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SUMMARY

 

We have investigated the effects of itraconazole (0·1–10 

 

m

 

M

 

), an antimycotic which is often used pro-
phylactically in primary and secondary immunodeficiency disorders, including chronic granulomatous
disease, on mobilization of Ca

 

2+

 

 and restoration of Ca

 

2+

 

 homeostasis following activation of neutrophils
with FMLP or PAF. Transmembrane fluxes of Ca

 

2+

 

, as well as cytosolic concentrations of the cation were
measured using a combination of spectrofluorimetric and radiometric procedures. The abruptly occur-
ring increases in cytosolic Ca

 

2+

 

 following activation of the cells with either FMLP (1 

 

m

 

M

 

) or PAF
(200 n

 

M

 

) were unaffected by itraconazole. However, the subsequent store-operated influx of the cation
was attenuated by itraconazole at concentrations of 0·25 

 

m

 

M

 

 and higher. The itraconazole-mediated
inhibition of uptake of Ca

 

2+

 

 was not associated with detectable alterations in the intracellular concen-
trations of cyclic AMP, ATP or inositol triphosphate, and appeared to be compatible with antagonism
of store-operated Ca

 

2+

 

 channels. Although a secondary property, this anti-inflammatory activity of itra-
conazole, if operative 

 

in vivo

 

, may be beneficial in conditions associated with dysregulation of neutro-
phil Ca

 

2+

 

 handling such as CGD.
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INTRODUCTION

 

Itraconazole prophylaxis for fungal infections is recommended in
patients with chronic granulomatous disease (CGD), and is also
common practice in those with severe neutropenia, as well as in
patients with advanced human immunodeficiency virus infection,
and lung transplant recipients [1–8]. Although itraconazole
belongs to a class of compounds, the imidazole antimycotics,
which have been reported to antagonize Ca

 

2+

 

 metabolism in a vari-
ety of mammalian cell types [9–11], relatively little is known about
its effects on Ca

 

2+

 

 handling by leucocytes. In the case of neutro-
phils, receptor-mediated mobilization of Ca

 

2+

 

 from intracellular
stores is a prerequisite for activation of several pro-inflammatory
activities of these cells, while the subsequent influx of the cation is
necessary not only for store refilling and reactivation of the cells,
but also to sustain adhesion to vascular endothelium [12–15].

In the current study, we have investigated the effects of itra-
conazole on the mobilization of Ca

 

2+

 

 from intracellular stores fol-
lowing exposure of neutrophils to the chemoattractants FMLP
and PAF, as well as on the subsequent store-operated influx of the
cation.

 

MATERIALS AND METHODS

 

Itraconazole

 

Itraconazole was kindly provided by Janssen Pharmaceutica,
Geel, Belgium and dissolved in dimethylacetamide (DMA) to
give a stock concentration of 10 m

 

M

 

. Subsequent dilutions were
made in the same solvent and the final concentration of DMA

 

±

 

itraconazole in the various assay systems described below was
0·1%. Unless indicated, all other chemicals and reagents were
purchased from the Sigma Chemical Co (St Louis, MO, USA).

 

Neutrophils

 

Purified  neutrophils  were  prepared  from  heparinized  blood
(5 U of preservative-free heparin/ml) of healthy adult human
volunteers as previously described [13,16], and resuspended to
1 

 

¥

 

 10

 

7

 

/ml in phosphate-buffered saline (PBS, 0·15 

 

M

 

, pH 7·4).

 

Spectrofluorimetric measurements of Ca

 

2+

 

 fluxes

 

Fura-2/AM was used as the fluorescent Ca

 

2+

 

-sensitive indicator
for these experiments [16]. Neutrophils (1 

 

¥

 

 10

 

7

 

/ml) were pre-
loaded with fura-2 (2 

 

m

 

M

 

) for 30 min at 37

 

∞

 

C in PBS, washed twice
and resuspended in indicator-free HBSS, pH 7·4, containing
1·25 m

 

M

 

 CaCl

 

2

 

. The fura-2 loaded cells (2 

 

¥

 

 10

 

6

 

/ml) were then pre-
incubated for 10 min at 37

 

∞

 

C with itraconazole (0·1–10 

 

m

 

M

 

) or an
equivalent amount of the DMA solvent (control systems) after
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which they were transferred to disposable reaction cuvettes which
were maintained at 37

 

∞

 

C in a Hitachi 650 10S fluorescence spec-
trophotometer with excitation and emission wavelengths set at
340 nm and 500 nm, respectively. After a stable wavelength was
obtained (1 min), the neutrophils were activated by addition of
either N-formyl-L-methionyl-L-leucyl-L-phenylalanine (FMLP;
1 

 

m

 

M

 

 final) or platelet-activating factor (PAF; 200 n

 

M

 

, final) and
the subsequent increase in fluorescence intensity was monitored
over a 5-min period. The final volume in each cuvette was 3 ml
containing a total of 6 

 

¥

 

 10

 

6

 

 neutrophils.
In an additional series of experiments designed to accentuate

the influx of Ca

 

2+

 

 into FMLP-activated neutrophils, the cells were
pretreated with diphenylene iodonium chloride (DPI, 5 

 

m

 

M

 

 final),
a selective inhibitor of NADPH oxidase [17], or adenosine deam-
inase (ADA; 1 unit/ml final; Roche Molecular Biochemicals, Indi-
anapolis, USA). These agents were added to the cells 1 min after
itraconazole/DMA. DPI accelerates the influx of Ca

 

2+

 

 into FMLP-
activated neutrophils by attenuation of the restraining actions of
NADPH oxidase-mediated membrane depolarization [17], while
ADA antagonizes adenosine-mediated synthesis of cyclic AMP,
inhibiting Ca

 

2+

 

 sequestration/resequestration by the endomem-
brane Ca

 

2+

 

-ATPase [18].
A modification of the fura-2 fluorescence procedure was used

to investigate the effects of itraconazole on the store-operated
influx of Ca

 

2+

 

, uncomplicated by receptor-mediated activation of
phospholipase C [19,20]. Cells which had been resuspended in
nominally Ca

 

2+

 

-free HBSS immediately following loading with
fura-2 were preincubated for 3 min at 37

 

∞

 

C followed by addition
of thapsigargin (1 

 

m

 

M

 

, final), a highly selective inhibitor of the
endomembrane Ca

 

2+

 

-ATPase, which depletes intracellular Ca

 

2+

 

stores [19–21]. This was followed 4 min later by addition of itra-
conazole (5 

 

m

 

M

 

) or DMA and a further preincubation for 3 min
(10 min preincubation at 37

 

∞

 

C in total) after which the cells were
transferred to a cuvette in the fluorescence spectrophotometer.
Store-operated influx of Ca

 

2+

 

 was initiated by the addition of
CaCl

 

2

 

 (250 

 

m

 

M

 

, final) and the increase in fluorescence intensity
monitored for 5 min.

 

Radiometric assessment of Ca

 

2+

 

 fluxes

 

45

 

Ca

 

2+

 

 (calcium-45 chloride, 370 GBq; Perkin Elmer Life Sciences,
Boston, MA, USA) was used as tracer to label the intracellular
Ca

 

2+

 

 pool and to monitor Ca

 

2+

 

 fluxes in unstimulated and FMLP
(1 

 

m

 

M

 

)/PAF (200 n

 

M

 

)-activated neutrophils. The standardization
of the procedures used to load the cells with 

 

45

 

Ca

 

2+

 

 for experi-
ments designed to measure net efflux of the cation, as well as their
application in the measurement of net influx of Ca

 

2+

 

 following
activation of the cells with FMLP or PAF have previously been
described in detail [13,16,22]. For these experiments itraconazole
was used at a fixed, final concentration of 5 

 

m

 

M

 

.

 

Intracellular cAMP, inositol triphosphate (IP

 

3

 

) and ATP

 

Cyclic AMP and IP

 

3

 

 were measured in the deproteinized extracts
of unstimulated neutrophils (5 

 

¥

 

 10

 

6

 

/ml) and cells activated with
FMLP (1 

 

m

 

M

 

) or PAF (200 n

 

M

 

; IP

 

3

 

 only) using the Biotrak
cAMP[

 

125

 

I] scintillation proximity assay system (Amersham
International plc, Amersham, UK) and the IP

 

3

 

[

 

3

 

H] radioreceptor
procedure (Perkin Elmer Life Sciences) both of which are com-
petitive binding assays. Itraconazole was used at a fixed, final con-
centration of 5 

 

m

 

M

 

 added to the cells 10 min prior to the
chemoattractants. Based on previous experiments, cAMP was
determined 30 s after the addition of FMLP, and IP

 

3

 

 at 5 and 10 s

after the addition of the chemoattractants when these responses
are maximal [22]. The results are expressed as picomoles/10

 

7

 

 cells.
ATP was measured in the lysates of neutrophils, which had

been exposed to itraconazole (5 

 

m

 

M

 

) or DMA for 10 min at 37

 

∞

 

C,
using a luciferin/luciferase chemiluminescence method [23].

 

Superoxide production, assembly of NADPH oxidase and 
oxygen consumption

 

The effects of itraconazole (5 

 

m

 

M

 

) on superoxide generation by
unstimulated neutrophils and cells activated with FMLP (1 

 

m

 

M

 

)
or phorbol 12-myristate 13-acetate (PMA, 25 ng/ml) were mea-
sured using lucigenin (bis-N-methylacridinium nitrate)-enhanced
chemiluminescence (LECL). Neutrophils (10

 

6

 

) were preincu-
bated with itraconazole for 10 min at 37

 

∞

 

C in HBSS containing
0·2 m

 

M

 

 lucigenin after which they were activated with FMLP or
PMA and the LECL responses measured with an LKB Wallac
1251 chemiluminometer (Turku, Finland). LECL readings were
integrated for 5 s intervals and recorded as mV/s. This LECL pro-
cedure was also used to investigate the superoxide-scavenging
potential of itraconazole (5 

 

m

 

M

 

) in a cell-free xanthine oxidase
(32·2 milliunits/ml, final)/xanthine (1 m

 

M

 

, final) superoxide-
generating system.

To investigate the effects of itraconazole (5 

 

m

 

M

 

) on the
assembly of NADPH oxidase, neutrophils (10

 

7

 

) were preincu-
bated with the antimycotic for 10 min at 37

 

∞

 

C, followed by addi-
tion of PMA (25 ng/ml) in a final volume of 10 ml HBSS. After
10 min of incubation at 37

 

∞

 

C the reactions were terminated by
transferring the tubes to an ice-bath. The cells were then pel-
leted by centrifugation at 4

 

∞

 

C and the pellets resuspended in
0·34 

 

M

 

 sucrose supplemented with 0·5 m

 

M

 

 phenylmethylsulpho-
nyl fluoride and disrupted by sonication. Cellular debris was
removed by centrifugation and the membrane fractions in the
supernatants harvested following centrifugation at 70 000 

 

¥

 

 g for
30 min. The resultant membrane pellets were dispersed in
sucrose and assayed for NADPH oxidase activity using LECL.
Reaction mixtures (1 ml) contained lucigenin, membrane fac-
tions (200 

 

m

 

l) and NADPH which was added last to initiate
superoxide generation.

Oxygen consumption by PMA (25 ng/ml)-activated neutro-
phils was measured using a three-channel oxygen electrode
(model CW1, Hansatech Ltd, King’s Lynn, UK). The cells (10

 

6

 

)
were preincubated for 10 min at 37

 

∞

 

C in HBSS in the presence or
absence of itraconazole (5 

 

m

 

M

 

) followed by the addition of PMA
and 

 

P

 

O

 

2

 

 monitored for a further 15 min

 

Expression and statistical analysis of results

 

The results of each series of experiments are expressed as the
mean values 

 

±

 

 s.e.m., with the exception of the fura-2 experiments
for which the traces are shown. Statistical analysis was performed
using the paired Student’s 

 

t

 

-test when comparing two groups or by
analysis of variance with subsequent Tukey-Kramer multiple
comparisons test for multiple comparisons.

 

RESULTS

 

Spectrofluorimetric measurement of Ca

 

2+

 

 fluxes

 

The results shown in Fig. 1 are typical traces of the FMLP- and
PAF-activated fura-2 fluorescence responses of neutrophils in the
absence or presence of 5 

 

m

 

M

 

 itraconazole. Addition of either
FMLP or PAF to neutrophils was accompanied by the character-
istic abrupt increase in fura-2 fluorescence due to a transient
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elevation in the cytosolic concentration of Ca

 

2+

 

. In the case of
FMLP, there was a rapid decline in peak fluorescence intensity,
while the peak response was sustained for about 1–2 min in PAF-
activated cells, probably as a consequence of early influx of Ca

 

2+

 

and delayed clearance of cytosolic Ca

 

2+

 

 as a result of failure of
PAF to activate NADPH oxidase and adenylate cyclase, respec-
tively [22]. Itraconazole caused a dose-related acceleration in the
rate of decline in fura-2 fluorescence in FMLP-activated, but par-
ticularly PAF-activated neutrophils, which was evident at 0·25 

 

m

 

M

 

and maximal at 5 

 

m

 

M

 

 of the antimycotic. In the case of PAF-acti-
vated cells, treatment with 5 

 

m

 

M itraconazole reduced the dura-
tion of the sustained peak fura-2 fluorescence response from
68 ± 4 to 22 ± 2 s (P < 0·001, data from 10 different experiments).
The corresponding values for the 3 experiments shown in Fig. 1
are 70 ± 4 and 18 ± 3 s, underscoring the representative nature of
these experiments.

The effects of DPI and ADA on the fura-2 fluorescence
responses of FMLP-activated neutrophils in the absence and
presence of itraconazole are shown in Fig. 2. DPI extended the
abruptly occurring peak fura-2 fluorescence responses of FMLP-
activated neutrophils by 1–2 min (Fig. 2b). ADA, as previously
reported [18], caused a prolonged increase in cytosolic Ca2+ which
was most evident at around 2 min, and was sustained for several
minutes thereafter (Fig. 2c). The prolonged increases in cytosolic
Ca2+ in FMLP-activated neutrophils treated with either DPI or
ADA were attenuated by itraconazole (Figs 2b,c).

The effects of itraconazole on the store-operated influx of
Ca2+ following the introduction of Ca2+ to the cell-suspending
medium containing thapsigargin-treated neutrophils are shown in
Fig. 3. Itraconazole reduced the influx of Ca2+ into thapsigargin-
treated cells.

Efflux of 45Ca2+ from neutrophils
These results are shown in Table 1. As reported previously, addi-
tion of either FMLP or PAF to neutrophils was accompanied by
an abrupt efflux of Ca2+ which was complete at 30–60 s after the
addition of the chemoattractants [13,22]. Treatment of the cells
with itraconazole (5 mM) significantly reduced the magnitude of
efflux of Ca2+, particularly in the case of PAF-activated cells.

Influx of 45Ca2+

These results are shown in Table 2. Activation of neutrophils with
FMLP or PAF was accompanied by store-operated influx of Ca2+,
which was complete at 5 min after addition of the chemoattrac-
tants to the cells [13,22]. Treatment of the cells with itraconazole
(5 mM) attenuated chemoattractant-activated influx of Ca2+, par-
ticularly in the case of PAF.

Fig. 1. Traces from 3 experiments using neutrophils from 3 different donors showing the effects of itraconazole (5 mM) on the fura-2
fluorescence responses of cells activated with PAF (200 nM; series A) or FMLP (1 mM; series B) added as denoted by the arrow (Ø). These
are representative traces of 6 (FMLP) or 10 (PAF) different experiments. —– control; ------ itraconazole (5 mM).

(a)

(b)

Control

Itraconazole [5 mM]2 min
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Table 1. Effects of itraconazole on the net efflux of 45Ca2+ from neutro-
phils activated with FMLP or PAF

System
Net efflux of 45Ca2+

(pmol/107 cells/60 s)

FMLP (1 mM) 185·9 ± 24·0
Itraconazole (5 mM) + FMLP (1 mM) 152·6 ± 17·8**
PAF (200 nM) 158·5 ± 7·1
Itraconazole (5 mM) + PAF (200 nM) 133·3 ± 8·0*

The results are expressed as the mean values ± s.e.m. of 4 different
experiments with 5 replicates in each. *P < 0·001; **P < 0·04 for compari-
son with the corresponding itraconazole-free system.
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IP3, cAMP and ATP
The effects of itraconazole on the abruptly occurring peak IP3

responses in FMLP- and PAF-activated neutrophils are shown in
Table 3. Both chemoattractants increased the levels of IP3 in neu-
trophils, with PAF being more potent than FMLP, but these
responses were not affected by itraconazole.

Likewise, itraconazole had no detectable effects on intracel-
lular cAMP or ATP. The peak concentrations of cAMP measured
30 s after the addition of FMLP to neutrophils, were 121 ± 1 and
115 ± 7 pmols/107 cells in the absence and presence of itracona-
zole, respectively. The corresponding values for ATP measured
10 min after the addition of itraconazole (in the absence of the

Fig. 2. Traces showing the effects of (a) the drug-free solvent control or itraconazole (5 mM) alone; (b) DPI (5 mM) alone and in combination
with itraconazole (5 mM) and (c) adenosine deaminase (ADA, 1 unit/ml) alone and in combination with itraconazole (5 mM) on the FMLP
(1 mM)-activated fura-2 fluorescence responses of neutrophils. The results shown are those of a single representative experiment using cells
from  the  same  donor  with  a  total  of  2  (DPI)  and  3  (ADA)  different  experiments  in  each  series;  Ø  denotes  the  addition  of  FMLP.
—– control; ------ itraconazole (5 mM).

Control

Itraconazole [5 mM]

DPI [5 mM]

2 min

(a) (b) (c)

F
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N
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T
E

N
S

IT
Y

Control
Without DPI or ADA

ADA [1 U/ml]

Fig. 3. Traces showing the effects of itraconazole (5 mM) on the influx of Ca2+ (measured by fura-2 fluorescence) into thapsigargin (1 mM)-
treated neutrophils. Thapsigargin, itraconazole and Ca2+ (250 mM CaCl2) were added sequentially as indicated by the arrows. The results
shown are those of 2 different, representative experiments. —— control; ------ itraconazole (5 mM).
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chemoattractants) were 48 ± 2 and 46 ± 2 pmols/107 cells, compat-
ible with lack of cytotoxicity of itraconazole over the short time
course of exposure of the cells to this agent.

Superoxide production, NADPH oxidase assembly and oxygen 
consumption
Treatment of neutrophils with itraconazole (5 mM) inhibited
superoxide generation by both FMLP- and PMA-activated neu-
trophils. The peak LECL responses of unstimulated neutrophils
and cells activated with either FMLP of PMA in the absence of
itraconazole (5 mM) were 299 ± 14, 766 ± 45 and 4446 ± 528 mV/s,
respectively,  while  the  corresponding  values  in  the  presence
of the antimycotic were 374 ± 40, 469 ± 24 (P < 0·001), and
2300 ± 390 mV/s (P < 0·001). However, treatment of neutrophils
with itraconazole had no detectable effects on the assembly of
NADPH oxidase. The peak LECL responses of isolated
membranes from neutrophils activated with PMA in the absence
and presence of the antimycotic being 5118 ± 110, and
5374 ± 201 mV/ s, respectively (the corresponding values for
unstimulated cells were 151 ± 11, and 229 ± 24 mV/s). Likewise,
oxygen consumption by PMA-activated neutrophils was not
affected by itraconazole.

Inclusion of itraconazole (5 mM) in the cell-free, xanthine/
xanthine oxidase superoxide-generating system resulted in a
significant reduction in LECL, the values measured 5 min after

initiation of the reaction being 253 ± 5, and 199 ± 5 mV/s
(P < 0·001) for control and itraconazole-treated systems, respec-
tively. Taken together, these results suggest that the itraconazole-
mediated reduction in the LECL responses of activated neutro-
phils is achieved by a superoxide-scavenging mechanism, as
opposed to itraconazole-mediated inhibition of NADPH oxidase.

DISCUSSION

Imidazole antimycotics such as miconazole and ketoconazole are
well-recognized inhibitors of the store-operated influx of Ca2+

into several different mammalian cell types [24,25]. However, rel-
atively little is known about the interactions of itraconazole with
human neutrophils, specifically the effects of this agent on Ca2+

handling by these cells. Given the critical involvement of Ca2+ in
the receptor-mediated activation of the pro-inflammatory activi-
ties of neutrophils and the increasing use of itraconazole as a pro-
phylactic agent in patients with severe neutropenia or CGD, this
is a potentially important topic which needs to be addressed. In
the current study, we have investigated the effects of itraconazole
on the Ca2+ fluxes which accompany activation of neutrophils with
the chemoattractants FMLP and PAF. These chemoattractants
utilize different transductional mechanisms to mobilize intracel-
lular Ca2+ and restore Ca2+ homeostasis [22,26,27].

Exposure of neutrophils to either FMLP or PAF was accom-
panied by the characteristic abrupt increase in cytosolic Ca2+, due
primarily to receptor-mediated activation of phospholipase C and
IP3-mediated mobilization of Ca2+ from intracellular stores. These
peak cytosolic Ca2+ responses were minimally affected by itracon-
azole, which is compatible with the absence of effects of this agent
on peak IP3 concentrations. Whereas the peak cytosolic Ca2+

responses declined rapidly in FMLP-activated neutrophils, they
were sustained for 1–2 min in PAF-activated cells. This differen-
tial response to these two chemoattractants has been attributed to
the failure of PAF to activate NADPH oxidase and adenylate
cyclase, resulting in prolonged peak cytosolic Ca2+ transients
[22,26,27]. Inability to activate NADPH oxidase results in accel-
erated influx of extracellular Ca2+ because of consequent trivial
membrane depolarization [16,17,22,28,29], while absence of acti-
vation of adenylate cyclase reduces the efficiency of clearance of
Ca2+ from the cytosol [18,22].

Inclusion of itraconazole, however, accelerated the rate of
decline in peak fluorescence intensity in FMLP-activated neutro-
phils, and particularly in PAF-activated cells. We reasoned that
the less impressive responses of FMLP-activated cells were
related to the efficiency of the Ca2+ exclusion and clearance mech-
anisms operative in these cells, as a result of activation of
NADPH oxidase and adenylate cyclase, respectively. These pos-
sibilities were investigated by treating the cells with DPI which
inhibits NADPH oxidase and membrane depolarization, resulting
in accelerated Ca2+ influx [17], or with adenosine deaminase
which inhibits the synthesis of cAMP by eliminating the interac-
tion of neutrophil-derived adenosine with adenylate cyclase-cou-
pled subtype A2A adenosine receptors [18]. In both cases, the
elevations in cytosolic Ca2+ in FMLP-activated neutrophils were
prolonged, and were impressively attenuated by itraconazole.

Treatment of neutrophils with itraconazole decreased the
magnitude of efflux of Ca2+ from neutrophils activated with
FMLP of PAF, without affecting the peak cAMP response in
FMLP-activated  neutrophils.  These  observations  appeared
to exclude enhancement of either efflux or cAMP-mediated

Table 2. Effects of itraconazole on the net influx of 45Ca2+ in neutrophils 
activated with FMLP or PAF

System
Net influx of 45Ca2+

(pmol/107 cells/5 min)

Control 55·3 ± 5·8
FMLP (1 mM) 127·6 ± 7·3
Itraconazole (5 mM) + FMLP (1 mM) 116·1 ± 7·3
PAF (200 nM) 210·2 ± 11·8
Itraconazole (5 mM) + PAF (200 nM) 153·2 ± 9·5*

The results are expressed as the mean values ± s.e.m. of 4 different
experiments with 5 replicates in each. *P < 0·001 for comparison with the
corresponding itraconazole-free system.

Table 3. Effects of itraconazole on inositol triphosphate (IP3) in neutro-
phils activated with FMLP or PAF

System

IP3 concentration
(pmol/107 cells)

5 s 10 s

Control 62·4 ± 4·2 ND
Itraconazole (5 mM) 65·3 ± 0·8 ND
FMLP (1 mM) 87·8 ± 2·6* 85·8 ± 2·0*
Itraconazole (5 mM) + FMLP (1 mM) 101·1 ± 6·2 78·7 ± 6·2
PAF (200 nM) 112·2 ± 9·7* 70·3 ± 8·4
Itraconazole (5 mM) + PAF (200 nM) 99·7 ± 2·0 87·6 ± 5·0

The results are expressed as the mean values ± s.e.m. of 4 determina-
tions.  *P £ 0·003 for comparison with the corresponding itraconazole-free
system. ND, not done.
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resequestration of Ca2+ as being the mechanisms of itraconazole-
mediated reduction in cytosolic Ca2+ in chemoattractant-activated
neutrophils. Interestingly, however, itraconazole pretreatment of
FMLP- or PAF-activated neutrophils was accompanied by
decreased store-operated influx of the cation. This is compatible
with the observed decrease in efflux of the cation from itracona-
zole-treated cells activated with FMLP or PAF, since decreased
influx of Ca2+ would result in increased utilization of Ca2+ mobi-
lized from stores for store refilling, with a consequent reduction in
efflux [30].

The contention that store-operated Ca2+ influx mechanisms
are  the  target  of  itraconazole  is  supported  by  the  observation
that the antimycotic also decreased the influx of Ca2+ into
thapsigargin-treated neutrophils, a system which is less complex
than those involving receptor-mediated mobilization of intracel-
lular and extracellular Ca2+. Using this system, the magnitude of
Ca2+ uptake of thapsigargin-treated neutrophils was clearly
decreased by itraconazole, while the rate of influx over the initial
2 min time course of the experiment was relatively unimpeded. A
possible interpretation of these findings is that store-operated
influx of Ca2+ in neutrophils involves more that one type of chan-
nel [31] with differential sensitivity to itraconazole. Clearly, the
exact mechanism by which itraconazole interferes with the store-
operated influx of Ca2+ into neutrophils remains to be established,
and we cannot exclude nonspecific effects due to interference
with membrane integrity, as have previously been reported for
miconazole [32].

We also observed that itraconazole, at a concentration
which interfered with Ca2+ influx, did not appear to affect neu-
trophil NADPH oxidase activity. Although the FMLP- and
PMA-activated LECL responses were reduced in the presence
of itraconazole, this appeared to be due to scavenging of super-
oxide by the antimycotic since oxygen consumption and assem-
bly of NADPH oxidase were unaffected, and represents an
additional potential anti-inflammatory activity of this agent. The
observation that itraconazole was more effective in suppressing
LECL responses of neutrophils relative to those of the xan-
thine/xanthine oxidase system, may simply reflect the lipophilic
properties of this agent. Interference with store-operated influx
of Ca2+ into neutrophils therefore does not appear to either
involve or affect NADPH oxidase activity. This is hardly sur-
prising in the case of PMA, which is a Ca2+-independent activa-
tor of NADPH oxidase [33], while in FMLP-activated cells net
influx of the cation is evident only after peak NADPH oxidase
activity has subsided.

Although the clinical significance, if any, of the current study
remains to be established, the observed effects of itraconazole on
neutrophil pro-inflammatory activity, if operative in vivo, are
potentially useful. In the case of patients with CGD, accelerated
influx of Ca2+ into activated neutrophils as a consequence of fail-
ure of NADPH oxidase-mediated membrane depolarization
[16,17,28], mimicked in the current and previous studies by DPI
treatment of normal neutrophils [17], may explain the over-
exuberant inflammatory responses which characterize this condi-
tion [34,35]. Itraconazole prophylaxis may have beneficial, albeit
secondary, properties in CGD patients by attenuating the poorly
regulated influx of Ca2+ into activated phagocytes. Although not
included in the present study, we have been unable to detect any
meaningful effects of cotrimoxazole, also used in the antimicro-
bial prophylaxis of CGD patients, on Ca2+ handling by chemoat-
tractant-activated neutrophils. This antimicrobial agent may,

however, possess additional properties, distinct from those of itra-
conazole, of benefit to CGD patients [36].

In conclusion, itraconazole, at therapeutically relevant [37],
noncytotoxic concentrations, attenuates the store-operated influx
of Ca2+ into activated neutrophils, a secondary property which is
conceivably beneficial in patients with CGD, as well as those with
allergic bronchopulmonary aspergillosis [38].
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