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ABsTtrRACT The leukocytes of patients with chronic
granulomatous disease (CGD) may be identified by their
failure to reduce Nitro Blue Tetrazolium (NBT) during
phagocytosis. This reaction, normally detected in the
phagocytic vacuole, is absent or delayed in CGD mono-
cytes and eosinophils as well as in neutrophils, even
though sonicates of normal and CGD leukocytes contain
equal activities of a cyanide insensitive enzyme system
capable of reduction of NBT in the presence of pyridine
nucleotide.

Enlargement of CGD phagocytic vacuoles appears to
be inhibited. Histochemical estimates of the rate of re-
lease of alkaline phosphatase are normal in CGD cells.
Peroxidase activity is released from CGD cells, but the
rate appears to be somewhat slower than normal in some
cases. The latter observation may be explained by the
increased intensity of the peroxidase stain in resting and
phagocytizing CGD cells.

The severity of the defect in NBT reduction within
the phagocytic vacuoles of the leukocytes of patients and
carriers is more variable than was previously appre-
ciated. Some female carriers have profoundly reduced
dye reduction and others are nearly indistinguishable
from normal. Three brothers with CGD demonstrated
significant, albeit delayed, NBT reduction in phago-
cytic vacuoles during prolonged incubation of their
leukocytes. No obvious relationship exists, however, be-
tween the rate of reduction of NBT in vacuoles and the
clinical severity of the disease.

INTRODUCTION

During phagocytosis, normal granulocytes exhibit aug-
mented aerobic metabolism (1), which may be governed

Some of these data have been presented in abstract form
in J. Clin. Invest. 47: 3a.
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by NADH * oxidase activity (2, 3), and promptly reduce
Nitro Blue Tetrazolium (NBT) to blue formazan (4-7).
The granulocytes of patients with chronic granulo-
matous disease (CGD) ingest particles normally (8),
but fail to kill certain bacteria (8-10), are deficient in
NADH oxidase activity (3, 7), lack the respiratory
burst (5, 11), and do not reduce NBT (4-7). The latter
important difference has formed the basis of an accurate
quantitative dye test (5) for the detection of this in-
herited disease and its carrier state (6, 7). Since the
decreased NBT reaction which characterizes the CGD
cell is likely to be intimately related to the metabolic
and bactericidal deficiencies of these cells, closer exami-
nation of the characteristics of NBT reduction during
phagocytosis might provide further information concern-
ing both the pathogenesis of this severe disease and
normal leukocyte metabolism.

The experiments presented in this paper are based on
the fact that human leukocytes avidly engulf zymosan
particles (12-14). This process, with concomitant per-
oxidase and alkaline phosphatase release, and NBT
reduction, can be observed by bright-field and phase
microscopy or with histochemical methods. When these
techniques were applied to normal and CGD leukocytes,
it was found that reduced NBT is localized mainly within
or around the phagocytic vacuoles of normal neutrophils,
eosinophils, and monocytes. The reduced dye appears
very slowly, if at all, in phagocytic vacuoles of CGD
granulocytes and monocytes despite the fact that CGD
cell sonicates contain normal pyridine nucleotide: “NBT
reductase” activity. Thus, the present results indicate that
NBT reduction in normal leukocytes depends upon acti-
vation of an enzyme system in the phagocytic vacuole.

t Abbreviations used are: NADH, nicotinamide adenine di-
nucleotide, reduced form; NADPH, nicotinamide adenine
dinucleotide phosphate, reduced form; CGD, chronic granulo-
matous disease; NBT, Nitro Blue Tetrazolium.
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Such a system is present in CGD cells but it fails to
operate within their phagocytic vacuoles. On the other
hand, histochemical analyses of degranulation rates util-
izing peroxidase and alkaline phosphatase stains have
failed to provide convincing evidence of a delay in
release of these enzymes in CGD.

The zymosan : leukocyte: NBT system provides valua-
ble practical information regarding the number and type
of phagocytes which contain reduced dye. It identifies
CGD patients and certain female carriers and emphasizes
the wide variation in severity of the cellular lesion.
The system also reveals that CGD monocytes and eosino-
phils share the defect observed in CGD neutrophils.

METHODS

Leukocytes were harvested from normal individuals, patients
with CGD, and their parents by simple sedimentation meth-
ods. The blood was drawn in a heparinized 30 ml plastic
syringe. The syringe was inverted and incubated for 30 60
min at 37°C. The white cell and platelet-rich plasma was
expressed from the syringe into a plastic centrifuge tube
which was then centrifuged at 500 g for 10 min at 4°C to
provide a leukocyte button. The plasma was then removed
and centrifuged at 3000 g for 10 min to decrease the number
of platelets. The leukocytes were washed twice in Krebs-
Henseleit buffer, pH 7.4, and then resuspended at a con-
centration of approximately 100,000 cells/mm® either in
platelet-poor plasma, in fresh frozen (80°C) AB+ serum
or in phosphate-buffered isotonic sodium chloride, pH 7.4, to
which bovine serum albumin at a concentration of 1 g/100
ml was added. These cells suspensions were utilized in sub-
sequent manipulations.

Leukocyte sonicates. Normal and CGD leukocyte soni-
cates were prepared by suspending 0.2 ml of cell concentrate
in 1 ml of 0.34 M sucrose. This preparation was exposed to
sonic disruption using a Medical Science Electronics Inc.
ultrasonic power unit set at 110 v and 1.8 amp for 1 min.
Normal and CGD cells were completely disrupted by this
technique.

Leukocyte incubation. Incubations of leukocytes were per-
formed either in plasma, serum, or buffer. NBT manufactured
by Sigma was added to some of the incubates from a freshly
prepared solution of 10 mg NBT dissolved in 10 ml physio-
logical saline buffered with phosphate ion at pH 7.4. The
final concentration of NBT when it was added to the
incubates was 25 mg/100 ml. Powdered zymosan was pur-
chased from Nutritional Biochemicals and boiled and washed
according to the methods outlined by Hirsch (12). It was
finally suspended in physiological saline and a volume of
concentrated zymosan particles was added to some of the cell
suspensions such that the numerical ratio of zymosan to leu-
kocytes was approximately 10. For certain studies zymosan-
bound NBT was prepared in the following manner. Zymosan
was boiled, washed, and then suspended in buffered saline
to which 0.1% NBT had been added. After incubation for
30 min at 37°C, the zymosan particles were twice washed in

the buffer so as to remove excess NBT. The presence of
residual NBT bound to the washed zymosan particles was
confirmed by the addition of isotonic alkaline sodium ascor-
bate to the particles, a procedure which promptly turned
them blue. The plastic tubes which contained the cell suspen-
sions with or without NBT and with or without zymosan
or zymosan-bound NBT were incubated in a shaking water
bath at 37°C for variable lengths of time.

Morphology. a. Direct observation and photomicrography
of the cellular sites of NBT reduction were performed by
phase, cine-phase, or bright-field microscopy of wet prepara-
tions of leukocytes during or after ingestion of zymosan
particles in the presence of excess NBT or after ingestion of
zymosan bound NBT. In the latter incubations excess NBT
was not added to the medium.

b. Smears of CGD cells which had ingested zymosan-bound
NBT were prepared on glass slides. They were then exposed
to formalin vapor for 30 min, washed, and finally incubated
for 2 min under an isotonic solution of alkaline sodium
ascorbate. The cells were then examined microscopically for
the presence of ingested blue zymosan.

¢. Aliquots of normal and CGD cell incubates were either
smeared and air dried on glass slides and cover slips, or
fixed in 2% v/v glutaraldehyde in phosphate-buffered iso-
tonic sucrose (pH 7.0), or frozen on enamel plates which
were mounted on solid carbon dioxide and sectioned in a
cryostat. Some of the smears were fixed in formalin vapor
or under 95% methanol for 30 min at 23°C.. The formalin
vapor-fixed and the frozen sectioned resting cells were incu-
bated for 1 hr at 37°C under an isotonic phosphate-buffered
sodium chloride solution (pH 7.0) which contained 10~ M
NBT and 10® M NADH. Some of the glutaraldehyde-fixed
cells were washed with phosphate-buffered isotonic sucrose
containing calcium chloride at a concentration of 50 mg/
liter. The cells were then exposed to osmium, dehydrated
with ethanol, and embedded in Araldite for sectioning with
a glass knife on Porter Blum MT-1 microtome. The thick
sections were stained with toluidine blue for light microscopy.
Some of the thin sections were stained with lead citrate for
electron microscopy.? Other sections were not stained.

d. The methanol-fixed cell smears were counter stained
with safranin for enumeration of the number and kinds of
leukocytes which contained reduced NBT in and around
phagocytic vacuoles. Others of these preparations were
stained for peroxidase and alkaline phosphatase activities by
the methods of Kaplow (15, 16). The intensity of stain was
classified either as zero or from 1 to 3+ in each of at least
100 cells by an unbiased observer and a staining score was
thereby established. The per cent of the mean resting score at
each period of incubation was determined. The average num-
ber of ingested zymosan particles in phagocytizing CGD
and normal cells were indistiguishable at all intervals of
incubation.

Determination of “NBT reductase” activity in cell soni-
cates. Whole sonicates containing 0.1-0.5 mg protein were

*The Araldite sections were prepared in the laboratory of
Doctors Elizabeth Hay and Jean-Paul Revel and the electron
micrographs prepared in an RCA electron microscope in the
Department of Anatomy, Harvard Medical School.

Ficure 1 Nearly simultaneous phase (left) and bright field (right) photomicrographs of nor-
mal neutrophil (a), eosinophil and neutrophil (b), neutrophil and monocyte (c), and neutrophil
and two monocytes (d) 20 min after incubation with zymosan and NBT on a glass slide under
a cover slip. Dye reduction is observed only on and around phagocytized zymosan. Extracellular

zymosan is not stained.
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added to 1.0 ml of 0.1 M pH 7.0 phosphate buffer, 1 X 10 M
NADH or NADPH, 1.0X10®* m KCN and 1.0X10® M
NBT. After incubation for 30 min at 37°C, the reaction was
stopped with 1 ml of 1 ~ HCl. The blue-colored formazan
was extracted with 2 ml of pyridine and the absorbance
determined at 560 mu. A standard curve was constructed
from known amounts of formazan prepared by treatment of
NBT with alkaline sodium ascorbate.

RESULTS

Morphology and NBT reduction. Microscopic obser-
vations of wet preparations of normal leukocytes ingest-
ing zymosan in the presence of NBT revealed that blue
formazan first appeared in neutrophils, eosinophils, and
monocytes only in and around the phagocytic vacuoles.
The localization within vacuoles was established by the
fact that the ingested zymosan was stained (Fig. 1).
After more than 15 min, there was progressive deposi-
tion of formazan in some cells around the ingested
particles and a hazy veil of dye was sometimes observed
to radiate from the vacuole throughout the cytoplasm
and over the nucleus. Zymosan particles to which NBT
was bound were stained blue after they were ingested
by normal cells. CGD leukocytes ingested zymosan par-
ticles very readily, but failed to stain the ingested
zymosan blue either in the presence of excess NBT or
when zymosan-bound NBT was ingested (Fig. 2). On
the other hand, the addition of alkaline sodium ascorbate
to formalin vapor-fixed CGD cells which had ingested
zymosan-bound NBT provoked light blue staining of the
ingested particles.

Resting fresh normal neutrophils and eosinophils were
not internally stained by NBT, although some of the
cells had precipitates of blue formazan adherant to their
outer membranes. A few normal monocytes were inter-
nally stained.

Internal punctate deposits of formazan were detected
within normal resting leukocytes after they were either
frozen sectioned or fixed with glutaraldehyde or formalin
vapor and incubated in the presence of NBT and NADH
(17).

Examination of fixed smears of leukocyte: zymosan:
NBT incubates permitted quantitation of the number and
type of cells with formazan-tinted zymosan particles in
phagocytic vacuoles. Granulocytes frequently contained
as many as four or five zymosan particles. Monocytes
frequently contained no zymosan or only one or two
particles. Within 5 min of incubation, nearly 1009 of the
normal phagocytizing neutrophils, eosinophils, or mono-
cytes contained at least one blue-stained zymosan par-

ticle (Fig. 3). Phagocytizing CGD granulocytes and
monocytes differed markedly from those of normal indi-
viduals. After 15 min of incubation of CGD cells there
were no detectable formazan deposits within or around
phagocytic vacuoles. Mixtures of equal numbers of nor-
mal and CGD cells revealed that 509 of the phagocytiz-
ing cells had at least one blue stained zymosan particle
in 5 min. In two CGD patients, there was no detectable
dye reduction for as long as 60 min. However, the three
L brothers with CGD exhibited different findings.
Within 15 min, there was no dye reduction but after 30
and 60 min of incubation, definite dye reduction was
observed in phagocytic vacuoles. Similar studies were
performed in female carriers. 509, of the phagocytizing
leukocytes of female carrier D were found to contain
blue zymosan particles. On the other hand, only 209
of the leukocytes of female carrier G, the mother of three
boys who had died of chronic granulomatous disease
(18), contained blue zymosan. Most interesting was fe-
male carrier L, the mother of the three L brothers who
themselves had unusual dye reduction kinetics. Within
5 min, 409 rather than the normal 909 of her cells
showed staining of ingested zymosan. Within 15 min and
certainly within 30 min, nearly all of the phagocytic
vacuoles in her cells were stained, and the preparation
became indistinguishable from normal. The quantitative
dve test helped to identify her as a carrier. Her cells

Female Carrier — L
Female Carrier—D
Female Carrier— G .
Affected Males LandD .~

Affected Female s

I -
=

X REDUCING CELLS

MINUTES

Ficure 3 NBT reduction in phagocytic vacuoles of normal,
CGD, and CGD carrier leukocytes after incubation with NBT
zymosan. At least one hundred cells containing zymosan
were counted and the cell was considered a “reducing cell”
if at least one ingested zymosan was stained. The mean
values found in five normal subjects are signified by the
heavy interrupted line.

F16ure 2 Nearly simultaneous phase (left) and bright field (right) photomicrographs of CGD
neutrophil (a), two eosinophils and neutrophil (4), two neutrophils and monocyte (c), and two
monocytes (d) 20 min after incubation with zymosan and NBT on a glass slide under a cover
slip. Ingestion is normal but no dye reduction is observed within any of the cells. A zymosan
particle with adherant eosinophil granules has broken away from the lower eosinophil in b.
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reduced 41 wug NBT/1.25 X 107 cells per 15 min, the
normal range being 52-88 ug NBT reduced.

“NBT reductase” activity in cell sonicates. Despite
the fact that dye reduction during particle ingestion was
impaired in CGD and in CGD female carrier cells, total
cyanide insensitive “NBT reductase” activity with either
NADH or NADPH as precursor was normal in CGD
and carrier cell sonicates (Table I).

Vacuole formation and degranulation. Araldite sec-
tions stained with toluidine blue revealed that the phago-
cytic vacuoles in CGD tended to be considerably smaller
than the vacuoles present in normal leukocytes (Fig. 4).
This observation, previously made by Quie, White,
Holmes, and Good (9) and by Andersen, Koch, Vejls-
gaard, and Wilken-Jenses (19) was a variable phe-
nomenon from cell to cell and also depended to a large
extent upon the plane of section. But, in general, the
large phagocytic vacuoles which often completely dis-
torted normal leukocytes were not observed in the CGD
cells. Electron micrographs of CGD and normal cells
failed to demonstrate any obvious differences in granule

L

distribution in and around the phagocytic vacuoles.
Actually, this technique revealed so much variation in
the extent of “degranulation” among different normal
phagocytizing cells, after incubation times which varied
from 15 min to 2 hr, that a quantitative morphologic dif-
ference between normal and CGD cells would be nearly
impossible to define.

Rates of release of alkaline phosphatase and peroi-
dase. Figs. 5 and 6 provide data on the rate of release
of stainable alkaline phosphatase and peroxidase activi-
ties from normal cells and patients’ cells by the scoring
method described above. In only one CGD patient was
there apparent delay in the release of alkaline phospha-
tase. The remaining curves fell within the range ob-
served in five normal subjects. Peroxidase activity was
released from CGD cells but the rate of release appeared
to be somewhat slower than that observed in normals.
On the other hand, it must be emphasized that this scor-
ing technique, especially with regard to peroxidase
activity, was subject to misinterpretation. Inspection of
resting CGD leukocytes stained for peroxidase activity

*

Fitre 4 Thick Araldite sections of glutaraldehyde: osmium fixed normal (g¢) and CGD
(b) leukocytes after 15 min incubation with zymosan. Note large distorting phagocytic vacuoles

in normal cells and smaller vacuoles in CGD cells.
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revealed that such cells were much more densely stained
than were normal cells (Fig. 7). This may have been
due to several factors including greater substrate per-
meability in CGD cells or the fact that the population
of circulating CGD granulocytes may be younger and,
therefore, richer in peroxidase than the more mature
granulocytes of normal individuals. In any case, the
more intense staining reaction led to higher histochemi-
cal scores at all intervals of incubation of CGD cells.
Therefore, the rate of decline of peroxidase only ap-
peared to decrease more slowly in CGD cells during
phagocytosis. Despite this source of confusion, all of
the patients exhibited loss of peroxidase activity during
ingestion and only two patients demonstrated a definite
deviation from normal. The others lost peroxidase activ-
ity normally or only slightly slower than did the cells of
the five normal subjects.

DISCUSSION

NBT reduction by phagocytizing normal leukocytes and
absence of this reaction in CGD cells was first observed
as a result of inquiries into the metabolism of CGD cells.
The abnormality of dye reduction was initially ascribed
to deficient NADH oxidase activity (5). The present
studies were planned to extend our knowledge of the
NBT response and were primarily designed to define
the intracellular loci of NBT reduction, as well as to
examine the possibility that the CGD metabolic defect
might be present in several different blood cells.

The results show that NBT reduction is prominent
only within the phagocytic vacuoles of normal neutro-
phils, eosinophils, and monocytes. This reaction is defec-
tive in all three phagocytic cells of individuals with
CGD. The involvement of monocytes might have been
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FIGURE 5 Rate of release of alkaline phosphatase activity
from the phagocytes of five normal individuals (ranged in
shaded area) and CGD patients and carriers during a 1 hr
incubation with zymosan. The mean score of 100 ingesting
cells was established at each time period and related to the
mean resting score before ingestion had begun.
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Ficure 6 Rate of release of peroxidase activity. See legend
to Fig. 5.

predicted from the early studies of CGD tissue histiocytes
by Landing and Shirkey (20) and by the more recent
studies of the same cells by Symchych, Wanstrup, and
Andersen (21). In the past year Davis, Huber, Douglas,
and Fudenberg (22) and Good et al. (23) have presented
findings which suggest that CGD monocytes may have
defective bactericidal function as well.

Although it is clear that the NBT reaction is only
demonstrable in phagocytic vacuoles, similar redox reac-
tions may occur in other parts of the cell to which the
dye has insufficient access. Pearce (24) emphasizes that
oxidized (yellow) NBT is positively charged and.
therefore, it penetrates the membranes of fresh cells
very poorly. In the reduced (blue formazan) state, the
dye is insoluble. Our studies provide evidence that NBT
does not enter fresh neutrophils or eosinophils at all
unless it is swept into their phagocytic vacuoles by the
ingested particle to which it is bound or in the fluid
immediately surrounding the particle (25).> The dve
penetrates fresh monocytes somewhat more readily.

The zymosan:leukocyte: NBT system described in
this report is fairly simple and convenient. It seems to
permit highly reliable detection of CGD patients, but
the findings in female carrier L emphasize the impor-
tance of the quantitative test (5) in the diagnosis of the
carrier state. It appears that X-inactivation and resultant
mosaicism (28) is expressed in a highly variable manner
in CGD with the result that in this system carriers such
as Mrs. G seem quite deficient and Mrs. L virtually
normal. The importance of standardizing the incubation
time is emphasized by the results in the three L
brothers, many of whose leukocrytes did contain re-
duced NBT within phagocytic vacuoles when the in-

3 Irregular penetration of resting cells by NBT may ac-
count for recently described false negatives and positives in
simplified cytologic tests for CGD (26, 27).
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cubation was prolonged. (The clinical state of these
brothers is not particulary benign nor do their cells
contain more NADH oxidase activity than the cells of
male patient D.)

The failure of CGD cell phagocytic vacuoles to sup-
port NBT reduction is a particularly challenging prob-
lem because the three components which provoke dye
reduction are present in CGD cells. CGD cell sonicates
contain normal amounts of “NBT reductase,” an en-
zyme system(s) capable of catalyzing the reduction of
NBT in the presence of pyridine nucleotide. NBT en-
ters the phagocytic vacuole of the CGD cell bound to or
closely associated with the ingested zymosan, and the
cell is capable of providing reduced pyridine nucleotide
through glycolysis (5, 11, 29). A possible explanation
for the absence of dye reduction might be that “NBT
reductase” activity, though present in the whole cell, is

deficient within the phagocytic vacuole of the CGD cell.
Deficiency of enzyme activity within the phagocytic
vacuole might be due to an error of degranulation. In
fact, the pathogenesis of CGD has been ascribed to de-
fective degranulation by Quie and his coworkers (9).
This theory is based in part upon White’s observations
(9) of diminished vacuole size in CGD cells which we
and other investigators (19) have confirmed. The con-
cept is not supported, however, by the histochemical
studies reported here or by recently described histochem-
ical analyses of Kauder, Kahle, Moreno, and Partin
(30) and of Mandel and Hook (31). Admittedly, his-
tochemical studies or routine electron micrographic
analyses of degranulation provide very rough estimates,
and the former are plagued by artifacts such as the dif-
ferences in the staining characteristics of peroxidase
activity in CGD cells described above. In this regard,

Ficure 7 Peroxidase stain of resting normal (a) and CGD
the more intense stain in the CGD cells.
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TaBLE 1
NADH-NBT Reductase of Sonicates of Whole Cells*

Subject NBT reduced
1g/30 min per mg sonicate
Male—CGD 58.2
Male—CGD 66.6
Male—CGD 60.0
Female carrier 67.6
Control 78.0
Control 57.6
Control 62.0

* The values found when NADPH was utilized in place of
NADH were essentially identical.

the studies of Baehner, Karnovsky, and Karnovsky (32)
are of particular importance since these workers utilized
objective measurements of enzyme release and provided
evidence that CGD cells degranulate perfectly normally.

Of course, it is entirely possible that only a small
fraction of total leukocyte “NBT reductase” activity
contributes to NBT reduction in phagocytic vacuoles
and this small but critical fraction could be deficient in
CGD. NADH oxidase activity, a system which can ac-
count for most of the oxygen consumption and some of
the bactericidal activity of normal human leukocytes, is
deficient in CGD cells (3). As previously suggested
(5) this system might also qualify as the critical miss-
ing factor which results in the failure of NBT reduc-
tion in CGD phagocytic vacuoles. Evaluation of this
theory awaits further clarification of the intricacies of
the respiratory response to phagocytosis, studies in
which the CGD cell will play a vital role.
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