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Leukotriene B, release by human lung
macrophages via receptor- not voltage-
operated Ca®* channels

T.K. Finney-Hayward*, P. Bahra®, S. Li#, C.T. Poll¥, A.G. Nicholson’, R.E.K. Russell",
P.A. Ford*, J. Westwick”, P.S. Fenwick*, P.J. Barnes* and L.E. Donnelly*

ABSTRACT: Increased numbers of macrophages and neutrophils in the lung is a key feature of
chronic obstructive pulmonary disease (COPD). The major neutrophil chemotactic agent in the
airways of COPD patients is leukotriene (LT)B,; and is released by macrophages. The present
study examines the role and mechanism of Ca®" in platelet-activating factor (PAF)-stimulated LTB,
release from human lung macrophages.

Macrophages were isolated from lung tissue of subjects undergoing lung resection surgery and
monocyte-derived macrophages (MDM) were obtained from nonsmokers, smokers without
obstruction and COPD patients. Cells were stimulated with PAF and LTB, release and [Ca®']; was
measured.

Lung macrophages and MDM released LTB, following stimulation with PAF (mean effective
concentration: 0.08 +0.06 pM (n=5) versus 0.17+0.12 uM (n=17), respectively). Compared with
MDM, lung macrophages released approximately eight-fold more LTB,. Neither smoking nor
COPD altered MDM responses. PAF-stimulated LTB, release was abrogated by ethylene glycol
tetraacetic acid suggesting a role for extracellular Ca". This was substantiated by using store-
operated channel blockers econazole, SK&F96365 and Gd3". However, econazole and SK&F96365
were more effective in MDM than lung macrophages. Neither LOE908 nor nifedipine could
attenuate this response.

These data suggest that platelet-activating factor-stimulated leukotriene B, release from human
lung macrophages is mediated, in part, by Ca®" influx through receptor- but not voltage-operated

Ca?" channels.

KEYWORDS: Ca®" transients, leukotriene B,, macrophage

eutrophils and macrophages are key
N components of the innate immune

system. These phagocytic cells recognise
and remove pathogens and, thus, are the first
defence mechanism against infection. However,
these cells also release inflammatory mediators
including cytokines and chemokines that, when
dysregulated, may drive chronic inflammation.
In the lung, such an accumulation of macro-
phages and neutrophils is observed in chronic
obstructive pulmonary disease (COPD) [1].
COPD is predicted to become the third most
common cause of death in the world by 2020 [2].
This is thought to reflect the increasing global
epidemic of cigarette smoking, the most common
risk factor leading to the development of this
debilitating disease [1].

Macrophages are the predominant cell type
found in bronchoalveolar lavage (BAL) fluid
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from patients with COPD but have been also
identified in increased numbers within the lung
parenchyma, particularly at the sites of alveolar
destruction [3]. These macrophages possess the
capacity to mediate many of the pathophysio-
logical features of COPD and are considered a
target for novel anti-inflammatory therapies. The
neutrophil may also contribute to the patho-
physiology of COPD as these cells release
elastolytic enzymes and cytokines that promote
lung destruction and inflammation [4].
Neutrophils tend to accumulate in the larger
airways of patients with COPD and, as such, are
found in increased numbers in induced sputum
[5]. The reason for this is unclear, although the
neutrophil chemoattractant, leukotriene (LT)B,,
has been implicated in COPD [6]. LTB, levels are
increased in sputum from COPD patients and
contribute to ~30% of the neutrophilic chemo-
tactic activity of sputum [6, 7]. In addition, LTB,4
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LTB,, Ca** ENTRY AND MACROPHAGES

levels are increased in BAL fluid of ex-smokers with
emphysema compared with both former and current smokers
without emphysema [8]. The precise source of LTB, in the
airways is unknown; however, it is considered the predomi-
nant neutrophil chemoattractant released by human alveolar
macrophages [9] and can be released following stimulation
with ionophore and arachidonic acid [10]. Human alveolar
macrophages respond to platelet-activating factor (PAF) by
releasing superoxide anions and LTB, [11, 12]. Notably,
alveolar macrophages from smokers are more sensitive to
PAF-stimulation with respect to superoxide production com-
pared with cells from nonsmokers [11]. Since cigarette smoking
is the major risk factor for the development of COPD, this
suggests that smoking may sensitise macrophages to PAF-
stimulation and heighten release of inflammatory mediators
including LTB,. In addition, LTB, receptors are up-regulated in
COPD [13] supporting the hypothesis that modulation of the
leukotriene pathways may be an effective therapeutic anti-
inflammatory approach for this disease [14].

There is little information regarding the regulation of LTB,
production by macrophages in COPD; however, macrophages
from asthmatic subjects release increased levels of LTB,
following stimulation with calcium ionophore compared with
cells from nonasthmatic subjects [12]. PAF also stimulates
[Ca®']; in human alveolar macrophages [15] suggesting that
control of Ca®" influx in these cells could regulate LTB, release
and, thus, modulate neutrophilic inflammation. Regulation of
[Ca®']; is an important mechanism controlling migration and
cellular activation in many cell types, although there is scant
information regarding regulation of [Ca*']; in human macro-
phages. LTB, release from rat peritoneal macrophages is
attenuated in the absence of extracellular Ca®" further
supporting the role of Ca®* in modulating macrophage
functions [16]. Identification of underlying mechanisms
responsible for PAF-stimulated LTB, release from human lung
macrophages could facilitate the development of novel
therapeutic agents capable of inhibiting macrophage activation
and potentially attenuating neutrophillic inflammation in
COPD. Therefore, the present study sought to investigate the
role of Ca®" in PAF-stimulated LTB, release from human lung
macrophages and monocyte-derived macrophages (MDM),
and the contribution of receptor- versus voltage-operated Ca**
channels in mediating this response.

METHODS

Subject selection

Subjects with stable COPD that fulfilled American Thoracic
Society criteria [17] were recruited from the Royal Brompton
Hospital (London, UK) and King Edward VII Hospital
(Windsor, UK) outpatient departments, and a general practice
database. Nonsmokers and smokers were recruited from
patients who had been investigated previously for other
reasons as well as volunteers. Demographic data for blood
donors is presented in table 1. There were no significant
difference in the smoking history between smokers and COPD
patients (table 1). Lung tissue was obtained from patients
undergoing lung resection surgery. All subjects gave written
informed consent, and the study was approved by the
Brompton, Harefield and National Heart and Lung Institute
and East Berkshire Research Ethics Committee.
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Isolation of monocytes and MDM

Peripheral blood mononuclear cells (PBMC) were isolated
from whole blood as previously described [18]. Monocytes
were isolated from the PBMC fraction using the Monocyte
Isolation kit IT (Miltenyi Biotec, Woking, UK), and resuspended
in MDM media (RPMI-1640 medium supplemented with
2 mM L-glutamine, 10,000 units-mL?! penicillin, 10 mg~mL'1
streptomycin and 10% (volume/volume) foetal bovine serum
(Invitrogen Ltd, Paisley, UK)) and seeded at 1 x 10° cells'mL™.
Cells were cultured in the presence of 2 ng-mL™" granulocyte-
macrophage colony-stimulating factor for 12 days.

Isolation and culture of human lung macrophages

Lung macrophages were isolated from resected lung tissue and
adhered to tissue culture plates as described previously [19].
Cells were confirmed as >95% pure macrophages using CD68
immunocytochemistry as described previously [20].

Measurement of LTB, production

MDM and lung tissue macrophages were pre-incubated with
or without reference compounds SK&F96365, econazole,
2-aminoethocydiphenyl borate (2-APB) and gadolinium
(Gd*) in HBSS (or phosphate-free buffer for Gd**) at 37°C
for 3 min. The cells were subsequently incubated in the
presence of PAF (3 uM) for 30 min. The calcium ionophore,
ionomycin (1 pM), was used as a positive control and 2 mM
ethylene glycol tetraacetic acid (EGTA) was used as the
negative control. The supernatants were immediately har-
vested and stored at -80°C until analysed for LTB, release
using a commercially available enzyme immunoassay kit
according to the manufacturer’s instructions (GE Healthcare,
Amersham, UK). Each data point was measured in triplicate
for the number of individual donors.

Measurement of [Ca®*]; using fluorescence

[Ca®']; was measured using a fluorescence imaging plate
reader (FLIPR; Molecular Devices Corporation, Sunnyclale,
CA, USA). Culture medium was replaced with 100 pL of
Fluo-4 (Invitrogen Ltd) loading medium containing 1 pM
Fluo-4 acetoxymethyl ester, 205 mM probenecid, 20 mM
hydroxyethyl piperazine ethane sulphonic acid (HEPES) and
100 puM brilliant black (ICN Biochemicals, Cambridge, UK).
The plates were incubated at 37°C, 5% CO, for 30 min prior to

1/:\:1855 B Demographic data of blood donors

Nonsmokers Smokers COPD
Subjects n 5 6 6
Age yrs 355429 46.3+4.1 73.5+22%%
Smoking history pack-yrs 0 39.5+14.6 77.2+26.3
FEV1 % pred 11,1425 848458  46.0+50%**#
FEV1:FVC 0.8940.03 0.764+0.03  0.49+0.06%%*

Data are presented as mean+ Sem, unless otherwise stated. COPD: chronic
obstructive pulmonary disease; FEV1: forced expiratory volume in one second;
% pred: % predicted; FVC: forced vital capacity. *: p<<0.05 and ***: p<<0.001
for differences from nonsmokers; *: p<0.05 and iy p<0.01 for differences

from smokers.
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FIGURE 1. Representative fluorescence imaging plate reader (FLIPR) traces of
[Ca®"]; levels in lung macrophages from a single donor. Levels of [Ca®']; were
measured in lung macrophages following no stimulation (green line), 1 uM platelet-
activating factor (PAF; red line) or PAF in the presence of 2 mM ethylene glycol
tetraacetic acid (blue line). A: basal [Ca®"]; level in the lung macrophages; B: the
peak of PAF-stimulated [Ca®']; release; C: the Ca®* influx response. FLIPR is
manufactured by Molecular Devices Corporation (Sunnyclale, CA, USA).

each experiment. Experiments were performed in HBSS assay
buffer (HBSS containing 2.5 mM probenecid and 20 mM
HEPES, containing 1 mM CaCl, except for the studies using
Gd**, where phosphate-free buffer was used (140 mM NaCl,
54 mM KCl, 1.0 mM MgCl,, 1.2 mM CaCl,, 15 mM HEPES
and 2.5 mM probenecid, pH 7.4)). The PAF receptor antago-
nist, PCA4248 [21] (Biomol, Exeter, UK) was added offline to
the cells 30 min prior to the experiment. Compound solutions
(SK&F96365, econazole, LOE908 (QuChem, Belfast, UK) [22],
nifedipine and Gd**) were added by injection and incubated
with the cells for ~2 min prior to the addition of PAF (1 uM).
A representative FLIPR trace indicating how [Ca®'] was
determined is presented in figure 1. PAF stimulated [Ca%";
release was calculated as:

LTB,, Ca** ENTRY AND MACROPHAGES

Max [Ca**]; fluorescence-basal fluorescence

1)

Basal fluorescence

To distinguish Ca* release from intracellular stores from Ca**
influx, the effect of 2 mM EGTA was determined.

The percentage of the total PAF-induced Ca®" response that
contributed to Ca®" influx was calculated as:

AUCpap) — AUCpaF + EGTA) % 100
AUCpar)

(2)

where AUC indicates area under the curve. The Ca®* influx
response inhibited by the ion channel blockers is expressed as
the percentage of the total PAF-induced Ca”" influx response,
ie.

AUC(pAF+ blocker) — AUC(paF+ EGTA) X 100
AUCpar) —AUCPAF + EGTA)

®)

Cell viability

Cell viability was determined by measuring reduction of 3-
[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide, to
formazan by mitochrondial dehydrogenases, as described
previously [23]. None of the treatments used in this study
altered cell viability.

Statistical analysis

Data are presented as mean+sEM. Comparisons between
subject groups were performed using Kruskall-Wallis analysis.
Differences were considered significant where p<<0.05.

RESULTS

PAF-mediated LTB, release by macrophages

Initial experiments demonstrated that PAF stimulation of
macrophages had little effect on the release of CXCLS,
interleukin-6 or matrix metalloproteinase-9 from these cells
(data not shown), but stimulated the release of LTB, from both
lung macrophages and MDM significantly above baseline
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FIGURE 2. Effect of platelet-activating factor (PAF) and ionomycin on release of leukotriene (LT)B, by lung macrophages and monocyte-derived macrophages (MDM).
a) Lung macrophages (n=>5 donors) and b) MDM (n=17 donors) were stimulated with increasing concentrations of PAF in the absence (H) or presence of 2 mM ethylene
glycol tetraacetic acid (A) and the levels of released LTB, measured by enzyme immunoassay. ¢) Lung macrophages (@) and MDM (M) were stimulated with increasing

concentrations of ionomycin. The media was harvested and LTB, release was measured. Data are presented as mean + Sem.
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FIGURE 3. Effect of channel blockers, SK&F96365, econazole, and gadolinium (Gd®*) on platelet-activating factor (PAF)-induced leukotriene (LT)B, release by lung
macrophages and monocyte-derived macrophages (MDM). Lung macrophages (®; n=5 donors) or MDM (B; n=16 donors) were stimulated with 1 uM PAF in the presence
of a) SK&F96365, b) econazole or ¢) Gd®>". Media was harvested and LTB, release was measured. Data are presented as mean + Sem.

(p<0.05; fig. 2a and b). PAF was significantly more efficacious
at stimulating LTB,4 release from lung macrophages (p<0.01)
compared with MDM, although there was no significant
difference in the median effective concentration (EC50) values
between lung macrophages and MDM (0.08 +£0.06 pM (n=5)
versus 0.17+0.12 pM (n=17), respectively). Despite differences
in the demographics of the blood donors (table 1), when the
data from MDM were separated into nonsmokers, smokers
and COPD patients, there were no differences in PAF-
stimulated LTB, release (EC50 0.40+0.37 uM, 0.1140.08 uM
and 0.30+0.01 uM for five nonsmokers, six smokers and six
COPD patients, respectively). However, there were no
significant differences in the levels of LTB, released with
0.1-10 pM PAF due to the variation in responses from each of
the individual human donors.

PAF-stimulated LTB, release from both lung macrophages and
MDM was reduced in the presence of 2 mM EGTA, indicating

a dependency on Ca”* influx (fig. 2a and b). The nature of this
response was examined using the PAF receptor antagonist
PCA4248 (10 uM), which inhibited the release of LTB, induced
by 3 utM PAF by >95% (data not shown). The enhanced release
of LTB,; by lung macrophages compared with MDM was
confirmed using calcium ionophore (fig. 2c).

To investigate these differences further, the effects of various
pharmacological ion channel blockers on 3 pM PAF-induced
LTB, release from both lung macrophages and MDM were also
determined. PAF-induced release of LTB, from lung macro-
phages was inhibited by SK&F96365, econazole and Gd™ (fig. 3).
These responses contrasted with those seen when the same
channel blockers were used to examine PAF-induced LTB,
release by MDM (fig. 3). SK&F96365 and econazole
concentration-dependently inhibited PAF-stimulated LTB,
release from MDM (EC50 5.44+1.1 uM (n=19) and 2.2+ 1.0 uM
(n=17) for SK&F96365 and econazole, respectively; fig. 3a and b),
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FIGURE 4. Representative fluorescence imaging plate reader (FLIPR) traces of [Ca®"]; levels in a) lung macrophages and b) monocyte-derived macrophages (MDM)
following stimulation with buffer, platelet-activating factor (PAF; 1 uM), C5a (100 nM), f-Met-Leu-Phe (fMLP; 1 uM) and thapsigargin (1 uM). c) The levels of [Ca®*]; were

measured in lung macrophages following stimulation with leukotriene (LT)B,4. Traces are representative of four to 12 individual experiments. FLIPR is manufactured by

Molecular Devices Corporation (Sunnydale, CA, USA).
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FIGURE 5. Representative fluorescence imaging plate reader (FLIPR) traces of [Ca®*]; levels in lung macrophages and monocyte-derived macrophages (MDM)
following stimulation with chemokines. Levels of [Ca®*]; were measured in @) MDM and b) lung macrophages following stimulation with CCL3 (100 nM), CCL5 (200 ng-mL™")
and CXCL12 (100 nM). ¢) Comparison of platelet-activating factor (PAF)-induced [Ca']; with that from CXCL12, CCL3 and CCL5 in lung macrophages. Traces are
representative of two to 12 individual experiments. FLIPR is manufactured by Molecular Devices Corporation (Sunnydale, CA, USA).

which differed from the responses seen in lung macrophages
where it was not possible to calculate EC50 values. In contrast, the
responses of both MDM and lung macrophages to the addition of
Gd** prior to stimulation with PAF was similar for both cell types
(ECs0 <10 pM (n=12) and 137+122 yM (n=15) for lung
macrophages and MDM, respectively; fig. 3c).

sustained Ca®" response observed following stimulation of
macrophages with PAF was not due to a feedback mechanism
via the action of LTB,, since stimulation of the cells with LTB,
did not directly support a sustained Ca** response (fig. 4c).
Sustained increases in [Ca®']; observed following stimulation
of both macrophages and MDM with PAF were not apparent
when the cells were stimulated with chemokines (fig. 5). In
both MDM and lung macrophages, increases in [Ca®]; were
observed following stimulation with CXCL12, CCL5 and CCL3
(fig. 5a and b) but was much reduced compared with the response
of these cells to PAF (fig. 5¢). In contrast, CXCL1, CCL2, CXCL9,
CXCL10 or CXCL11 failed to increase [Ca®']; in both lung
macrophages and MDM (data not shown). PAF increased [Ca®];
in lung macrophages in a concentration-dependent manner with

Ca?" influx into macrophages

PAF demonstrated the largest sustained Ca** response in both
lung macrophages (fig. 4a) and MDM (fig. 4b) when compared
with other chemotactic factors including f-Met-Leu-Phe and
C5a. The inhibitor of sarco-endoplasmic reticulum Ca**-
adenosine triphosphatases, thapsigargin, stimulated [Ca®"]; in
lung tissue macrophages (fig. 4a) and MDM (fig. 4b). The
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FIGURE 6. Representative fluorescence imaging plate reader (FLIPR) traces of [Ca*]; levels examining the effect of channel blockers on platelet-activating factor (PAF)-
induced Ca?* influx by lung macrophages. Levels of [Ca*]; were measured in lung macrophages following a) pre-incubation with the channel blockers SK&F96365 (10 uM),
econazole (30 uM) and gadolinium (Gd**; 300 uM) and stimulation with PAF (3 uM), b) pre-incubation with nifedipine (10 uM) or ¢) pre-incubation with 2-
aminoethocydiphenyl borate (2-APB) prior to stimulation with PAF. Traces are representative of three to 11 individual experiments. EGTA: ethylene glycol tetraacetic acid.
FLIPR is manufactured by Molecular Devices Corporation (Sunnydale, CA, USA).
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FIGURE 7. Effect of channel blockers, SK&F96365, econazole and Gd®* on platelet-activating factor (PAF)-induced Ca* release. Lung macrophages (®; n=11 donors)

and monocyte-derived macrophages (M; n=10 donors) were stimulated with 1 uM PAF in the presence of a) SK&F96365, b) econazole or ¢) gadolinium (Gd*"). [Ca®*]; was
measured using fluorescence imaging plate reader (FLIPR). Data are presented as mean 4 sem. FLIPR is manufactured by Molecular Devices Corporation (Sunnydale, CA, USA).

an EC50 value of 37.4 4+ 5.8 nM (n=3) and was confirmed as a PAF
receptor-mediated effect as the PAF receptor antagonist,
PCA4248, concentration-dependently inhibited this response
(inhibitor concentration of 50% (IC50) value of 8.8+1.9 pM
(n=3)). Similar responses were seen with MDM following PAF
stimulation generating a concentration-dependent increase in
[Ca*"]; with an ECs0 value of 13.6+5.4 nM (n=3) and PCA4248
inhibiting this effect with an IC50 value of 14.2+2.6 uM (n=3).

To delineate Ca®* release from intracellular stores from Ca*"
influx, the effect of EGTA on PAF-dependent [Ca®']; was
determined and showed that much of the PAF-mediated effect
on [Ca*']; was Ca®" influx dependent in both lung macro-
phages and MDM (63.94+2.9% (n=13) and 73.5+4.9% (n=4)
inhibition, respectively). To examine this response further, the
effect of various Ca** influx blockers on the PAF-induced Ca**
influx were determined in both lung macrophages and MDM
(fig. 6). SK&F96365 (fig. 7a) and econazole (fig. 7b) only
partially inhibited the PAF-stimulated Ca®" influx response
with maximum inhibition of approximately 50% and 25%,
respectively, in lung macrophages with an EC50 value of
1.7+0.8 uM (n=12) for SK&F96365. In contrast to the effect of
SK&F96365 and econazole on lung macrophages, PAF-induced
Ca”" influx was maximally inhibited by approximately 90%
and 70% in MDM (fig. 7a and b) with EC50 values of
11.1+1.8 uM (n=10) and 7.0+2.8 uM (n=10), respectively.
The responses of both lung macrophages and MDM to the
trivalent cation channel blocker, Gd**, were similar with
significant inhibition of Ca*" influx (ECs50: 32.2+15.4 pM
(n=12) and 12.1+7.3 pM (n=10) for lung macrophages and
MDM, respectively; fig. 7c).

The responses of lung macrophages and MDM to all three
channel blockers indicated that PAF-induced LTB, release by
lung macrophages was more sensitive to inhibition when
compared with the effect of these compounds on Ca®" influx.
However, the inhibitory effects of the channel blockers
econazole and SK&F96365 for both [Ca®']; and LTB, release
were similar in MDM. Although, in these cells, the inhibitory
effect of Gd*" was ~30-fold greater for LTB, release when

1110 VOLUME 33 NUMBER 5

compared with Ca®" influx. These data prompted further
analysis of the PAF-induced Ca”*" response in lung macro-
phages where the selective L-type voltage-operated Ca®"
channel blocker, nifedipine (fig. 6b), and the nonselective
cation channel blocker, LOE908, were ineffective (data not
shown). In addition, 2-APB, an inhibitor of store-operated
channels [24], also blocked PAF-induced Ca®" influx (EC50
5.8+0.3 uM (n=5); fig. 6¢) and release of PAF-stimulated LTB,
from these cells (PAF 1.3+0.3 mg~mL'1 versus 50 UM 2-APB
0.2+0.06 ng'mL", n=4, p<0.05). Similarly, Ni** also abro-
gated Ca®" influx in lung macrophages with an EC50 value of
502.3+141 pM (n=5; data not shown). Taken together, these
data suggest that PAF-stimulated Ca®* influx is mediated via
receptor-operated and not L-type voltage-operated calcium
channels in macrophages.

DISCUSSION

PAF is produced in the airways during inflammation and may
mediate macrophage activation, including production of LTB,,
a potent neutrophil chemotactic agent [12]. PAF exposure of
both lung macrophages and MDM stimulated the largest
response for both LTB, release and Ca®" influx. Furthermore,
the present study confirmed that release of LTB, from both
lung macrophages and MDM is dependent upon Ca®" influx
similar to that reported for human neutrophils [25]. By
contrast, lung macrophages and MDM did not respond to a
number of chemokines including CXCL9, CXCL10 and
CXCL11. Similarly, stimulation of CXCR2 and CCR2 also
failed to elicit Ca®" signals in these cells. However, both lung
macrophages and MDM responded to CXCL12, CCL3 and
CCL5. However, these responses suggest that receptor-
operated channels in the macrophage membrane are agonist
selective as the effects of chemokines are distinct from those
observed when macrophages were stimulated with agonists,
such as PAF and Cba.

The concentrations of PAF that stimulated release of LTB4 from
both lung macrophages and MDM was similar to that reported
to elicit superoxide production by alveolar macrophages (EC50
~0.1 uM) [11]. In contrast to superoxide production from
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alveolar macrophages [11], PAF-stimulated release of LTB,4
from MDM was not altered by smoking or disease status, but
does support data obtained from alveolar macrophages from
smokers and COPD patients whereby these cells release
similar amounts of LTB, under resting conditions (smokers:
244+107 pg-mL™; COPD: 137+61 pgrmL™) and following
stimulation =~ with  lipopolysaccharide (LPS;  smokers:
342+99 pg-mL™"; COPD: 226+ 94 pg-mL™) [26].

Although both lung macrophages and MDM displayed similar
concentration-dependent responses to PAF stimulation, the
magnitude of the LTB, response was greater in lung macro-
phages compared with MDMs. This may reflect differential
expression of PAF-acetyl hydrolase (PAF-AH) by these cells
since PAF-AH catabolises PAF. However, as lung macro-
phages stimulated with ionomycin also release increased levels
of LTB, compared with MDM, differences in the regulation of
the arachidonic acid metabolic pathways could also account
for these results. Alternatively, these data suggest differential
regulation of store-operated calcium channels since the effects
of receptor-operated channel blockers SK&F96365 and econa-
zole differed between lung macrophages and MDM.

The relationship between changes in [Ca®"]; and release of LTB,
in both lung macrophages and MDM is complex and may
represent differential coupling of the PAF response. PAF
stimulates Ca?* influx in macrophages [27]; however, the
concentration of PAF required to increase [Ca**]; in the present
study is ~10-100-fold greater than that reported for hamster
and guinea pig macrophages [28], but is similar to that reported
for human MDM (EC50 ~10nM) [29]. Ca*" influxes observed in
lung macrophages following PAF stimulation were relatively
resistant to econazole but were inhibited by ~50% with
SK&F96365. Both econazole and SK&F96365 attenuate receptor
mediated calcium entry into cells with reported IC50 values of
~3 uM and 10 pM, respectively [30, 31], and were more
effective at blocking Ca®* influx in MDM when compared with
lung macrophages, although these channel blockers are not
selective [32]. These data also strongly suggest that PAF-
stimulated LTB, release from lung macrophages is not solely
due to Ca*" influx but may be mediated by other channels since
release of LTB, by lung macrophages was more sensitive to
inhibition by both econazole and SK&F96365 when compared
with Ca®" influx. However, the inhibitory effect of Gd>* in both
MDM and lung macrophages was ~30-fold greater for LTB,
release when compared to the effect on Ca®" influx. Gd** has
selectivity for transient receptor potential (TRP) channels in the
concentration range 100-300 uM, where this compound showed
efficacy for PAF mediated Ca®" influx. Further examination of
PAF-induced Ca®' influx in lung macrophages demonstrated
that the nonselective cation channel blocker, LOE908, and the
selective L-type voltage-operated Ca®" channel blocker, nifedi-
pine, were ineffective, suggesting that this response is mediated
via a receptor-operated channel and is consistent with previous
observations whereby no voltage-dependent Ca®" channels
have been detected electrophysiologically in macrophages
[33]. Therefore, it is possible that a TRP-type channel may be
important in regulating Ca®" in these cells.

The differential sensitivity of lung macrophages to channel
blockers and the increased levels of LTB, release from these
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cells compared with MDM suggests that differentiation or
exposure of macrophages in a lung environment alters the
expression of ion channels or “primes” these cells to produce
more LTB4. Exposure of alveolar macrophages from smokers
to LPS potentiates release of LTB, when compared with cells
from ex-smokers [34]; therefore, priming agents in the lung
may potentiate release of LTB, from lung macrophages. The
precise nature of these agents is not known; however, lung
macrophages were obtained from patients undergoing surgery
and included smokers and ex-smokers.

These data suggest that platelet-activating factor stimulation of
human macrophages leads to leukotriene B, release by a
mechanism which is dependent, in part, on extracellular Ca%t
influx, with receptor-, but not voltage-operated calcium
channels responsible for mediating this effect. The differences
in the pharmacological profiles of monocyte-derived macro-
phages and lung macrophages suggest that monocyte-derived
macrophages are not good surrogates for lung macrophages
with respect to Ca®" homeostasis and may reflect an alternative
differentiation pathway for macrophages in the lung, or
represent a primed population of macrophages. However,
understanding of the regulation of macrophage functions and
the role of ion channels in these responses may provide novel
therapeutic opportunities for the treatment of inflammatory
lung diseases, such as chronic obstructive pulmonary disease.

REFERENCES

1 Barnes PJ. New concepts in chronic obstructive pulmonary
disease. Annu Rev Med 2003; 54: 113-129.

2 Lopez AD, Murray CC. The global burden of disease,
1990-2020. Nat Med 1998; 4: 1241-1243.

3 Jeffery PK. Comparison of the structural and inflammatory
features of COPD and asthma. Giles F. Filley Lecture. Chest
2000; 117: Suppl. 1, 2515-260S.

4 Stockley RA. Neutrophils and the pathogenesis of COPD.
Chest 2002; 121: Suppl. 5, 1515-155S.

5 Keatings VM, Evans D], O’Connor BJ, Barnes PJ. Cellular
profiles in asthmatic airways: a comparison of induced
sputum, bronchial washings, and bronchoalveolar lavage
fluid. Thorax 1997; 52: 372-374.

6 Crooks SW, Bayley DL, Hill SL, Stockley RA. Bronchial
inflammation in acute bacterial exacerbations of chronic
bronchitis: the role of leukotriene B4. Eur Respir ] 2000; 15:
274-280.

7 Woolhouse IS, Bayley DL, Stockley RA. Sputum chemotactic
activity in chronic obstructive pulmonary disease: effect of
alpha(1)-antitrypsin deficiency and the role of leukotriene
B(4) and interleukin 8. Thorax 2002; 57: 709-714.

8 Tanino M, Betsuyaku T, Takeyabu K, ef al. Increased levels
of interleukin-8 in BAL fluid from smokers susceptible to
pulmonary emphysema. Thorax 2002; 57: 405-411.

9 Martin TR, Raugi G, Merritt TL, Henderson WR Jr. Relative
contribution of leukotriene B4 to the neutrophil chemo-
tactic activity produced by the resident human alveolar
macrophage. | Clin Invest 1987; 80: 1114-1124.

10 Laviolette M, Coulombe R, Picard S, Braquet P, Borgeat P.
Decreased leukotriene B4 synthesis in smokers’ alveolar
macrophages in vitro. | Clin Invest 1986; 77: 54-60.

VOLUME 33 NUMBER 5 1111



LTB,, Ca** ENTRY AND MACROPHAGES

11

12

13

14

15

16

17

18

19

20

21

22

1112

Schaberg T, Haller H, Rau M, Kaiser D, Fassbender M,
Lode H. Superoxide anion release induced by platelet-
activating factor is increased in human alveolar macro-
phages from smokers. Eur Respir ] 1992; 5: 387-393.
Shindo K, Koide K, Fukumura M. Platelet-activating factor
increases leukotriene B4 release in stimulated alveolar
macrophages from asthmatic patients. Eur Respir ] 1998; 11:
1098-1104.

Marian E, Baraldo S, Visentin A, et al. Up-regulated
membrane and nuclear leukotriene B4 receptors in
COPD. Chest 2006; 129: 1523-1530.

Kilfeather S. 5-Lipoxygenase inhibitors for the treatment of
COPD. Chest 2002; 121: Suppl. 5, 1975-200S.

Schaberg T, Haller H, Lode H. Evidence for a platelet-
activating factor receptor on human alveolar macrophages.
Biochem Biophys Res Commun 1991; 177: 704-710.

Letari O, Malgaroli A, Morgan DW, Welton AF, Nicosia S.
Cytosolic calcium ion and arachidonic acid release and
metabolism in macrophages. Eur | Pharmacol 1991; 206:
211-219.

Standards for the diagnosis and care of patients with
chronic obstructive pulmonary disease. American Thoracic
Society. Am ] Respir Crit Care Med 1995; 152: S77-S121.
Traves SL, Smith SJ, Barnes PJ, Donnelly LE. Specific CXC
but not CC chemokines cause elevated monocyte migration
in COPD: a role for CXCR2. | Leukoc Biol 2004; 76: 441-450.
Smith SJ, Cieslinski LB, Newton R, et al. Discovery of BRL
50481 [3-(N,N-dimethylsulfonamido)-4-methyl-nitrobenzene],
a selective inhibitor of phosphodiesterase 7: in vitro studies
in human monocytes, lung macrophages, and CD8+ T-
lymphocytes. Mol Pharmacol 2004; 66: 1679-1689.

Smith SJ, Fenwick PS, Nicholson AG, et al. Inhibitory effect
of p38 mitogen-activated protein kinase inhibitors on
cytokine release from human macrophages. Br | Pharmacol
2006; 149: 393-404.

Ortega MP, Garcia MC, Gijon MA, et al 14
Dihydropyridines, a new class of platelet-activating factor
receptor antagonists: in vitro pharmacologic studies.
J Pharmacol Exp Ther 1990; 255: 28-33.

Krautwurst D, Hescheler J, Arndts D, Losel W, Hammer R,
Schultz G. Novel potent inhibitor of receptor-activated
nonselective cation currents in HL-60 cells. Mol Pharmacol
1993; 43: 655-659.

VOLUME 33 NUMBER 5

23

24

25

26

27

28

29

30

31

32

33

34

T.K. FINNEY-HAYWARD ET AL.

Tudhope ], Finney-Hayward TK, Nicholson AG, et al.
Different mitogen-activated protein kinase-dependent
cytokine responses in cells of the monocyte lineage.
J Pharmacol Exp Ther 2008; 324: 306-312.

Bottman MD, Collins TJ, Mackenzie L, Roderick HL,
Berridge M]J, Peppiatt CM. 2-Aminoethoxydiphenyl borate
(2-APB) is a reliable blocker of store-operated Ca®" entry
but an inconsistent inhibitor of InsP3-induced Ca®" release.
FASEB ] 2002; 16: 1145-1150.

Krump E, Pouliot M, Naccache PH, Borgeat P. Leukotriene
synthesis in calcium-depleted human neutrophils: arachi-
donic acid release correlates with calcium influx. Biochem |
1995; 310: 681-688.

Pons AR, Sauleda ], Noguera A, et al. Decreased macro-
phage release of TGF-p and TIMP-1 in chronic obstructive
pulmonary disease. Eur Respir | 2005; 26: 60-66.

Conrad GW, Rink TJ. Platelet activating factor raises
intracellular calcium ion concentration in macrophages.
J Cell Biol 1986; 103: 439-450.

Chen ], Giri SN. Differences in platelet-activating factor
receptor mediated Ca™ response between hamster and
guinea pig alveolar macrophages. | Pharmacol Exp Ther
1997; 281: 1047-1058.

Centemeri C, Colli S, Tosarello D, Ciceri P, Nicosia S.
Heterogeneous platelet-activating factor (PAF) receptors
and calcium increase in platelets and macrophages.
Biochemical Pharmacology 1999; 57: 263-271.

Mason MJ, Mayer B, Hymel L]. Inhibition of Ca®" transport
pathways in thymic lymphocytes by econazole, micona-
zole, and SKF 96365. Am | Physiol Cell Physiol 1993; 264:
C654-C662.

Merritt JE, Armstrong WP, Benham CD, et al. SK&F 96365,
a novel inhibitor of receptor-mediated calcium entry.
Biochem | 1990; 271: 515-522.

Franzius D, Hoth M, Penner R. Non-specific effects of
calcium entry antagonists in mast cells. Pflugers Arch 1994;
428: 433-438.

Gallin EK. Ion channels in leukocytes. Physiol Rev 1991; 71:
775-811.

Mao JT, Tsu IH, Dubinett SM, et al. Modulation of
pulmonary leukotriene B4 production by cyclooxygenase-2
Inhibitors and lipopolysaccharide. Clin Cancer Res 2004; 10:
6872-6878.

EUROPEAN RESPIRATORY JOURNAL



