
RAPID PUBLICATIONS

Leukotriene Biosynthesis by Polymorphonuclear
Leukocytes from Two Patients

with Chronic Granulomatous Disease
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A B S T R A C T Polymorphonuclear leukocytes (PMNL)
isolated from two patients with chronic granulomatous
disease (CGD) were tested for their ability to metab-
olize arachidonic acid to lipoxygenase products in-
cluding 5(S),12(R)-dihydroxy-6, 14-cis-8, 10-trans-ei-
cosatetraenoic acid (LTB4). Analyses of incubations of
these PMNLwith arachidonic acid and the calcium
ionophore A23187 did not differ from simultaneous
controls in the production of LTB4, other 5,12-dihy-
droxy-eicosatetraenoic acids, or monohydroxy-eicosa-
tetraenoic acids.

The clinical diagnosis of CGDwas confirmed in both
cases by determination of PMNLchemiluminescence.
Leukocytes from both patients failed to generate active
oxygen species in response to either LTB4 or formyl-
methionyl-leucyl-phenylalanine. The observation of
arachidonic acid oxidation in the absence of superoxide
anion precludes a role for the active oxygen species in
this metabolic process. These studies clearly dissociate
the ionophore-induced leukocyte respiratory burst from
the oxidation of arachidonate to the leukotrienes. In
addition, the defect of CGDappears to be unrelated
to the ability of PMNLto carry out arachidonate ox-
ygenation.
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INTRODUCTION

Chronic granulomatous disease (CGD)' is character-
ized by a defect in the polymorphonuclear leukocyte
(PMNL) production of superoxide anion (1), hydrogen
peroxide, singlet oxygen, and hydroxyl radicals (2, 3).
These oxygen species contribute to leukocyte-me-
diated bacterial killing (2, 3) and their absence is gen-
erally believed to account for the impaired ability of
patients with CGDto resist certain bacterial infec-
tions (4).

In addition to a bactericidal activity, active oxygen
species can stimnulate the peroxidation of unsaturated
lipids. Superoxide-generating systems have been used
to oxidize plasma lipids (5) as well as arachidonic acid
in vitro (6, 7) to produce chemotactic substances. In a
careful chemical analysis of arachidonic acid cooxi-
dation by superoxide-dependent oxidants, Fridovich
and Porter (7) found 5-hydroperoxy-eicosatetraenoic
acid to predominate. 5-Hydroperoxy-eicosatetraenoic
acid can also be generated enzymatically by human
PMNL (8). This hydroperoxide is further converted
via an unstable epoxide to the leukotrienes (9), a novel
group of metabolites which appear to play an important

'Abbreviations used in this paper: CGD, chronic gran-
ulomatous disease; HPLC, high performance liquid chro-
matography; LTB4, leukotriene B4, 5(S),12(R)-dihydroxy
-6,14-cis-8,10-trans-eicosatetraenoic acid; PMNL, poly-
morphonuclear leukocytes; 5(S),12(S)-DHETE, 5(S),12(S)-
dihydroxy-6,10-trans-8,14-cis-eicosatetraenoic acid.
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role in inflammation. 5(S),12(R)-dihydroxy-6,14-cis-
8,10-trans-eicosatetraenoic acid (leukotriene B4; LTB4)
has been shown to stimulate human PMNLchemotaxis
(10, 11), degranulation (12), and adherence (13). Other
leukotrienes have potent biological activities as well,
including leukotriene C4 and its metabolites, previously
known as the slow-reacting substances (see reference
14 for review).

Since leukocytes synthesize oxidized lipids which are
chemotactically potent as well as activated oxygen spe-
cies at levels sufficient to oxidize unsaturated fatty ac-
ids, a strong parallel exists between the in vitro systems
mentioned above and the stimulated leukocyte. These
data suggest that a superoxide-dependent oxidant may
directly attack arachidonate to yield the hydroperoxy
acid precursors to the leukotrienes. This chemical ox-
idation has been calculated to adequately account for
the total production of oxidized lipids by PMNLunder
certain conditions (15). Alternatively, the production
of the hydroperoxy acid leukotriene precursors has,
itself, been proposed to be a significant source of active
oxygen species through decomposition of the peroxide
(16). The absence of superoxide anion production in
the leukocytes of CGDpatients, therefore, offers a
unique opportunity to resolve the interaction between
this active molecule (and its consequent oxidants) and
arachidonic acid lipoxygenation. In these studies,
PMNLwere obtained from two patients previously
characterized as suffering from CGD. The metabolic
activity of these cells in oxidizing arachidonic acid to
leukotrienes was assessed. At the same time, the ability
of these leukocytes to generate superoxide anion in
response to LTB4 stimulation was determined in a che-
miluminescence assay.

METHODS
Patients. Patient 1, a 30-yr-old male, has suffered from

recurrent severe bacterial infections (primarily due to Staph-
ylococcus aureus) since childhood (17, 18). Previous studies
have shown that his PMNLdo not reduce nitroblue tetra-
zolium nor do they increase their oxygen consumption upon
stimulation. These cells exhibited reduced bactericidal ca-
pacity, but had normal staining characteristics for myelo-
peroxidase and alkaline phosphatase.

Patient 2, a 37-yr-old male, had recurrent pneumonias and
sinusitis during childhood. His major adult infections have
been recurrent or chronic gingivitis and skin infections. Pre-
vious studies showed that his PMNL gave only marginal
nitroblue tetrazolium reduction and exhibited a markedly
reduced bactericidal activity; his serum immunoglobulins and
complement factors, serum opsonin function, and in vitro
lymphocyte reactivity were all normal.

The present investigations occurred while both patients
were apparently healthy and disclosed reduced bactericidal
activity and normal ultrastructure of PMNLby electron
microscopy.

PMNLPreparation. Blood was obtained from healthy
donors of both sexes and from two male CGDpatients during

infection- and drug-free intervals. After venipuncture, blood
was allowed to drip into plastic tubes containing either
EDTA (final concentration 7.7 mM) or heparin (final con-
centration 10 IU/ml).

Leukocytes for chemiluminescence assays were prepared
from heparinized blood by dextran sedimentation and re-
peated saline washes (19); they were finally suspended in
Hank's balanced salt solution (HBSS). Leukocytes used for
the leukotriene synthesis experiments were prepared from
the EDTA-treated blood as follows. The blood was centri-
fuged for 15 min at 200 g to remove the platelets. The re-
maining cells were mixed with an equal volume of Dextran
T-500 (20 g/liter) in a sodium chloride solution (0.154 M)
to remove the bulk of the erythrocytes by sedimentation.
After 45 min at 4°C, the granulocyte-rich upper layer was
aspirated and the cells collected by centrifugation at 200 g
for 15 min. The cell pellet was resuspended once or twice
in an ammonium chloride (0.14 M)/Tris (17 mM) solution
(pH 7.4) and warmed to 37°C for 7 min to lyse residual
erythrocytes. After a final centrifugation at 200 g for 10 min,
the cell pellet was resuspended in Dulbecco's phosphate-
buffered saline (pH 7.4) to the desired concentration. This
purification yielded a cell suspension that contained -90%
granulocytes.

Arachidonic acid metabolism and product purification.
Cell incubations followed previously reported conditions for
cell number, arachidonate and ionophore concentrations, and
time of incubation (9, 20, 21). These conditions were designed
to produce maximal conversion of arachidonate to oxygenated
products. PMNLsuspensions (25 X 106 cells/ml) were warmed
to 37°C for 10 min before the addition of arachidonic acid
(150 uM, 1.6-2.5 MCi) and the calcium ionophore A23187
(5 uM). The cells were shaken for 10 min, after which the
reactions were stopped by addition of cold methanol (1.5
vol). The incubations were left at 4°C overnight and the
protein precipitate was removed by centrifugation. The re-
action mixtures were acidified to pH 2.5 with hydrochloric
acid (3 N) and extracted with diethyl ether as previously
described (22). The ether extracts were applied to silicic acid
(Silicar CC-4) columns eluted sequentially with hexane/ether
(90:10, vol/vol), hexane/ether (60:40, vol/vol), and ethyl
acetate. This procedure generally recovered >90% of the
added radioactivity from this type of incubation. Specifically,
in the data presented here, the recovery was 92.6% or better
in every case. The total conversion of added substrate to
leukotrienes was similar to that reported in previous studies
(e.g., 20).

The leukotrienes, contained in the ethyl acetate fraction,
were purified by reverse-phase high performance liquid
chromatography (HPLC) on a Polygosil 60-10 C18 column
(500 mmX 10 mm)eluted with methanol/water/acetic acid
(75:25:0.01, vol/vol). The fractions eluting with the same
retention value as standard compounds were collected, pooled,
and evaporated to dryness. The material was dissolved in
methanol (0.1 ml) and esterified with an excess of ethereal
diazomethane. These solvents were removed after 5 min at
room temperature and the sample was dissolved in a small
volume of the straight-phase HPLC mobile phase, hexane/
isopropanol/acetic acid (95:5:0.01, vol/vol) and injected onto
a Nucleosil 50-5 column (250 mmX 4 mm). The solvent flow
was 1 ml/min and the eluent was monitored by a UVdetector
set at 270 nm.

The monohydroxy acid metabolites of arachidonic acid
were recovered in the hexane/ether (60:40, vol/vol) fraction
and separated on reverse-phase HPLCas above. The eluent
was monitored at 232 nm for these compounds.
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All HPLCidentifications were based on co-chromatography
with standard material.

Chemiluminescence assay. PMNLchemiluminescence
was determined as reported in reference 23. Briefly, PMNL
(1.5 X 106 cells/ml) were suspended in HBSS with luminol
(0.17 mM)and human serum albumin (10 mg/ml). The cells
were preincubated at 370C for 5 min. During this period,
background light emission was monitored in a luminometer
(LKB Instruments, Inc., Stockholm) and used to correct stim-
ulated values for background. After this preincubation, stim-
ulating agents were added and chemiluminescence was mea-
sured continuously for 1 min and periodically through 15
min. The results were expressed as maximum light emission
less background in millivolts. None of the agents tested pro-
duced luminescence in the complete system with PMNL
omitted.

RESULTS

PMNLarachidonic acid metabolism. PMNLwere
isolated from two CGDpatients on several occasions.
The cells were incubated with arachidonic acid and
A23187 as detailed above and the leukotrienes were
extracted and purified by silicic acid column chro-
matography. Nearly identical amounts of the extracted
radioactivity were recovered in the leukotriene fraction
from both control (4.8%) and patient (4.7%) leukocyte
incubations. The leukotrienes were further purified by
HPLC. The final analytical step was separation of the
purified leukotriene methyl esters by straight-phase
HPLC. The production of four major arachidonic acid
metabolites was confirmed. PMNLderived from the
CGDpatients were capable of synthesizing LTB4, 6-
trans-LTB4, 12-epi-6-trans-LTB4, and 5(S),12(S)-di-
hydroxy-6, 10-trans-8, 1 4-cis-eicosatetraenoic acid
(5(S),12(S)-DHETE) (Fig. 1). These experiments lead
us to suggest that there are no differences in the quan-
tities of these dihydroxy acids produced by CGDor
normal PMNL.

The monohydroxy acids derived from arachidonate
were also analyzed. There were no qualitative differ-
ences between CGDand normal PMNLproducts. In
addition, similar levels of 5-, 12-, and 15-hydroxy-ei-
cosatetraenoic acid were synthesized by both patient
and control leukocyte preparations.

Chemiluminescence. Leukocytes obtained from a
group of normal volunteers produced a distinct burst
of chemiluminescence when challenged with either
formyl-methionyl-leucyl-phenylalanine or LTB4 (Table
I). However, PMNLof both CGDpatients failed to
respond when stimulated under identical conditions.
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FIGURE 1 Separation of leukotriene methyl esters on straight-
phase HPLC. PMNLfrom two CGDpatients and controls
were incubated with arachidonic acid (150 ,uM) and A23187
(5 MM) for 10 min at 370C. The reaction was stopped with
cold methanol. The incubation mixture was acidified and
extracted with diethyl ether. The lipids were fractionated
on silicic acid columns and the most polar material was sub-
jected to reverse-phase HPLC. The main peaks of material
with UV light absorption at 270 nm were pooled, converted
to methyl esters, and subjected to straight-phase HPLC on
a Nucleosil 50-5 column eluted with hexane/isopropanol/
acetic acid (95:5:0.01, vol/vol) at a flow rate of 1 ml/min.
The eluent was monitored by a UV detector set at 270 nm.
(A) CGDPatient 1 leukocytes. (B) Normal leukocytes. This
pattern typifies the results obtained from both patients and
on several occasions.

DISCUSSION

The clinical diagnosis of chronic granulomatous dis-
ease in both patients was confirmed biochemically.
PMNL from the patients did not produce chemilu-

minescence after appropriate stimulation. This indi-
cates that active oxygen species, including superoxide
anion, were not formed.
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TABLE I
Chemilunminescence of Normal vs. CGDPMNL

Stimulus

Formyl-methionyl-
leucyl-phenylalanine LTB4

(100 nM) (100 nM)

Patient 1 0.5±0.05 mV° 0 mv°
Patient 2 1.0±0.14 mVt 0 mvt
Normal 101.0±27.0 mV§ 8.3±3.5 mV§

PMNL(1.5 X 106 cells/ml) isolated from normal inidividuals and two
CGDpatients were mixed with luminol (0.17 mM)and human serum
albumin (10 mg/ml) in HBSS. The cells were preincubated for 5 min
at 370C before the addition of the stated stimulating agent. Maximum
light emission (in millivolts) during the following 15 min less back-
ground emission was calculated as chemiluminescence.

Quadruplicate determinations on two occasions.
I Triplicate determinations on one occasion.
§ Duplicate deterrninations: n = 10.

In contrast to the deficient leukocyte respiratory
burst, PMNLfrom both patients were able to synthesize
the same range and level of mono- and dihydroxy-
arachidonic acid metabolites as control cells. This in-
cludes the biologically active leukotriene, LTB4, which
activates PMNLin vitro.

These studies allow a clear separation of leukotriene
biosynthesis from leukocyte-generated active oxygen
species. The presence of superoxide anion and its con-
sequent oxidants is not a prerequisite to leukotriene
formation. Furthermore, the oxidative metabolism of
arachidonate via hydroperoxide intermediates does
not contribute significantly to the formation of chem-
iluminescent oxygen species.

Finally, the inadequacy of CGDneutrophil bacte-
ricidal activity is not due to a failure to oxidize ara-
chidonic acid to LTB4. The possibility that the defect
of this disease is related to the cellular response to
leukotrienes rather than leukotriene synthesis is cur-
rently under investigation.

ACKNOWLEDGMENTS

Wethank Ms. Ulla Andersson and Ms. inger Tollman-Hans-
son for superb technical assistance. Weare indebted to Pro-
fessor A. Forsgren, Dr. J. Braconnier, Dr. B. Bresky, and Dr.
S. Olling for access to their patients.

The research was supported by the North Atlantic Treaty
Organization, National Institutes of Health, National Research
Service Award 1 F32 HL06265-01 from the National Heart,
Lung, and Blood Institute, the Swedish Medical Research
Council (19X-05991), the Swedish Association against Rheu-
matism, P. and A. Hedlund's Fund, and King Gustaf's Fund.

REFERENCES

1. Curnutte, J. T., D. M. Whitten, and B. M. Babior. 1974.
Defective superoxide production by granulocytes from
patients with chronic granulomatous disease. N. Engl.
J. Med. 290:593-597.

2. Babior, B. M. 1978. Oxygen-dependent microbial killing
by phagocytes. N. Engl. J. Med. 298:659-668.

3. Badwey, J. A., and M. L. Karnovsky. 1980. Active oxygen
species and the functions of phagocytic leukocytes. Ann.
Rev. Biochem. 49:695-726.

4. Holmes, B., P. G. Quie, D. B. Windhorst, and R. A.
Good. 1966. Fatal granulomatous disease of childhood:
an inborn abnormality of phagocytic function Lancet.
1:1225-1228.

5. Petrone, W. F., D. English, K. Wong, and J. M. McCord.
1980. Free radicals and inflammation: superoxide-de-
pendent activation of a neutrophil chemotactic factor
in plasma. Proc. Natl. Acad. Sci. LISA. 77:1159-1163.

6. Perez, H. D., B. B. Weksler, and I. M. Goldstein. 1980.
Generation of a chemotactic lipid from arachidonic acid
by exposure to a superoxide-generating system. Inflam-
mation. 4:313-328.

7. Fridovich, S. E., and N. A. Porter. 1981. Oxidation of
arachidonic acid in micelles by superoxide and hydrogen
peroxide. J. Biol. Chem. 256:260-265.

8. Borgeat, P., M. Hamberg, and B. Samuelsson. 1976.
Transformation of arachidonic acid and homo--y-lino-
lenic acid by rabbit polymorphonuclear leukocytes:
monohydroxy acids from novel lipoxygenases. J. Biol.
Chem. 251:7816-7820. Correction. 1977. 252:8722.

9. Ridmark, O., C. Malmsten, B. Samuelsson, G. Goto, A.
Marfat, and E. J. Corey. 1980. Leukotriene A isolation
from human polymorphonuclear leukocytes. J. Biol.
Chem. 255:11828-11831.

10. Malmsten, C. L., J. Palmblad, A.-M. Uden, 0. RaBdmark,
L. Engstedt, and B. Samuelsson. 1980. Leukotriene B4.
A highly potent and stereospecific factor stimulating
migration of polymorphonuclear leukocytes. Acta Phy-
siol. Scand. 110:449-451.

11. Ford-Hutchinson, A. W., M. A. Bray, M. V. Doig,
M. E. Shipley, and M. J. H. Smith. 1980. Leukotriene
B, a potent chemokinetic and aggregating substance re-
leased from polymorphonuclear leukocytes. Nature
(Lond.). 286:264-265.

12. Feinmark, S. J., J. A. Lindgren, H.-E. Claesson, C.
Malmsten, and B. Samuelsson. 1981. Stimulation of hu-
man leukocyte degranulation by leukotriene B4 and its
cw-oxidized metabolites. FEBS (Fed. Eur. Biochem. Soc.)
Lett. 136:141-144.

13. Dahlen, S.-E., J. Bj6rk, P. Hedqvist, K.-E. Arfors, S.
Hammarstrom, J. A. Lindgren, and B. Samuelsson. 1981.
Leukotrienes promote plasma leakage and leukocyte
adhesion in postcapillary venules: in vivo effects with
relevance to the acute inflammatory response. Proc. Natl.
Acad. Sci. USA. 78:3887-3891.

14. Samuelsson, B. 1983. Leukotrienes: mediators of im-
mediate hypersensitivity reactions and inflammation.
Science (Wash. DC). 220:568-575.

15. Badwey, J. A., J. T. Curnutte, and M. L. Karnovsky.
1981. Cis-polyunsaturated fatty acids induce high levels
of superoxide production by human neutrophils. J. Biol.
Chem. 256:12640-12643.

1842 S. J. Feinmark, A.-M. Ude'n, J. Palmblad, and C. Malmsten



16. Smith, R. L., and M. J. Weidenmann. 1980. Reactive
oxygen production associated with arachidonic acid
metabolism by peritoneal macrophages. Biochem. Bio-
phys. Res. Commun. 97:973-980.

17. Hultborn, R., and S. Olling. 1973. Studies on leukocyte
function by measuring respiration and nitroblue tetra-
zolium reduction by simplified methods. Scand. J. Clin.
Invest. 32:297-304.

18. Elgefors, B., S. Olling, and H. Peterson. 1978. Chronic
granulomatous disease in three siblings. Scand. J. Infect.
Dis. 10:79-85.

19. Ewetz, L., J. Palmblad, and A. Thore. 1981. The rela-
tionship between luminol chemiluminescence and kill-
ing of Staphylococcus aureus by neutrophil granulo-
cytes. Blut. 43:373-381.

20. Borgeat, P., and B. Samuelsson. 1979. Arachidonic acid
metabolism in polymorphonuclear leukocytes: effects of

ionophore A23187. Proc. Natl. Acad. Sci. USA. 76:2148-
2152.

21. Borgeat, P., and B. Samuelsson. 1979. Arachidonic acid
metabolism in polymorphonuclear leukocytes: unstable
intermediate in formation of dihydroxy acids. Proc.
Nati. Acad. Sci. USA. 76:3213-3217.

22. Borgeat, P., and B. Samuelsson. 1979. Metabolism of
arachidonic acid in polymorphonuclear leukocytes:
structural analysis of novel hydroxylated compounds. J.
Biol. Chem. 254:7865-7869.

23. Palmblad, J., A.-M. Uden, I. Friberg, B. Ringertz, 0.
Radmark, J. A. Lindgren, G. Hansson, and C. L. Malms-
ten. 1983. Effects of novel lipoxygenase products on neu-
trophil and eosinophil functions in vitro. In Advances
in Prostaglandin, Thromboxane and Leukotriene Re-
search. B. Samuelsson, R. Paoletti and P. Ramwell, ed-
itors. Raven Press, New York. 12:25-31.

Leukotrienes and Chronic Granulomatous Disease 184t3


