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Abstract

Three patients (two sisters and a brother) in one family are
described with chronic granulomatous disease. The granulocytes
of these patients did not respond with a metabolic burst to
various stimuli and failed to kill catalase-positive microorgan-
isms. The magnitude of the cytochrome b signal in the optical
spectrum of the patients' granulocytes was <4% of the normal
value, whereas the amount of noncovalently bound flavin in
these cells was normal. The mode of inheritance of the genetic
defect in this family is autosomal because the granulocytes of
both parents (first cousins) and a nonaffected sister of the
patients expressed 70-80% of the normal cytochrome b signal,
showed low-normal or subnormal oxidative reactions during
stimulation, and did not display mosaicism in the stimulated
nitroblue-tetrazolium slide test. Somatic cell hybridization was
performed between the monocytes from the affected boy in this
family with monocytes from either a cytochrome b-negative
male patient with X-linked chronic granulomatous disease or
a cytochrome b-positive male patient with the classic autosomal
form of this diseae. In both combinations, monocyte hybrids
were observed with nitroblue tetrazolium reductase activity
after stimulation with phorbol myristate acetate. This comple-
mentation of the oxidase activity required protein synthesis.
Our results prove that the defect in this family is genetically
distinct from that in the other two forms of chronic granulo-
matous disease. Moreover, our results also indicate that the
expression of cytochrome b in human phagocytes is coded by
at least two loci, one on the X chromosome and one on an
autosome.

Introduction

Chronic granulomatous disease (CGD)' is a rare disorder in
which the patients suffer from severe recurrent infections with
bacteria and fungi, due to an inability of their phagocytes
(neutrophils, eosinophils, and monocytes) to kill catalase-
positive microorganisms (1-3). The defective killing of these
microorganisms is caused by the failure of CGDleukocytes to
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produce sufficient amounts of superoxide and hydrogen per-
oxide during phagocytosis (1-3). The enzyme system responsible
for this process is an oxidase located in the plasma membrane
of the phagocytes. Although this oxidase system is usually
inactive, it can be stimulated to generate O2 and H202 as a
result of binding of opsonized particles or soluble stimuli to
membrane receptors on the phagocyte surface (4-6).

Segal and coworkers (7) have reported that the optical
spectrum of human neutrophils contains a signal of a b-type
cytochrome. This signal is not detectable in the optical spectrum
of the neutrophils from CGD patients with an X-linked
inheritance of the disease and is present in subnormal amounts
in the neutrophils of obligate heterozygotes of this type of
CGD(8). When normal neutrophils are activated under an-
aerobic conditions by a soluble stimulus, e.g., phorbol myristate
acetate (PMA), the b-cytochrome is reduced and instantaneously
reoxidized on admittance of air to the cuvette (9).
This reaction is not observed with neutrophils from patients
with the (presumably) autosomal form of CGD(9), although
these cells do contain the b-cytochrome signal. These obser-
vations indicate: (a) that the b-type cytochrome is part of the
respiratory burst system of human neutrophils, and (b) that
the X-linked form of CGDis correlated with the cytochrome
b deficiency, whereas the autosomal form of CGDis correlated
with a defect in the redox reactions with cytochrome b.

It is known, however, that the heterogeneity of CGDis
more extensive than just the X-linked, cytochrome-b-negative
and the autosomal, cytochrome b-positive forms. A family
with an X-linked, cytochrome b-positive CGDpatient has
been reported (10). Moreover, "variant" forms of CGD, both
X-linked and autosomal, have also been described in which
the patients' phagocytes respond to some but not to all stimuli
of the oxidase system (3). This heterogeneity of CGDmay
reflect the complexity of the oxidase system, in that the disease
may become manifest not only when components of this
enzyme system are missing or structurally altered but also
when defects occur in the activation mechanism. The distinction
between these different forms of CGDcan be very difficult
because heterozygotes have only been found in the X-linked
forms of the disease, extreme lyonization may obscure the
classification, and the families are often small and genetically
noninformative.

Recently, we have described a method to solve this classi-
fication problem (11). When monocytes from an X-linked,

1. Abbreviations used in this paper: CGD, chronic granulomatous
disease; FAD, flavin adenine dinucleotide; FMLP, formyl-methionyl-
leucyl-phenylalanine; NBT, nitroblue tetrazolium; PMA, phorbol my-
ristate acetate; STZ, serum-treated zymosan.
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cytochrome b-negative CGDpatient are fused with monocytes
from an autosomal, cytochrome b-positive CGDpatient, the
somatic cell hybrids express nitroblue tetrazolium (NBT) re-
ductase activity in the presence of PMA, indicating that the
oxidase activity is restored in the fused monocytes. This proves
that these two forms of CGDrepresent genetically distinct
abnormalities. Wenow present evidence for a third form of
CGDdetected with this fusion technique.

Methods

Patients. Wehave studied the phagocytes of six members of a Turkish
family (Fig. 1), in which the parents are first cousins. The clinical
details and some of the laboratory findings have been described
previously (12). The eldest child (I1l) has died at the age of 5 yr from
generalized salmonella infection and has not been investigated by us.
The next three children (112, 113, and 114) show growth retardation,
hepatosplenomegaly, periorificial dermatitis, moderately increased sus-
ceptibility to bacterial infections, and a tendency to inflammatory
disease. 112 had a liver abcess and shows symptoms of Crohn's disease.
II3 had two episodes of pneumonitis and shows signs of arthritis. 114
shows signs of colitis. The youngest girl (115) has a normal height and
weight and has not presented with any abnormal clinical findings. The
mother (I2) has a low-normal height (P3-P1O) and suffers from severe
chronic polyarthritis. She has two sisters and four brothers who are in
good health, as are their children. The father (I1) is in good health, as
are his three sisters, one brother, and their children. Because these
relatives reside in Turkey, we were unable to investigate their cells.

Histological studies in 112, 113, and II4 showed only in 113 some
granuloma formation in several organs. In all three of these children
pigmented histiocytes were found, probably as an aspecific sign of
chronic infection, inflammation, or both. Parameters of humoral
immunity showed high serum levels of IgG, IgA, IgE, and total
complement in 112, II3, and 114. High amounts of IgE were also found
in the serum of 115. Isohemagglutinin and viral antibody titers were
normal in all subjects, as was the opsonizing capacity of the sera for
Staphylococcus aureus. Lymhocyte functions were also normal (per-
centage of T and B cells, induration after intradermal injection of
varidase or candida extract, proliferation in vitro after stimulation with
phytohemagglutinin or allogeneic lymphocytes).

Chemotaxis of neutrophils in vivo and in vitro and phagocytosis
of S. aureus and Lactobaccilus acidophilus in vitro in the presence of
normal serum were normal. However, the neutrophils of the three
affected children (II2, II3, and 114) had no killing capacity for S. aureus
or Candida albicans in vitro, whereas the youngest child (II5) and
both parents had neutrophils with normal activity. The bactericidal
activity against L. acidophilus was normal in the two patients tested
(112 and 113). The oxidative metabolism of the patients' neutrophils
was also clearly abnormal. During phagocytosis of serum-treated
zymosan (STZ), oxygen consumption was not increased and hydrogen
peroxide formation was not detectable when the neutrophils of the
three affected children were tested, but were low-normal with the
neutrophils of the other family members. Hydrogen peroxide production
by monocytes (only tested in II3) was also undetectable. Reduction of
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Figure 1. Pedigree of the family described in this article.

NBT in the nylon column dye test was strongly decreased in the three
affected siblings, but low-normal in the other family members. The
activities of glucose-6-phosphate dehydrogenase, 6-phosphogluconate
dehydrogenase, glutathione peroxidase, glutathione reductase, and
myeloperoxidase were normal in the neutrophil lysates of all family
members.

Materials. Percoll, Sepharose 4B, and Sulphopropyl Sephadex
C-SO were obtained from Pharmacia Fine Chemicals, Uppsala, Sweden.
Lucigenin (10,10'-dimethyl-9,9'-biacridinium dinitrate; Sigma Chemical
Co., St. Louis, MO), PMA (Consolidated Midland Corp., Katonah,
NY), calcium ionophore A23187 (Calbiochem-Behring Corp., San
Diego, CA), formyl-methionyl-leucyl-phenylalanine (FMLP; Vega Bio-
chemicals, Tucson, AZ), cytochalasin B (ICI Research Laboratories,
Alderley Park, Cheshire, United Kingdom) and NBT(Sigma Chemical
Co.) were dissolved in dimethyl sulfoxide and stored at -70'C. STZ
was prepared as described before (13). Nuclear fast red (Merck & Co.,
Darmstadt, Federal Republic of Germany) was dissolved to 1
mg/ml in 5% (weight/volume) A12(SO4)3 solution of 70'C and filtered
before use. Polyethylene glycol (mol wt, 4000) was obtained from
Merck & Co.

Cell separation. All cell separations were performed under sterile
conditions. Granulocytes were purified from citrated blood by centrif-
ugation over Percoll with 0.5% (weight/volume) human albumin and
15 mMsodium citrate (specific gravity, 1.077 g/cm3, 290 mosmol, pH
7.4), followed by NH4CI lysis of the erythrocytes in the pellet at 4°C
(three times), essentially as described before (14). Monocytes were
purified from the interface of the Percoll separation by elutriation
centrifugation (15). The cells were suspended in incubation medium
(138 mMNaCl, 2.9 mMKCl, 8.1 mMNa2HPO4, 1.5 mMKH2PO4,
0.6 mMCaC12, 1.0 mMMgCl2, 5.5 mMglucose, and 0.5% [weight/
volume] human albumin). The resulting cell suspensions were 90-95%
pure.

Chemiluminescence assay. Mini vials (Packard Instrument Co.,
Downers Grove, IL) were filled with 1.95 ml of incubation medium,
containing lucigenin (320 AM) and one of the following stimuli: STZ
(1 mg/ml), PMA(160 nM), A23187 (10 AM), or FMLP (2 MM) with
cytochalasin B (10 ug/ml). The vials were placed in polyethylene
counting vials in a scintillation spectrometer with a controlled temper-
ature of 37°C (Packard Tri-carb 3310, Packard Instrument Co.). The
reaction was started by the addition of 5 X 104 granulocytes in 0.05
ml of incubation medium. Each vial was counted continuously for 6
min in the out-of-coincidence mode of the apparatus.

NBTslide test. NBT (50 mg/ml in dimethyl sulfoxide) was diluted
ten times with phosphate-buffered saline (PBS; 140 mMNaCl, 9.2
mMNa2HPO4, 1.3 mMNaH2PO4; pH 7.4) and pressed through a
filter with pores of 0.45 ,um. This solution was used only on the day
of preparation. Granulocytes or monocytes (6 X 101 cells in 0.9 ml of
incubation medium) were mixed with 0.1 ml of the NBT solution and
incubated for 30 min at 37°C in the presence or absence of PMA(160
nM). Next, one sample was fixed in suspension for 5-10 min with
paraformaldehyde (final concentration, 1%) and -100,000 cells were
spun on a glass slide with a Shandon Elliot Cytospin centrifuge (10
min, 600 rpm, room temperature). The slide was dried in air for about
5 min and stained for 10 min with nuclear fast red (0.1%, weight/
volume, freshly filtered). Another cell sample (-4 X 104 cells) was
first spun onto a glass slide, dried in air for at least 5 min, and stained
with May-Grunwald solution (undiluted) for 5 min, followed by
Giemsa solution (diluted 20 times in 10 mMphosphate buffer, pH 7)
for 30 min. Both slide preparations were rinsed with tap water, air-
dried, and embedded in malinol for microscopic examination. From
each donor, 1,000 cells were scored as NBT-positive or NBT-negative
in the nuclear fast red-stained preparations. Further differentiation in
weakly, moderately, or strongly positive reactions and in cell type
(neutrophil or eosinophil) was performed with the May-Grunwald/
Giemsa preparations.

Determination of cytochrome b. Granulocytes (1.2 X 108) were
solubilized for 10 min at 0C in 1.5 ml of 2% (volume/volume) Triton
X-100 in 100 mMpotassium phosphate (pH 7.2). Nonsolubilized
material was removed by centrifugation (20 min, 23,000 g at 4VC). To
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eliminate contaminating hemoglobin, the cytochrome-b-containing
supernate was incubated end-over-end for 15 min at 40C with hapto-
globin coupled to Sepharose 4B. 5 mg of haptoglobin (gift of Dr. M.
Klein and Dr. L. Bernini, Sylvius Laboratories, University of Leiden,
The Netherlands), coupled to 1 ml of swollen CNBr-activated Sepharose
4B, bound 5-8 X 10-8 mol of hemoglobin (i.e., in a 1:1 stoichiometry)
but no cytochrome b. Subsequently, the Sepharose was removed by
sedimentation. The reduced-minus-oxidized spectra of the extracts
were recorded on a Cary-219 spectrophotometer (Varian Associates,
Palo Alto, CA) with autobase-line correction, scanning speed of I
nm/s and spectral bandwidth of 0.5 nm. Cytochrome b was reduced
with a few grains of sodium dithionite. Myeloperoxidase, which
interfered slightly with the spectrum of cytochrome b, was removed
from the extracts of the patients' granulocytes by adsorbance for 20
min at 40C on sulphopropyl Sephadex C-50, previously equilibrated
with 100 mMpotassium phosphate of pH 7.2 with 0.1% (volume/
volume) Triton X-100 (16). For the quantitation of cytochrome b,
absorbance coefficients of 106 mM-' X cm-' at 425 nm and 21.7
mM-' X cm-' at 558 nm (17) were used.

Determination offlavin. Noncovalently bound flavins were extracted
from the membranes and cytoplasm of granulocytes. To this end, we
first prepared cytoplasts (cell fragments composed of plasma membrane
vesicles filled with cytoplasm but depleted of nuclei and granules) from
human granulocytes, as described before (18). The cytoplasts (90 X 106)
were centrifuged (800 g, 10 min, 4°C). The pellet was lysed by freezing
and addition of 1 ml of distilled water to the frozen pellet. The lysed
cytoplasts were centrifuged again (40 min, 160,000 g, 4°C). The
membrane pellet and the supernate (cytoplasm) were extracted each
with 1.0 ml of 5% (weight/volume) trichloroacetic acid. Denatured
protein was spun down (10 min, 8,000 g, 4°C). To ensure complete
removal of acid-extractable flavins, the pellets were treated with 1.0
ml of ice-cold 1% (weight/volume) trichloroacetic acid and centrifuged
once more (10 min, 8,000 g, 4°C). The supernates from the membrane
extractions were neutralized immediately and combined, as were the
supernates from the cytoplasm extractions. The flavins were analyzed
within 30 min (to limit hydrolysis of flavin adenine dinucleotide
[FAD]) at pH 2.6 and 7.7, according to Faeder and Siegel (19). Flavin
mononucleotide and FAD (Sigma Chemical Co.) were used as internal
and external standards. More than 90% of the extracted flavin proved
to be FAD (20). The extraction of noncovalently-bound flavins from
whole granulocyte homogenates was essentially as described for the
cytoplasts.

Monocyte hybridization. Freshly isolated monocytes (5 X 106 cells
from each of two donors or I07 cells from one donor in 0.1 ml of
Dulbecco's medium) were treated with polyethylene glycol (mol wt
4,000; final concentration 58%, weight/volume) in plastic round-
bottom tubes (type 25200; Corning Glass Works, Corning, NY), for 1
min at 37°C. Thereafter, the cell suspension was diluted 20 times with
Dulbecco's medium at room temperature and stored for 20 min on
ice to recover. The cells were then centrifuged (250 g, 10 min, room
temperature), resuspended in Iscove's modified medium with 10%
(volume/volume) fetal calf serum to 106 cells/ml, and kept up to 40 h
in l-ml maintenance cultures in 2-ml wells of a tissue culture plate
(no. 3524; Costar, Cambridge, MA). At the indicated times, the cells
were collected, centrifuged (250 g, 10 min, room temperature), and
resuspended in incubation medium for the NBT slide test. The total
number of monocyte hybrids (large cells with two nuclei) was estimated
from the May-Grunwald/Giemsa preparations, and the number of
NBT-positive hybrids from the preparations stained with nuclear fast
red. Per slide, all cells were screened (4-40 hybrids); per time point,
1-10 slides were examined.

Monocytes of patients I13 and 114 were fused with those of male
CGDpatients with the X-linked, cytochrome-b-negative form of the
disease. Monocytes of patient I13 were also fused with those of a male,
cytochrome-b-positive CGDpatient with the classic autosomal recessive
form of the disease. A patient was defined as having the X-linked form
of CGD if: (a) the clinical history was suspect for CGD, (b) the
granulocytes of the patient showed no respiratory burst upon stimulation
with PMAor STZ, and (c) the granulocytes of the mother and/or

sister had intermediate values in the metabolic assays and showed
mosaicism in the NBT slide test. A patient was defined as having the
classic autosomal recessive form of CGDif conditions (a) and (b) for
X-linked CGD patients were fulfilled but no heterozygotes were
detected in the family.

Results

Fig. 2 shows the results of the chemiluminescence assay. The
granulocytes of the affected children (112, II3, I14) failed to
give a signal with STZ, PMA, or the calcium ionophore
A23187. Only with FMLP plus cytochalasin B, a very low
signal was found. The granulocytes of the unaffected child
(II5) and of the parents gave intermediate signals between
those of the affected children and the range of normal donors.

In the optical spectra of the granulocytes from the three
affected children, the cytochrome b signal was hardly demon-
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Figure 2. Chemiluminescence of granulocytes stimulated with (A)
STZ or PMA, and (B) calcium ionophore A23187 or FMLPwith
cytochalasin B. For experimental conditions, see Methods. Arrows
indicate the moment when a stimulus was added. The results ob-
tained with granulocytes from six normal donors are given as a
shaded area (mean±SEM). The reactions of the granulocytes from
the family members are indicated by the pedigree symbols. Abscissa,
reaction time in minutes; ordinate, chemiluminescence in 103 counts
per second (CPS) per 10' neutrophils.
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strable (Fig. 3). Table I shows that this represents 2-4% of the
normal cytochrome b content. Subnormal amounts of cyto-
chrome b were found in the granulocytes from the nonaffected
child and the parents. The shape of the cytochrome b spectrum
from the parents (not shown) and the unaffected child 115
(Fig. 3) was normal.

The amount of noncovalently bound flavins was determined
in the membranes and cytoplasm of granulocyte cytoplasts.
Table I shows that both values were normal in all family
members. Furthermore, the amount of nonconvalently bound
flavins was also determined in the homogenate of whole
granulocytes from patient 112. This value, too, was normal;
patient II2, 4.4 pmol/106 granulocytes; 8 controls, 4.6±0.55
pmol/106 granulocytes (mean±SD).

In the PMA-stimulated NBTslide test, a very low proportion
of NBT-positive cells was detected in the preparations from
patients 113 and 14, whereas no NBT-positive cells were
observed in the preparation from patient 112 (Table I). All
granulocytes of the other three family members showed a
100% positive NBT test. In contrast, obligate carriers of X-
linked CGDshowed a mosaic of strongly positive and com-
pletely negative granulocytes.

Table II shows the results of the monocyte fusion experi-
ments. Whenthe monocytes from two unrelated male patients

400 450 500 550 600

wavelength (nm)

Figure 3. Reduced-minus-oxidized spectra of granulocyte extracts.
For experimental conditions, see Methods. The spectrum of cyto-
chrome b is characterized by the a-peak at 558 nm, the ,-peak at
529 nm, and the 'y-peak at 426 nm. The peak at 472 nm is caused
by myeloperoxidase contamination. Extracts were made from the
granulocytes of a healthy individual (trace A), the unaffected child 115
(trace B), and patient II2 (trace C). The granulocyte extract from
patient II2 was also recorded after removal of myeloperoxidase with
Sulphopropyl Sephadex C-50 (trace D). Traces A and B, absorbance
scale marker 0.01; traces C and D, absorbance scale marker 0.005.

Table L Cytochrome b, Nonconvalently
Bound Flavins, and NBTSlide Test

Flavins*
Cytochrome NBT

Donor be Membranes Cytoplasm slide test§

Father II 5.1 0.43 0.30 100
Mother I2 5.7 0.51 0.28 100
Child 112 0.3 0.39 0.37 0
Child II3 0.1 0.51 0.37 4

Child II4 0.2 0.39 0.27 3"
Child 115 5.6 0.38 0.26 100

Controls 7.1±0.5 0.45±0.09 0.42±0.09 98-100

Obligate carriers
of X-linked
CGD 1.9-3.9 nt nt 47-94

nt, not tested.
* Cytochrome b was measured in granulocyte extracts. Values in pi-
comoles per 106 granulocytes. Control values were obtained with cells
from five healthy individuals (mean±SD). For carriers of X-linked
CGD(n = 5), the range is shown.
t Nonconvalently bound flavins were determined in extracts from
membranes and cytoplasm of granulocyte cytoplasts. Values in pi-
comoles per 106 cytoplasts. Control values as mean±SD of seven
paired experiments with cells from seven healthy individuals.
§ NBT slide test of PMA-stimulated granulocytes. Values in percent-
age of cells showing formazan deposits. For the family members, the
mean result of three tests is shown (with cells from three different
blood donations). For controls (n = 10) and carriers of X-linked
CGD(n = 5), the range is shown.
11 Weakly positive.

(A and B) with the X-linked, cytochrome-b-negative form of
CGDwere fused, the resulting hybrids were all NBT-negative
when tested with PMA. These hybrids remained unreactive to
PMAwhen tested after 15 or 40 h of culture. Identical results
were obtained with the monocytes from two unrelated, male
patients (C and D) with the cytochrome-b-positive, autosomal
recessive form of CGD. However, fusion of monocytes from
patient A with patient C led to 32% PMA-reactive hybrids
immediately after fusion. This percentage did not change
significantly after 15 or 40 h of maintenance culture. Theoret-
ically, the maximal percentage of NBT-positive hybrids is 50%
because fusion between cells from the same donor occurs with
the same probability as fusion between cells from different
donors. Essentially, the same results were obtained when the
monocytes of patient B were fused with those of patient D,
and with the combination A X D (Table II). Nonfused mono-
cytes of these four patients always remained PMA-unreactive
in culture, in contrast with monocytes from healthy individuals
which always remained NBT-positive. Fusion of monocytes
from a single patient gave rise to homologous hybrids; with
all four patients, these hybrids remained PMA-unreactive after
culture. Homologous hybrids of normal monocytes remained
PMA-reactive. These results indicate that patients A and B
belong to one complementation group, whereas patients C and
D belong to another complementation group.

Wethen purified the monocytes of patient 113 (a boy) and
fused these cells with the monocytes of patient B or patient D
(Table II). The combination II3 X B did not show PMA-
reactive hybrids immediately after fusion. However, after 15 h
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Table II. Expression of NBT-reductase Activity in Somatic Cell Hybrids of Monocyles from Five Male CGDPatients

Time Percentage of NBT-positive homologous hybrids Percentage of NBT-positive heterologous hybrids
after
fusion A X A* B X B CX C* DX D* 113 X 113 A X B A X C* A X D* B X D CX D B X II3 DX 113

h

0-2.5 3 (n = 2) 0 (n = 3) 0 (n = 3) 2 (n = 3) 3 (n = 4) 0 (n = 2) 32 (n = 6) 30 (n = 4) 36 (n = 6) 0 (n = 2) 0 (n = 3) 15 (n = 6)
15 0 (n = 2) 0 (n = 3) 0 (n = 4) 0 (n = 2) 3 (n = 5) 0 (n = 1) 45 (n = 3) 44 (n = 10) nt 0 (n = 1) 15 (n = 4) 54 (n = 2)
40 0 (n = 2) 0 (n = 3) 0 (n = 2) 0 (n = 2) 3 (n =- 4) 0 (n = 1) 35 (n = 3) 22 (n = 7) nt 0 (n = 1) 28 (n = 6) 46 (n = 6)

nt, not tested. NBT-positive hybrids are given as percentage of the total number of hybrids (n slides counted). The total number of hybrids was determined from
slides stained with May-Grinwald/Giemsa. The results proved to be log-normally distributed and are therefore given as geometric means. Student's t test, corrected
for separate variance estimates, was performed on the results obtained with the B X 113 and D X 113 fusion as compared with the values in the same row and in the
same column. The results of this test (0.0002 < P < 0.014) are given in the text. A, B, C, D, and 113 indicate five different CGDpatients; for details, see the text.
* Results taken from ref. 11.

of maintenance culture, 15% of the hybrids were PMA-reactive
(difference with t = 0 h, P = 0.0002). After 40 h of culture,
28% of the hybrids were PMA-reactive (difference with t = 15
h, P = 0.009). The combination 113 X D showed 15% PMA-
reactive hybrids immediately after fusion (difference with
combinations A X C, A X D, and B X D at t = 0 h, P
= 0,0004-0.014). This number increased to 54% after 15 h of
culturing (difference with t = 0, P = 0.0008) and 46% after 40
h. The homologous hybrids of the monocytes from patient 113
persistently showed about 3% PMA-reactive cells.

In another experiment, the purified monocytes of patient
114 (a girl) were fused with those from a third male CGD
patient with the X-linked, cytochrome-b-negative form of the
disease. Again, PMA-reactive hybrids appeared in the course
of 2 d of culture. However, when cycloheximide (1 gg/ml) was
added directly after fusion, the hybrids remained PMA-un-
reactive, whereas addition of cycloheximide had no effect up
to 40 h on the percentage of positive hybrids in the combination
A X C (11). Hybrids of monocytes from patients II3 X II4
also remained PMA-unreactive.

Discussion

The patients described in this paper must be regarded as CGD
patients because their phagocytes are functionally indistin-
guishable from the phagocytes of patients with CGD. However,
the clinical histories of the patients are different from those of
most other CGDpatients, and more reminiscent of, although
not identical with (12), those of the patients with lipochrome
histiocytosis described by Ford et al. (21). Metabolically, the
phagocytes of the patients here described are slightly different
from those of classic CGDpatients (very low activity in the
NBT slide test with PMAand in the chemiluminescence assay
with FMLPas well as a very low cytochrome b content). We
have now found proof that the patients described in the present
report belong to a separate type of CGD, with a different
genetic mutation from either X-linked, cytochrome-b-negative
or autosomal recessive, cytochrome-b-positive CGD.

There are strong indications that the defect in the presently
described family is inherited in an autosomal way. Firstly, the
amount of cytochrome b in the granulocytes was diminished
in the nonaffected family members and hardly detectable in
the patients. Secondly, low-normal or subnormal values were
found with the granulocytes of the parents and their nonaffected
daughter II5 in the oxygen consumption, hydrogen peroxide
generation, NBT reduction (nylon column), and chemilumi-
nescence assays. And finally, in the NBTslide test, no mosaicism

was found in the granulocytes of the nonaffected girl or the
parents.

Recently, a number of reports have described a diminished
amount of flavins in CGD cells, both with and without
cytochrome b deficiency (22-24). In the family here described,
we found that the noncovalently bound flavin (mostly FAD)
was present in normal amounts in the membranes and in the
cytoplasm of granulocyte cytoplasts. Because cytoplasts generate
similar amounts of superoxide and hydrogen peroxide per unit
surface area upon stimulation as do intact granulocytes (18),
those flavoproteins that are associated with the oxidase activity
must be present in cytoplasts as well as in intact cells.
Therefore, the fact that we found normal amounts of nonco-
valently bound flavins in the granulocyte cytoplasts from this
family indicates that oxidase-associated flavoproteins were not
deficient in this family. Moreover, the amount of nonconva-
lently bound flavins in the homogenate from whole granulocytes
in patient 112 was also normal.

Because most CGDpatients recorded at present either
suffer from an X-linked, cytochrome-b-negative form of the
disease or from a (presumably) autosomal recessive, cyto-
chrome-b-positive form, the family here described (autosomal,
cytochrome-b-negative) might belong to a third type of CGD.
This notion was tested by monocyte hybridization. Indeed, as
described before (1 1), we found complementation between the
first two types of CGDbut not within these groups, which
proves that these two types are due to mutations at different
genetic loci. We also found that the monocytes from the
patients in the family described here gave rise to PMA-reactive
hybrids with the monocytes from either of the two other types
of CGD. This proves that the metabolic defect in this family
is genetically different from that of both X-linked, cytochrome-
b-negative and autosomal, cytochrome-b-positive CGD.

The granulocytes from patient II3, as well as the homologous
monocyte hybrids, showed a low percentage of PMA-reactive
cells, in contrast to the cells or hybrids from other CGD
patients. This difference might be caused by the very small
amount of cytochrome b still present in the cells of pa-
tient 113.

The lag-time observed in the appearance of PMA-reactive
hybrids when the monocytes of 113 or II4 were fused with
those of other CGDpatients suggests that protein synthesis is
required for the full expression of the NBT reductase activity
in these hybrids. Indeed, cycloheximide prevented these hybrids
from acquiring the ability to reduce NBT. In contrast, we
found previously that protein synthesis is not required for the
expression of the NBT reductase in hybrids of monocytes
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from X-linked, cytochrome-b-negative CGD patients with
monocytes from autosomal, cytochrome-b-positive CGDpa-
tients (11). In this latter combination, it appears that the
components of the oxidase and of the activation mechanism
for this system are donated directly by the fusing cells, and
perhaps combine in the plasma membrane of the hybrids to
form an active complex. The present results show that granu-
locytes or (cryopreserved) cytoplasts (25) should not be used
for complementation studies because these cells lack protein
synthesis.

Because cytochrome-b-negative phagocytes are found both
in X-linked CGDand in the autosomal form of CGDdescribed
here, the expression of the b-heme protein is coded by at least
two loci, one on the X-chromosome and one on an autosome.
It may seem strange that the expression of one protein
(cytochrome b) is coded by two different genetic loci. One
must realize, however, that the expression of cytochrome b is
measured spectrally. Absence of the b-heme optical signal may
be caused by a number of different defects, e.g., a defect in
the locus that codes for the protein of cytochrome b, a defect
in the locus that codes for an enzyme needed for the heme
incorporation into cytochrome b, a defect in the locus for an
anchoring protein of cytochrome b, etc. It is conceivable,
therefore, that protein synthesis is needed in the somatic cell
hybrids between the two forms of cytochrome-b-negative CGD
for the expression of NBT-reductase activity. Weexpect that
this protein synthesis leads to expression of cytochrome b in
these hybrids. Unfortunately, however, the fusion efficiency is
so low that it is impossible to obtain enough hybrids to
measure the b-heme signal.

It is clear that the complete unravelling of the molecular
biology of the NADPHoxidase system of phagocytes requires
much more work. It is also clear, however, that study of CGD
patients, especially those with unusual abnormalities, yields
important information about the composition of the oxidase
system. The technique of monocyte hybridization can be of
great value in these investigations.
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