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Legionella pneumophila was susceptible to the antimicrobial action of oxygen
metabolites generated by both the myeloperoxidase-H202-halide and the xanthine
oxidase systems.

Phagocytic cells have an impressive arsenal of
antimicrobial agents at their disposal. Chemical
agents implicated in the antimicrobial action of
phagocytic cells include organic acids (5), cat-
ionic proteins (21), toxic oxygen metabolites
(11), and myeloperoxidase (MPO) (13, 16). Le-
gionella pneumophila, the human pathogen re-
sponsible for Legionnaires disease, survives in-
tracellularly within phagocytes both in vivo (3,
19, 20) and in vitro (9, 10). The precise mecha-
nism by which L. pneumophila circumvents
phagocyte antimicrobial action has not been
established.

In a previous communication, we have identi-
fied a low-molecular-weight toxin produced by
L. pneumophila (7). Incubation of human poly-
morphonuclear leukocytes (PMN) with L. pneu-
mophila toxin dramatically inhibits phagocytos-
ing oxygen consumption and hexose
monophosphate shunt activity in a dose-depen-
dent manner at concentrations which do not
impair phagocytosis (8). Bacterial iodination and
killing are also significantly impaired in toxin-
treated PMN (8). If L. pneumophila is suscepti-
ble to oxygen-dependent microbicidal mecha-
nisms, the ability of L. pneumophila toxin to
inhibit the phagocytosis-associated generation
of toxic oxygen metabolites may be a critical
determinant of its virulence. In the present
study, we have examined the susceptibility of L.
pneumophila to killing by the MPO-H202-halide
system and by reactive oxygen derivatives pro-
duced by the xanthine oxidase system.

L. pneumophila Knoxville I was obtained
from the Centers for Disease Control, Atlanta,
Ga. Cultures were grown at 37°C on charcoal
yeast extract agar slants in a 5% CO2 atmo-
sphere and were transferred weekly.

Avirulent L. pneumophila had been passed on
agar slants for over two years. Virulent orga-
nisms were obtained by egg passage of the
avirulent bacteria four times via the yolk sac

route in 7-day-old embryonated hen eggs. After
the final egg passage, yolk sac membranes were
harvested and stored at -70°C. The egg 50%
lethal dose as determined by the method of
McDade and Shepard (17) was 1.4 x 106 bacteria
per ml for avirulent L. pneumophila and 4 x 103
bacteria per ml for the virulent organism.

Bacteria grown 4 to 5 days on charcoal yeast
extract agar slants were swabbed from the slants
and suspended to a final concentration of 5 x 107
colony-forming units (CFU) per ml in either
phosphate-buffered saline, pH 7.4, or 0.1 M
potassium phosphate, pH 5. In the MPO micro-
bicidal assay, 107 L. pneumophila cells were
incubated for 30 min at 37°C in polypropylene
tubes containing 2mM NaCl, 0.01 ,uM H202, and
150 o-dianisidine units ofMPO in a final volume
of 2 ml of 0.1 M potassium phosphate, pH 5.
MPO, which was purified by the method of
Agner (1), was generously supplied by Seymour
J. Klebanoff (University of Washington, Seattle,
Wash.). In the xanthine oxidase system, 5 x 106
bacteria were incubated for 60 min at 37°C in a
final volume of 1 ml containing (1.5 x 10-4)M
xanthine and 100 jig of xanthine oxidase (Boeh-
ringer-Mannheim Biochemicals, Indianapolis,
Ind.) per ml with or without the scavengers
histidine, mannitol, superoxide dismutase
(SOD) (Sigma Chemical Co., St. Louis, Mo.),
and catalase (Worthington Diagnostics, Free-
hold, N.J.). After incubation, samples were re-
moved, serially diluted, and spread on charcoal
yeast extract plates. Plates were incubated 5 to 7
days at 37°C, and colonies were counted.
MPO in the presence of H202 catalyzes the

oxidation of halides by H202 to form reactive
species, which are capable of halogenating and
oxidizing the chemical constituents of bacterial
membranes (4, 14). In addition, the products of
the MPO-H202-halide system oxidatively decar-
boxylate amino acids and cleave peptide bonds
(18). The bactericidal acitivity of the MPO-
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TABLE 1. Effect of the MPO-halide-H202 system
on L. pneumophila

Viable cell count
Reaction mixture (CFU/ml) (x106)y

Avirulent Virulent

Complete 0.000j1b 0.0f001b
MPO omitted 4.8 4.6
H202 omitted 5.2 4.5
MPO and H202 omitted 5.0 5.0

a Results are expressed as the mean of three experi-
ments. The number of viable organisms was consid-
ered statistically significant compared with the control
(5 x 106 CFU/ml) when P < 0.05.

P < 0.001.

mediated system is extremely potent, and this
system is considered to be the predominant
antimicrobial mechanism operative in PMN (15).
Analysis of the data presented in Table 1 clearly
indicates that L. pneumophila is sensitive to
MPO-mediated killing processes. Avirulent and
virulent L. pneumophila are equally susceptible
to MPO-mediated antimicrobial action. The bac-
tericidal activity of the MPO-H202-halide sys-
tem for L. pneumophila is absolutely dependent
on exogenously added H202. In contrast to
catalase-negative microorganisms, catalase-pos-
itive microorganisms such as L. pneumophila
fail to secrete H202. Although H202 is required
for microbicidal activity, the low concentration
of H202 used in these studies is not toxic in the
absence of MPO.
To evaluate the susceptibility of L. pneumo-

phila to other toxic oxygen metabolites generat-
ed independently of MPO, experiments with the
xanthine oxidase system were performed. Xan-
thine oxidase catalyzes the oxidation of xanthine

TABLE 2. Susceptibility of L. pneumophila to
oxygen intermediates generated by the xanthine

oxidase system'
Viable

Additive cell count(CFU/ml)
(X10o6)b

None 1.35 <0.001
Catalase (100 P,g/ml) 4.97
SOD (200 ,ug/ml) 4.11
Mannitol (10 mM) 4.04
Histidine (10 mM) 1.55 <0.01
MPO (150 U) 0.00001 <0.001

" The data shown were obtained by using avirulent
L. pneumophila; comparable results were obtained
with virulent L. pneumophila (data not shown).

b Results are expressed as the mean of three experi-
ments.

c Probability values are shown when the number of
viable organisms was statistically significant (P <
0.05) compared with the control (5 x 106 CFU/ml).

to hypoxanthine with the resultant production of
superoxide anion (G2 * ) and hydrogen peroxide
(H202) (6). These compounds may subsequently
interact to form hydroxyl radicals (-OH) (2) and
singlet oxygen (102) (12). The susceptibility of
L. pneumophila to each of the aforementioned
reactive oxygen species was assessed by incor-
porating specific inhibitors into the xanthine
oxidase reaction mixture. Mannitol acts as a
scavenger of (-OH), and singlet oxygen (102) is
quenched by histidine. A reduction in H202
concentration is achieved by incorporating cata-
lase in the xanthine oxidase reaction mixture.
Likewise, the concentration of (G27) may be
decreased by the inclusion of SOD.

L. pneumophila is susceptible to the oxygen
metabolites generated by the xanthine oxidase
system (Table 2). The killing is significantly
impaired by the inclusion of SOD, catalase, or
mannitol. These observations suggest that the
production of (-OH) is predominantly responsi-
ble for the bactericidal activity of the xanthine
oxidase system for L. pneumophila. Catalase
and SOD influence the (-OH) concentration indi-
rectly by decreasing the concentrations of the
substrates used in (-OH) formation. The
antimicrobial activity of the oxygen metabolites
generated by the xanthine oxidase system is
modest in comparison with the microbicidal
activity of the MPO-H202-halide system. When
MPO was added to the xanthine oxidase system,
the antimicrobial activity of the system was
dramatically augmented, and no viable colonies
are detected (Table 2).
The results indicate that L. pneumophila is

indeed susceptible to the microbicidal properties
of oxygen metabolites generated in vitro. The in
vivo production of toxic oxygen metabolites by
PMN is initiated by interaction at the cell sur-
face. L. pneumophila toxin selectively inhibits
the activation ofPMN oxidative metabolism (8).
Accompanying the defect in the oxidative trig-
gering of toxin-treated PMN is a corresponding
impairment of the killing of catalase-positive
microorganisms by the phagocytes (8). The abili-
ty of L. pneumophila toxin to selectively inhibit
the activation of PMN oxidative metabolic pro-
cesses represents a mechanism by which L.
pneumophila which is susceptible to these sys-
tems in vitro may evade their phagocyte antimi-
crobial action in vivo.
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cal assistance.

This work was supported by Public Health Service grant Al
17815 from the National Institutes of Health and by the
Medical Research Foundation of Oregon.

LITERATURE CITED

1. Agner, K. 1958. Crystalline myeloperoxidase. Acta Chem.
Scand. 12:89-94.

2. Beauchamp, C., and I. Fridovich. 1970. A mechanism for

INFECT. IMMUN.



NOTES 489

the production of ethylene from methional. The genera-
tion of hydroxyl radical by xanthine oxidase. J. Biol.
Chem. 245:4641-4646.

3. Blackman, J. A., M. D. Hicklin, F. W. Chandler, and the
Special Expert Pathology Panel. 1978. Legionnaire's dis-
ease. Pathological and historical aspects of a "new"
disease. Arch. Pathol. Lab. Med. 102:337-343.

4. Buege, J. E., and S. D. Aust. 1976. Lactoperoxidase-
catalyzed lipid peroxidation of microsomal and artificial
membranes. Biochim. Biophys. Acta 444:192-201.

5. Dubos, R. J. 1953. Effect of ketone bodies and other
metabolites on the survival and multiplication of staphylo-
cocci and tubercule bacilli. J. Exp. Med. 98:145-147.

6. Fridovich, J. 1970. Quantitative aspects of the production
of superoxide anion radical by milk xanthine oxidase. J.
Biol. Chem. 245:4053-4057.

7. Friedman, R. L., B. H. Iglewski, and R. D. MiDer. 1980.
Identification of a cytotoxin produced by Legionella
pneumophila. Infect. Immun. 29:271-274.

8. Friedman, R. L., J. E. Lochner, R. H. Bigley, and B. H.
Iglewski. 1982. The effects of Legionella pneumophila
toxin on human PMN oxidative processes and bacterial
killing. J. Infect. Dis. 146:328-334.

9. Horowitz, M. A., and S. C. Silverstein. 1981. Interaction
of the Legionnaires' disease bacterium with human phago-
cytes. I. L. pneumophila resists killing by polymorphonu-
clear leukocytes, antibody and complement. J. Exp. Med.
153:386-397.

10. Horowitz, M. A., and S. C. Silverstein. 1981. Interaction
of the Legionnaires' disease bacterium with human
phagocytes. II. Antibody promotes binding of L. pneumo-
phila to monocytes but does not inhibit intercellular
multiplication. J. Exp. Med. 153:398-406.

11. Johnson, R. B., Jr., B. B. Keel, Jr., H. P. Misra, J. E.
Lehmeyer, L. S. Webb, R. L. Baehner, and K. V. Rajago-
palan. 1975. The role of superoxide anion generation in

phagocytic bactericidal activity. Studies with normal and
chronic granulomatous disease leukocytes. J. Clin. In-
vest. 55:1357-1372.

12. Kellogg, E. W. mI, and I. Fridovich. 1975. Superoxide,
hydrogen peroxide and singlet oxygen in lipid peroxida-
tion by a xanthine oxidase system. J. Biol. Chem.
250:8812-8817.

13. Klebanoff, S. J. 1967. A peroxidase-mediated antimicrobi-
al system in leukocytes. J. Clin. Invest. 46:1078.

14. Klebanoff, S. J. 1967. lodination of bacteria: a bactericidal
mechanism. J. Exp. Med. 126:1063-1078.

15. Klebanoff, S. J. 1975. Antimicrobial mechanisms in neu-
trophilic polymorphonuclear leukocytes. Semin. Hema-
tol. 12:117-142.

16. Klebanoff, S. J., and C. B. Hamon. 1972. Role of my-
eloperoxidase-mediated antimicrobial system in intact
leukocytes. RES J. Reticuloendothel. Soc. 12:170-1%.

17. McDade, J. E., and C. C. Shepard. 1979. Virulent to
avirulent conversion of Legionnaires' disease bacterium
(Legionella pneumophila)-its effect on isolation tech-
niques. J. Infect. Dis. 139:707-711.

18. Selvaraj, R. J., B. B. Paul, R. R. Strauss, A. A. Jacobs,
and A. J. Sbarra. 1974. Oxidative peptide cleavage and
decarboxylation by the MPO-H202-Cl- antimicrobial sys-
tem. Infect. Immun. 9:255-260.

19. Winn, W. C., Jr., F. L. Glavin, D. P. Perl, J. L. Keller,
T. L. Andres, T. M. Brown, C. M. Coffin, J. E. Sensec-
qua, L. N. Roman, and J. E. Craighead. 1978. The pathol-
ogy of Legionnaires' disease. Arch. Pathol. Lab. Med.
102:344-350.

20. Winn, W. C., Jr., and R. L. Myerowitz. 1981. The pathol-
ogy of the legionella pneumonias. Hum. Pathol. 12:401-
422.

21. Zeya, H. I., and J. K. Spitznagel. 1966. Antimicrobial
specificity of leukocyte lysosomal cationic proteins. Sci-
ence 154:1049-1051.

VOL. 39, 1983


