.01%) and before any treatment (Fig. 6D).

Furthermore, treatment of the cells with ICI 118551 (1 uM, 72 h)
reversed the inhibitory effects of procaterol on the number of acidic
endosomes with green fluorescence in the cells (data not shown) and
the fluorescence intensity from acidic endosomes, while ICI 118551
alone did not change the fluorescence intensity (Fig. 6D).

The inhibitory effects of procaterol on the fluorescence intensity
from acidic endosomes were time- and dose-dependent, and
significant inhibitory effects were observed when cells were treated
with procaterol (0.1 uM) for the time of 12 h or more (Fig. 6E). The
maximum inhibitory effect was obtained when cells were treated
with procaterol for 3 days (72 h) (Fig. 6E). The inhibitory effects of
procaterol on the fluorescence intensity from acidic endosomes were
also dose-dependent. Significant inhibitory effects were observed at
3nM, and the maximum inhibitory effect was obtained at 100 nM

(0.1 uM) (Fig. 6F).
3.6. Effects of procaterol on cytokine production

Procaterol (0.1 pM) reduced the baseline secretion of interleukin-
1p, interleukin-6, and interleukin-8 for 24 h before type 14 rhinovirus
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Fig. 5. (A) The expression of ICAM-1 mRNA before type 14 rhinovirus infection in
human tracheal epithelial cells treated with procaterol (0.1 uM, 72 h, Proc), a vehicle of
procaterol (0.01% ethanol, Control), ICI 118551 (1 uM, ICI), or procaterol plus ICI
118551 (Proc+ICl) detected by real-time quantitative RT-PCR. The epithelial cells
isolated from the same donors were treated with either procaterol, vehicle, ICI 118551,
or procaterol plus ICI 118551. [CAM-1 mRNA was normalized to the constitutive
expression of ribosomal RNA (rRNA). The expression of ICAM-1 mRNA in the cells
treated with vehicle (Control) was set to 1.0, Results are means+S.E.M. from five
different tracheae (2 ex-smokers and 3 non-smokers). Significant differences from
control values are indicated by *P<0.05. (B) The sICAM-1 concentrations in supernatant
fluids before type 14 rhinovirus infection in human tracheal epithelial cells treated with
procaterol (0.1 uM, 72 h Proc), the vehicle of procaterol (0.01% ethanol, Control), ICI
118551 (1 uM, ICI), or procaterol plus ICI 118551 (Proc+ICI) detected by enzyme
immunoassay. The concentrations of sSICAM-1 in the supernatant fluids are expressed as
ng/ml. Results are means +S.EM. from five different tracheae (2 ex-smokers and 3
non-smokers). Significant differences from control values are indicated by *P<0.05.

infection compared with that in cells treated with the vehicle of
procaterol (ethanol, 0.01%) (Fig. 7). Type 14 rhinovirus infection
increased the secretion of interleukin-1@, interleukin-6, and interleu-
kin-8. Maximum secretion was observed at 1 day (24 h) after type 14
rhinovirus infection in interleukin-6 and interleukin-8, and at 3 days
(72 h) after the infection in interleukin-1p. Procaterol (0.1 uM) also
reduced the type 14 rhinovirus infection-induced secretion of
interleukin-1p, interleukin-6, and interleukin-8 compared with that
in the cells treated with vehicle of procaterol (Fig. 7).
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Fig. 6. (A-C) Changes in the distribution of acidic endosomes with green fluorescence in human tracheal epithelial cells before (A) and 3 days (72 h) after treatment with procaterol
(0.1 pM) (C) or the vehicle of procaterol (0.01% ethanol) (B). Data are representative of five different experiments (2 ex-smokers and 3 non-smokers). (Bar =100 um). (D) The
fluorescence intensity of acidic endosomes before and 3 days (72 h) after treatment with procaterol (0.1 pM, Proc), IC1 118551 (1 pM, ICI), or procaterol plus ICI 118551 (Proc +ICl),
or the vehicle of procaterol (0.01% ethanol, Vehicle). Results are expressed as relative fluorescence intensity (%) compared with that before any treatment (Before) and reported as
means =+ S.E.M. from five samples (2 ex-smokers and 3 non-smokers). Significant differences from values before any treatment (Before) are indicated by **P<0.01. (E) Time course of
the effects of procaterol (0.1 uM) on the fluorescence intensity of acidic endosomes in the cells treated for times ranging from 0 (Before) to 3 days (72 h) and the fluorescence
intensity in the cells treated with vehicle (0.01% ethanol, vehicle) for 3 days (72 h). Results are means + S.E.M. from five different tracheae (2 ex-smokers and 3 non-smokers).
Significant differences from before any treatment (Before) are indicated by *P<0.05 and **P<0.01. (F) Dose-response effects of procaterol on the fluorescence intensity of acidic
endosomes 3 days (72 h) after treatment. The cells were treated with procaterol or the vehicle (0.01% ethanol, Vehicle) for 3 days (72 h). Results are means + S.E.M. from five
different tracheae (2 ex-smokers and 3 non-smokers). Significant differences from vehicle alone (Vehicle) are indicated by *P<0.05 and **P<0.01.

Treatment of the cells with ICI 118551 (1 uM, 72 h) reversed the In contrast, ultraviolet-irradiated type 14 rhinovirus did not
inhibitory effects of procaterol on the baseline and rhinovirus increase interleukin-1@, interleukin-6, and interleukin-8 at any time
infection-induced secretion of interleukin-1R, interleukin-6, and after infection (Fig. 7). Secretion of interleukin-1p, interleukin-6, and
interleukin-8 (Fig. 7), whereas ICI 118551 alone did not change the interleukin-8 in supernatant fluids of the cells from three ex-smokers
secretion of these cytokines (data not shown). did not differ from those of three patients who had never smoked
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Fig. 7. (A-C) Time course changes in the release of cytokines into supernatant fluids of
human tracheal epithelial cells before and after type 14 rhinovirus infection in the
presence of procaterol (0.1 M, RV + Proc), procaterol (0.1 uM) plus ICI 118551 (1 pM)
(RV+Proc+1Cl), or the vehicle of procaterol (0.01% ethanol, RV) and after UV-
inactivated RV14 infection (UV-RV). The epithelial cells isolated from the same donors
were treated with either procaterol, vehicle, or procaterol plus ICI 118551. The
concentrations of cytokines in the supernatant fluids are expressed as pg/ml. Results
are means +S.EM. from six different tracheae (3 ex-smokers and 3 non-smokers).
Significant differences from values before type 14 rhinovirus infection (time 0) in the
presence of vehicle of procaterol (0.01% ethanol) are indicated by *P<0.05 and
**P<0.01. Significant differences from type 14 rhinovirus infection alone (RV) at each
time after infection are indicated by + P<0.05.

(data not shown). Likewise, secretion of interleukin-1p, interleukin-6,
and interleukin-8 in supernatant fluids of the cells from three patients
complicated with COPD did not differ from those from 30 patients
without COPD complications (data not shown).

3.7. Effects on NF-kappa B

Procaterol (0.1 uM, 72 h) significantly reduced the amount of p50,
p65, and c-Rel of NF-«B in the nuclear extracts in the cells before type
14 rhinovirus infection (Fig. 8A-C). On the other hand, the amount of
P50, p635, and c-Rel of NF-kB in the nuclear extracts increased at 2 h
after type 14 rhinovirus infection (Fig. 8A-C), and procaterol (0.1 pM)
also significantly reduced the amount of p50, p65, and c-Rel of NF-kB
induced by type 14 rhinovirus infection (Fig. 8A-C). Furthermore, ICI
118551 (1 pM) reversed the inhibitory effects of procaterol on the NF-
KB activation before (data not shown) and after type 14 rhinovirus
infection (Fig. 8A-C), whereas ICI 118551 alone did not change the
NF-kB activation before the infection (Fig. 8A-C).

Type 14 rhinovirus infection increased the cytosolic amount of p-
IkB-a 2 h after infection, and procaterol (0.1 puM, 72 h) significantly
decreased the amount of p-IxB-« induced by the infection (Fig. 9A and
B). Furthermore, ICI 118551 (1uM, 72 h) reversed the effects of
procaterol on the p-IkB-a after type 14 rhinovirus infection (Fig. 9A
and B). In contrast, before type 14 rhinovirus infection, neither
procaterol (0.1 uM, 72 h), ICI 118551 (1 UM, 72 h), nor procaterol plus
ICI 118551 had any effect on p-IkB-« in the cellular proteins.

On the other hand, type 14 rhinovirus infection decreased the
cytosolic amount of IkB-a 2 h after infection, and procaterol (0.1 pM,
72 h) significantly increased the amount of IxB-a after the infection
(Fig. 9A and C). Furthermore, ICI 118551 (1 pM) reversed the effects of
procaterol on the IkB-a after the infection (Fig. 9A and C). In contrast,
before type 14 rhinovirus infection, neither procaterol (0.1 uM, 72 h),
IC1 118551 (1 uM, 72 h) nor procaterol plus ICI 118551 had any effect
on the IkB-a in the cellular proteins (Fig. 9A and C).

3.8. Effects on intracellular cAMP

Significant intracellular cAMP levels were detected in the cells
before any treatment (44.0 +4.2 pmol/mg protein, n=5) (Fig. 10A).
Treatment of the cells with procaterol (0.1 uM) increased intracellular
cAMP at 10 min and 20 min after the addition of procaterol, and
increased levels of intracellular cAMP were still observed at 3 days
(72 h) after the addition of procaterol (Fig. 10A).

Treatment with the vehicle alone (0.01% ethanol) for 20 min did
not change intracellular cAMP levels (Fig. 10B). ICI 118551 (1 pM,
20 min) alone did not change the intracellular cAMP levels, while ICI
118551 reversed the effects of procaterol (0.1pM, 20 min) on
intracellular cAMP to the levels in the cells treated with vehicle
(Fig. 10B). Intracellular cAMP levels in the cells treated with
procaterol (0.1 uM) plus ICI 118551 for 20 min were significantly
lower than those in the cells treated with procaterol alone (Fig. 10B).
Treatment with ICI 118551 for 10 min or 3 days (72 h) also reversed
the effects of procaterol (0.1 uM) on intracellular cAMP to the levels in
the cells treated with the vehicle (data not shown).

4. Discussion

In the present study, we have shown that a (3, agonist, procaterol
hydrochloride, reduced the titers of a major group rhinovirus, type 14
rhinovirus, in supernatant fluids and RNA replication of the virus in
the primary cultures of human tracheal epithelial cells. Pretreatment
with procaterol reduced the expression of mRNA and protein of ICAM-
1, the receptor for the major group of rhinoviruses (Greve et al., 1989)
before rhinovirus infection. The minimum dose of type 14 rhinovirus
necessary to cause infection in the cells treated with procaterol was
significantly higher than that in the cells treated with the vehicle of
procaterol. A selective 3,-adrenergic receptor antagonist ICI 118551
reversed the inhibitory effects of procaterol on type 14 rhinovirus titer
levels, RNA replication of the virus, the expression of mRNA and
protein of ICAM-1, and NF-kB. Treatment of the cells with ICI 118551
also reversed the inhibitory effects of procaterol on the susceptibility
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of the cells to type 14 rhinovirus infection. These findings suggest that
{3,-adrenoceptor-mediated effects of procaterol might inhibit type 14
rhinovirus infection partly through reducing the production of its
receptor, ICAM-1.

Furthermore, treatment with procaterol reduced the number and
fluorescence intensity of acidic endosomes from which rhinovirus
RNA enters into the cytoplasm (Casasnovas and Springer, 1994;
Turner and Couch, 2006), dose- and time-dependently, and ICI
118551 reversed the inhibitory effects of procaterol on the acidic
endosomes. If only ICAM-1 expression is reduced on the cells, a similar
amount of virus will be produced and released into supernatant fluids,
and viral titers of procaterol-treated cells will reach to those of control
cells after long periods of culture. On the other hand, in this study,
procaterol also reduced the number of acidic endosomes where virus
RNA enters into the cytoplasm. Therefore, by the reduction of acidic
endosomes, inhibition of RNA entry into the cytoplasm might reduce
the number of virus virions that enter into the cytoplasm, and viral
titers of procaterol-treated cells did not reach control cells after long
periods of culture. Procaterol might also inhibit type 14 rhinovirus
infection partly through inhibiting rhinovirus RNA entry from acidic
endosomes into the cells.

Treatment of the cells with procaterol significantly decreased the
viral titers of type 14 rhinovirus in supernatant fluids from 12 h after
infection. Procaterol also decreased the type 14 rhinovirus RNA at
1day (24 h) and at 3 days (72 h) after infection. In contrast, there is
no difference in the rate of increase in viral titers between rhinovirus
infected control cells and procaterol-treated cells. These results
suggest that procaterol may affect the ability of rhinovirus to infect
cells and possibly does not affect the rate of rhinovirus replication
once within the cell.

Likewise, to examine the susceptibility to type 14 rhinovirus
infection, the epithelial cells were treated with procaterol from 3 days
(72 h) before infection with type 14 rhinovirus until the end of the
infection. The epithelial cells were exposed to serial 10-fold dilutions
of type 14 rhinovirus at a dose ranging from 10! to 10°TCID5, units/ml
of type 14 rhinovirus containing procaterol. After exposure to type 14
rhinovirus, cells were rinsed with PBS, and fresh medium without
addition of procaterol was replaced. Cells in the tubes were then
cultured. Therefore, in this experiment, we studied the effects of
procaterol on the ability of type 14 rhinovirus to infect. In contrast,
cells were treated with procaterol before and during type 14
rhinovirus infection but were not treated with procaterol after
infection. Therefore, the minimum dose of type 14 rhinovirus
necessary to cause infection might not explain the ability of type 14
rhinovirus to replicate within the cell.

Human embryonic fibroblast cells did not show any morphological
change that demonstrates the presence of type 14 rhinovirus when
supernatant fluids collected 1h after infection were added to the
fibroblast cells. In contrast, supernatant fluids 12 h after infection
produced morphological change on the cells showing the presence of
rhinovirus (Condit, 2006; Numazaki et al., 1987). These findings
suggest that supernatant fluids 12 h after infection contained
significant amounts of type 14 rhinovirus virions that were newly
produced after infection.

Fig. 8. (A-C) Amount of p50 (A), p65 (B), and c-Rel (C) in nuclear extracts in human
tracheal epithelial cells treated with procaterol (0.1 puM, Proc), vehicle (0.01% ethanol,
C), or ICI 118551 (1 uM) (ICI) for 3 days (72 h) before type 14 rhinovirus infection, and
the amount of p50, p65, and c-Rel in the cells 2 h after infection with type 14 rhinovirus
in the presence of procaterol (RV + Proc), in the presence of the vehicle of procaterol
(0.01% ethanol, RV), or the presence of procaterol plus ICI 118551 (RV + Proc +ICI)
from 3 days (72 h) before rhinovirus infection until the end of the experiments after
rhinovirus infection. Results are expressed as OD, and are means +S.E.M. from five
different tracheae (2 ex-smokers and 3 non-smokers). Significant differences from
control values (C) before rhinovirus infection are indicated by *P<0.05 and **P<0.01.
Significant differences from rhinovirus infection alone (RV) are indicated by + P<0.05
and ++P<0.01.
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Fig. 9. (A) Cytosolic amount of p-IkB-c, IkB-a or 3-actin in human tracheal epithelial
cells before and 2 h after type 14 rhinovirus infection (RV) in the presence of procaterol
(0.1 pM, Proc) or ICI 118551 (1 pM, ICI) for 3 days (72 h). The data are representative of
three different experiments (2 ex-smokers and 1 non-smoker). (B and C) Cytosolic
amount of p-IB-c (B) and 1kB-c (C) in the cells treated with procaterol (0.1 puM, Proc),
procaterol plus ICl 118551 (1 M) (Proc+ICI), ICI 118551 (ICI), or vehicle (0.01%
ethanol, C) for 3 days (72 h) before type 14 rhinovirus infection and the amount in the
cells 2 h after infection with type 14 rhinovirus in the presence of procaterol (RV +
Proc), the presence of the vehicle of procaterol (0.01% ethanol, RV), or the presence of
procaterol plus ICI 118551 (RV+Proc+ICI) from 3 days (72h) before rhinovirus
infection until the end of the experiments after rhinovirus infection. The data were
obtained by dividing the results in each culture condition by the resuits of 3-actin. The
cytosolic amount of p-IkB-a¢ and IkB-a in the cells treated with vehicle before
rhinovirus infection (0.01% ethanol, C) was set to 1.0. Significant differences from
control values (C) before rhinovirus infection are indicated by *P<0.05 and **P<0.01.
Significant differences from rhinovirus infection alone (RV) are indicated by + P<0.05
and ++ P<0.01. Significant differences from rhinovirus infection in the presence of
procaterol (RV + Proc) are indicated by # P<0.05.

Furthermore, in the tracheal cells from all subjects which cells
were infected with rhinovirus, the supernatant fluids collected during
1day (24 h) to 3days (72 h) after infection contained consistent
levels of type 14 rhinovirus. These findings suggest that human
tracheal epithelial cells from all subjects were constantly infected
with type 14 rhinoviruses.
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Fig. 10. (A) Intracellular concentrations of cAMP in human tracheal epithelial cells before
(time 0, open circle), 5 min, 10 min, 20 min, and 3 days (72 h) after treatment with
procaterol (0.1 uM, closed circles). Results are expressed as pmol/mg protein, and are
means =+ S.E.M. from five different tracheae (2 ex-smokers and 3 non-smokers). Significant
differences from control values before treatment (time 0) are indicated by *P<0.05 and
**P<0.01. (B) Intracellular concentrations of cAMP in human tracheal epithelial cells before
(Before) and 20 min after treatment with either procaterol (0.1 1M, Proc), ICl 118551
(1 M, ICI), procaterol (0.1 uM) plus ICI 118551 (1 pM) (Proc+ICI), or vehicle (0.01%
ethanol, Vehicle). The epithelial cells isolated from the same donors were treated with
either procaterol, vehicle, ICI 118551, or procaterol plus ICl 118551. Results are expressed
as pmol/mg protein and are means + SE.M. from five different tracheae (2 ex-smokers and
3 non-smokers). Significant differences from control values before treatment (Before)
are indicated by **P<0.01. Significant differences from procaterol (Proc) are indicated by
++P<0.01.

The major group of rhinoviruses enters the cytoplasm of infected
cells after binding to its receptor ICAM-1 (Greve et al., 1989). In the
present study, procaterol reduced ICAM-1 expression in the primary
cultures of human tracheal epithelial cells. On the other hand, a 3,
agonist, fenoterol, reduces [CAM-1 expression in the human bronchial
epithelial cells (Oddera et al., 1998), and salmeterol and procaterol
reduce ICAM-1 expression in fibroblast cells (Silvestri et al., 2001;
Yoshida et al, 2009). The results of reduced ICAM-1 expression
observed in this study are consistent with the results of these reports.
The inhibitory effects of procaterol on ICAM-1 expression in human
tracheal epithelial cells might be associated with the inhibitory effects
of procaterol on type 14 rhinovirus infection, as previously reported
on the inhibitory effects of agents including dexamethasone,
erythromycin, a proton pump inhibitor (lansoprazole), and a Japanese
herbal medicine (Hochu-ekki-to) (Sasaki et al., 2005; Suzuki et al.,
2000, 2002; Yamaya et al., 2007).

The endosomal pH is suggested to be regulated by vacuolar H-
ATPase (Mellman et al., 1986) and by ion transport across the Na*/H*
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exchangers (Marshansky and Vinay, 1996; Nass and Rao, 1998). A
vacuolar H*-ATPase inhibitor bafilomycin, an inhibitor of Na*/H*
exchangers 5-(N-ethyl-N-isopropyl) amiloride (EIPA) and N”-[3-
(Hydroxymethyl)-5-(1 H-pyrrol-1-yl) benzoyl] guanidine methone-
sulfonate (FR168888) increase endosomal pH and inhibit type 14
rhinovirus infection in cultured human tracheal epithelial cells (Suzuki
etal, 2001). In the present study, procaterol increased the endosomal
pH, although we have no data with which to determine whether
procaterol inhibits vacuolar H*-ATPase or Na*/H™* exchangers. On the
other hand, the addition of cyclic AMP (cAMP) increases endosomal
pH in kidney epithelial cells through the inhibition of a Na*t/H*
exchanger (Gekle et al,, 2002), and procaterol increases cAMP levels in
airway epithelial cells as shown in a previous report (Koyama et al.,
1999) and in this study. In contrast, cAMP alone has no effect on
vacuolar H*-ATPase activities in Madin-Darby canine kidney cells, but
has synergic action on vacuolar H*-ATPase activation induced by
arginine vasopressin (Oliveira-Souza et al, 2004). These findings
suggest the possibility that procaterol has an inhibitory effect on Na*/
H* exchanger through the increased production of cAMP in airway
epithelial cells.

ICAM-1 also plays a vital role in the recruitment and migration of
immune effector cells to sites of local inflammation observed in
patients with bronchial asthma and COPD (Grunberg and Sterk, 1999;
Riise et al., 1994). The inhibitory effects of (3, agonists on ICAM-1, as
shown in the previous reports and in this study, may also be
associated with the inhibition of airway inflammation and subse-
quently occurring exacerbations of bronchial asthma and COPD
(Barnes, 2007; Calverley et al., 2007) after rhinoviruses infection.

Rhinoviruses are associated with exacerbations of bronchial
asthma (Johnston et al., 1995) and COPD (Seemungal et al., 2000).
Neutrophilic and eosinophilc inflammation in the exacerbations of
bronchial asthma and COPD are suggested to be associated with a
variety of mediators including interleukin-6 and interleukin-8 by
rhinovirus infection (Pizzichini et al,, 1998; Seemungal et al., 2000).
Procaterol reduces the number of eosinophils in bronchoalveolar
lavage fluids in mice after ovalbumin challenge (Tashimo et al., 2007)
and inhibits interleukin-1p3- and tumor necrosis factor (TNF)-c-
mediated eosinophil chemotactic activity (Koyama et al,, 1999). B,
Agonists may also modulate eosinophil-related inflammation in
bronchial asthma. Furthermore, in the present study, procaterol
reduced type 14 rhinovirus infection-induced production of interleu-
kin-1, interleukin-6, and interleukin-8, and ICI 118551 reversed the
inhibitory effects of procaterol on the release of these interleukins.
These findings are consistent with previous findings showing the
inhibitory effects of procaterol on plasma levels of cytokines including
interleukin-1p in rats (Izeboud et al., 2004), and the inhibitory effects
of salmeterol on the production of pro-inflammatory cytokines and
monokines including RANTES (regulated on activation, normal T cells
expressed and secreted/CCL5) in primary culture of normal bronchial
epithelial cells after rhinovirus infection (Edwards et al., 2006).
Similar to the inhibitory effects of a glucocorticoid (Suzuki et al.,
2000), procaterol may also modulate airway inflammation induced by
rhinovirus infections.

NF-B increases the expression of genes for ICAM-1 and various
pro-inflammatory cytokines (Papi and Johnston, 1999; Zhu et al.,
1996). In the present study, procaterol reduced the expression of
ICAM-1 before rhinovirus infection and the secretion of pro-
inflammatory cytokines in supernatant fluids before and after
rhinovirus infection. Rhinovirus infection increased activation of NF-
KB as previously reported (Suzuki et al., 2002). Rhinovirus increased
p50, p65, and c-Rel of NF-kB in the nuclear extracts, increased the
cytosolic quantity of p-IkB-c, and decreased the cytosolic quantity of
IkB-av. Procaterol reduced p50, p65, and c-Rel of NF-«B induced by
rhinovirus infection as well as baseline NF-«kB before rhinovirus
infection. Procaterol also reduced p-IxB-o: and increased IkB-c in the
cellular proteins after rhinovirus infection, although procaterol had no

effect on p-IkB-a and IkB-« in the cellular proteins before rhinovirus
infection. The inhibitory effects of procaterol on NF-xB activation
observed in this study are consistent with those of salmeterol in lung
myofibroblasts (Baouz et al, 2005). Furthermore, a selective p,-
adrenergic receptor antagonist, ICI 118551, reversed the inhibitory
effects of procaterol on the activation of NF-kB in the nuclear extracts
before and after type 14 rhinovirus infection. ICI 118551 also reversed
the effects of procaterol on p-IkB-a and IB-« in the cellular proteins
after rhinovirus infection. These findings suggest that procaterol
might reduce the expression of ICAM-1 on the cells and secretion of
pro-inflammatory cytokines partly through the reduction of NF-xB
activation.

In contrast, Edwards et al. reported that salmeterol increases
interleukin-6 production and enhances NF-KB pathway activation
following rhinovirus infection in bronchial epithelial cell line (BEAS-
2B) cells and primary cultures of normal bronchial epithelial cells
(2007). Furthermore, another report demonstrated that B, agonists,
treated for 30 min before stimulation with interleukin-13 do not affect
NF-kB-induced activation of the interleukin-6 gene in airway smooth
muscle cells (Kaur et al, 2008). On the other hand, production of
interleukin-6 after rhinovirus infection through the activation of NF-«xB
has been reported in A549 alveolar epithelial type II-like cells (Zhu et al,
1996). Fragaki et al. demonstrated that salmeterol plus corticosteroid
reduced interleukin-6 release in response to Staphylococcus aureus from
transformed human tracheal gland cell line partly through the inhibition
of NF-kB (2006). Inhibition of NF-kB and TNF-a-induced interleukin-6
production by salmeterol was also reported in lung myofibroblasts
(Baouzetal,, 2005). We previously reported that reduced production of
interleukin-6 by a macrolide antibiotic erythromycin and a mucolytic
agent L-carbocisteine is associated with the inhibition of NF-B (Suzuki
et al, 2002; Yasuda et al., 2006). Thus, these findings suggest that
different effects of (3, agonists on interleukin-6 and NF-xB after
rhinovirus infection or after addition of stimulants may be partly
associated with differences in cell type and with culture condition.
However, the precise mechanisms are uncertain.

In this study, procaterol reduced viral titers and cytokine
concentration in the supernatant fluids. It also decreased viral RNA
replication, ICAM-1 expression, acidic endosomes, and NF-kB activa-
tion in the cells. Procaterol decreased susceptibility of the cells to virus
infection and increased intracellular cAMP. The levels of intracellular
c¢AMP induced by procaterol in this study were consistent with those
reported previously (Koyama et al., 1999). On the other hand, a
selective B,-adrenergic receptor antagonist ICI 118551 reversed the
inhibitory effects of procaterol on various cell functions and reduced
cellular cAMP concentrations stimulated by procaterol. These findings
suggest that the effects of procaterol observed in this study might be
mediated by the 3,-adrenergic receptor.

Procaterol alone did not change cell viability, including cell
number, assessed by the exclusion of trypan blue, and LDH
concentrations in supernatant fluids. However, procaterol reduced
NF-kB activation before and after RV infection. These findings suggest
that reduced cytokine release might be partly associated with the
inhibition of NF-«B activation but not with cell injury.

In the present study, type 14 rhinovirus titers in supernatant fluids
in the cells from three patients with COPD did not differ from those in
the cells from 35 patients without COPD complications. Epidermal
growth factor receptor, which is up-regulated in COPD (O'Donnell et
al, 2004), is associated with ICAM-1 and interleukin-8 production in
airway epithelial cells, although we did not examine the production of
epidermal growth factor receptor in the epithelial cells in this study.
On the other hand, deficient induction of interferon-gamma (IFN-v)-
mediated high rhinovirus RNA replication was reported in the
bronchial epithelial cells from patients with bronchial asthma
(Contoli et al., 2006), but no patients were complicated with bronchial
asthma in this study. We observed no significant mRNA expression of
IFN-vy in the human tracheal epithelial cells from patients with or
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without COPD complication (data not shown). Because we isolated
the cells from human tracheae after death, the conditions before
death, at the time of death, and the conditions from the time of death
to cell isolation might also mask the characteristic features of cultured
cell function. However, further studies are needed to clarify the
difference of the magnitude of rhinovirus replication in the cells from
COPD patients.

Likewise, the amount of cytokine release after rhinovirus infection
did not differ between smokers and non-smokers. Conditions before
death, at the time of death, and the conditions from the time of death
to the cell isolation may also mask the cell condition including
different response to beta agonists in smokers. The precise reason is
uncertain.

Baseline levels for all cytokines observed in this study were higher
than those in other studies including those by Edwards et al. (2007),
while baseline levels in this study were consistent with those reported
previously by us (Yamaya et al,, 2007). Although the precise reason is
uncertain, human bronchial epithelial cells in the study by Edwards
were cultured in BEBM medium, and human tracheal epithelial cells in
this study were cultured in Dulbecco's modified Eagle's Medium
(DMEM)-Ham's F-12 medium (50/50, vol/vol) containing 2% USG. As
previously reported (Yamaya et al., 1992), differences in the factors in
culture medium may change cell functions including ion transport
and protein production. Differences in culture medium may be partly
associated with baseline levels of cytokines.

In summary, this is the first report that a {3, agonist procaterol
reduces type 14 rhinovirus titers in supernatant fluids, reduced
rhinovirus RNA replication in cultured human tracheal epithelial cells,
and decreases the susceptibility of the cells to rhinovirus infection.
This may occur partly through the reduced expression of ICAM-1, the
receptor for the major group of rhinoviruses, and reduction in the
number of acidic endosomes from which rhinovirus RNA enters into
the cytoplasm. Procaterol reduced baseline and rhinovirus infection-
induced release of interleukin-1p3, interleukin-6, and interleukin-8 in
supernatant fluids. Procaterol may inhibit the infection of the major
group of rhinoviruses and modulate the inflammatory responses in
the airways after rhinovirus infection.
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A Candida glabrata calcineurin mutant exhibited increased susceptibility to both azole antifungal and cell
wall-damaging agents and was also attenuated in virulence. Although a mutant lacking the downstream
transcription factor Crzl displayed a cell wall-associated phenotype intermediate to that of the calcineurin
mutant and was modestly attenuated in virulence, it did not show increased azole susceptibility. These results
suggest that calcineurin regulates both Crzl-dependent and -independent pathways depending on the type of

stress.

Infections caused by the opportunistic fungal pathogen Can-
dida glabrata are often difficult to treat due in part to its
intrinsic or rapidly acquired resistance to azole antifungals
(25). Calcineurin, a serine-threonine-specific protein phos-
phatase (1), has attracted attention as a new target of antifun-
gal therapy based on studies in several pathogenic fungi,
including Candida albicans, Cryptococcus neoformans, and As-
pergillus fumigatus (reviewed in reference 31). To date, very
little is known about the calcineurin pathway in C. glabrata,
although it has been reported that azole antifungals and cal-
cineurin inhibitors have mild synergistic effects against C. gla-
brata wild-type strains (8, 15, 22). The transcription factor Crzl
is a downstream effector of calcineurin and is involved in azole
tolerance in C. albicans (14, 23, 28); however, a Crz1 homolog
in C. glabrata has yet to be characterized. Therefore, our ob-
jective was to evaluate the potential roles of calcineurin and its
downstream target Crzl in antifungal tolerance and virulence
of C. glabrata through the characterization of mutant pheno-
types.

Calcineurin is a heterodimer consisting of a catalytic A sub-
unit and a Ca®>*-binding regulatory B subunit, and the associ-
ation between the two subunits is necessary for phosphatase
activity (19). To genetically disrupt calcineurin, we completely
deleted the CNBI open reading frame (ORF) encoding the
regulatory B subunit. C. glabrata orthologs of CNBI and CRZ1
were identified in the genome database Génolevures (http:
/fwrorw.genolevures.org/). The primers and strains used in this
study are listed in Tables 1 and 2, respectively. C. glabrata cells
were propagated in minimal medium (0.7% yeast nitrogen
base without amino acids, 2% dextrose) at 30°C, unless other-
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wise noted. Gene deletion was performed by a one-step PCR-
based technique as described previously (13). Briefly, a 1-kb
Xhol fragment containing C. glabrata HIS3 was excised from
pCgACH (17) and inserted into pBluescript IT SK(+) (Strat-
agene, La Jolla, CA) to yield pBSK-HIS. A deletion construct
was amplified from pBSK-HIS with primers tagged with the
100-bp sequences homologous to the flanking regions of the
target ORF. Transformation of C. glabrata was performed us-
ing the lithium acetate protocol (6). Both PCR and Southern
blotting were performed to verify that the desired homologous
recombination occurred at the target locus without ectopic
integration. To construct a centromere-based plasmid contain-
ing a C. glabrata TRPI marker, a 1,025-bp SacI-Kpnl fragment
containing the Saccharomyces cerevisise PGK1 promoter, a
polylinker, and the C. glabrata HIS3 3' flanking region was
excised from pGRB2.2 (12) and inserted into the correspond-
ing site of pCgACT (17) to yield pCgACT-P. The entire ORFs
of C. glabrata CNBI and CRZ1 were amplified from the
genomic DNA of CBS138 (10) and inserted into pCgACT-P to
generate pCgACT-PNB and pCgACT-PRZ, respectively. The
constructed plasmids were verified by sequencing before use.
Complemented strains were made by transforming mutant
strains with a plasmid construct containing the corresponding
wild-type gene.

To examine the susceptibility of the generated mutants to
antifungal agents, MIC assays were performed (Table 3) with
a commercially prepared colorimetric microdilution panel
(ASTY; Kyokuto Pharmaceutical Industrial Co., Ltd.) (24).
Although increased azole susceptibility was observed in the
Acnbl strain, the Acrzl strain displayed susceptibility levels
similar to, or in some instances lower than, those of wild-type
cells. The CNBI-complemented strain displayed recovered
azole tolerance. Neither the Acnbl nor Acrzl strain had an
effect on amphotericin B susceptibility. Next, we monitored the
percent viability of each strain in the presence and absence of
fluconazole as described previously (15). Although the antifun-
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TABLE 1. Primers used in this study

Primer? Target gene

Sequence (5'-3')"

For gene deletion

CgCNB 100-F CNB! GTATGTGATGCTTCTCACAGGGTTCAGACGGTTACATACCATCGCTTGAG
AGTCATAGTAAATGTTCAGGTTCACGATTAAATCATGCTTTCTCTTTGA
TAATACGACTCACTATAGGGC

CgCNB 100-R CNB1 GCGAACTCTGAAATGTAGATCAAGGATTATTCTGTCCTTGAAATGGGTGT
TGATGTCCCTCACTAGGAAAGACAACCACTTTACTATTGTAAGGGGTG
ACGCTCTAGAACTAGTGGATCC

CgCRZ 100-F CRZI GATAACGAGTTGGACGCCCTCTTITGGAAGTCTGTTCTGGTTGCAGATG
CTTATAGACCCTGGATCAAGCACTTCATTTCATTGGGATTACAGCTTIT
CTAATACGACTCACTATAGGGC

CgCRZ 100-R CRZ1 CACAATCTTGATTCTGAAGAAAAAAATTTATCATTAAAAATACTGGAGGTT
TGTGTTAATTTATTCCAAAGTAACACCCATCTCAGTTGCTTGAATATTCG
CTCTAGAACTAGTGGATCC

For gene cloning

CgCNB1-F2-5P CNB1 ATCAAGGGAAATGGGAGC

CgCNB1-R1-5P CNB! CGCCCTAAGTTACATCTCTCCTCG

CgCRZ1-F1-E CRZ1 CGGAATTCATGGGCGATAACGAAGAGGA

CgCRZ1-R1938-E CRZ1 CGGAATTCTTATTCCAAAGTAACACCCATCTCA

““F” and “R” indicate forward and reverse primers, respectively.

» Sequences homologous to flanking regions of the target ORF are shown in italics. Sequences shown in boldface are present in pBSK-HIS. Restriction sites are

underlined.

gal activity of fluconazole is generally fungistatic, the drug was
fungicidal for the AcnbI strain (Fig. 1). In contrast, the dele-
tion of CRZ! did not affect the antifungal activity of flucon-
azole. These results suggest that calcineurin is involved in azole
tolerance via a Crzl-independent pathway in C. glabrata.

To examine cell wall-associated phenotypes in the Acnbl
and Acrzl strains, we examined their susceptibilities to differ-
ent types of cell wall-damaging agents, including micafungin
(inhibitor of B-1,3-glucan synthesis), Congo red (inhibitor of

chitin and B-glucan fiber formation), and calcofluor white (in-

hibitor of chitin polymer assembly), using a previously de-
scribed method (15, 20, 26). Micafungin was kindly provided by
Astellas {Tokyo, Japan) and dissolved in distilled water. De-
creased micafungin tolerance was observed in the Acnbl and
Acrz1 strains compared to that in the wild-type control, and
this was reversed in the reconstituted strains (Fig. 2). While the
Acnbl strain showed decreased tolerance to both Congo red
and calcofluor white, the Acrzl strain exhibited only moder-
ately decreased tolerance to Congo red and was unaffected by
calcofluor white exposure (Fig. 2B). These results suggest that
the calcineurin-Crz1 pathway plays a role in the response to
B-1,3-glucan defects and that calcineurin also regulates a Crzl-

TABLE 2. Strains used in this study

independent pathway(s) in response to impaired chitin con-
struction in C. glabrata.

To date, the involvement of calcineurin and Crzl in viru-
lence has not been reported in C. glabrata. In contrast to the C.
neoformans calcineurin mutant (21), deletion of either CNB!
or CRZ1 did not affect cell growth at 37°C in C. glabrata (data
not shown), which is a necessary prerequisite for comparing
virulence levels. We therefore performed a virulence assay
using a murine model of disseminated candidiasis as described
previously (5). Briefly, groups of 10 female, 8-week-old,
BALB/c mice (Charles River Laboratories Japan, Inc., Japan)
were infected via the lateral tail vein. The mice were eutha-
nized 7 days after injection to determine the number of organ
CFU. In this study, no mice died before euthanasia. Statistical
analyses were performed using the Kruskal-Wallis test with
Dunn’s posttest for multiple comparisons. A P value of <0.05
was considered statistically significant. Mice infected with the
Acnbl strain showed significantly reduced fungal burden in all
examined organs compared to those infected with the wild-
type control and CNBI-complemented strains (Fig. 3). De-
creased numbers of CFU of the Acrzl strain were statistically
significant in the kidney but not in the liver and spleen. The
results from this assay indicate that the loss of calcineurin

Strain Genotype or description 1;:' i?:?f: TABLE 3. Antifungal susceptibilities of C. glabrata strains

go%S}rSS yﬂ% t(ypfi f CBS138) ig Strain (genotype) ey
1 frpl (a derivative o

2001HT  Ahis3 Atrp] (made from 2001T) 16 FLC Mcz TIC VRC AMB
TG11 2001T containing pCgACT-P This study TG11 (wild type) 16 0.5 2 0.25 05
TG161 AcnblI::HIS3 Atrpl (made from 2001HT) This study TG162 (Acnbl) 4 0.125 05 0.125 0.5
TG162 TG161 containing pCgACT-P This study ~ TG163 (Acnbl + CNBI) 16 05 2 0.25 0.5
TG163 TG161 containing pCgACT-PNB This study TG172 (Acrzl) 32 1 1 05 0.5
TG171 Acrzl::HIS3 Anrpl (made from 2001HT) This study TG173 (Acrzl + CRZI) 16 0.5 1 0.25 0.5
TG172 TG171 containing pCgACT-P This study
TG173 TG171 containing pCgACT-PRZ This study “ FLC, fluconazole; MCZ, miconazole; ITC, itraconazole; VRC, voriconazole;

AMB, amphotericin B.
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FIG. 1. Time-kill curves of C. glabrata wild-type and mutant strains exposed to fluconazole. Logarithmic-phase cells (5 x 10° CFU/ml) were
incubated in minimal medium with agitation in the presence or absence of fluconazole at the indicated concentrations. The total number of cells
was counted using a hemocytometer, and the number of viable cells was determined by plating the appropriate dilutions on yeast extract-peptone-
dextrose (YPD) plates. The data are expressed as the percentages of viability and represent the means and standard deviations for three
independent experiments.

results in attenuated virulence while a deletion of CRZI causes
only a partial reduction.

This is the first report characterizing the phenotypes of C.
glabrata CNBI and CRZ] mutants, and it has identified both

similarities and differences with findings for other fungi. For
example, the observed C. glabrata Acnbl strain phenotype,
which is characterized by an increased susceptibility to azoles
and cell wall-damaging agents as well as decreased virulence, is

A
o —o— Wildtype 8
2 -8 Acnbt £
O g1 i ACHDT + CNBT -g
§ ¥ Acrz 2
3 —~ Acrzt+cRzr | 3

0.01

0 0015 0.03 006 0.12
Micafungin (png/ml)

B 105 104 103 102 10
Wild-type
Acnbt
acnbi+CNB1E K X BB
Acrz1
Acrz1 + CRZ1 | {

Caicofluor white
0.8 mg/mi

Control Micafungin Congo red
{MIN) 0.01 pg/ml 1 mg/ml

FIG. 2. Susceptibilities of C. glabrata wild-type and mutant strains to cell wall-damaging agents. (A) Logarithmic-phase cells (2.5 X 10° CFU/ml) were
incubated in minimal medium in either the presence or absence of micafungin, and the optical density at 600 nm (ODyy,) was measured after 24 h (left
panel). The percentages of absorbance were calculated from the ODy, of each culture after 24 h of incubation in the presence of 0.03 pg/ml micafungin
relative to those in the absence of micafungin (right panel). Data represent the means and standard deviations for three independent experiments.
(B) Serial 10-fold dilutions of C. glabrata log-phase cells were spotted onto minimal medium (MIN) plates containing micafungin, Congo red, or
calcofluor white at the indicated concentrations. Plates were incubated at 30°C for 48 h. All sensitivity tests were repeated at least three times. C. glabrata
strains were as follows: wild type, strain 2001T containing an empty vector (strain TG11); Acnbl, a Acnbl strain containing an empty vector (strain
TG162); Acnb1 + CNBI, a CNBI-complemented strain made with pCgACT-PNB (strain TG163); Acrzl, a Acrzl strain containing an empty vector (strain
TG172); and Acrzl + CRZI1, a CRZI-complemented strain made with pCgACT-PRZ (strain TG173).
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FIG. 3. Virulence assay using a mouse model of disseminated can-
didiasis. Groups of 10 mice were intravenously inoculated with 8 X 107
cells for each C. glabrata strain. Three target organs (liver, spleen, and
bilateral kidneys) were excised 7 days after injection. Appropriate
dilutions of organ homogenates were plated, and the numbers of CFU
were counted after 3 days of incubation at 30°C. Numbers of recovered
CFU from each organ are indicated for individual mice in the scatter
plots. The geometric mean is shown as a bar. Representative data of
two independent experiments are shown. C. glabrata strains are as
follows: wild type, strain TG11 (wild-type control) (filled circles);
Acnbl, TG162 (Acnbl strain containing an empty vector) (squares);
Acnbl + CNBI1, TG163 (CNBI-complemented strain made with
pCgACT-PNB) (triangles); Acrzl, TG172 (Acrzl strain containing an
empty vector) (inverted triangles); Acrzl + CRZI, TG173 (CRZI-
complemented strain made with pCgACT-PRZ) (diamonds). 1, P <
0.05 (Kruskal-Wallis test with Dunn’s posttest).
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consistent with previous findings for other pathogenic fungi,
such as C. albicans (2-4, 27), C. neoformans (11, 18, 21), and A4.
fumigatus (9, 30). To date, an ortholog of Crzl in C. neofor-
mans has not been identified and a mutant phenotype associ-
ated with azole susceptibility in A. fumigatus has yet to be
reported; thus, the full importance of this transcriptional factor
is not clear for these fungi. Although the virulence of a Acrzl
mutant is highly attenuated in A. fumigatus (7, 29), this muta-
tion has little effect on virulence in both C. albicans (14, 23)
and C. glabrata (Fig. 3). In contrast to that in C. albicans (14,
23, 28), the loss of Crzl did not result in increased azole
susceptibility in C. glabrata. In addition, the C. glabrata Acrzl
strain exhibited increased susceptibility to micafungin and
Congo red but not to calcofluor white. Taken together, these
results indicate that calcineurin-mediated Crzl regulation is
dependent upon the type of stress and that the regulatory
mechanisms vary among fungal species. Further characteriza-
tion of these mutant phenotypes will help to discover a novel
and conserved calcineurin target in pathogenic fungi.
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Anti-Candida-biofilm activity of micafungin is attenuated
by voriconazole but restored by pharmacological
inhibition of Hsp90-related stress responses
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SHIGERU KOHNOT & YOSHITSUGU MIYAZAKI*
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We have conducted an in vitro evaluation of the efficacy of a voriconazole-micafungin
combination against Candida albicans. When used alone, both micafungin and vorico-
nazole decreased the metabolic activity of planktonic cells, but only micafungin dis-
played potent anti-biofilm activity. Their combination appeared to have an additive effect
against planktonic cells. However, voriconazole significantly antagonized the fungicidal
effect of micafungin against Candida biofilms. Time-lag experiments showed that pre-
treatment with voriconazole induced resistance to micafungin in Candida biofilms.
The micafungin-antagonizing effect of voriconazole persisted even when the biofilm
was no longer exposed to voriconazole. In contrast, voriconazole addition after 24 h of
micafungin treatment did not alter micafungin sensitivity. To investigate the mechanism
of antagonism, we used inhibitors of Hsp90 and its effectors because Hsp90 seems to be
implicated in the resistance to micafungin. These molecules reversed the voriconazole-
induced resistance to micafungin which suggests that Hsp90-related stress responses
are involved in the antagonism. Our results may provide clues as to the mechanism of
increased drug resistance in Candida biofilms and raises concerns about the use of the
voriconazole-micafungin combination in clinical settings.

Keywords Candida, biofilm, Hsp90, voriconazole, micafungin

the case with pacemakers or artificial heart valves [4].
Besides, biofilm-related infections may remain unnoticed
when they are refractory to intensive antifungal therapy
because alternative treatments need to be considered and
it is not always possible to confirm the presence of bio-
films. Therefore, it is necessary to develop highly effective
antifungal drugs against such infections, as well as to uti-
lize existing antifungal agents more effectively.
Combination therapy is a good option in this regard
because it is thought to be appropriate for intractable infec-
tions [5]. Several new commercially available safe antifun-
gal agents can be considered for combination therapy [6].
As expected, combinations of new azoles and echinocan-
dins have been reported to exert an additive or synergistic
effect against most Candida species [7]. However, this

Introduction

The use of long-term implants in clinical practice has been
shown to promote colonization and biofilm formation [1].
Candida albicans (C. albicans) is a pathogen associated
with biofilm-related diseases, as well as the primary cause
of systemic candidiasis. It is known that the latter has a
high mortality rate [2]. Unfortunately, only a limited num-
ber of antifungal drugs are available for use in Candida
infections and the formation of biofilms renders these
infections intractable [3]. The common treatment approach
in cascs of biofilm formation is to remove the implants as
soon as possible, but removal is not always possible as is
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effect is limited to growth inhibition, and some in vitro stud-
ies have shown that azoles antagonized the fungicidal effect
of echinocandins, especially in biofilms [8—10]. The mech-
anism underlying this antagonistic effect has never been
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reported. Our previous study showed that resistance to high
doses of micafungin (MFG) (known as the paradoxical
effect) is related to heat shock protein 90 (Hsp90) stress
responses [11]. This therefore led us to explore the relation-
ship between Hsp90-related stress responses and the antag-
onistic effect of voriconazole (VRC) against MFG.

Materials and methods
Strains and growth conditions

All strains used in this study were from our laboratory col-
lection. A standard C. albicans strain, namely, SC5314, was
employed in most experiments. C. albicans strains ATCC
10261 and ATCC 10231 and C. glabrata strain CG1 were
also used in some experiments. All strains were grown in
yeast nitrogen base with 2% dextrose (YNB) broth.

Biofilm formation

Biofilms were prepared using a slightly modified version of
a previously described method [12]. Briefly, small silicone
elastomer (SE) disks (diameter, 4 mm; thickness, 1 mm)
were immersed in a Candida cell suspension for 90 min to
allow attachment, and biofilms were allowed to form by
further incubating the disks in YNB for 24 h. We used SE
disks that were smaller than those used in previous experi-
ments so that they could be placed in 96-well microplates.

Antifungal agents, inhibitors, and treatment

MFG and VRC were kindly provided by Astellas Pharma
Inc. (Japan) and Pfizer Japan Inc. (Japan), respectively.
Radicicol (Rad; an Hsp90 inhibitor), cyclosporin A (CsA;
a calcineurin inhibitor), and nikkomycin Z (NZ; a chitin
synthase inhibitor) were purchased from Sigma-Aldrich
(USA), and cercosporamide (Cer; a PKCI inhibitor) was
purchased from BioAustralis Fine Chemicals (Australia).
MFG and NZ were dissolved in distilled water, whereas
VRC, Rad, CsA, and Cer were dissolved in dimethylsul-
foxide (DMSOQ). These were stored at —30 °C as stock solu-
tions until use at concentrations of 10 mg/ml (MFG, VRC,
and NZ), I mM (Rad and Cer), and 10 mM (CsA). The final
concentrations have been indicated in the sections describ-
ing individual experiments. The biofilms on the SE disks
were soaked in the medium containing drugs and incubated
at 37 °C for 24 h. The minimum inhibitory concentrations
(MICs) of MFG, VRC, Rad, CsA, Cer, and NZ against the
planktonic cells were determined in flat bottom, 96-well
microtiter plates using a broth microdilution protocol
modified from the CLSI M27-A standard [13]. Studies to
assess MICs were prepared in YNB medium (a total volume
of 0.2ml/well) containing each drug. Cell densities of

© 2010 ISHAM, Medical Mycology, 48, 606612

overnight cultures were determined and dilutions were pre-
pared such that approximately 2X10° cells were inoculated
into each well. MICs of MFG, VRC, Rad, CsA, Cer, and NZ
against the planktonic cells were 0.031 ug/ml, 0.008 ug/ml,
8 uM, >80 uM, >8 uM, and 6.25 ug/ml, respectively.

Quantification of biofilms

The metabolic activities of cells in the biofilms were quanti-
fied by performing a 3-bis(2-methoxy-4-nitro-3-sulfo-phenyl)-
2H-tetrazolium-5-carboxanilide (XTT) reduction assay as
previously described [ 14]. Briefly, after treatment, the medium
was removed carefully, and 200 4 of 50 ug/ml XTT and 4
4M menadione in phosphate-buffered saline (PBS) was added
to biofilms on the SE disks in each well. The plates were
incubated for 1 h at 37 °C, and the absorption of each well at
490 nm (reference 630 nm) was read by using a plate reader.
The results were normalized to control (untreated), and the
relative metabolic activity of cells was expressed as the
percent of the activity in control cells (% control).

To quantify the biomass of biofilms, dry weight mea-
surements and crystal violet (CV) assays were performed.
For dry weights, biofilms on SE disks were scraped and
transferred onto the preweighed filter papers, and the filter
papers with biofilms were dried and weighed. For CV
assays, biofilms were briefly dried and then stained with
200 pl of 0.05% CV for 15 min. The disks were rinsed by
repeated submersion in distilled water until CV was no
longer observed in the rinse water. The disks were dried at
25 °C, and the remaining CV was solubilized with 200 zl
of 30% ethanol with 1mM hydrochloride for 10 min at
25 °C. The remaining CV was quantified by measuring
absorbance at 570 nm in a plate reader.

Relative Quantification by Real-Time Reverse Transcription-
Polymerase Chain Reaction (RT-PCR)

The total RNAs were respectively isolated using the hot phe-
nol method as described elsewhere [15]. To synthesize cDNA,
approximately 800 ng of total RNA was used as the template
with normalization to actin (ACTI) mRNA levels. Gene
expression levels of UTR2 were measured using Applied Bio-
systems 7000 Real Time PCR System (TagMan). RT-PCR
was performed in 96-well optical reaction plates in quadru-
plicate (each reaction containing 1xSYBR Green PCR Master
mix (invitrogen, USA), 0.15 pmol/ml forward primer and
reverse primer and 1 pl template cDNA in a final volume of
10 ul). ACTI served as the internal control. Cycling profile
included 40 cycles of 95 °C for 5 s, 55 °C for 30 s and 72 °C
for 30 s. Data acquisition and the analysis of the real-time
PCR assay were performed using the 7000 System SDS
Software Version 1.0 (Applied Biosystems). Primers ACT1-
for (5"- TTGGTGATGAAGCCCAATCC -3") and ACT1-rev
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(5"-CATATCGTCCCAGTTGGAAAC-3") were used for
amplification of ACTI, and primers UTR2-for (5"-GATTCT
GGTAGTAGTGGAAGCAGTTCT-3") and UTR2-rev (5-
ATGGAAGCAAATATACCACTGATAACAC-3")  were
used for amplification of UTR2,

Statistical Analysis

The data were analyzed by using Mann-Whitney U tests.
Unless otherwise indicated, the data are presented as the
mean * standard deviation (SD) of 4 or more replicates.

The error bars represent the SD. The data are representative
of 2 or more individual experiments.

Results
VRC attenuated the effect of MFG against Candida biofilms

We examined whether VRC attenuated the effect of MFG
against biofilms in our model. VRC alone decreased XTT
activity of biofilms, but the decrease was never below 50%
(Fig. 1a). MFG alone greatly reduced biofilm XTT activity

@ 1201 ~m— VRC alone
1004 W —O— + MFGD.5 g/ml
20
XTT activity g -
{% control)
40 4
20 4
O T 1 1 1 1 ¥ H 1§ ¥ i |
DB .0 D 2.5 0
S LN
TP P F o
VRC [Lug/mi]
b 0.8 - 1.2+
. . 14 N
0.6 i 0.8+
Dry weight  , ] Acro g6
{mg)
0.4 4
0.2
0.2+
0 ks e
control  MFG control - MFG
d
[ MFG alone
M MFG+ VRC
XTT activity
{% control)

Fig. 1 VRC attenuates the effect of MFG against Candida biofilms. (a) 0.5 pg/ml of MFG alone reduces the relative metabolic activity of cells in
biofilms by approximately 80% to 90%. The effect of MFG is attenuated by VRC, and the metabolic activity gradually increased up to 60% to 70%
dose-dependently. VRC alone decreased the metabolic activity of the cells in the biofilms, but the decrease was never below 50%. Data are representative
of 3 independent experiments. (b){c) MFG alone reduces biomasses when compared with measurements of dry weights (b) and CV assay {(c). (d) VRC
also attenuates the effect of MFG against the biofilms of 3 strains other than SC5314 that form biofilms as well. VRC, voriconazole; MFG, micafungin;
Rad, radicicol; CsA, cyclosporine A; Cer, cercosporamide; NZ, nikkomycin Z; CV, crystal violet. *P < 0.05 compared to MFG alone. #P < 0.05

compared to control.
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by 80% to 90% at a concentration of 0.5 xg/ml (Fig. 1a).
However, addition of VRC attenuated the effect of MFG
against biofilms and gradually increased the XTT activity
dose-dependently up to 60% to 70% (Fig. 1a). In contrast,
this combination showed additive effects against plank-
tonic cells (data not shown) which is consistent with previ-
ous reports [7]. Thus, VRC, in cooperation with MFG,
inhibits the growth of planktonic cells, but attenuates the
effect of MFG against cells in biofilms. We also assessed
the effects of MFG by measuring biomass. In both weight
measurements and CV assays, MFG reduced biomass, but
the effect was less than what was observed in XTT assay
(Fig. 1b, c). These results imply that biomass could include
living as well as dead cells, along with extracellular matri-
ces. In order to examine whether this antagonistic effect
was restricted to only SC5314 strain, we studied several
other strains. While some of them did not form biofilms
well, VRC attenuated the effect of MFG against biofilms
of all 3 strains noted in the methods section (Fig. 1d).

A very high concentration of MFG was required to reverse
the antagonistic effect of VRC

To determine the concentration of MFG that could reverse
the antagonistic effect of VRC, we increased the doses of
MFG added to biofilms in the presence of VRC (0.125 ug/
ml). Surprisingly, even a high concentration of 64 pg/ml
of MFG in the presence of VRC was not sufficient to
exceed the effect of 0.5 ug/ml of MFG alone (Fig. 2). This
shows that biofilms become highly resistant to MFG in the
presence of VRC, and even an increased dose of MFG
could not disrupt biofilms effectively.

100

80 1 *

XTTactivity 97
{% control} 40

20

0 - _
MFG [ug/ml] 05 05 8 16 32 64
VRClug/ml] 0 0.1250.1250.1250.1250.125

Fig. 2 A very high concentration of MFG is required to reverse the
VRC-induced antagonism of MFG against biofilms. MFG reduces the
metabolic activity dose-dependently in the presence of VRC, but very
high doses of MFG are required to restore the effect of a low dose of
MFG alone. VRC, voriconazole; MFG, micafungin. *P < 0.05 compared
to 0.5 pg/ml of MFG alone. #P < 0.05 compared to 0.5 pg/ml of MFG
+ 0.125 pg/ml of VRC.
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Fig. 3 Combination therapy with a time lag shows that VRC attenuates
the effect of MFG even when the biofilm is no longer exposed to VRC.
Each bar shows the mean percent of XTT activity compared to control
(% control, n = 8 each). VRC alone (ND — VRC), the simultaneous
combination of VRC and MFG (ND -» VRC+MFG), and the serial
combination of VRC followed by MFG (VRC - MFG) were less
effective than MFG alone (ND — MFG) and the serial combination of
MFG followed by VRC (MFG — VRC). There was no significant
difference between ND — MFG and MFG — VRC. Data are representative
of 3 independent experiments. ND, no drug; VRC, voriconazole; MFG,
micafungin; ND —> MFG, ND followed by MFG; ND -3 VRC + MFG,
ND followed by VRC + MFG; VRC — MFG, VRC followed by MFG;
MFG — VRC, MFG followed by VRC. *P < 0.05 compared to 0.5 pg/
ml of MFG alone (ND — MFG).

The effect of a serial combination of VRC and MFG was also
inferior to that of MFG alone

We added in our studies VRC and MFG sequentially with
a time lag in between to examine whether the effect of
MFG against biofilms is attenuated even when the biofilm
is no longer exposed to VRC. The biofilms were first
treated with VRC alone, MFG alone, or no drug (ND) for
the first 24 h, and then sequentially with MFG alone, VRC
alone, or a combination of VRC and MFG, respectively,
for the next 24 h. The concentrations of MFG and VRC
were 0.5 pg/ml and 0.125 pg/ml, respectively. The ellects
of a simultaneous combination of MFG and VRC (ND —
VRC+MFG) and the serial combination of VRC followed
by MFG (VRC — MFG) were less than that observed with
MFG alone. This result shows that the effect of MFG is
attenuated even when the biofilm is no longer exposed to
VRC (Fig. 3). In contrast, the sequential treatment with
MEFG followed by VRC (MFG — VRC) was still as effec-
tive as MFG alone.

Inhibiting stress responses enhanced the effect of MFG against
biofilms and reversed the antagonistic effect of VRC

The results of the time-lag experiment indicated that
certain stress responses to VRC possibly modulated the
sensitivity of biofilms to MFG. To investigate whether
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