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Objectives: We have previously shown that moxifloxacin conferred protective anti-inflammatory effects
against Candida pneumonia in immunosuppressed mice. Further in vitro studies showed anti-inflammat-
ory effects of moxifloxacin in LPS and cytokine-stimulated monocytic and epithelial cells. In the present
study, concentrating on a more challenging pathogen of immunosuppressed hosts, we studied the effect
of moxifloxacin on cytokine secretion and signal transduction mechanisms in monocytic cells stimulated
with Aspergillus fumigatus.

Methods: Human peripheral blood monocytes (PBMCs) and a human monocytic cell line (THP-1) were
incubated with 1.5 x 10%/mL conidia of a clinical isolate of A. fumigatus. Cytokine secretion and activation
of NFkB and the MAP-kinases ERK1/2 and p38 were measured with and without the addition of moxifloxacin
(5—20 mg/L).

Results: Stimulation of PBMCs and THP-1 cells with A. fumigatusincreased IL-8, IL-18 and TNF-a secretion
(4.1-, 8.3- and 7-fold, and 5.4-, 3.7- and 17.8-fold, respectively). Addition of moxifloxacin (5-20 mg/L) inhib-
ited cytokine secretion up to0 45.7 £ 5%, 72 + 13% and 73 £ 10% in PBMCs and up to 35.6 + 0.5%, 30 + 2.4% and
19 + 4% in THP-1 cells (P < 0.05). Signal transduction studies showed that incubation of THP-1 cells with
A. fumigatus increased ERK1/2 and p38 phosphorylation and p65-NFkB protein expression by 1.6-, 1.3-
and 1.8-fold, respectively. Addition of moxifloxacin inhibited ERK1/2, p38 and p65-NFkB by up to 69 + 14%,
58 + 3% and 75 + 15%, respectively.

Conclusions: Our results indicate that moxifloxacin acts as an anti-inflammatory agent in monocytic cells
stimulated with A. fumigatus conidia. Whether these effects may be protective as in the Candidapneumonia
model is unknown and merits in vivo studies in models of pulmonary aspergillosis.
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Introduction

Invasive aspergillosis is one of the most common invasive fungal
infections in immunocompromised hosts. It carries an overall
case fatality rate of 58% with >80% mortality in bone marrow
transplant recipients.’ Mortality remains high despite the introduc-
tion of new antifungal agents of the azole and echinocandin
groups™? and highlights the need for new therapeutic modalities.
We have previously shown that the fluoroquinolone moxifloxacin
conferred protective anti-inflammatory effects in a murine model

of Candida pneumonia in immunosuppressed animals, resulting in
a marked decrease in bronchopneumonia and enhanced survival.*
The protective efficacy was associated with significant reduction
in IL-8 and TNF-o in lung homogenates as well as significant
inhibition in NFxB nuclear translocation into alveolar macro-
phages and epithelial cells demonstrated by immunohisto-
chemistry.’ Further in vitro studies showed anti-inflammatory
effects of moxifloxacin in LPS and cytokine-stimulated human
monocytic cells and enabled us to elucidate the specific inhibitory
effects of the drug on key signal transduction pathways associated
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with pro-inflammatory responses, the NFkB and the MAP-kinases
palthways.6

Previous studies have shown that various cells of macrophage
lineage are affected by Aspergillus conidia in vitro’ and in vivo®
and take an active part in the inflammatory process associated with
pulmonary aspergillosis. In the present study we aimed to extend
our previous observations to the more clinically challenging patho-
gen for immunosuppressed patients, and to study the effect of
moxifloxacin on pro-inflammatory cytokines and signal transduc-
tion pathways in human monocytic cells stimulated with a clinical
isolate of A. fumigatus.

Materials and methods

Human monocytes and THP-1 cells

Peripheral blood was drawn from healthy volunteers. Peripheral blood
mononuclear cells were isolated by centrifugation on Ficoll-Paque
(Pharmacia Biotech, Uppsala, Sweden) and were suspended in
RPMI 1640 medium supplemented with 10% heat inactivated fetal
bovine serum (FBS) (Hyclone Laboratories, Logan, UT, USA),
2 mM L-glutamine, 100 U/mL of penicillin and 100 pg/mL of strep-
tomycin. Peripheral blood mononuclear cells were then plated and
incubated for 1 h at 37°C in a humidified 95% air/5% CO, atmosphere.
Non-adherent cells were removed by washing with PBS. More than
90% of the adherent cells were morphologically identified as mono-
cytes, ~7% were lymphocytes and 2% were neutrophils. The viability
of the cells was >98% as determined by Trypan Blue staining.

The human monocytic THP-1 cells (ATCC TIB 202) were main-
tained in RPMI medium supplemented with 10% heat inactivated FBS,
2 mM L-glutamine, 100 U/mL of penicillin and 100 pg/mL of strep-
tomycin at 37°C in a humidified incubator with 5% CO,. Assays were
performed at a density of 1 x 10° cells/mL.

Preparation of Aspergillus

A. fumigatus (AF293) was grown on YAG solid medium (0.5% w/v
yeast extract, 1% dextrose and 1.5% agar), for 2 days at 37°C, until
conidia were mature. Mature conidia were collected by scraping the
plates with 5 mL of 0.2% Tween 80 in sterile distilled water and
washed three times in PBS as previously described.” Conidia were
counted and re-suspended in PBS at a final concentration of 1-2 X
10® conidia/mL. Conidia were routinely used for all experiments after
2 days of harvesting.

IL-8, IL-1B and TNF-« production assays by ELISA

THP-1 cells (1 x 10%mL) and human peripheral blood monocytes
(PBMCs) (5 x 10° /mL) were suspended in RPMI medium supplemen-
ted with 2% human serum or 5% autologous serum, respectively, and
placed in 35 mm culture plates. The cells were stimulated with conidia
of a clinical isolate of A. fumigatus (1.5 x 10%mL) for 8 and 6 h,
respectively, in the absence or presence of moxifloxacin (2.5, 5, 10 and
20 mg/L) (Bayer AG, Wuppertal, Germany). Cell-free supernatants
were recovered by centrifugation and stored at —20°C until assayed.
The concentrations of IL-8, TNF-o. and IL-1f were determined using
ELISA (R&D Systems, Inc., Minneapolis, MN, USA). The sensitivity
of the assay for IL-8 was >10 pg/mL, for IL-1f >4 pg/mL and for
TNF-o >15 pg/mL.

Western-blot analysis of ERK and p38

THP-1 cells stimulated with A. fumigatus were incubated with 5, 10
and 20 mg/L of moxifloxacin for 0—120 min. Following incubation the

cells were collected on ice, washed twice with ice-cold PBS and sus-
pended in 40 pL of the lysis buffer: 50 mM Tris pH 7.6, 150 mM NacCl,
5 mM EDTA pH 8.0, 0.6% NP-40, 1 mM NazVO,, 20 mM B-
glycerophosphate, 1 mM phenylmethylsulphonyl fluoride, 2 mM
p-nitrophenyl phosphate and 1:25 Complete Mini Protease Inhibitor
Cocktail (Boehringer Mannheim, Germany). After being kept on ice
for 15 min the lysates were subjected to centrifugation (20000 g) at
4°C for 15 min to obtain a cytosolic fraction. The protein concentration
was determined by a Bradford assay (Bio-Rad, Munich, Germany)
before storage at —=70°C. An aliquot of the cytosol fraction containing
35 ug of protein was resolved by 10% SDS—-PAGE. After electrophor-
esis and electrophoretic transfer of proteins to nitrocellulose mem-
branes (Schleicher and Shuell, Dassel, Germany), the membranes
were blocked with 3% non-fat milk in Tris-buffered saline (pH 7.4)
containing 0.1% Tween (TBST) for 1 h. Membranes were then rinsed
three times in TBST and incubated at room temperature (RT) with
mouse monoclonal anti-MAP-kinase, activated (di-phosphorylated)
ERK1/2 Ab (1:20 000), monoclonal anti-M AP-kinase, non-phosphory-
lated ERK Ab (Sigma Chemical Co., St Louis, MO, USA) (1:3000
dilution), anti-phospho-p38 MAP-kinase Ab and p38 MAP-kinase Ab
(1:1000 dilution, each Ab) (Cell Signaling Technology, Beverly, MA,
USA). The blots were then incubated with a secondary antibody, horse-
radish peroxidase-linked anti-mouse IgG (Santa Cruz Biotechnology),
for 1 h at RT. The blots were washed three times in TBST and incub-
ated in enhanced chemiluminescence reagent (ECL, Amersham
Pharmacia Biotech). Relative density values of ERK1/2 and p38
were determined by densitometric analysis followed by photographing
the specific bands (Kodak XLS-1 film).

Western-blot analysis of NFkB

Nuclear extracts used in the western-blot analyses were prepared for
THP-1 cells as previously described by us.® An aliquot of the nuclear
fraction containing 50 pg of protein for NFKB was resolved by 10%
SDS-PAGE as described above. NFkB was detected by incubating
blots with anti-NFxB p65 rabbit polyclonal Ab (1 : 500 dilution) (Santa
Cruz Biotechnology, Inc., Santa Cruz, CA, USA). Actin levels were
also assessed as a loading control using an antibody (Santa Cruz Bio-
technology) that reacts with a broad range of actin isoforms. The blots
were then incubated with a secondary antibody, horseradish peroxi-
dase-linked anti-rabbit IgG (Santa Cruz Biotechnology). After 1 h at
RT and three washes in TBST, blots were incubated in ECL
(Amersham Pharmacia Biotech).

Statistics

Statistical significance was determined by using the Student’s paired
t-test. Results were considered significant for P values < 0.05.

Results

The results are summarized in Figures 1-4. Exposure of THP-1
cells to A. fumigatus resulted in a 5.4-, 3.7- and 17.8-fold increase in
the secretion of IL-8, IL-1f and TNF-a,, respectively, compared
with untreated cells (Figure 1a). The addition of moxifloxacin at
concentrations of 5, 10 and 20 mg/L to A. fumigatus-stimulated
THP-1 cells inhibited the secretion of IL-8 (by 19.7 = 1.8%, 28.2 +
0.5% and 35.6 + 0.5%, respectively) (P < 0.05), IL-1B (by 22 + 2%,
24.5 £ 4% and 30 + 2.4%, respectively) (P < 0.05) and TNF-o
(by 19 £ 4%, 12+0.8% and 12.5+2.7%, respectively) (P <0.05)
(Figure 1b).

Exposure of PBMCs to A. fumigatus resulted in a 4.1-, 8.3- and
7-fold increase in the secretion of IL-8, IL-1f} and TNF-c,
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Figure 1. Production of IL-8, IL-f and TNF-a.by A. fumigatus (AF)-stimulated THP-1 cells and the effect of moxifloxacin (MXF). THP-1 cells were stimulated with
1.5%10%mL AF for 8 hin the absence (a) or presence (b) of 5-20 mg/L MXF. The concentrations of IL-8, IL-B and TNF-ot in the culture supernatant were measured by
ELISA. Results are expressed as means £ SEM of three experiments.*P < 0.05 compared with no MXF.
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Figure 2. Production of IL-8, IL-f3 and TNF-o. by A. fumigatus (AF)-stimulated PBMCs and the effect of moxifloxacin (MXF). PBMCs were stimulated with 1.5 X
10°/mL AF for 6 h in the absence (a) or presence (b) of 5-20 mg/L MXF. The concentrations of IL-8, IL-B and TNF-o. in the culture supernatant were measured by
ELISA. Results are expressed as means = SEM of three experiments. *P < 0.05 compared with no MXF.

respectively, compared with untreated cells (Figure 2a). The addi-
tion of moxifloxacin (5-20 mg/L) inhibited, in a dose-dependent
manner, the secretion of IL-8, IL-1f and TNF-o up to 45.7 + 5%,
72+ 13% and 73 £ 10%, respectively (P < 0.05 for all moxifloxacin
concentrations) (Figure 2b).

The results of ERK1/2 and p38 activation by A. fumigatus and
the effect of moxifloxacin on the activation are presented in
Figure 3. A. fumigatus induced a transient increase in ERK1/2
and p38 activities, which peaked at 15 min and declined at
120 min (Figure 3a).
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Figure3. Activationof ERK1/2and p38inA. fumigatus (AF)-stimulated THP-1 cells and the effect of MXF. (a) THP-1 cells were incubated with AF for the indicated
times. Cytoplasmic extracts were prepared. Western blots of ERK1/2 and p38 were performed as described in the Materials and methods section. (b) Effect of MXF:
various concentrations of MXF were added (as indicated in the figure) and THP-1 cells were stimulated with AF for 15 min before performing western-blot analysis.
The representative blots of three independent experiments are shown. (c) The densitometric analyses of western blots from three experiments are shown (means +

SEM). *P < 0.05.
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Figure 4. Expression of p65 protein of NFkB in A. fumigatus (AF)-stimulated
THP-1 cells and the effect of MXF. (a) THP-1 cells were incubated with AF for
the indicated times. Nuclear extracts were prepared. Western blot of the p65
protein was performed as described in the Materials and methods section. (b)
Effect of MXF: various concentrations of MXF were added (as indicated in the
figure) and THP-1 cells were stimulated with AF for 30 min before performing
western-blot analysis. The representative blots of three independent experiments
are shown. (c) The densitometric analyses of western blots from three experi-
ments are shown (mean £ SEM). *P < 0.05.

Figure 3 (b and c) shows that addition of moxifloxacin inhibited
A. fumigatus-induced ERK1/2 phosphorylation by 43 + 8% and
69 + 14% at 10 and 20 mg/L and p38 phosphorylation by 28 + 1.4%
and 58 + 3%, respectively.

A. fumigatus significantly induced NFxB nuclear translo-
cation, in a time-dependent manner, peaking at 30 min and slightly
declining at 60 min (Figure 4a). Figure 4 (b and c) shows
that addition of moxifloxacin decreased A. fumigatus-induced
p65 NFxB expression by 60 + 6% and 75 £ 15% at 5 and
10 mg/L.

Discussion

Our study demonstrates, in agreement with other reports, a pro-
nounced pro-inflammatory response of human monocytic cells
following exposure to A. fumigatus.lo This response is mediated,
among others, by the Toll-like receptors 2 and 4 via the NFxB
signal transduction cascade'' and the MAP-kinases ERK and p38,
as demonstrated in our present study.

The pronounced pro-inflammatory response to A. fumigatus
is linked both to protection against infection but at the same
time to the pathogenesis of invasive asperg,gillosis.lz_14 Warris
et al."® have demonstrated a significantly higher pro-inflammatory
cytokine secretion in whole blood cells obtained from chronic
granulomatous disease (CGD) patients that were exposed to
A. fumigatus, as compared with cells obtained from healthy volun-
teers. They suggested that the higher release of pro-inflammatory
cytokines in CGD patients may indicate that a dysregulation
between pro- and anti-inflammatory responses contributes to the
increased susceptibility to invasive aspergillosis in this patient
group.

Our results indicate that moxifloxacin modulates the
A. fumigatus-induced inflammatory response and induces a
significant anti-inflammatory effect in the A. fumigatus-stimulated
monocytes. The anti-inflammatory effects are demonstrated by
IL-8, IL-1B and TNF-o inhibition and are further shown by
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moxifloxacin inhibition of the NFkB and the MAP-kinases ERK
and p38 pathways in the A. fumigatus-stimulated monocytes.
It should be noted that the above effects were achieved with
moxifloxacin concentrations that are clinically relevant, especially
for lung-associated infections. Thus, peak plasma concentrations
of moxifloxacin after single and repeated 400 mg oral doses reach
3-5 mg/L, whereas much higher concentrations are achieved in
lung epithelial lining fluid (20.7 mg/L) and alveolar macrophages
(56.7 mg/L) as measured 2.2 h following a single 400 mg
oral dose of moxifloxacin in patients undergoing fibre-optic
bronchoscopy. 16

Several studies have demonstrated the ability of certain quino-
lones to confer protective anti-inflammatory effects (reviewed in
ref. 17). In two studies by Khan et al.'® and Purswani et al.,19
ciprofloxacin and trovafloxacin protected mice from lethal and
sub-lethal LPS injection, resulting in significant decreased
TNF-o, IL-6 and IL-12 levels in serum and increased survival.
In another study by Breban ef al.,”® ciprofloxacin exerted prevent-
ive clinical and histological effects against type II collagen-induced
arthritis in rats. Moxifloxacin was shown to have anti-inflammat-
ory effects in human umbilical vein endothelial cells infected with
Chlamydia pneumoniae or stimulated with TNF-o leading to a
decrease in neutrophil and monocyte trans-endothelial migration
as well as a decrease in endothelial secretion of IL-8 and monocyte
chemotactic protein 1.%'

In our previous study we demonstrated a protective anti-
inflammatory effect of pre-treatment with moxifloxacin in
immunosuppressed mice challenged intratracheally with Candida
albicans.* The significant protection against development of
severe bronchopneumonia conferred by moxifloxacin was associ-
ated with a marked decrease in IL-8 and TNF-o secretion from the
animals’ lungs as well as inhibition of NFkB in alveolar macro-
phages and epithelial cells.” This effect was further studied in vitro
and showed the same anti-inflammatory effects in human mono-
cytic cells, and further elucidated the inhibitory effect of moxi-
floxacin on the NFxB and MAP-kinase signal transduction
pathways.® Our present findings demonstrating similar significant
anti-inflammatory effects of moxifloxacin in A. fumigatus-
stimulated human monocytes, may imply a potential protective
efficacy of moxifloxacin against A. fumigatus infection in immuno-
suppressed hosts. Based on our in vivo Candida study and the
present results it is plausible that prophylactic use of moxifloxacin
in patients undergoing chemotherapy or immunosuppression may
confer protection against certain fungal infections. However, this
consideration may raise the question of the potential risks of pro-
phylactic treatment with quinolones in patients receiving chemo-
therapy, owing to development of resistant bacteria or enhanced
superinfection rates. Two recent studies offer new insight into this
specific issue.”>?* In both randomized, double-blind, placebo-
controlled studies the quinolone agent levofloxacin was admin-
istered prophylactically to patients undergoing chemotherapy,
who were expected to have severe neutropenia. In both studies
the prophylactic regimen was significantly beneficial and led to
a substantial reduction in febrile episodes requiring empirical anti-
microbial therapy, the rates of probable infections™** as well as in
the number of microbiologically documented infections, including
bacteraemias owing to a single Gram-negative isolate and polymi-
crobial bacteraemias.”” Although the rate of levofloxacin-resistant
bacteria was 3% as compared with 1% in the placebo group this had
no bearing on any clinical outcome measure and was considered by
the authors as not clinically significant and possibly of transient

and reversible nature.*” Since moxifloxacin and levofloxacin have
very similar spectra of antibacterial activity and clinical indications
it can be assumed that short-term prophylactic use with moxifloxa-
cin would not be associated with any increased risks as compared
with levofloxacin. The above considerations coupled with our cur-
rent and previous studies merit further studies on the potential
protective antifungal effects of moxifloxacin in animal models
of invasive aspergillosis and in clinical settings.
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