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SUMMARY

The relationship between activation of NADPH-oxidase, alterations in membrane potential and
triggering of Ca®" fluxes in human phagocytes has been investigated using neutrophils from four
subjects with chronic granulomatous disease (CGD). Cytosolic Ca?>* and membrane potential were
measured by spectrofluorimetry, and net efflux and influx of Ca®>" by radiometric procedures. Exposure
of normal neutrophils to the chemotactic tripeptide, N-formyl-L-methionyl-L-leucyl-L-phenylalanine
(FMLP; 1 uM) was accompanied by an abrupt increase in cytosolic Ca?>* coincident with membrane
depolarization and efflux of the cation. These events terminated at around 30 s after the addition of
FMLP and were followed by membrane repolarization and store-operated influx of Ca>", both of which
were superimposable and complete after about 5 min. Activation of CGD neutrophils was also
accompanied by an increase in cytosolic Ca>*, which, in spite of an efficient efflux response, was
prolonged in relation to that observed in normal cells. This prolonged increase in cytosolic Ca>* in
activated CGD neutrophils occurred in the setting of trivial membrane depolarization and accelerated
influx of Ca®*, and was associated with hyperactivity of the cells according to excessive release of
elastase and increased activity of phospholipase A,. Treatment of CGD neutrophils with the type 4
phosphodiesterase inhibitor, rolipram (1 uM) restored Ca®>" homeostasis and attenuated the increase in
elastase release. These findings support the involvement of NADPH-oxidase in regulating membrane
potential and Ca®" influx in activated neutrophils, and may explain the disordered inflammatory

responses and granuloma formation which are characteristic of CGD.
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INTRODUCTION

Chronic granulomatous disease (CGD) is an inherited phagocyte
dysfunction syndrome, which results in predisposition, usually
from early childhood, to recurrent and often life-threatening
bacterial and fungal infections, as well as a granulomatous
response in affected tissues [1,2]. On the molecular/biochemical
level, CGD is a heterogeneous group of disorders resulting from
point mutations in genes which encode a series of translocatable
cytosolic and membrane-associated polypeptides which are
required for activation, assembly and function of NADPH-oxidase
[1-3]. The absence of NADPH-oxidase activity in neutrophils and
other phagocytes results in failure of these cells to reduce
molecular oxygen to superoxide which is the precursor of anti-
microbial oxidants such as hydrogen peroxide, hypochlorous acid,
singlet oxygen and hydroxyl radical [1-3].

Interestingly, the alterations in membrane potential which
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accompany activation of neutrophils by receptor- and non-
receptor-mediated stimuli of membrane-associated oxidative
metabolism are almost completely absent in CGD [4—6]. Membrane
depolarization is coincident with activation of NADPH-oxidase,
underscoring the apparent mechanistic relationship between these
events [4—6]. Until fairly recently the functional implications of
the attenuated membrane depolarization response in CGD phago-
cytes were incompletely understood. However, it is now accepted
that the membrane depolarization which accompanies activation
of various immune and inflammatory cell types, including neutro-
phils, limits calcium influx, thereby preventing hyperactivation
[7-9]. This suggests that dysregulation of Ca®" homeostasis may
represent an additional abnormality of CGD phagocytes, albeit of
undetermined functional and clinical significance [10].

In the current study we have investigated the relationship
between NADPH-oxidase, membrane potential, Ca?" fluxes and
proinflammatory activities of neutrophils using cells from four
patients with CGD, three of whom were assessed on several
occasions, and healthy control subjects. Our data suggest that
accelerated Ca®" influx resulting in hyperactivation of several

© 2001 Blackwell Science



Dysregulation of calcium metabolism in CGD 255

proinflammatory activities is consequent to the absence of
NADPH-oxidase activity and attenuated membrane depolarization
in CGD neutrophils.

PATIENTS AND METHODS

Patients

Two related patients (first cousins) aged 12 (JS) and 15 years
(DT) at the time of the first visit, respectively, with X-linked CGD
(C-688— T mutation resulting in an Arg-226-stop in gp917"**)
were each investigated on three different occasions over a 16-
month period. In the case of patient 1 the values for serum
C-reactive protein (CRP) on the three consecutive visits were 8,
7-5 and 11-7 wg/ml, while for patient 2 these were 40, <3 and
<3 wg/ml. Two additional patients, brother (DE) and sister (RS)
aged 24 and 28 years, respectively, with the autosomal recessive
form of CGD (deficiency of p47”"* GT deletion in exon 2) were
investigated on one and four occasions, respectively, on each of
which the CRP values were <3 pg/ml.

Materials and methods
Unless indicated all chemicals and reagents were purchased from
the Sigma Chemical Co. (St Louis, MO).

Neutrophils. Purified neutrophils were prepared from
heparinized (5 U of preservative-free heparin/ml) venous blood
of CGD subjects and healthy adult volunteers and separated from
mononuclear leucocytes by centrifugation on Histopaque-1077
(Sigma Diagnostics) cushions at 400 g for 25 min at room
temperature. The resultant pellet was suspended in PBS (0-15 M,
pH 7-4) and sedimented with 3% gelatin to remove most of the
erythrocytes. After centrifugation, erythrocytes were removed by
selective lysis with 0-84% ammonium chloride at 4°C for 10 min.
The neutrophils, which were routinely of high purity (> 90%) and
viability (> 95%), were resuspended to 1 x 10’/ml in PBS and
held on ice until use.

Superoxide production. This was measured only on the
initial visit of each CGD patient using lucigenin (bis-N-
methylacridinium nitrate) chemiluminescence (LECL) [11].
Neutrophils (1 x 10°) were preincubated for 15 min at 37°C in
900 wl of indicator-free Hanks’ balanced salt solution (HBSS,
pH 7-4, 1-:25 mm CaCl,) containing 0-2 mm lucigenin, after which
they were activated with the synthetic chemotactic tripeptide,
N-formyl-L-methionyl-L-leucyl-L-phenylalanine (FMLP; 1 um
final) or phorbol 12-myristate 13-acetate (PMA; 20 ng/ml final).
Spontaneous and stimulated LECL responses were then monitored
with an LKB Wallac 1251 chemiluminometer (Turku, Finland)
after the addition of the stimulant (100 wl). LECL readings were
integrated for 5-s intervals and recorded as mV/s.

Membrane potential. The potential sensitive fluorescent dye
dipentyloxacarbocyanine (di-O-Cs(3)) was used to measure
changes in membrane potential in activated neutrophils [4].
The cells (1 x 10%ml) were preincubated for 10 min at 37°C in
HBSS containing 80 nm (final) di-O-Cs(3), after which they
were transferred to disposable reaction cuvettes which were
maintained at 37°C in a Hitachi 650 10S fluorescence
spectrophotometer with excitation and emission wavelengths
set at 460 nm and 510 nm, respectively. The neutrophils were
then activated with FMLP (1 wm) and the subsequent alterations
in fluorescence intensity monitored over a 5—10-min period. The
final volume in each cuvette was 3 ml containing a total of
3 x 10° neutrophils.

Spectrofluorimetric measurement of Ca®" fluxes. Fura-2/AM
(Calbiochem Corp., La Jolla, CA) was used as the fluorescent,
Ca"-sensitive indicator for these experiments [12]. Neutrophils
(1 x 107/ml) were preloaded with fura-2 (2 um) for 30 min at
37°C in PBS (0-15 M, pH 7-4), washed twice and resuspended in
indicator-free HBSS pH 7-4 containing 1-25 mMm CaCl,, referred
to hereafter as Ca’*-replete HBSS. The fura-2-loaded cells
(2 x 10%ml) were then preincubated for 10 min at 37°C, after
which they were transferred to disposable reaction cuvettes, which
were maintained at 37°C in a Hitachi 650 10S fluorescence
spectrophotometer with excitation and emission wavelengths set
at 340 nm and 500 nm, respectively. After a stable base-line was
obtained (1 min), the neutrophils were activated by addition of
FMLP (1 M) and the subsequent increase in fura-2 fluorescence
intensity was monitored over a 5-min period. The final volume in
each cuvette was 3 ml containing a total of 6 x 10° neutrophils.

The data from these experiments were used to compare the
following in control and CGD neutrophils: (i) basal concentrations
of Ca®" in unstimulated cells; (ii) peak increments in cytosolic
Ca®* concentrations and the duration of these in stimulated cells;
(iii) the rate of clearance of Ca>" from the cytosol of FMLP-
activated cells.

In an additional series of experiments, the effects of the
cyclic AMP-elevating agent rolipram (1 wM final), an inhibitor
of type 4 phosphodiesterase (PDE,), the predominant type found
in human neutrophils [13,14], on FMLP-activated Ca®" fluxes in
CGD neutrophils were investigated. Rolipram was present with
the neutrophils throughout the 10-min preincubation period prior
to addition of FMLP.

Mn?" quenching of fura-2 fluorescence. Cells loaded with
fura-2/AM as described above were activated with FMLP 1 uMm in
the presence of 300 um MnCl, (added 5 min prior to FMLP) and
fluorescence quenching as a measure of Ca®" influx was
determined at an excitation wavelength of 360 nm, which is an
isosbestic wavelength, and at an emission wavelength of 500 nm
[10]. These experiments were performed using cells from two
control subjects and two CGD patients (DT and RS).

Radiometric assessment of Ca’” fluxes. **Ca®* (Calcium-45
chloride, specific activity 18-53 mCi/mg; Du Pont NEN Research
Products, Boston, MA) was used as tracer to label the intracellular
Ca*>" pool and to monitor Ca®>" fluxes in resting and activated
neutrophils. In the assays of net efflux and influx of Ca>* described
below, the radiolabelled cation was always used at a fixed, final
concentration of 2 uCi/ml, containing 50 nmol cold carrier Ca®”.
The final assay volumes were always 5 ml containing a total of
1 x 107 neutrophils. The standardization of the procedures used to
load the cells with **Ca**, as well as a comparison with silicone
oil-based methods for the separation of labelled neutrophils from
unbound isotope, have been described elsewhere [15].

Efflux of *Ca®* from FMLP-activated neutrophils. To
measure net efflux of *>Ca?>* from neutrophils uncomplicated
by concomitant influx of the radiolabelled cation, the cells
(1 x 10"/ml) were loaded with **Ca*>" (2 wCi/ml) for 30 min at
37°C in HBSS. The neutrophils were then pelleted by
centrifugation, washed once with, and resuspended in ice-cold
Ca?*-replete HBSS and held on ice until use, which was always
within 10 min of completion of loading with **Ca*". Using this
procedure, the FMLP-activated fura-2 responses of neutrophils,
similarly processed in HBSS containing 1 um cold CaCl,
followed by washing with, and suspension in Ca®*-replete
HBSS, did not differ from those of cells which had been
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maintained in Ca®"-replete HBSS throughout, indicating that at
the time of measurement of efflux in the **Ca®" system there was
no meaningful depletion of intracellular Cca’t [15]. The Bca?t-
loaded neutrophils (2 x 10%ml) were then preincubated for
10 min at 37°C in Ca®"-replete HBSS, followed by activation
with FMLP 1 uM and measurement of the kinetics (10, 30 and
60 s) of net efflux of Ca?*. FMLP was omitted from the
corresponding control systems.

Reactions were stopped by the addition of 10 ml Ca*>*-replete
HBSS to the tubes which were transferred immediately to an ice
bath [15]. The cells were then pelleted by centrifugation at 400 g
for 5 min followed by washing with 15 ml ice-cold Ca>"-replete
HBSS and the cell pellets finally dissolved in 0-5 ml of Triton
X-100/0-1 m NaOH and the radioactivity assessed in a liquid
scintillation spectrometer. Control, cell-free systems (HBSS and
45Ca** only) were included for each experiment and these values
were subtracted from the relevant neutrophil-containing systems.
These results are presented as the amount of Ca’>" released from
the cells during efflux (pmol/10 cells).

Influx of “Ca®* into FMLP-activated neutrophils. To measure
the net influx of **Ca®" into FMLP-activated neutrophils,
uncomplicated by concomitant efflux of the radiolabelled cation,
the cells were loaded with cold, Ca>*-replete HBSS for 30 min at
37°C, after which they were pelleted by centrifugation, then
washed once with, and resuspended in ice-cold Ca®"-free HBSS
and held on ice until use. Pre-loading with cold Ca®>" was
undertaken to minimize spontaneous uptake of **Ca>" (unrelated
to FMLP activation) in the influx assay. The efficiency of this
loading procedure was demonstrated by measurement of the
FMLP-activated fura-2 responses of the Ca>"-loaded neutrophils,
which were similar to those of neutrophils maintained in Ca®*-
replete HBSS [15]. The Ca®"-loaded neutrophils (2 X 10%/ml)
were then incubated for 10 min at 37°C in Ca®>"-free HBSS
followed by simultaneous addition of FMLP and **Ca’*
(2 wCi/ml), or **Ca*>* only to control, unstimulated systems. The
kinetics of influx of **Ca** into FMLP-activated neutrophils was
then monitored over a 5-min period (at 10, 20, 30 and 60 s and 2,
3 and 5 min after the addition of FMLP) and compared with that
of influx of the radiolabelled cation into the identically processed,
unstimulated cells.

Elastase release. Neutrophil degranulation was measured
according to the extent of release of the primary granule-derived
enzyme, elastase. Neutrophils were preincubated at a concentration
of 1 x 10’/ml in HBSS for 10 min at 37°C. FMLP (0-1 uM) in
combination with a submaximal concentration of cytochalasin B
(CB) (1 wm) was then added to the cells, which were incubated
for 15 min at 37°C. The tubes were then transferred to an ice bath,
followed by centrifugation at 400 g for 5 min to pellet the cells.
The neutrophil-free supernatants were then decanted and assayed
for elastase activity using a micromodification of a standard
colourimetric procedure [16]. Briefly, 125 w1 of supernatant were
added to the elastase substrate N-succinyl-L-alanyl-L-analyl-L-
alanine-p-nitroanilide (3 mm in DMSO) in 0-05 M Tris—HCl
pH 8-0 and elastase activity monitored at a wavelength of 405 nm.

In an additional series of experiments the following were also
investigated: (i) the effects of rolipram (1 wM final) on the release
of elastase from control and CGD neutrophils, and (i) a
comparison of elastase release from control and CGD neutrophils
using submaximal and maximal combinations of FMLP with CB
(O0-1 um/1 u™m and 1 uM/10 um).

Because elastase has been reported to be functionally

inactivated by very high concentrations of reactive oxidants
[17,18], additional experiments were performed to control for
possible overestimation of elastase activity in supernatant fluids
from stimulated CGD neutrophils. Hydrogen peroxide at final
concentrations of 50, 100, 500 and 1000 uM or an equal volume
of HBSS (50 wl) were added to 950 wl of supernatant fluid from
FMLP-activated control and CGD (DT and RS) neutrophils which
was then assayed for elastase activity following 15 min of
incubation at 37°C. Maximally stimulated neutrophils have been
reported to generate 100 nmol H,0,/10° cells over a 30-min
incubation period [19].

Phospholipase A2 activity. This was measured using a
radiometric thin layer chromatography procedure [20]. Neutrophils
(1 x 107/ml) were co-incubated with 5 nCi/ml radiolabelled
arachidonate (5,6,8,9,11,12,14,15—3H(N), 185 Ci/mmol; Du Pont
NEN) for 15 min at 37°C in Ca*"-free HBSS containing 5 um
indomethacin, to allow incorporation of radiolabelled arachidonate
into membrane phospholipids. The cells were then washed twice
and resuspended to 1 x 107/ml in Ca®*-replete HBSS. The cells
(2-5 x 10%ml) were then preincubated for 10 min at 37°C prior to
the addition of FMLP (1 wM final) in a final volume of 2 ml. This
was followed by a 3-min incubation at 37°C (predetermined in
preliminary kinetics experiments), after which the reactions were
terminated and *H-arachidonate extracted by the addition of 5 ml
n-hexane/isopropanol/HC1 (300:200:4 v/v/v) and thorough
mixing. The upper organic phase was removed and evaporated
to dryness under a nitrogen stream. The lipids were reconstituted
in 40 ul hexane/isopropanol and spotted onto silica gel precoated
TLC plates (Merck, Darmstadt, Germany) together with 2 uMm
unlabelled arachidonate standard to facilitate detection. The plates
were developed in chloroform/acetone (96:4 v/v) and then
exposed to iodine vapours. The arachidonate spots were
localized, excised and assayed for radioactivity.

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 membrane potential experiments
for which the traces are shown. Statistical analyses were
performed using the paired Student’s #-test when comparing two
groups or by analysis of variance with subsequent Tukey—Kramer
multiple comparisons test for multiple comparisons.

RESULTS

Superoxide generation
These results are shown in Table 1. The LECL responses of

Table 1. N-formyl-L-methionyl-L-leucyl-L-phenylalanine (FMLP)- and

phorbol 12-myristate 13-acetate (PMA)-activated lucigenin-enhanced

chemiluminescence (LECL) responses of neutrophils from control and
chronic granulomatous disease (CGD) subjects

LECL responses of neutrophils

Without With Without With

FMLP FMLP PMA PMA
Control (n =4) 578 =55 2129 =409 623 =94 4505 = 488
CGD (n = 4) 152 38 £ 14 19 £ 4 38 £ 14

Results are expressed as the mean peak LECL values in mV/s * s.e.m.
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FMLP- and PMA-activated CGD neutrophils were virtually
undetectable in comparison with those of cells from control
subjects.

Membrane potential

FMLP-activated alterations in membrane potential in control and
CGD neutrophils are shown in Fig. 1. Exposure of control
neutrophils to FMLP resulted in rapid membrane depolarization
which terminated at around 30 s and was followed 60-90 s later
by membrane repolarization which was complete at 5 min, but
which did not recover to preactivation values. In contrast, the
FMLP-activated decrease in membrane potential in CGD
neutrophils was trivial (average of 9% of the control response),
with variable time taken for complete repolarization.

Fura-2 responses of neutrophils
The results shown in Fig. 2 are typical traces of the FMLP-
activated fura-2 responses of control and CGD neutrophils in the
presence and absence of rolipram. Addition of FMLP to
neutrophils was accompanied by the characteristic, abrupt
increase in fura-2 fluorescence due to an increase in the cytosolic
concentrations of Ca*>*, the magnitude of which was similar in
control and CGD neutrophils. In the case of control neutrophils,
attainment of peak fluorescence was accompanied by a rapid
decline in fluorescence intensity which was delayed in CGD
neutrophils, indicative of impaired clearance of Ca®" from the
cytosol.

Peak increments in cytosolic Ca®>" concentrations following
addition of FMLP to control and CGD neutrophils, time taken to
initiation of the abrupt linear decline in fluorescence intensity and

Control

Fluorescence intensity

|

2 min

the rate of Ca®" clearance during this phase are shown in Table 2
for a larger series of experiments, including repeated measure-
ments on patients JS, DT and RS. There were no significant
differences between control and CGD neutrophils with respect to
basal and peak increments in cytosolic Ca>", as well as the rate of
clearance of cytosolic cation. However, the time taken to initiation
of the abrupt decline in peak fluorescence intensity was
significantly (P < 0-0001) longer in CGD neutrophils.

The effects of rolipram on the fura-2 responses of control and
CGD neutrophils are also shown in Fig. 2. Addition of this agent
to both normal and CDG cells did not affect either the basal levels
of fluorescence in resting neutrophils or the peak fluorescence
intensity following addition of FMLP. However, the rates of
clearance of cytosolic Ca>" were significantly faster in rolipram-
treated cells. In normal cells the rates of Ca>* clearance in the
absence and presence of rolipram were 93-4 = 8.8 pmol/min and
156:6 = 12-1 pmol/min (P < 0-001), respectively, while the
corresponding values for CGD cells were 86-3 * 5:6 pmol/min
and 160-6 £ 5-3 pmol/min (P < 0-001). Rolipram also signifi-
cantly decreased the time taken to initiation of the abrupt linear
decline in peak fluorescence intensity in FMLP-activated CGD
cells (43 = 2 s versus 6:6 = 1 s, P < 0-001 in the absence and
presence of rolipram, respectively), the value for rolipram-treated
CGD cells being similar to that for stimulated control cells in the
absence of rolipram (7 = 1 s).

Influx of Ca®" using Mn** quenching of fura-2 fluorescence

The results of the indirect measurement of Ca? influx into FMLP-
activated control and CGD neutrophils are shown in Fig. 3. In
control cells the decrease in fluorescence intensity, which

CGD

JS

DT

A
S
y\//

Fig. 1. N-formyl-L-methionyl-L-leucyl-L-phenylalanine (FMLP; 1 um)-activated alterations in the membrane potential of neutrophils from
one typical control subject and from four different patients with chronic granulomatous disease (CGD) (JS, DT, DE, RS). FMLP was added
as indicated (|) approximately 1 min after transfer of neutrophils to the reaction cuvettes. The assays were repeated on three and two visits
several months apart on patients JS and RS, respectively, and similar results were obtained on each occasion. All traces are on the same

scale.
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Control

Fluorescence intensity

2 min

CGD

Without rolipram

With 1uM rolipram

Fig. 2. N-formyl-L-methionyl-L-leucyl-L-phenylalanine (FMLP; 1 pMm)-activated fura-2 fluorescence responses of neutrophils from four
different control and chronic granulomatous disease (CGD) subjects (JS, DT, DE, RS). Neutrophils from each control subject were paired
with those of a CGD patient as shown. FMLP was added when a stable base-line was obtained (£ 1 min). The assays were repeated on
three, three and four visits several months apart on patients JS, DT and RS, respectively, and similar results were obtained on each occasion.

indicates influx of the cation, was delayed for about 30 s after
addition of FMLP, followed by an almost linear decrease over
3—4 min. In the case of CGD cells the decrease in fluorescence
intensity also occurred at around 30 s after the addition of FMLP,
but proceeded at almost double the rate to that observed in control
cells (P < 0-001) over the initial 2-min period of the time course
(data from six repeat measurements on control cells and cells from

patient DT). Similar differences (not shown) were observed using
cells from patient RS.

Efflux of ¥ Ca®™*

In these experiments, control and CGD neutrophils which had
been preloaded with **Ca®" and then washed and transferred to
Ca**-replete HBSS (to minimize re-uptake of radiolabelled
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Table 2. Peak increments in cytosolic Ca®* concentrations, time taken to onset of clearance and rates of
clearance of the cation in N-formyl-L-methionyl-L-leucyl-L-phenylalanine (FMLP)-activated control and
chronic granulomatous disease (CGD) neutrophils

Time taken (s)
to onset of
clearance of

Clearance rate
of cytosolic Ca**

Peak increments
in cytosolic Ca**

(pmol)t cytosolic Ca?* (pmol/min)
Control neutrophils (n = 9) 282 + 28 7=*1 93 +£9
CGD neutrophils (n = 14) 276 = 21 43 + 2% 86 £ 6

Results are expressed as the mean values = s.e.m. The basal cytosolic concentrations for unstimulated
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control and CGD neutrophils were 105 = 62 and 89 =+ 31 pmol/6 x 10° cells, respectively.
tPeak increments in cytosolic Ca>* were adjusted for basal values.
*P < 0-001 for comparison between control and CGD neutrophils.

cation) were activated with FMLP followed by measurement of
the amount of cell-associated **Ca*>*. Exposure of both control
and CGD neutrophils to FMLP resulted in an abrupt efflux of the
radiolabelled cation which terminated approximately 30 s after
addition of the stimulant, resulting in the loss of about 40% of
cell-associated **Ca**. The rates and extent of efflux of **Ca’*
from FMLP-activated control and CGD neutrophils were not
significantly different. The amounts of cation discharged from
FMLP-activated control and CGD neutrophils 30 s after activation
were 157 * 17 and 160 *+ 14 pmol Ca*>*/107 cells, respectively.
There was no loss of cell-associated **Ca®* from unstimulated
neutrophils over the brief 60-s time course during which efflux
was measured (not shown).

Influx of ®Ca®™
For these experiments control and CGD neutrophils were
preloaded with cold Ca2+, then transferred to Ca>"-free HBSS
prior to activation with FMLP, which was added simultaneously
with **Ca®". This step (loading with cold Ca*>*) was undertaken
to minimize spontaneous uptake of “*Ca®" by neutrophils [15].
The results of these experiments, which were designed to measure
net influx of **Ca*" into FMLP-activated control and CGD
neutrophils, are shown in Table 3.

Activation of control neutrophils with FMLP under these
experimental conditions resulted in a delayed uptake of **Ca’*

|

Control
....... CGD

Fluorescence intensity

| |
2 min
Fig. 3. N-formyl-L-methionyl-L-leucyl-L-phenylalanine (FMLP; 1 pm)-
activated Mn?* quenching of the fura-2 responses of control and chronic
granulomatous disease (CGD) (DT) neutrophils. FMLP was added as
indicated (]) and the results shown are typical traces of six replicates.

which was detectable after a lag phase of about 30-60 s and
continued beyond 5 min after addition of the stimulus. In the case
of FMLP-activated CGD cells the mean time taken for detection
of influx of **Ca®" was shorter, although not significantly so (20 s
and 30 s for CGD and control cells, respectively). However,
influx of the cation into FMLP-mediated CGD neutrophils
proceeded at a significantly faster rate over the first 3 min of
the time course of the experiment and was complete at 3 min after
addition of the stimulus in comparison with 5 min in the case of
control cells. Influx of *°Ca®>" was a true consequence of
activation of neutrophils with FMLP, since there was only trivial
influx of the radiolabelled cation over the same time course into
control identically processed neutrophils which had not been
exposed to FMLP (Table 3).

Elastase release
Elastase release from FMLP/CB-activated control and CGD
neutrophils is shown in Fig. 4. Activation of neutrophils from

Table 3. Kinetics of influx of *Ca®* into N-formyl-L-methionyl-L-
leucyl-L-phenylalanine (FMLP)-activated control and chronic granulo-
matous disease (CGD) neutrophils

Influx of Ca®>" into FMLP-activated neutrophils
(pmoles cell-associated Ca®*/107 neutrophils)

Time after Contro Ineutrophils CGD neutrophils
addition (n=06) (n=06)
10's 0 1x1

20 s 0 18 = 10
30s 4 x4 34 = 16

60 s 16 £ 8 54 + 9%

2 min 56 =9 107 = 18*

3 min 109 = 13 166 * 13*

5 min 156 = 16 167 £ 15

The results are expressed as the mean values for six different control
subjects and the four different CGD patients with repeat evaluations
performed on DT and RS.

#P < 0-05 — P < 0-001 for comparison between the uptake of **Ca®"
by control and CGD cells at the corresponding times.

The amount of influx of Ca®" into unstimulated control and CGD
neutrophils at 5 min was 17 * 6 and 27 = 4 pmol/10 cells, respectively.

© 2001 Blackwell Science Ltd, Clinical and Experimental Immunology, 123:254-263



260 G. R. Tintinger et al.
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Elastase release (mU/1O7 cells)
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CJS1 CJS2 CJS3 CDT CDE CRS1 CRS2

Fig. 4. N-formyl-L-methionyl-L-leucyl-L-phenylalanine (FMLP)/cytocho-
lasin B (CB) (0-1 uM/1 wM)-activated release of elastase from control ([J)
and chronic granulomatous disease (CGD; M) (JS, DT, DE, RS)
neutrophils. The paired responses of control and CGD cells are expressed
as the mean amount of elastase released in milliunits enzyme/107 cells
with three to six replicates for each value. CGD patient JS was evaluated
on three separate occasions several months apart (JS1, JS2, JS3), patient
RS on two occasions (RS1, RS2) and the others (DT, DE) on one occasion.
The range of values for the spontaneous release of elastase from
unstimulated neutrophils from control and CGD subjects (all subjects on
all occasions tested) was 15-36 (¥ =29) and 31-41 (¥ = 35) mU
elastase/107 cells, respectively. The level of statistical significance for
comparison of elastase release from FMLP/CB-activated control and CGD
neutrophils was P < 0-0001.

all four CGD patients on each occasion tested resulted in a
significantly higher release of elastase than that observed with
control neutrophils. In a single experiment designed to investigate
the effects of increasing the potency of the activator of
degranulation, the differential release of elastase from CGD
neutrophils from a single subject (JS), relative to that of control
cells, appeared to be independent of the concentration of the
stimulus. The release of elastase from control and CGD
neutrophils activated with 0-1 um FMLP/1 um CB was

Table 4. Effects of rolipram on the release of elastase from N-formyl-L-
methionyl-L-leucyl-L-phenylalanine (FMLP)/CB-activated control and
chronic granulomatous disease (CGD) neutrophils

Release of elastase from FMLP/CB
activated neutrophils

With rolipram

Without rolipram (1 um)
Control neutrophils (n = 3) 269 £ 57 134 + 26*
CGD neutrophils (n = 4) 707 + 49 88 + ]k

The results are expressed as the mean values * s.e.m. in milliunits
enzyme/107 cells and the assay was performed in triplicate for each
subject. The values for unstimulated neutrophils from control and CGD
subjects were 39 = 4 and 41 + 5 mU enzyme/10 cells, respectively.

*P < 0-002; **p < 0-0002.

407 + 8 and 552 * 21 mU elastase/107 cells, respectively
(P < 0-001), while the corresponding values for cells activated
with 1 um FMLP/10 um CB were 1282 *= 38 and 1988 *=
58 mU elastase (P < 0-001). The background values for un-
stimulated control and CGD neutrophils were 15 = 1 and
34 £ 3 mU elastase, respectively.

The effects of rolipram on the release of elastase from FMLP/
CB-activated control and CGD neutrophils are shown in Table 4.
The PDE, inhibitor significantly reduced the release of elastase
from both control and CGD neutrophils.

Co-incubation of the cell-free supernatants from FMLP/CB-
activated control and CGD neutrophils with added H,O, (50—
1000 wm) for 15 min at 37°C did not inhibit, but rather modestly
increased, the functional reactivity of elastase. In systems exposed
to 1000 um H,O, the activities of elastase (mU/107 cells) in the
supernatants of control neutrophils without and with H,O,
(1000 wm) were 173 = 10 and 216 £ 2, respectively, while the
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Fig. 5. Spontaneous and N-formyl-L-methionyl-L-leucyl-L-phenylalanine
(FMLP; 1 pum)-activated release of 3H-arachidonate from control ((J) and
chronic granulomatous disease (CGD; W) (JS, DT, DE, RS) neutrophils as
a measure of phospholipase A, activity. The paired responses of control
and CGD cells are expressed as the mean amount of *H-arachidonate
released in absolute ct/min with three replicates for each value. CGD
subjects JS and RS were each evaluated on two occasions several months
apart (JS1, JS2, RS1, RS2) and the others (DT, DE) on one occasion.
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corresponding values for CGD cells (DT) were 388 * 10 and
469 = 10. In a second experiment the corresponding values for
control neutrophils were 174 £ 10 and 227 %= 3, while those for
CGD cells (RS) were 296 = 2 and 322 = 3. These data have not
been included in Fig. 4. In a series of control experiments it was
found that H,O, (1000 wMm) did not affect the assay system for
detection of elastase activity.

Phospholipase A, activity

These results are shown in Fig. 5. Both spontaneous and FMLP-
activated phospholipase A, (PLA,) activity was consistently
higher in CGD neutrophils in comparison with the corresponding
responses of control neutrophils, but the results did not achieve
statistical significance.

DISCUSSION

Although the relationship between activation of granulocyte
membrane-associated oxidative metabolism and alterations in
membrane potential is well recognized, the functional conse-
quences of attenuated depolarization secondary to the absence of
NADPH-oxidase in phagocytes from CGD subjects remain
unknown [4-6]. Interestingly, the abruptly occurring depolariza-
tion which accompanies activation of various types of inflam-
matory cell, including basophils, mast cells and neutrophils, has
been shown to limit the influx of extracellular Ca®" [7-9]. It has
been proposed that when the cells are depolarized the driving
force for entry of Ca®" is markedly reduced because the electrical
component of the electrochemical gradient for Ca®" is abolished
[7,8]. Carefully regulated influx of Ca®>" during recovery of
membrane potential may facilitate diversion of incoming cation
into stores, thereby preventing flooding of the cytosol with Ca**
and possible hyperactivation of the cells.

In the current study, the relationship between NADPH-
oxidase-dependent alterations in membrane potential and
maintenance of Ca>* homeostasis has been investigated using
FMLP-activated neutrophils from control and CGD subjects.
Neutrophils from all four CGD subjects (two with X-linked and
two with autosomal recessive CGD) demonstrated markedly
blunted membrane depolarization responses following stimulation
with FMLP. This observation is consistent with several previous
reports and supports the contention that NADPH-oxidase is the
major contributor to the alterations in membrane potential which
accompany activation of neutrophils with stimuli of membrane-
associated oxidative metabolism [4—-6]. The initial decrease in
membrane potential has been attributed to the electrogenic activity
of the oxidase [21,22], as well as to the action of a rapidly acti-
vated H* conductance with resultant influx of H* and depolariza-
tion [23]. Recovery of membrane potential is achieved, at least in
part, through the action of a slowly activatable H" conductance
which allows only H" extrusion and repolarization [21,22].

Ca*>* fluxes in FMLP-activated control and CGD neutrophils
were measured and compared using fura-2 spectrofluorimetry
together with radiometric procedures which enable distinction
between efflux and influx of Ca>*. When used in combination
these procedures facilitate the identification of the origins
(extracellular or intracellular) of cytosolic Ca?* [15].

Exposure of fura-2-loaded CGD neutrophils to FMLP was
accompanied by an immediate increase in fluorescence intensity
which was of similar magnitude to that observed in control cells,
confirming that PLC/ITP;-mediated mobilization of intracellular

Ca”" is normal in CGD neutrophils [10,24]. However, the decline
in peak fluorescence intensity was delayed by up to 40-50 s in
CGD cells, indicative of impairment of the clearance of Ca**
from the cytosol. This could not be attributed to defective efflux
of Ca“, because the rate and extent of extrusion of the cation, as
has been reported previously [25], were similar in control and
CGD cells, demonstrating that, although coincident, Ca** efflux
and membrane depolarization are not interdependent events in
FMLP-activated neutrophils.

The observation that the early occurring efflux of Ca®" is
unimpaired in FMLP-activated CGD neutrophils suggested that
uncontrolled influx may be responsible for the sustained elevation
of cytosolic Ca®". This contention was supported by data from the
radiometric procedure which demonstrated accelerated influx of
Ca** into FMLP-activated CGD neutrophils. Influx of the cation
was detected earlier, proceeded at a faster rate, and terminated
earlier in CGD cells in comparison with control cells, which
demonstrated the typical delayed, store-operated influx of the
cation [15,26,27].

The altered fura-2 responses observed in neutrophils from all
four CGD subjects in the present study differ from those reported
by other authors who used either fura-2 [10] or quin-2 [24] as the
Ca**-sensitive intracellular fluorescent dyes. Although Geiszt and
colleagues [10] were unable to detect alterations in the fura-2
responses of FMLP-activated CGD neutrophils, relative to those
of control cells, they did, however, observe an immediate influx of
Ca®" into CGD cells, while uptake of the cation by control cells
was detectable only after a lag period of 2 min. This differential
influx of Ca®>" into control and CGD neutrophils was detected
using an indirect Mn**/fura-2 fluorescence quenching procedure
[10]. The applicability of this procedure to the measurement of
Ca®>" influx through store-operated Ca®" channels has been
questioned, largely because these channels are Ca®-selective
with a very small single channel conductance [26]. Nevertheless,
the observation made by Geiszt et al. of accelerated influx of
Ca*" in the setting of trivial membrane depolarization in FMLP-
activated CGD cells [10] is clearly supported by the data from the
present study in which both radiometric and Mn*"/fura-2
fluorescence quenching procedures were used to detect influx of
Ca*" into neutrophils. Geiszt and colleagues [10] also excluded
the alterations in intracellular pH which accompany activation of
normal neutrophils, but which are absent in CGD cells [1], as
being involved in the regulation of Ca®" movements. Moreover,
the fluorescence intensity of fura-2 is stable to pH 6-75 [12].

Measurement of the release of elastase from, and activity of
PLA, in activated CGD neutrophils, both of which are Ca’"-
dependent functions [28,29], suggested that dysregulation of Ca>*
influx results in altered proinflammatory functions of these cells.
Increased activity of elastase, which could not be attributed to the
absence of oxidative inactivation of the protease, following
exposure of CGD neutrophils to FMLP/CB, as well as increased
spontaneous and FMLP-stimulated PLA, activity, suggest that
hyperactivity of these oxygen-independent, proinflammatory
functions is consequent to disordered Ca®>" homeostasis in CGD
neutrophils. In addition to the inability of CGD phagocytes to
oxidatively inactivate mediators of inflammation including
leukotrienes and other chemoattractants (reviewed in [1]), the
mechanisms described in the current study may also contribute to
poorly controlled inflammatory responses and granuloma forma-
tion in this disease. It is noteworthy in this respect that neutrophil
primary granules contain, in addition to elastase, chemoattractants
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for monocytes, as well as for CD4" and CD8" T lymphocytes
[30,31].

Alternatively, increased release of primary granule enzymes
and enhanced PLA, activity may partially compensate for the
absence of oxidant-mediated antimicrobial activity in these cells
[32-35]. In several previous studies employing particulate stimuli
and different markers of neutrophil granule release to those used
in the present study, no enhancement of degranulation was
reported [36—38], while Voetman et al. reported that release of
granule enzymes from activated CGD neutrophils was two-to-
three-fold greater than that from normal neutrophils [39].

The proposed relationship between sustained elevation of
cytosolic Ca®" and increased release of the primary granule
enzyme elastase in activated CGD neutrophils was further
investigated using the type 4 PDE inhibitor, rolipram. This agent
has previously been demonstrated to increase cAMP in neutro-
phils, leading to accelerated clearance of cytosolic Ca** [40]. This
has been attributed to enhanced activity of the cAMP-dependent
protein kinase-up-regulated, Ca*"-sequestering/re-sequestering
endo-membrane Ca>*-ATPase, and down-regulation of the pro-
inflammatory activities of the cells [40]. In the current study, co-
incubation of CGD neutrophils, as well as control neutrophils,
with rolipram resulted in accelerated clearance of Ca>" from the
cytosol following activation with FMLP, which was associated
with a marked reduction in the release of elastase from these cells.
Importantly, treatment with rolipram converted CGD neutrophils
to a normal phenotype with respect to both Ca>* clearance and
degranulation. These observations suggest that rolipram, presum-
ably by causing cAMP-dependent up-regulation of the activity of
the endo-membrane Ca®"-ATPase, can restore, albeit indirectly,
Ca®" homeostasis in activated CGD neutrophils. Second-generation
type 4 PDE inhibitors which retain efficient PDE, inhibitory
activity in the setting of attenuation of side-effects [13,14] may be
useful in the treatment of disordered inflammatory responses in
CGD.

Two additional lines of evidence not included in the current
study support the contention that altered Ca®* influx and
hyperactivation of the oxygen-independent proinflammatory
functions of stimulated neutrophils occur in CGD. First, we
(unpublished) and others [41,42] have observed that treatment of
normal neutrophils with the protein kinase inhibitor staurosporine
(200 nM) converts normal neutrophils to a CGD-like phenotype
characterized by decreased FMLP-activated superoxide produc-
tion and membrane depolarization, in the setting of prolonged
Ca®" transients and increased release of elastase. Ideally, we
would have preferred to use diphenylene iodonium, a direct
inhibitor of NADPH oxidase [43]. However, we have found that
this agent, at concentrations which inhibit the phagocyte oxidase,
also inhibits PLA,, as well as release of Ca>" from intracellular
stores in activated neutrophils (unpublished observations). Sec-
ond, to exclude the possibility that the inability of CGD
neutrophils to oxidatively inactivate FMLP [44] may explain the
prolonged peak Ca* transients in activated neutrophils, we have
measured the fura-2 responses of normal neutrophils activated
with N-formyl-norleucyl-leucyl-phenylalanine (1 wM), an oxida-
tion-insensitive chemotactic peptide [44]. The fura-2 responses of
normal neutrophils activated with this oxidation-insensitive
chemotactic peptide were similar to those observed with FMLP,
demonstrating that differences in the fura-2 responses of normal
and CGD neutrophils are not attributable to differences in the
abilities of these cells to inactivate FMLP.

In conclusion, failure of depolarization in CGD neutrophils is
associated with Ca>" overload due to accelerated influx of the
cation and hyperactivity of several proinflammatory activities of
these cells.
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