
Two Forms of Autosomal Chronic Granulomatous 
Disease Lack Distinct Neutrophil Cytosol Pactors 

Chronic granulomatous diseases of childhood (CGD) are a group of disorders of 
phagocytic cell superoxide (02 .7  production (respiratory burst). Anion exchange 
chromatography separated from normal neutrophil cytosol a 47-kilodalton neutrophil 
cytosol factor, NCF-1, that restored activity to defective neutrophil cytosol from most 
patients with autosomally inherited CGD in a cell-free 02.--generating system. A 65- 
kilodalton factor, NCF-2, restored activity to defective neutrophil cytosol from one 
patient with autosomal CGD. NCF-1, NCF-2, and a third cytosol fraction, NCF-3, 
were inactive alone or in pairs, but together replaced unfractionated cytosol in cell-free 
02.- generation. Neutrophils deficient in NCF-1, but not NCF-2, did not phosphory- 
late the 47-kilodalton protein. It is proposed that NCF-1, NCF-2, and NCF-3 are 
essential for generation of 02,- by phagocytic cells and that genetic abnormalities of 
these cytosol components can result in the CGD phenotype. 

C HRONIC GRANULOMATOUS DISEASES 

of childhood (CGD) are a genetical- 
ly heterogeneous group of disorders 

of phagocytic cell superoxide (02.7  pro- 
duction that result in defective microbicidal 
activity, recurrent infections, and excessive 
granuloma formation. CGD occurs with X- 
linked inheritance (66%) or with autosomal 
inheritance (33%) (1). 

Polymorphonuclear neutrophilic leuko- 
cytes (PMNs) from most X-linked CGD 
patients lack a membrane-associated cyto- 
chrome bS58, required for production of 
0 2 . -  (1, 2). The gene responsible for this X- 
linked form of CGD codes for the large 
subunit of cytochrome bS58 (3). Most pa- 
tients with autosomally inherited CGD gen- 
erally have PMNs that contain cytochrome 
b558 (1, 4). 

The nature of the defect in the majority of 
cases of autosomal recessive, cytochrome 
b558-positive CGD (AR' CGD) has re- 
mained unclear. The 02.--generating en- 
zyme system of human PMNs, which is 
present in a dormant state in unstimulated 
PMNs, can be converted to an active form in 
a cell-free assay where both plasma mem- 
brane and cytosol fractions from resting 
PMNs are incubated together in the pres- 
ence of the reduced form of nicotinamide- 
adenine dinucleotide phosphate (NADPH) 
and either SDS or arachidonic acid (5) .  
PMNs from patients with AR' CGD have a 
defect of cytosol activity in this cell-free 
02.--generating assay, whereas the PMN 
membranes from these patients retain nor- 
mal activity (6 ) .  In addition, activated 
PMNs from these patients do not phospho- 
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rylate a 47-kD protein, which is phospho- 
rylated in activated PMNs from normal sub- 
jects (7, 8). 

In the present study, PMN membrane 
and cytosol fractions from CGD patients 
were prepared (9, 10) and used in a fully 
soluble cell-free 02.--generating system (1 1) 
with modifications to adapt it to a 96-well 
plate microassay (12). When any CGD pa- 
tient's PMN membranes were mixed with 
the same patient's PMN cytosol in this assay, 
there was little or no production of O2*-. 
When patient PMN membranes were mixed 
with normal PMN cytosol and the same 
patient PMN cytosol was mixed with nor- 
mal PMN membranes, only one of the two 
combinations resulted in significant Oz.- 
production, depending on the type of CGD. 

Six AR' CGD patients examined had 
normal activity of PMN membranes and 
markedly deficient activity of PMN cytosol. 
By contrast, eight X-linked CGD patients 
who were examined had significant activity 
in PMN cytosol and markedly deficient ac- 
tivity of PMN membranes, as expected for a 
cytochrome b558 defect (2, 3, 13). Two CGD 
patients, who are members of a kindred in 
which CGD appears to be inherited as an 
autosomal dominant trait (AD' CGD) ( I ) ,  
resembled the ARf CGD patients in that 
there was a defect in PMN cytosols but not 
PMN membranes. 

Further studies were done to determine 
the nature of the cytosol abnormality in 
PMNs from AR' and AD' CGD patients. 
PMN cytosol from each of eight such pa- 
tients was mixed in pairs as well as with 
normal cytosol in the cell-free assay contain- 
ing normal PMN membranes (Fig. 1). Miu- 
tures of each patient's PMN cytosol + nor- 
mal PMN cytosol + normal PMN mem- 
branes resulted in rates of 02-- production 
similar to or greater than the rate seen with 

an equivalent total amount of normal PMN 
cytosol + normal PMN membranes, indi- 
cating that the abnormality of PMN cytosol 
seen in these CGD patients is not due to 
production of an inhibitory factor. No pair- 
wise mixture of PMN cytosol from different 
AR+ or AD' CGD patients results in en- 
hancement of 0 2 ' -  production except for 
those combinations that include PMN cyto- 
sol from patient J.H. (shaded panels in Fig. 
1). Thus, J.H. appears to have a defect in 
PMN cytosol that is complementary to that 
seen in all of the other AR+ CGD patients, 
as well as the AD+ CGD patient (C.H.). 

When normal PMN cytosol was separated 
on a Mono Q anion exchange column (14) 
and fractions were examined for their abilitv 
to replace cytosol in cell-free 0 2 . -  genera- 
tion, a single major peak of activity was seen 
at fraction 25 (Fig. 2A). The total activity in 
this peak represents about 7% of the original 
activity applied to the column, suggesting 
either that activity had been destroyed dur- 
ing the separation or that a combination of 
multiple cytosol components might be re- 
quired for full activity. 

We added a subthreshold amount of un- 
fractionated PMN normal cytosol to each 
assay mixture during a second analysis of the 
fractions from the Mono Q column separa- 
tion in an attempt to reveal any fractions 
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Flg. 1. Analysis of complementation of Oz.-- 
generating activity in mixtures of cytosol from 
patients with ARt CGD (L.O., P.R., B. J., T.A., 
R.H., J.H., D.C., and S.J.) and AD* CGD 
(C.H.), as measured in the cell-free microassay 
(12). Results are expressed as change in 
A550 X 1000 over 10 min, where 21 (hAS50 of 
0.021) equals 1 nmol of superoxide produced. 
For the study in each panel, PMN cytosol from 
the individual indicated at the left side of that row 
of panels was mixed with an equal amount of 
PMN cytosol from the inlvidual indicated at the 
bottom of that column of panels, and lo6 cell 
equivalents of the cytosol mixture were added to 
the microassay. The shaded panels indicate com- 
binations in which complementation of different 
patients' PMN cytosol is evident as increased 
superoxide production. N, normal control; *, 
siblings. 
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with cryptic activity that might act synergis- 
tically with the subthreshold amount of 
original cytosol in the generation of 02.-  

(Fig. 2A). Three additional peaks of activity 
were revealed at fractions 6, 56, and 69. 
These three fractions, which were almost 
devoid of activity when assayed alone, could 
represent individual cytosolic components 
required for the total activity of cytosol in 
the cell-free 02.-  assay. The peak at fraction 
25, by contrast, was fully competent as a 

replacement for normal cytosol and may 
represent either a complex of the essential 
components in fractions 6,56, and 69 or an 
activated factor that did not require multiple 
components. 

To test the hypothesis that the cryptic 
peaks may be individual components of a 
complete cytosolic system, combinations of 
these fractions were tested for activity in the 
cell-fiee assay in place of cytosol (Fig. 2B). 
Only a mixture of all three cryptic peaks 

resulted in substantial synergistic activation 
of 02. -  production in the cell-tiee assay. 
Since some studies with the cell-free 02--- 
generating assay have reported that guano- 
sine triphosphate (GTP) plays a regulatory 
role (19, GTP or nonhydrolyzable GTP 
analog was added to pair-wise mixtures of 
the cryptic peaks from the Mono Q column 
with no apparent restoration of activity (16). 
This suggests that none of the peaks was 
GTP. When arachidonic acid was used as 
the activating agent, the addition of GTP or 
GTP analog to the active mixture of all three 
peaks in the cell-free assay resulted in a 
twofold increase in activity when compared 
to arachidonic acid alone (16). 

The dose-response curves for each frac- 
tion in the cell-free assay (Fig. 2C) demon- 
strate an optimum concentration in relation 
to the other components, suggesting that 
the stoichiometric proportions of the com- 
ponents are important in the activation of 
02.-  production. Each cryptic peak was 
then tested for the ability to restore activity 
to defective PMN cytosol from seven pa- 
tients with AR+ CGD and fiom one patient 
with AD+ CGD (C.H.) (Fig. 2D). The 
active component in Mono Q fraction 6, 
which we propose calling neutrophil cytosol 
factor 1 (NCF-l), restored significant 0 2 - - -  

generating activity to PMN cytosol from six 
of seven patients with AR+ CGD and from 
the one patient with AD+ CGD. NCF-1 did 
not enhance the activity of PMN cytosol 
from patient J.H., who has AR' CGD. The 
active component in Mono Q fraction 56, 
which we propose calling neutrophil cytosol 
factor 2 (NCF-2), restored significant 02--- 
generating activity to PMN cytosol from 
patient J.H. but not to that of any other 
patient. The active component in Mono Q 
fraction 69, which we propose calling neu- 
trophil cytosol factor 3 (NCF-3), was not 
effective at restoring activity to PMN cyto- 
sol fiom any of the patients tested. 

Volpp et al. (1 7) have developed a rabbit 
polyclonal antibody (B-1) against a GTP- 
binding fraction from PMN cytosol active in 
the cell-f;ee 02---producing assay. On the 
basis of our hctional studies, B-1 was used 
initially to perform SDS-polyacrylamide gel 
electrophoresis (PAGE) immunoblot analy- 
sis of PMN cytosol from S.J. and L.O., two 
of our AR+ CGD patients deficient in NCF- 
1 activity, and J.H., our CGD patient defi- 
dent in NCF-2 activity. As reported in these 
studies (17), NCF-1 deficiency correlated 
with the absence of the 47-kD protein de- 
tected by this antibody in normal PMN 
cytosol, whereas NCF-2 deficiency was cor- 
related with the absence of the 65-kD pro- 
tein detected by this antibody. Subsequent 
B-1 antibody immunoblot analysis of PMN 
cytosol from our five other AR+ and AD+ 
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Fig. 2. Analyses of cell-fm microassay 02.--generating activity of fractions and mi-rmrrs of fractions 
from a Mono Q anion exchange column separation of 5 x lo9 cell equivalents of normal PMN cytosol 
(14) with or without added PMN cytosol from normal or CGD patients. In all panels the ordinate 
indicates USSO as a measure of 02.- generation. (A) 02.--generating activity of 10-pl samples of Mono 
Q column fractions in the cell-free microassay in the absence (open circles) or in the presence (closed 
circles) of lo5 cell equivalents of added unfractionated normal PMN cytosol. (In-) SDS-PAGE 
immuno-peroxidase immunoblot analysis (19) of the indicated fractions with antibody B-1 (17), which 
detects cytosolic factors required for cell-free 02.- generation. (B) 02---generating activity of different 
mixtures of the indicated cytosol fractions from the Mono Q column separation shown in (A). Beneath 
each bar is indicated the volume (in microliters) of each fraction present in the mimassay. No 
unfractionated cytosol is present in any of the microassay samples. (C) Dose-response analysis of the 
02.--generating activity of different mixtures of the indicated amounts of cytosol fractions from the 
Mono Q column separation shown in (A). (D) Ability of cytosol fractions from the Mono Q column 
separation to restore the defective cytosol activity of PMN from AR+ or AD+ CGD in the cell-free 
assay. Patient PMN cytosol (5 x 10' cell equivalents) was mixed in the microassay with 20 pl of the 
indicated fraction from the Mono Q column separation shown in (A). The results from the three 
different fractions tested in combination with defective cytosol from a specific patient are shown as 
overlapping bars; the base of each bar is at 0. 
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Fig. 3. Autoradiograph of SDS-PAGE separated 
32P-labeled phosphotylated proteins from normal 
PMN (N) and from PMN from patients S. J. and 
J.H., who have AR+ CGD. Shown are control 
unstirnulated PMN (C) and PMN activated for 5 
min with PMA (1 ~glrnl). The arrow indicates 
the position of a 47-kD phosphorylated protein 
present in activated PMN from N and J.H. 
(NCF-2 deficient), but not S.J. (NCF-1 defi- 
cient). 

CGD patients showed that functional defi- 
ciency of NCF-1 activity is correlated with a 
specific deficiency of 47-kD protein in PMN 
cytosol with all cases (16). 

We also used B-1 in SDS-PAGE immu- 
noblot to determine the presence of these 
proteins in PMN cytosol fractions from the 
Mono Q column (Fig. 2 4  inset). B-l anti- 
body could bind to three protein bands on 
immunoblot of &donated normal PMN 
cytosol at 65 kD, 47 kD, and 30 kD (lane 
N). NCF-1 activity in fraction 6 was corre- 
lated with the presence of only the 47-kD 
band as detected by this antibody. Our 
Mono Q column fraction 25, which can 
substitute for whole cytosol in the cell-free 
02-- system, had some 47-kD band detect- 
able on immunoblot. This might represent 
47-kD protein in an activated state. NCF-2 
activity in fraction 56 was only correlated 
with the presence of the 65-kD band. B-1 
antibody did not react with any components 
from hction 69, which contains NCF-3 
activity. Instability of the activity of NCF-3 
has precluded fhher detailed analysis, but 
preliminary gel filtration analysis suggests 
that it has a molecular mass greater than 5 
kD, indicating that it is not a very low 
molecular mass cofactor. 

Several studies have shown that phorbol 
myristate acetate (PMA)-activated PMNs 
from patients with AR+ CGD do not phos- 
phorylate a 47-kD protein that is phospho- 
rylated in activated PMNs from normal indi- 
viduals (7,8). By means of a similar protocol 
(7, phosphorylation studies were done with 

plementary defeas of PMN cytosol as indi- 
cated in our studies above. An autoradio- 
graph of 32~-labe1ed control (C) and 
PMA-stimulated PMNs after analysis by 
SDS-PAGE is shown in Fig. 3. On PMA 
activation of normal PMNs (N), there was a 
marked increase in phosphorylation of a 47- 
kD protein. This band was absent from 
PMA-activated PMNs from an AR+ NCF- 
l-deficient CGD patient (S.J.), but was 
dearly present in PMA-activated PMNs 
from an AR+ NCF-2-deficient CGD pa- 
tient (J.H.). The results with S. J. are repre- 
sentative of findings with others of our 
NCF-l-deficient CGD patients. 

On the basis of our functional studies and 
the antibody studies of Volpp et al. (17), we 
conclude that a 47-kD protein is responsible 
for NCF-1 activity and is the defective cyto- 
sol component in almost all of the cases of 
AR+ and AD+ CGD. NCF-1 might be the 
47-kD phosphorylation substrate in normal 
PMNs that is not phosphorylated in NCF- 
l-deficient AR+ CGD PMNs. Some sup- 
port for this is a preliminary report by 
Bolscher et al. (18), describing the use of 
cation exchange chromatography to separate 
PMN cytosol into two complementary frac- 
tions active together in the cell-& 02.- 

assay. A late-eluting fkaction in their studies 
restored activity to PMN cytosol from sever- 
al AR+ CGD patients and contained a 47- 
kD protein that could be phosphorylated by 
protein kinase C. It is also possible that the 
absence of NCF-1 results in defective phos- 
phorylation of another protein that is not 
NCF-1 but is of similar molecular mass. 

Our functional studies and the antibody 
studies of Volpp et al. (1 7) show that the 65- 
kD protein is responsible for NCF-2 activity 
and is the missing cytosol component in our 
patient J.H., whom we have identified as 
deficient in NCF-2 activity. No patient in 
our study was deficient in NCF-3 activity. 
Our studies suggest that the CGD pheno- 
type could occur as a result of an abnormali- 
ty of this component, thus providing a 
theoretical basis for searching for a third 
form of AR+ CGD involving an abnorrnali- 
ty of NCF-3. 
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Reversal of Chloroquine Resistance in Malaria 

ICso = 160 ngiml). The parasites were 
maintained in human erythrocytes (type 
O+; 6% hematocrit) in vitro in RPMI 1640 
medium and 10% human serum (12). Drug 
testing was carried out by following [ 3 ~ ] -  
hypoxanthine incorporation to measure 
growth rates of P. falcipavum in the semiau- 
tomated microdilution technique (13) in 
which hematocrits were 1% and starting 
parasitemias were 0.5%. P. falcipavum was 
incubated with test compounds for 48 

Parasite ~lasmod iuk  fa~ci~arum by Desipramine hours. 
Evidence for marked synergism between 

desipramine and chloroquine against chlo- 
ALAN J. BITONTI,* ALBERT SJOERDSMA, PETER P. MCCANN, roquine-resistant P, falcipavum (FCR-3) was 
DENNIS E. KYLE, A. M. J. ODUOLA, RICHARD N. ROSSAN, obtained when we used isobologram anal- 
WILBUR K. MILHOUS, DAVID E. DAVIDSON, JR. ysis (5). Quantitative analysis of the efficacy 

of the desipramine-chloroquine combina- 
Desipramine and several other tricyclic antidepressant drugs reverse chloroquine tion was done by constructing dose-re- 
resistance in Plasmodium falciparum in vitro at concentrations observed in the plasma of sponse curves for chloroquine in the pres- 
human patients treated for depression. Reversal of resistance is associated with ence of several fixed concentrations of desip- 
increased chloroquine accumulation in the parasite, probably because of inhibition of a ramine. The presence of 20 to 500 ng of 
putative chloroquine efflux pump. When owl monkeys (Aotus lemurinus lemurinus) desipramine per milliliter caused a shift of 
infected with chloroquine-resistant Plasmodium falciparum were treated with chloro- the dose-response curves to the left, show- 
quine plus desipramine, their parasitemias were rapidly suppressed. Desipramine was ing that desipramine produced reversal of 
found to be one of the most effective compounds yet described for the reversal of chloroquine resistance in the multidrug-re- 
chloroquine resistance both in vitro and in vivo. sistant Indochina W-2 clone (Fig. 1A). Sim- 

ilar results were obtained with the FCR-3 

C HLOROQUINE, A 4-AMINOQUINO- undergoing treatment for depression (9).  strain. Desipramine did not change the re- 
line introduced for the treatment of Owl monkeys (Aotus lemuvinus lemuvinhs) in- sponse of the chloroquine-sensitive West 
malaria over 40 years ago (I), is fected with chloroquine-resistant P, falci- African clone D-6 to chloroquine (Fig. 1B). 

highly effective against susceptible strains of pavtrm and treated with desipramine plus Desipramine alone at 500 ngiml did not 
Plasmodiumfalcipavtrm; however, chloroquine chloroquine showed rapidly suppressed par- inhibit the growth of P, falcipavum (FCR-3) 
resistance, which was first reported in 1961 asitemias, demonstrating the potential clini- by more than 20 to 30% (IC50 > 4000 
(Z), now occurs in most geographic regions cal use of this chemotherapeutic approach. ngiml). A number of antidepressant drugs 
where malaria is endemic. It is now known Three strains of P. falcipavum were used: were analyzed in this manner, and the con- 
that resistant plasmodia accumulate less chloroquine-susceptible West African clone centrations of drug that would lower the 
chloroquine than do susceptible strains (3) ,  D-6 (10) [chloroquine ICso (50% inhibitory chloroquine ICso by 50% and 80% were 
and recent work shows that this reduced concentration) = 7 ngiml], chloroquine-re- determined (Table 1). 
accumulation may be due to rapid efflux of sistant FCR-3 (11) (chloroquine ICso = 70 Desipramine increased the accumulation 
the drug from the resistant parasite. Verapa- ngiml), and the multidrug-resistant Indo- of [3H]chloroquine by approximately ten 
mil, a calcium channel blocker, inhibits this china clone W-2 (10) (chloroquine times in clone W-2 and approximately three 
process (4) and reverses chloroquine resist- 
ance in P, falcipavum in vitro (5). Other 
calcium antagonists reverse chloroquine Table 1. Reversal of chloroquine resistance with antidepressant drugs. The parasites were incubated 
resistance in vivo (6).  with serial twofold dilutions of chloroquine known to produce well-defined dose-response curves along 

The knowledge that some tricyclic psy- with fixed concentrations of antidepressant drugs. [3H]Hypoxanthine incorporation was used as an 
indicator of antimalarial effects in vitro. The values represent the mean concentrations of antidepressant 

chOtro~ic drugs have weak intrinsic antima- drugs that cause either a 50% or an 80% decrease in the ICjO of chloroquine in at least two experiments 
larial activity (7) and are calcium antagonists in which the results were within 30% of the mean. 
(8) prompted us to study one class of these 
drugs in combination with chloroquine. We Concentration of drugs needed for 

reversal of chloroquine resistance (ngiml) report here that desipramine (Norpramin), 
as well as other tricyclic antidepressant com- Drug West African Indochina 
pounds, reverses chloroquine resistance in FCR-3 strain Wr-2 clone 
two P. falcipavum strains in vitro at concen- 50% 80% 50% 80% 
trations that occur in the plasma of patients 

Desipramine 40 150 35 120 
A. p r O t r i ~ ~ l i n e  30 80 50 160 
Research Institute, Cincinnati, O H  45215. Imipramine 30 130 50 150 
D. E. Kyle, A. M. J. Oduola, W. K. Milhous, D. E. Nortriptyline 40 120 80 200 
Davidson, Jr., Division of Experimental Therapeutics, Doxepin 
Walter Reed Army Institute of Research, Washington, ~~~~~~i~ 

70 150 3 5 140 

DC 20307. 120 320 360 >500 
R. N. Rossan, Gorgas Memorial Laboratory, Panama, Ma~roti!ine 165 500 280 >500 
APO Miami, FL 34002-0012. M~anser~n 350 >500 >500 >500 

Trazodone >500 >500 >500 >500 
*To whom correspondence should be addressed. 
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