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A B S T R A C T The role of superoxide anion- and mye-
loperoxidase-dependent reactions in the light emission
by phagocytosing polymorphonuclear leukocytes has been
investigated using leukocytes that lack myeloperoxidase,
inhibitors (azide, superoxide dismutase), and model sys-
tems. Our earlier finding that oxygen consumption,
glucose C-1 oxidation, and formate oxidation are greater
in polymorphonuclear leukocytes that lack myeloperoxi-
dase than in normal cells during phagocytosis has been
confirmed with leukocytes from two newly described
myeloperoxidase-deficient siblings. Although the maxi-
mal rate of superoxide anion production by myeloperoxi-
dase-deficient leukocytes is not significantly different
from that of normal cells, superoxide production falls
off less rapidly with time so that with prolonged incu-
bation, it is greater in myeloperoxidase-deficient than
in normal cells. Chemiluminescence by myeloperoxidase-
deficient leukocytes during the early postphagocytic pe-
riod however is decreased. Light emission by normal
leukocytes is strongly inhibited by both superoxide dis-
mutase and azide, whereas that of myeloperoxidase-
deficient leukocytes, while still strongly inhibited by
superoxide dismutase is considerably less sensitive to
azide. Zymosan, the phagocytic particle employed in the
intact cell system, considerably increased the chemilumi-
nescence of a cell-free superoxide-H202 generating sys-
tem (xanthine-xanthine oxidase) and a system containing
myeloperoxidase, H90a, and chloride. Light emission by
the xanthine oxidase model system is strongly inhibited
by superoxide dismutase and is not inhibited by azide,
whereas the myeloperoxidase-dependent model system is
strongly inhibited by azide but only slightly inhibited by
superoxide dismutase. These findings suggest that light
emission by phagocytosing polymorphonuclear leukocytes
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is dependent on both myeloperoxidase-catalyzed reac-
tions and the superoxide anion, and involves in part the
excitation of the ingested particle. These studies are dis-
cussed in relation to the role of the superoxide anion and
chemiluminescence in the microbicidal activity of the
polymorphonuclear leukocyte.

INTRODUCTION
There has been recent interest in the role of the super-
oxide anion (OF), hydroxyl radicals (OH-), and sing-
let oxygen (102) in the microbicidal activity of the
polymorphonuclear leukocyte (PMN) .' Microorganisms
ingested by PMNs are exposed to a variety of antimi-
crobial systems (1). The partial inhibition of this anti-
microbial activity under an atmosphere of nitrogen sug-
gests that some of these systems require oxygen. Among
the oxygen-dependent antimicrobial systems are those
that require the granular enzyme myeloperoxidase
(MPO). The bactericidal activity of MPO-deficient
PMNs is characterized by a lag period after which death
of the organism is observed (2-4). The defect in mi-
crobicidal activity during the early postphagocytic pe-
riod is pronounced and suggests a requirement for MPO
for optimal killing by normal PMNs. Myeloperoxidase,
H202, and a halide form a potent antimicrobial system
effective against bacteria, fungi, viruses, and myco-
plasma. The bactericidal activity of MPO-deficient leu-
kocytes also indicates the presence in these and presum-
ably also in normal cells of microbicidal systems that are
independent of MPO. These systems develop slowly but
are ultimately effective. The staphylocidal activity of
MPO-deficient PMNs, like that of normal cells, is par-
tially inhibited by hypoxia (5) indicating that the
MPO-independent antimicrobial systems are in part de-
pendent on oxygen. These may include H202 (acting
nonenzymatically or in conjunction with an enzyme

1 Abbreviations used in this paper: BSS, balanced salt
solution; CGD, chronic granulomatous disease; MPO, mye-
loperoxidase; PMN, polymorphonuclear leukocyte.
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other than MPO), superoxide anion, hydroxyl radicals,
or electronically excited substances such as singlet mo-
lecular oxygen. The oxygen independent, antimicrobial
systems include an acid pH, lysozyme, lactoferrin, and
granular cationic proteins (1).

The superoxide anion is formed either by the uni-
valent reduction of oxygen or by the univalent oxida-
tion of H202 (6). It is a highly reactive radical which
can act both as an oxidant or as a reductant. When it
functions as a reductant, as in the reduction of ferricyto-
chrome c or nitroblue tetrazolium, the superoxide anion
is oxidized to oxygen. When it acts as an oxidant, as in
the oxidation of epinephrine, the superoxide anion is re-
duced to HaG2. When two molecules interact, one is
oxidized and the other reduced as follows:

O- + O- + 2H+- 02+ H202 (a)
This dismutation reaction occurs spontaneously and is
also catalyzed by the enzyme superoxide dismutase. The
growth of certain organisms is inhibited by O2, and this
inhibition is related to the content and distribution of
microbial superoxide dismutase (7, 8). This, together
with the demonstration of Gf formation by PMNsdur-
ing phagocytosis (9-12) suggests its involvement in the
microbicidal activity of the cell.

Hydroxyl radicals are formed by the interaction of O-
and HaOaas follows:

2- + H202 -*OH. + OH-+ 02 (b)

The involvement of hydroxyl radicals in the microbi-
cidal activity of the PMNhas been proposed based on
the inhibition of microbicidal activity by both catalase
and superoxide dismutase and by scavengers of hydroxyl
radicals such as mannitol and benzoate (12).

Chemiluminescence is the emission of light during the
course of a chemical reaction. It implies the presence of
energy-rich molecular states in which electrons oc-
cupy orbitals of higher than ground state energy. This
excess energy can be dissipated by thermal decay, by
light emission, or by increased chemical reactivity. That
electronically excited substances are formed by PMNs
during phagocytosis is indicated by the emission of light
(13). Possible sources of the light emission are the re-
laxation of singlet molecular oxygen or excited sub-
stances dependent on singlet oxygen for their formation.
In addition, excited substances may be formed by mecha-
nisms that do not involve singlet oxygen. Ground state
triplet oxygen is a biradical in which the spins of the
two valence electrons of lowest energy are in the same
direction, i.e., unpaired. Singlet molecular oxygen is
formed when an absorption of energy shifts a valence
electron to an orbital of higher energy with an inversion
of spin (14). Singlet oxygen involvement in the micro-
bicidal activity of the PMNhas been proposed based on
its suggested role in the toxicity due to dye-sensitized

photo-oxygenation (photodynamic action) (15) and on
the resistance of organisms rich in carotenoid pigments
(which are potent single oxygen scavengers) to the
microbicidal activity of PMNs (16).

Investigation of the role of oxygen-dependent but
MPO-independent antimicrobial systems is facilitated by
the use of PMNs that lack MPO. In this study, several
parameters of the respiratory burst (oxygen consump-
tion, [1-14C]glucose oxidation, formate oxidation, super-
oxide anion formation, chemiluminescence) were investi-
gated in the leukocytes of patients with hereditary MPO
deficiency. The origin of the chemiluminescence of nor-
mal and MPO-deficient leukocytes was studied through
the use of inhibitors (azide, superoxide dismutase) and
model systems (xanthine + xanthine oxidase; MPO+
H20. + chloride), and the results have been discussed
in relation to the role of superoxide and light emission
in the microbicidal activity of the cell.

METHODS
Special reagents. Zymosan obtained either from Nutri-

tional Biochemicals Corporation, Cleveland, Ohio or from
ICN Pharmaceuticals, Inc., Cleveland, Ohio, was suspended
in water to a concentration of 10 mg/ml by homogenization
at 40C with a Potter-Elvehjem homogenizer. Where indi-
cated zymosan was preopsonized by incubation for 20 min
at 370 C with serum, followed by removal of unattached
serum components by washing two times with water. AB
serum stored at - 70°C was used. Ferricytochrome c (horse
heart, type VI) was obtained from Sigma Chemical Co.,
St. Louis, Mo., superoxide dismutase (bovine erythrocyte,
3,000+ U/mg) was from Truett Laboratories, Dallas, Texas
and xanthine oxidase (bovine milk 10 mg/ml suspended in
2.0 M ammonium sulfate, 0.01 M EDTA) and catalase
(beef liver 6.7 mg/ml, 62,900 U/mg) were from Worthing-
ton Biochemical Corp., Freehold, N. J. Catalase was dia-
lyzed against at least 1,000 vol of water before use. MPO
was prepared from canine granulocytes by the method of
Agner (17) to the end of step 6, and peroxidase activity
was determined on the day of each experiment by the o-

dianisidine method (18). 1 U is that amount of enzyme
decomposing 1 g&mol of H202/min at 25°C. Catalase, MPO,
and xanthine oxidase were heated at 100°C for 15 min and
superoxide dismutase was heated at 1200C for 20 min where
indicated. Balanced salt solution (BSS) contained sodium
chloride 0.128 M, potassium chloride 12 mM, calcium chlo-
ride 1 mM, magnesium chloride 2 mM, phosphate buffer
pH 7.4 4 mM, and glucose 2 mM. Staphylococcus aureus
502A and Escherichia coli ATCC no. 11775 were main-
tained on blood agar plates and grown overnight in trypti-
case soy broth. The organisms were washed two times,
suspended in water to the required optical density and
heated at 100°C for 20 min just before use.

Preparation of leukocytes. Blood was collected from
healthy adults, from three patients with MPOdeficiency,
from three male patients with chronic granulomatous dis-
ease (CGD) and from the mother of two of these patients.
The patients with MPOdeficiency consisted of one male
patient (C. B.) previously studied extensively (2-4) and
two siblings, one man (B. F.) age 16 and one woman
(J. F.) age 19, not previously described. The latter pa-
tients presented with acne vulgaris. MPOdeficiency was
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indicated by the absence of MPOfrom neutrophils and mon-
ocytes on histochemical examination (eosinophils were per-
oxidase-positive), low peroxidase activity in extracts of
isolated granulocytes (normal, 2.34±0.17 U/5 X 107 PMNs,
n=27; B. F., 0.08 U/5 X 107 PMNs, n = 1; J. F., 0.07
U/5 x 10' PMNs, n = 2) and by phagocytosis-induced iodi-
nation which was 6.6+0.1 (J. F., ns = 5) and 16.5±+1.1
(B. F., n =2) percent of normal. The blood was drawn in
heparin (20 U/ml), and the leukocytes were isolated by
dextran sedimentation and hypotonic lysis of erythrocytes.
The leukocytes, which contained 65-95% PMNs, were
suspended in BSS at a concentration of 1 X 107 PMNs/ml
and stored on ice for periods of up to 3 h before use.

Measurement of the superoxide anion. The generation
of Oi- by PMNs was estimated by a modification of the
method of Babior et al. (9). In this assay, the superoxide
dismutase-inhibitable reduction of ferricytochrome c by in-
tact PMNs is employed as a measure of superoxide forma-
tion. This method measures only that superoxide which
reacts with cytochrome c under ,the assay conditions and
thus presumably only a portion of the superoxide formed.

In the measurement of superoxide by intact cells, the
standard reaction mixture contained 0.1 mMferricytochrome
c, 5% serum, 1 mg zymosan (80 x 106 particles)/ml and
2.5 x 105 PMNs/ml in BSS. Paired reactions with and
without added superoxide dismutase (12 ,g/ml) were em-
ployed, and zymosan was deleted for resting values. The
final volume was either 4 or 8 ml. Variations from this
standard reaction mixture are indicated in the text and
legends. All the components except zymosan were added
to siliconized glass scintillation vials (25 X 43 mm) and
preincubated at 37°C in a water bath oscillating 80 times/
min for 5-10 min. Zymosan was added at zero time,
and 0.9-ml samples were transferred immediately (zero
time) and at intervals to iced 10 X 75 mm test tubes.
At the completion of the experiment, the tubes were
centrifuged at 4°C 1,500 g for 5 min, and the difference
spectra of the supernatant solutions were determined be-
tween 540 and 560 nm using 0.1 mMferricytochrome c as
the blank. Spectrophotometric measurements were made with
a Cary M15 spectrophotometer (Applied Physics Corp.,
Monrovia, Calif.). Nanomoles of cytochrome c reduced were
determined from the increase in the absorbance at the maxi-
mumbetween 545 and 550 nm using EA =21.0 cm-' mM1
(19). A regression line was fitted to the data points of the
linear portion of the kinetic curve, and the maximum rate
of cytochrome c reduction was determined from the slope
of the line. Superoxide-dependent cytochrome c reduction,
i.e., the difference in the rate of cytochrome c reduction
between parallel samples with and without added superoxide
dismutase, was used as a measure of superoxide anion
formation. The results are expressed as nmol/106 PMNs/
min.

Superoxide production by the xanthine oxidase system
was determined before each experiment. Xanthine oxidase
(0.01 mg/ml) was added to a reaction mixture containing
10 mMphosphate buffer pH 7.4, 0.1 mMxanthine, 0.1 mM
EDTA, and 0.1 mMferricytochrome c in a final volume
of 1 ml. The rate of cytochrome c reduction was measured
spectrophotometrically for 2 min at 250C by the increase in
absorbance at 547.5 nm and converted to nanomoles/min.
The difference between this rate and the one determined
in the presence of superoxide dismutase (9 ,ug/ml) was
used for the cakulation of superoxide production.

Measurements of chemiluminescence. All manipulations
were performed under red actinic light. Reaction vessels con-
sisted of cylindrical polyethylene vials (15 mmdiameter)

that had been stored in the dark for at least 20 h before use.
Measurements were made at ambient temperature in a Beck-
man LS-100C liquid scintillation counter (Beckman Instru-
ments, Inc., Fullerton, Calif.) operating in the out of coin-
cidence mode with a single photomultiplier tube activated
and a 0 to a window. Under these conditions the activity
for empty vials ranged between 2,000 and 4,000 cpm. The
results are expressed as counts per minute above back-
ground.

For the measurement of chemiluminescence by intact cells
the standard reaction mixture contained 2 X 10' PMNs, 5-
10% serum, 1 mg zymosan, and either BSS or modified
Hanks solution (20) to a final volume of 1.0 ml. Zymosan
was omitted for the determination of resting values. Varia-
tions are indicated in the text and legends. The reaction
was initiated by the addition of PMNs, and the vials were
incubated in a 37°C water bath oscillating at 80 cycles/min.
At intervals the vials were blotted dry, placed in the coun-
ter for a 30-s chemiluminescence measurement and then re-
turned to the water bath. The vials were absent from the
water bath for less than 1 min in every 10. In general,
measurements were continued for 60 min.

For the measurement of chemiluminescence by the model
enzyme systems, the components of the reaction (see leg-
ends), with the exception of the enzyme, were added to the
vials, and chemiluminescence was measured for a 2-min
period (background). The reaction was initiated by the
addition of enzyme, and the vials were returned promptly
to the scintillation counter for a second 2 min count. The
results are expressed as counts per minute above back-
ground.

Other procedures. Oxygen consumption was determined
manometrically (5) and [1-'4C]glucose and [14C]formate
oxidation were assessed by the collection of "4CO2 in alkali
and the measurement of radioactivity in a liquid scintillation
counter (21). For the measurement of phagocytosis the
reaction mixture was identical to,that used for PMNchemi-

luminescence. The reaction was stopped after 15 min of
incubation by immersion of the vials in ice. Cover slip
smears were stained, and the average number of particles
per neutrophil and the percent of neutrophils that contained
ingested particles determined. Incubations were performed
in quadruplicate, and at least 100 cells were counted per
determination. Kinetic studies indicated that phagocytosis
was still progressing at 15 min. Cell viability was deter-
mined under conditions of the superoxide anion assay by
combining samples of the reaction mixture with an equal
volume of 0.16% trypan blue in normal saline containing
2 mMglucose and determining the total number of cells and
thc percentage of stained (nonviable) cells in a hemocy-
tometer.

Statistical analyses. Mean±standard error was employed
unless otherwise indicated. Statistical differences were de-
termined using Student's t test (NS, P > 0.05). Instances
in which experimental values were compared with paired
controls are indicated in the text (paired analysis); other-
wise comparisons were of aggregate mean values. Linear
regression lines were fitted to data points by the method
of least squares.

RESULTS

Previous studies in our laboratory had suggested that
the phagocytosis induced-metabolic burst by the leuko-
cytes of a patient with hereditary MPO deficiency
(C. B.) was greater than that of normal leukocytes.
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Oxygen consumption (5), [1-14C]glucose oxidation (21),
and formate oxidation (21) by the MPO-deficient leu-
kocytes was high. Table I confirms the increase in the
activity of these parameters in MPOdeficiency, using
the leukocytes of the two new patients with this condi-
tion (J. F., B. F.).

Superoxide anion formation. In the technique em-
ployed here for the measurement of O0 formation by
PMNs, superoxide dismutase-inhibitable cytochrome c
reduction was determined at short intervals after the ad-
dition of particles and the maximal rate of Of formation
calculated. The basis for this measurement is shown in
Figs. 1 and 2. Fig. 1 demonstrates the reduction of cy-
tochrome c by PMNsas a function of time, both in the
presence (phagocytosis) and absence (resting) of zymo-
san and in the presence and absence of superoxide dis-
mutase. The rate of cytochrome c reduction by resting
PMNs is low and nearly constant and is decreased ap-
proximately 50% by the addition of superoxide dismu-
tase. When zymosan is added, there is a marked increase
in the rate of cytochrome c reduction after a lag period
of approximately 5 min. The rate of cytochrome c reduc-
tion reaches a maximum at about 8 min, continues es-
sentially unchanged until approximately 20 min of incu-

40
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FIGURE 1 Cytochrome c reduction by normal PMNs. The
components of the reaction mixture were as described under
Methods. Cytochrome c reduction by resting PMNs in the
presence (A) and absence (A) of superoxide dismutase
and phagocytosing PMNs in the presence (0) and ab-
sence (0) of superoxide dismutase is shown. Where not
shown in the figure, standard deviation about the mean was
less ,than 1.8 nmol.
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FIGURE 2 Effect of PMNconcentration. The maximal rate
of cytochrome c reduction by phagocytosing PMNs in the
presence (A) and absence (0, A, *) of superoxide dis-
mutase is shown as a function of PMN concentration.
Results of three experiments (maximal rate-* = 7.8, A =
3.9, * = 7.3 nmol/10' PMNs/min) were normalized to 5.0
nmol/10' PMNs/min, to emphasize the linear dependence
on PMNconcentration. The coefficients of linear correla-
tion are each r > 0.97 and r = 0.99 overall.

bation and then decreases. More than 90% of the zymo-
san-stimulated response is inhibited in the presence of
superoxide dismutase. The slope of a line fitted to data
points between 10 and 20 min was used as the estimate
of maximal cytochrome c reduction. Superoxide anion
production is taken as the difference between slopes for
samples differing only by the presence or absence of
superoxide dismutase. When the superoxide anion pro-
duction is measured as a function of PMNconcentra-
tion, the relationship is linear for concentrations of cells
ranging from 0 to 5 X 10' PMNs/ml (Fig. 2). 2.5 X 10'
PMNs/ml were routinely employed, and the results were
expressed as nanomoles of superoxide per 106 PMNs
per minute.

Table II indicates the maximal rate of superoxide
production by the leukocytes of 11 normal subjects, two
male patients with CGD, one CGD carrier, and three
patients with hereditary MPO deficiency. In normal
subjects phagocytosis of zymosan particles increased
superoxide production from 0.3 to 4.7 nmol/106 PMNs/
min, i.e., 16-fold. As previously reported (22), leuko-
cytes from patients with CGDproduced little or no O2-
during phagocytosis, and intermediate levels of O0 were
generated by the PMNs of a female carrier of CGD.
The PMNs of the patients with hereditary MPOde-
ficiency generated OF at a normal maximal rate during
phagocytosis (Table II). An increase in superoxide
production by the MPO-deficient cells however was
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TABLE I

Oxygen Consumption, Glucose C-1 Oxidation, and Formate Oxidation by MPO-Deficient Leukocytes

Normal J. F. B. F.

Measurement Resting Phagocytosis Resting Phagocytosis Resting Phagocytosis

Oxygen consumption* 224421 (5) 584±21 (3) 624i40 (2)
Glucose C-1 oxidationt 6±2 (4) 195±17 (4) 9±3 (3) 513420 (3) 643 (2) 414479 (2)
Formate oxidationt 6±0.5 (3) 29±1 (3) 12±5 (2) 53i7 (2) 8±1 (2) 74±10 (2)

Mean±SE of (n) experiments with each n the mean of duplicate tubes.
Significance of difference between normal and combined MPO-deficient data (phagocytosis): oxygen consumption, P < 0.001;
glucose C-1 oxidation, P < 0.001; formate oxidation, P < 0.02.
* nmol/107 PMN/20 min.
$ nmol/107 PMN/h.

clearly evident with prolonged incubation (Fig. 3). Al-
though the maximal rates of superoxide production are
comparable in this figure (normal 4.1-+-1.2, MPO-defi-
cient 4.8+0.9 nmol/10" PMNs/min), superoxide pro-
duction by normal cells fell more rapidly than did that
of MPO-deficient cells so that between 90 and 120 min
the rate of production by normal cells had fallen essen-
tially to zero (0.1±0.1 nmol/10' PMNs/min), whereas
that of MPO-deficient cells remained at 40% of the
maximal rate (2.0±0.2 nmol/106 PMNs/min). The dif-
ference was significant (P < 0.002). Using trypan blue
exclusion, no difference in cell viability between nor-
mal and MPO-deficient leukocytes was detected under
the conditions employed in Fig. 3.

Chemiluminescence-intact ceUs. Fig. 4 demonstrates
the chemiluminescent response to phagocytosis of nor-
mal, CGD, and MPO-deficient PMNs. Light emission
by normal cells increased markedly after particle in-
gestion and then fell. As previously reported by others
(13, 23), chemiluminescence was greatly decreased in
the absence of phagocytosis or when the leukocytes of
patients with CGDwere employed. Intermediate levels
were detected from the leukocytes of the mother of two
male children with CGD, as would be expected from the
X-linked nature of the disease in these patients. Chemi-
luminescence was also decreased during the early post-

phagocytic period when the leukocytes of three patients
with hereditary MPOdeficiency were employed. At 10
min after the addition of particles, chemiluminescence
by MPO-deficient leukocytes was 43% of that of normal
cells. With continued incubation however, light emis-
sion by normal cells fell to a level below that of MPO-
deficient cells. The mean values at each time period are
shown in Fig. 4, and an analysis of individual patient
populations and comparison with the norm are shown in
Table III.

The effect of azide and superoxide dismutase on light
emision by normal and MPO-deficient leukocytes is
shown in Fig. 5. At 10 min after the addition of particles
to normal PMNs, 1 mMazide produced at 63±2% in-
hibition (n = 15, P < 0.001) of the phagocytosis-in-
duced increment in light emission and 0.01 mMazide
caused a 50±2% inhibition (n = 11, P < 0.001). When
MPO-deficient leukocytes were employed, the inhibition
by azide was considerably reduced. At 10 min, 1 mM
azide decreased chemiluminescence 29+6% (n = 6, P <
0.01), whereas at a concentration of 0.01 mM, azide in-
hibition was 23+4% (n = 5, P < 0.002). Chemilumines-
cence by normal PMNsin the presence of azide (1 mM)
was not significantly different than that of MPO-defi-
cient leukocytes in the absence of azide. When normal
cells were employed, a 75+2% inhibition (n = 16, P <

TABLE II
Superoxide Anion Production by Normal, CGDand MPO-Deftcient Leukocytes

Superoxide anion production, nmol/106 PMNper min

Patients Resting P* Phagocytosis P

Normal (11) 0.3±0.1 (8)§ 4.740.4 (14)
CGD(2) 0.0 (1) NS -0.1±0.04 (3) <0.001
CGDheterozygote (1) 0.0±0.0 (2) NS 3.040.5 (4) 0.05
MPOdeficiency (3) 0.3±0.1 (6) NS 4.9±0.4 (9) NS

* Significance level of difference from normal.
t Number of patients.
§ Mean±SE of (n) experiments.
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TABLE II I
Analysis of PMNChemiluminescence

Chemiluminescence

10 min 90 min

%of %of
Patients cpm ±SE (n) normal P* cpm +SE (n) normal P

Phagocytosis
Normal 70,00043,600 (21) 4,60041,500 (3)
MPO-deficient 30,10043,800 (8) 43 <0.001 13,300±1,800 (3) 289 <0.05
CGD 3,400±700 (3) 5 <0.001

Resting
Normal 900i300 (19)

* Significance level of difference from normal.

0.001) of chemiluminescence at 10 min was produced
by superoxide dismutase at a concentration of 94 /Ag/ml
and a 55+3% inhibition (n=8, P<0.001) at a con-
centration of 9.4 ug/ml. This effect of superoxide dismu-
tase was abolished by heating the enzyme at 120°C for
20 min. When MPO-deficient leukocytes were employed,
superoxide dismutase produced a 79+4% inhibition (n =
6, P < 0.001) at a concentration of 94 Ag/ml and a 67±
4% inhibition (n = 5, P < 0.001) at a concentration of
9.4 jug/ml. When azide (1 mM) and superoxide dismu-
tase (94 gg/ml) were combined, a 92±1% inhibition
(n = 8, P <0.001) of chemiluminescence was observed
with normal cells, and an 86±1% inhibition (n = 5, P <
0.001) was observed with MPO-deficient cells. The azide
+ superoxide dismutase inhibition of MPO-deficient cells
was not significantly different from the inhibition by su-
peroxide dismutase alone. Azide (1 mM) and superoxide
dismutase (94 /g/ml), either alone or in combination
had no effect on phagocytosis under these experimental
conditions.

Chemiluminescence-cell free systems. To explore
possible sources of PMNchemiluminescence, two cell
free chemiluminescent systems were investigated, one
mediated by MPOand the other by xanthine oxidase.

Allen (24) observed light emission on the incubation
of MPO, H202, and chloride ions. When the H202 con-
centration was 25 mMand the MPOconcentration 0.03
U/ml,2 chemiluminescence increased with an increase in
chloride concentration to a maximum at 0.25 M (24).
The pH optimum was 5.0 (25). In the experiments re-
ported here (Table IV), the H202 concentration was
0.1 mM, the MPOconcentration 0.08 U/ml, the chlo-
ride concentration 0.1 M, and the pH was 5.0. Under
these conditions, low but significant chemiluminescence

2 The unit employed in this study (25) is equal to the
amount of enzyme required to produce an increase in ab-
sorbency of 0.001/min at 460 nm. It has been converted to
the unit employed here by multiplication by 2.655 X 10'.

(3,900 cpm above background, P < 0.001) was observed
which was dependent on all three components of the
system. Light emission was considerably increased by
the addition of zymosan (unopsonized or preopsonized),
S. aureus or E. coli to the reaction mixture. Deletion of
MPOor HaGa from the zymosan supplemented (com-
plete) system markedly reduced chemiluminescence;
however when chloride was omitted, considerable light
emission was still evident. Chemiluminescence by the
MPO-H2G2-chloride-zymosan system was inhibited by

4001

300

ioQ0
0

200-

*0.qZ 0

q) 100-

MPOdeficient
n=3 y

p<0.0O

P<0.01

Normal
n= 3

0 30 60 90 120
Time (min)

FIGURE 3 Kinetics of superoxide production by normal
(0) and MPO-deficient (-)cells. The conditions were as

described in the Methods section except that the PMNcon-
centration was decreased to 105/ml, and the length of in-
cubation prolonged to 2 h. The results are the mean of
three experiments (J. F.-; B. F.-1; C. B.-; three different
controls). Statistical significance at each time period was
determined by paired analysis.
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FIGURE 4 Chemiluminescence by PMNs from 17 normal
(0), 3 CGD (A), 1 CGD carrier (0) and 3 MPO-de-
ficient (A) individuals. The results are the mean of (n)
determinations. There was no significant difference in res,ting
PMNchemiluminescence between normal (U) and patient
PMNs.

5% serum and 1 mMazide. Superoxide dismutase at a
concentration of 94 gg/ml had a small but significant
(P < 0.05) inhibitory effect on light emission.

Oxidation of xanthine by xanthine oxidase in phos-
phate buffer, pH 7.4 containing 0.1 mMEDTA pro-
duced an emission of light (5,000 cpm above back-
ground, P < 0.002) under the conditions employed in
Table V. Chemiluminescence by this system was in-
creased by zymosan (P < 0.01) and by serum (P <
0.002), and when the two were combined (complete sys-
tem), an additive effect was observed. Light emission
by the complete system increased for the first 2-3 min
of measurement and then declined (Fig. 6). This de-
cline in chemiluminescence correlated with the termina-
tion of superoxide anion formation as measured by fer-
ricytochrome c reduction (Fig. 6). The concentration of
xanthine oxidase in Table V was adjusted so that the
rate of Of generation (9.7 nmol/min.) was equivalent
to that of 2 X 106 PMNs/ml when mixed with zymosan
and serum under the conditions employed in Table II.
Light emission by the complete xanthine-xanthine oxi-
dase-zymosan-serum system was nearly abolished by the
deletion of either xanthine (P < 0.001) or xanthine oxi-
dase (P < 0.001) or by the addition of 94 Ag/ml native
(but not heat-inactivated) superoxide dismutase (P <
0.001) (Table V). Unheated catalase also was inhibitory
(P <0.001), although not to the same degree as was
superoxide dismutase. An inhibition by both superoxide
dismutase and catalase is compatible with the involve-

ment of OH- in the light emission; of the three OH-
scavengers tested, benzoate (10 mM) was without ef-
fect, and mannitol (50 mM) and ethanol (10 mM) had
a small but significant (mannitol P < 0.02; ethanol P <
0.01) inhibitory effect on chemiluminescence. Azide at
a final concentration of 1 mMdid not inhibit chemilu-
minescence; indeed, a small but significant (P < 0.02)
stimulatory effect of azide on light emission by the
xanthine oxidase system was observed.

DISCUSSION
MPO-deficient leukocytes are not defective in oxidative
metabolism in contrast to the leukocytes of patients with
CGD. Indeed, our earlier studies (5, 21) and those re-
ported here suggest an increase in phagocytosis-induced
oxygen consumption, glucose C-1 oxidation, and formate
oxidation by these cells. An additional parameter of the
respiratory burst is superoxide anion generation, and the
formation of this radical by MPO-deficient leukocytes, as
measured by superoxide dismutase-inhibitable cyto-
chrome c reduction, is also greater than that of normal
cells particularly on extended incubation with particles.
This effect could not be accounted for by prolonged
viability of the MPO-deficient cells as measured by
trypan blue exclusion. Dye exclusion during the 2-h
postphagocytic period however may not be a sensitive
measure of damage to the granulocyte (26). MPO, in
combination with H202 and a halide is toxic to PMNsas
assessed by 6'Cr release (27), and the toxicity of this
system may play a role in the more rapid decline in
superoxide production by normal, as compared to MPO-
deficient, PMNs.

In contrast to the other parameters of the respiratory
burst, light emission by MPO-deficient leukocytes is de-

Time (min)

FIGURE 5 Effect of sodium azide and superoxide dismutase
on chemiluminescence by normal and MPG-deficient PMNs.
Conditions are as described in Fig. 4 with the additions as
follows: azide 1 mM; superoxide dismutase 94 ,ug/ml. The
results are the means of the number of experiments shown
in parenthesis.
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TABLE IV
Chemiluminescence by the MPOSystem

Chemiluminescence Significance
Supplements CPM±SE (n) P*

MPOSystem 3,900+600 (16)
MPOomitted 200+100 (2) <0.05
H202 omitted 5004300 (5) <0.01
Chloride omitted 600+50 (4) <0.02
Zymosan added 13,900+600 (20) <0.001
S. aureus added 6,800±200 (4) <0.05
E. coli added 12,400±400 (4) <0.001

Complete system (MPO system + zymosan) 13,900+600 (20)
MPOomitted 200+i40 (6) <0.001
H202 omitted 500+100 (6) <0.001
Chloride omitted 9,800+800 (7) <0.002
Azide added 800±200 (4) <0.001
Serum added 1,200+200 (4) <0.001
SODadded 11,000i500 (4) <0.05
Zymosan replaced by preopsonized zymosan 17,600+100 (2) NS

The MPOsystem consisted of 10 mMsodium acetate buffer pH 5.0, 0.08 U MPO,
0.1 mMH202, 0.1 Msodium chloride in a total volume of 1.0 ml. The complete system
contained in addition 1 mg zymosan. Staphylococcus aureus OD540 = 1.1, Escherichsa
coli OD540 = 1.1, sodium azide, 1 mM, serum, 5%, superoxide dismutase (SOD),
94 Ag and preopsonized zymosan, 1 mg were added where indicated.
* Significance level of difference from MPOor complete system.

creased during the early postphagocytic period. This
early depression of light emission parallels the micro-
bicidal defect in these cells. The role of peroxidase-
catalyzed reactions and the superoxide anion in the gen-
eration of excited states in the PMNwas investigated
further with the use of inhibitors (azide, superoxide dis-
mutase) and either model systems or intact cells.

The incubation of MPG, H202 and a halide results in
light emission (24). Chemiluminescence is most pro-
nounced with bromide as the halide with considerable
light emission also present when chloride is used.
Chemiluminescence in the presence of iodide is low and
limited to a narrow range of iodide concentrations. We
have confirmed the light emission by the MPG-H202-
chloride system and have demonstrated a considerable
increase in chemiluminescence on the addition of zymo-
san to the reaction mixture. Chemiluminescence by the
MPG-H20G-chloride-zymosan system was largely abol-
ished by 1 mMazide at pH 5.0, whereas superoxide dis-
mutase had little effect.

When hypochlorite is added to an excess of H202,
oxygen is released in an amount nearly equivalent to
the amount of hypochlorite added. A weak red chemi-
luminescence accompanies this reaction, and the inter-
mediate responsible for this emission is singlet oxygen
(28, 29). The oxidation of chloride by MPGand H202
results in the formation of a highly reactive species
which resembles hypochlorite in its chemical properties

(30, 31), and the hypochlorite formed in this way might
be expected to react with excess H202 to form singlet
oxygen. We have recently demonstrated the conversion
of diphenylfuran to cis-dibenzoylethylene, a reaction
specific for singlet oxygen (32), by MPG, H202, and

TABLE V
Chemiluminescence by the Xanthine Oxidase System

Chemiluminescence
Supplements cpm 4SE (n)

Xanthine oxidase system 5,000 ±500 (4)
Zymosan added 9,1004700 (4)
Serum added 9.700 ±700 (4)

Complete system
(xanthine oxidase system + zymosan + serum) 14,3004600 (8)
Xanthine omitted 1,600 4400 (4)
Xanthine oxidase omitted 1,000 4300 (4)
SODadded 1,4004200 (5)
Heated SODadded 18,800±200 (4)
Catalase added 8,700±4400 (6)
Heated catalase added 15,600 t200 (3)
Benzoate added 13,400 4700 (6)
Mannitol added 11,6004±400 (4)
Ethanol added 10,900 4200 (4)
Azide added 17,400 ±800 (7)

The xanthine oxidase system consisted of 10 mMsodium phosphate buffer
pH 7.4. 0.1 mMEDTA, 0.1 mMxanthine, and 0.1 mg xanthine oxidase in
a total volume of 1.0 ml. The complete system contained in addition 1 mg
zymosan and 5% serum. Superoxide dismutase (SOD), 94 ,g, catalase,
6.7 ;&g, sodium benzoate, 10 mM, mannitol, 50 mM, ethanol, 10 mM, and
sodium azide, 1 mMwere added where indicated.
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FIGURE 6 Relationship of superoxide production to chemi-
luminescence by the xanthine oxidase system. For chemi-
luminescence (0) the conditions were as described in Table
V (complete system) except that the xanthine oxidase con-
centration was 0.074 mg/ml. For superoxide anion assay
(0) zymosan and serum were omitted and cytochrome c
1 mMadded.

chloride3 raising the possibility that this excited state is
responsible in part either directly or indirectly for the
light emission. Chemiluminescence in the presence of
zymosan, in contrast to that in its absence, was only
partially inhibited by the deletion of chloride suggesting
that the light emission is not due entirely to the forma-
tion of singlet oxygen by the H20a-hypochlorite system;
the direct oxidation of zymosan by MPOand H202 may
be partially responsible. It is assumed that the peroxi-
dase system or the singlet oxygen formed by it con-
verts a zymosan structural component to an electronically
excited state which decays with light emission.

The involvement of MPO-mediated reactions in the
light emission by intact leukocytes is suggested by its
halide dependence with the relative effectiveness of the
halides being similar in PMNs and the cell-free MPO
system (Br-> Cl-> I [24] ), by the decreased chemi-
luminescence of MPO-deficient leukocytes (Fig. 5) and
by the inhibition of the chemiluminescence of normal
leukocytes by azide (33, Fig. 5). That this effect of
azide is due largely to the inhibition of peroxidase is sug-
gested by the greatly reduced effect of azide on light
emission by MPO-deficient leukocytes. Azide has been
reported to react directly with singlet oxygen (34), and
the inhibition observed with MPO-deficient cells may

3Rosen, H., and S. Klebanoff. Unpublished data.

therefore result in part from a direct quenching effect of
azide. Alternatively, azide may affect enzymes other than
MPOin these cells with an inhibition of light emission.
It should be kept in mind that although MPOis absent
from neutrophils and monocytes in hereditary MPOde-
ficiency, eosinophils contain their normal complement of
peroxidase. Eosinophils emit light when incubated with
zymosan and serum under the same conditions as em-
ployed in Fig. 4, and this chemiluminescence is inhibited
by 1 mMazide and 94 ,g/ml superoxide dismutase (hu-
man eosinophils [96-98%]-cpm 20 min after the addi-
tion of particles: resting, 5,300; phagocytosis, 57,500;
phagocytosis + azide, 20,300; phagocytosis + superoxide
dismutase, 15,700.') The MPO-deficient cell suspension
contains small numbers of eosinophils which thus may
contribute to the azide-inhibitable chemiluminescence.

Chemiluminescence by normal and MPO-deficient
PMNsis also strongly inhibited by superoxide dismutase
(12, 35, 36, Fig. 5), suggesting a requirement for the
superoxide anion for optimal light emission. A quench-
ing effect of superoxide dismutase on Of-independent
chemiluminescence, possibly due to a direct effect on
singlet oxygen, has been proposed (37, 38), although a
number of investigators (39-42) have questioned this
conclusion. Further, superoxide dismutase reacts with
H202 to produce chemiluminescence and peroxidation
(43). It remains unclear therefore whether superoxide
dismutase inhibits chemiluminescence entirely by its
effect on 02-.

Potassium superoxide and superoxide generating sys-
tems, e.g., xanthine oxidase, emit light, and this chemi-
luminescence is inhibited by superoxide dismutase (40,
44, 45). We report here an increase in light emission
on the addition of zymosan and serum to the xanthine
oxidase system. Chemiluminescence by the xanthine-
xanthine oxidase-serum-zymosan system is markedly
decreased by superoxide dismutase but is not inhibited
by azide; indeed, azide has a small but significant stim-
ulatory effect on this reaction. The mechanism of the
superoxide anion-dependent chemiluminescence is not
clear. It was proposed by Khan (46) that the light emis-
sion from potassium superoxide in aqueous solution is
mediated by singlet oxygen, suggesting that the spon-
taneous dismutation of 0F results in the formation of
oxygen in the exited state, whereas superoxide dismu-
tase-catalyzed dismutation does not. However, the for-
mation of singlet oxygen during the spontaneous dismu-
tation of 0F has recently been questioned (29, 32) based
on the inability to demonstrate singlet oxygen dependent
chemical reactions. In some systems light emission is
inhibited by both superoxide dismutase and catalase and
is increased by HsO2 (44). The mechanism proposed

4 Rosen, H., D. Durack, and S. Klebanoff. Unpublished
data.
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was the interaction of superoxide and H0,2 to form
hydroxyl radicals and the reaction of OH- with O- to
form oxygen in the excited state. Recent evidence has
suggested that singlet oxygen formation by the xanthine
oxidase system is the result of the direct interaction of
Of and HG20 (reaction b) and is independent of OH-
(47). In our studies chemiluminescence by the xanthine
oxidase system was inhibited by catalase, mannitol and
ethanol; however their inhibitory effect, in contrast to
that of superoxide dismutase was small and benzoate
was without effect suggesting that a hydroxyl radical-de-
pendent mechanism can be only partially responsible for
the light emission. Superoxide dismutase-inhibitable
light emission could result from the direct reaction of
Of with a chemical acceptor with the formation of an
excited intermediate which decays with light emission
(48). Although the exact mechanism is uncertain, the
increase in chemiluminescence on the addition of serum
and zymosan to the xanthine oxidase system (Table V)
is compatible with the excitation of serum and/or zy-
mosan components by 02-.

These studies suggest that light emission by intact
PMNs is dependent on both MPOand 02 dependent
reactions. Since zymosan is the ingested particle in the
intact cell system and since light emission by both the
MPOand xanthine oxidase model systems is increased
by its addition, it seems reasonable to assume that ex-
citation of zymosan is a major source of chemilumines-
cence in the intact PMN. This excitation may be induced
by singlet oxygen, by superoxide anion or be the con-
sequence of the oxidation of zymosan components by
MPOand H202. Excitation of other cellular components
or the relaxation of singlet oxygen also may contribute
to the light emission by intact PMNs. During the early
postphagocytic period, chemiluminescence by normal
PMNs is inhibited by azide and is low in the leukocytes
of patients with hereditary MPOdeficiency. The micro-
bicidal activity of MPO-deficient leukocytes also is low
during this period, thus implicating MPOin both killing
and light emission. Microbicidal activity of MPO-defi-
cient leukocytes increases with prolonged incubation.
Many of the parameters of the metabolic burst (oxygen
consumption, glucose C-1 oxidation, formate oxidation,
superoxide anion formation) are increased in MPO
deficiency, and an increase in oxygen consumption and
glucose C-1 oxidation by treatment of normal leukocytes
with peroxidase inhibitors (azide, cyanide) has been
observed (5, 21). This suggests that when MPOis in-
hibited or absent, oxygen consumption and those meta-
bolic events dependent on it are increased. Perhaps
among these are MPO-independent microbicidal activity
and light emission. It should be emphasized that the cor-
relation between light emission and microbicidal activity
in normal and MPO-deficient leukocytes, although com-
patible with, does not necessarily implicate an electroni-

cally excited state (e.g., singlet oxygen) as the micro-
bicidal agent. Excitation may be a consequence of or an
innocent bystander to the microbicidal process.
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