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ABSTRACT

A rapid and sensitive flow cytometric assay is presented for the quantitative estima-
tion of the oxidative metabolic activity of individual polymorphonuclear leukocytes (PMN)
on less than 100 ul of whole blood. This procedure is a simplified version using whole
blood of the method of Bass et al (J. Immunol. 180:1910, 1983) that estimated the meta-
bolic burst activity of phorbol myristate acetate (PMA)-stimulated individual PMN as the
intracellular generation of a fluorescence product by a flow cytometric assay. With this
method, almost all the PMN from normal subjects responded to PMA as a single cell
population generating bright intracellular fluorescence. PMN from a boy with chronic
granulomatous disease (CGD), could not respond to PMA with any increase of their fluores-
cence intensity. His mother had two distinct PMN populations one functionally normal
and the other defective, indicating a random lyonization in the carrier mother and the
X-linked recessive mode of inheritance. In two female patients with CGD from unrelated
families, their PMN responded to PMA, as a whole, with a minimal increase in the fluores-
cence intensity, but the metabolic defects in their PMN were not so complete as seen
in a classical X-linked CGD boy. But, PMN from two female sibling patients from the
other family responded to PMA as a single uniform cell population with a weak but definite
fluorescence intensity. However, the genetic background of these female patients with
CGD remains unclear, since PMN dysfunction could not be identified in their mothers
with this method.
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Phagocytosis by polymorphonuclear leukocytes
(PMN) elicits a burst of oxidative metabolism
that is intimately associated with the bacterici-
dal activity of the cells’. PMN from patients
with chronic granulomatous disease (CGD),
which can not kill most of bacteria and fungi,
do not undergo this ‘“respiratory burst’’!*'¢%),
The measurement of the respiratory burst ac-
tivity of PMN by the methods, such as the quan-
titative nitroblue tetrazolium (NBT) test, the

superoxide measurement by cytochrome C reduc-
tion assay, and the luminol-dependent
chemiluminescence assay, is generally considered
a requisite for the definite diagnosis of
CGD?**1*15202) 1t has been reported that the
phenotypic expression of PMN in heterozygotes
for the classical X-linked recessive form of CGD
will range, by chance, from normal to defective
levels®. Thus, the precise evaluation of the ox-
idative metabolic activity in individual PMN by
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single cell analysis is mandatory not only for the
diagnosis of CGD but for the detection of vari-
ous carrier states for CGD. The histochemical
PMA-stimulated NBT slide test® can afford
the informations on individual cells, but the
manual microscopic counting is time-consuming
and might suffer from many sources of bias. Re-
cent advance in flow cytometry offers a rapid
and reliable technique for evaluating the nature
in large numbers of individual cells.

In this work, the oxidative burst activity of in-
dividual PMN on stimulation with PMA was ana-
lyzed by flow cytometry on 100 ul or less of
whole blood using a simplified version of the
method of Bass et al®. The complete lack of
oxidative burst activity in a boy with CGD and
the presence of two PMN populations, one func-
tionally normal and the other defective, in his
mother indicate an X-linked recessive inheritance
in this pedigree. PMN from two female patients
with CGD from unrelated families responded to
PMA with a minimal oxidative burst activity, but
their PMN defect was not so complete as seen
in a classical X-linked CGD boy. PMN from the
other two female sibling patients in the other
family responded to PMA as a single uniform
cell population with a partial, but definite, ox-
idative burst activity of about one-fourth of the
controls. However, PMN dysfunction could not
be demonstrated in any of the mothers of these
female patients.

MATERIALS AND METHODS

Patients and specimens. After informed con-
sent was obtained from the parents, heparinized
venous blood was drawn from patients with
CGD and their mothers. Four female patients
with CGD (Case 1, 14 years; Case 2a, 13 years;
Case 2b, 11 years; and Case 3, 6 years) from
three unrelated families and a 7-year-old CGD
boy in another family were evaluated. Cases 2a
and 2b were siblings. All of them had been
suffering from frequent suppurative infections
since their early infancy. The clinical severity in
Cases 2a and 2b was seemingly a little milder
compared to that in other patients with CGD.
The diagnosis of CGD was confirmed by the
histochemical and quantitative NBT test, the
luminol-dependent chemiluminescence assay, the
measurement of superoxide generation, and the
bacterial Kkilling test. The levels of glucose

6-phosphate dehydrogenase, myeloperoxidase,
phagocytosis, and chemotaxis of PMN were all
within normal ranges. They have no other mem-
bers suggestive of CGD or of increased infec-
tious tendency in their relatives. All the mothers
of these patients were in good health. Detailed
clinical studies of Case 1, Cases 2a and 2b have
been published elsewhere®®®. Healthy male
volunteers, aged from 20 to 30 years, were in-
cluded as normal controls in this work.

Reagents. PMA (phorbol myristate acetate)
were purchased from Sigma Chemical Co. (St.
Louis, MO) and DCFH-DA (2’,7’-dichlorofluo-
rescin diacetate) was a product of Eastman-
Kodak Co. (Rochester, NY). EDTA and gelatin
were purchased from Wako Pure Chemical in-
dustries, Ltd. (Osaka, Japan). Other reagents
were of analytical grade. Falcon plastic tube
(No. 2001; Becton, Dickinson, and Co., Oxnard,
CA) and PBSg (Ca- and Mg-free Dulbecco’s
phosphate-buffered saline, pH 7.4, containing 5
mM glucose and 0.1% gelatin) were used
throughout study. Immediately before use, stock
solutions of PMA (2 mg/ml) and DCFH-DA (5
mM) in ethanol were diluted with PBSg to give
an indicated concentration.

DCFH oxidation by PMN and flow cytometry.
As this assay was based on the principle that
the intracellular nonfluorescent DCFH (2’,7’-dich-
lorofluorescin) is oxidized into fluorescent DCF
(2’,7’-dichlorofluorescin) largely by H20: gener-
ated in PMA-stimulated PMN factors affecting
DCFH oxidation by PMN in whole blood were
evaluated by the preliminary experiment on
respect to concentrations of DCFH-DA and
PMA, and to time-course of generation of in-
tracellular DCF fluorescence. Then, the follow-
ing “standard” procedure was employed. An
aliquot (0.1 ml or less) of heparinized whole
blood diluted in 1.9 ml PBSg containing 5 uM
DCFH-DA was incubated for 15 min at 37°C in
a shaking water bath. After 15 min of preincu-
bation, EDTA was added to give a final concen-
tration of 5 mM. The incubation of the mixture
was continued in the presence or absence of 100
ng/ml PMA for a further 25 min. After that,
erythrocytes were lyzed with cold 0.87% NH.Cl
and the sedimented cells were resuspended in
2 ml of cold phosphate buffered saline contain-
ing 0.1% sodium azide. The granulocyte cluster
on the cytogram of CRT display of Ortho Spec-
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trum IIT (Ortho Diagnostic Systems, Inc., West-
wood, MA) was gated by four corner tiggering
and the intensity of intracellular DCF fluores-
cence in individual PMN and the corresponding
cell counts were estimated. For convenience, the
results were expressed as percentage of fluores-
cence positive cells within total evaluated cells.

RESULTS

Time-course of generation of intracellular
fluorescence (Fig. 1) PMN from healthy subjects
were stimulated in the presence of 100 ng/ml
PMA and 5 uM DCFH-DA, to give rise to a
maximal generation of intracellular fluorescence.
A plateau effect was observed beyond these con-
centrations of the reagents. In this experimen-
tal condition, the percentage of fluorescece
positive cells attained to a plateau after 10 min
of stimulation in normal subjects and a mother
of an X-linked CGD boy. However, in two fe-
male sibling patients with CGD, Case 2a and 2b,
the percentage of positive cells increased with
incubation time and appeared to reach a peak
after 30 min or later. The intracellular fluores-

Table 1. Intracellular DCFH Oxidation by Neu-
trophils from Patients with CGD and Their Mothers
in a “Standard” Assay

Donors % of posotive cells
without PMA  with PMA
(Resting)
Controls (n=10) 0.68+0.38(SD)  94.8+2.2(SD)
Range 0.2~1.4) (90.8 ~98.5)
Male CGD (Tyrs) 0.1 0.1
Mother 0.1 38.4
Female CGD
(n=3)*
Case 1 (14 yrs) 1.1 2.7
Mother 1.7 96.1
Case 2a (13 yrs) 1.5 81.2**
Case 2b (11 yrs) 1.9 78.3**
Mother 0.7 93.2
Case 3 (6 yrs) 1.9 1.9
Mother 2.3 97.8

*Processed after several hours of transportation.
Case 2a and 2b were female sibling patients.
**Mean fluorescence intensity of positive cells was
approximately one-fourth of controls (see Fig. 1 and
Fig. 3).

cence of normal PMN increased with time and
reached a maximum intensity around 20-25 min
of stimulation and declined thereafter. Without
PMA stimulation, there was no appreciable
generation of intracellular fluorescence in PMN
even from healthy subjects.
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Fig. 1. Time-course of the increasing percentage
of fluorescence-positive PMN in normal controls
and patients with CGD on stimulation with PMA.
After a 15 min-preincubation of specimens in 5 yM
DCFH-DA, PMA (100 ng/ml) was added at time
zero. Cases 1 and 3 were unrelated female patients
with another pedigree. The percentage of
fluorescence-positive cells were evaluated by flow
cytometry using an Ortho Spectrum III. Although
the percentage of positive cells increased with time
in Cases 2a and 2b, the intensity of fluorescence
of their PMN was much weaker than that of
controls.

Flow cytometry of stimulated PMN from pa-
tients with CGD (Table 1) Almost all the PMN
from healthy subjects, when stimulated with
PMA, generated strong intracellular DCF
fluorescence and responded as a single cell popu-
lation (Fig. 2A). But his mother had two distinct
PMN populations; one was composed of exclu-
sively defective cells and the other was compara-
ble in the fluorescence intensity with normal
controls (Fig. 2C). In two unrelated female pa-
tients, Case 1 and 3, from different families, the
analytical pattern of stimulated PMN was simi-
lar to, but not identical with, that of a male pa-
tient with CGD. Their PMN responded to PMA,
as a whole, with a minimal increase in fluores-
cence intensity, but some neutrophils, though



56

CELL NUMBER

K. Taga et al
A. Normal
250 et
Resting PMA

5091 0.3% 2004 96.2%
150 10

10 1001

il =0

— i
S0 120 150 200 230

1o 150 20

B. X-linked male CGD

250

210

150

100

=0

Resting
0.1%

0

[ 150

200 220

2150

200

150

10

PMA
0.1%

2S00

C. Mother of X-linked male CGD

250

20

1550

10

gl

Resting
0.1%

SRR

1810 et 2

i

21

]

1070

S0

FLUORESCENCE INTENSITY

Fig. 2. Fluorescence distribution on flow cytogram of resting (without PMA) and
PMA-stimulated PMN from a normal donor (A), a boy with the classical X-linked
form of CGD (B), and his asymptomatic heterozygous mother (C) in a "’Standard”
assay. The histogram represented numbers of cells on the ordinate as a function

of fluorescent intensity on the abscissa.
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Fig. 3. Fluorescence distribution of resting and PMA-stimulated PMN from Case
1, a female patient with CGD (A), Case 2a, one of the female sibling patients
(B), and in a mixed blood specimen of Case 1, Case 2a and a normal donor (C).
The experimental design was the same as in Fig. 2, but the blood specimens were
processed after several hours of transport.
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only a few percent of the total, were able to
generate definite intracellular fluorescence on
stimulation. Thus, their PMN defects were not
so complete as seen in the classical X-linked
form of CGD (Fig. 3A). PMN from the mothers
of these two female patients, however, respond-
ed to PMA normally as a single cell population.
In the other two female sibling patients, Cases
2a and 2b, almost all PMN were partially acti-
vated with PMA and identified as a single uni-
form cell population with a mean fluorescence
intensity of approximately one-fourth of controls
(Fig. 3B). PMN response in their mother ap-
peared to be within low normal ranges.

Effect of cell mixing on DCFH oxidation The
presence of two or more PMN populations
different in their oxidative metabolic activity in
a specimen, such as heterozygous mother for the
X-linked form of CGD, raises the question that
H:0: released from normal cells, might diffuse
into defective cells and generate a fluorescent
product of DCF within defective cells. However,
that is not a case with PMN from the mother
with an X-linked classical CGD boy (Fig. 2C). In
addition, when blood specimens from Case 1,
Case 2a, and a healthy control were combined
in a mixture and stimulated with PMN, three
cell populations comparable in fluorescence in-
tensity to each of donor cells were identified by
flow cytometry (Fig. 3C).

DISCUSSION

The oxidative metabolic activity of PMN is
usually evaluated by using isolated PMN popu-
lation. The separation of PMN is time-consuming
and difficult to carry out on microscale. In ad-
dition, the isolation procedure itself tends to
cause some artificial activation of PMN. Sever-
al authors reported the whole blood method for
evaluating PMN oxidative metabolic activity and
for screening of CGD"*®, Recent advance in
flow cytometry offers several advantages over
either standard spectrophotometric or
histochemichal methods. Flow cytometry allows
the rapid and precise estimation of the function
levels in large numbers of cells on single cell ba-
sis as well as the average function of total cell
population. Bass et al® reported that a com-
bined use of DCFH-DA and PMA might permit
a quantitative evaluation of the oxidative meta-
bolic activity of individual PMN by flow cytom-

etry. The procedure used in this work is a sim-
plified whole blood version of the method and
is based on the principle that the trapped in-
tracellular polar DCGH is oxidized to fluorescent
DCF mainly by H:0: generated in PMN on
stimulation with PMA. Thus, in the mixed cell
population of functionally different cells, the pos-
sibility arises that H:0: released from intact
PMN, might diffuse into defective cells and
generate the intracellular fluorescent product. In
this work, however, PMN were stimulated with
PMA in the presence of serum and erythrocytes
which are known to be rich in catalase. The
coexistence of normal PMN might not exert any
appreciable effects on the fluorescence intensi-
ty of defective cells, as shown in Fig. 3C. In this
experiment, almost all PMN from healthy sub-
jects responded to PMA as a single cell popula-
tion with strong fluorescence of intracellular
DCF. Both magnitude and time course of the
intensity of intracellular fluorescence varied from
day to day to some degree in the same control
subject, probably due to his daily physical con-
ditions, but this in no way detracts from the use-
fulness of this assay in screening for patients
with CGD.

The mode of genetic transmission in the
majority of affected male patients with CGD is
believed to be an X-linked recessive
inheritance®®. The complete lack of metabolic
burst activity in a boy with the classical X-linked
form of CGD and the presence of two distinct
PMN populations, one normal and the other
defective, in his mother indicated a random
lyonization effect on the X chromosome in the
obligate heterozygous mother for the X-linked
recessive disease. But the situation in most fe-
male patients with CGD is much complicated be-
cause PMN dysfunction usually can be detected
in neither parent. In some female patients, an
X-linked mode of transmission was suggested,
but in others, an autosomal recessive inheritance
was proposed by family studies®*'?, All the
mothers of the female patients reported here
showed no abnormality in their PMN function
with this method and the pedigree studies of
these female patients by conventional assay tech-
niques could not demonstrate any PMN dysfunc-
tion in their fathers and relatives examined (data
not shown). Thus, we could not identify the
genetic background of these female patients with
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CGD.

Female CGD patients in this study, however,
showed two distinct patterns of PMN activation
by flow cytometric analyses. PMN from two un-
related female patients, Cases 1 and 3, respond-
ed to PMA with a minimal increase of
intracellular fluorescence. Flow cytometric pat-
tern of their PMN activation seemed to be simi-
lar to, but not completely identical with, that of
the classical X-linked male CGD. If these female
patients with CGD would be heterozygous for
the X-linked CGD with an extreme lyonization,
their mothers also would be heterozygous with
an extreme lyonization pattern in the opposite
way. From the results of the present work,
however, we could not settle whether it is the
case or not. In the other two female sibling pa-
tients, almost all the PMN responded to PMA
as a single uniform population with a weak but
definite intracellular fluorescence. Such partial
activation and time-couse of superoxide genera-
tion were demonstrated in a male patient with
a variant form of X-linked CGD reported by
Lew et al". Additional mild variants of X-
linked CGD have been reported and some wor-
kers claimed that at least two X-linked forms
of CGD might exist with different biochemical
abnormalities®®'"*",

Recent studies suggest that three enzymes,
cytochrome b, flavoproteins, and quinones,
cooperate intimately in the superoxide/H:0:
generation system and dysfunction in this elec-
tron transport system has been implicated as
functional defects in CGD patients™®®®. It was
suggested that the expression of the superox-
ide/H20: generating system is controlled by at
least three genetic loci, one or more of which
are located on the X chromosome. However, the
relationship between the expression of these en-
zymes and the mode of transmission remains
unsettled'”. In the present work, the genetic
heterogeneity in female patients with CGD was
demonstrated on the basis of the flow cytomet-
ric patterns of stimulated PMN, but a more re-
fined technique must be required for the definite
identification of various heterozygous states for
CGD.
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