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Abstract

Myeloperoxidase (MPO), H202, and chloride form an antimi-
crobial system in neutrophilic polymorphonuclear leukocytes
(PMN) effective against a variety of microorganisms. Normal
human PMN, when stimulated with phorbol myristate acetate

or opsonized zymosan, are viricidal to HIV-1. The viricidal
effect was lost when chloride was replaced by sulfate and was

inhibited by the peroxidase inhibitor azide and by catalase, but
not by heated catalase or superoxide dismutase, implicating
H202. Stimulated PMNfrom patients with chronic granulo-
matous disease (CGD) were not viricidal to HIV unless H202
or glucose oxidase (which generates H202) was added, and the
viricidal activity of H202-supplemented CGDPMNwas inhib-
ited by azide, implicating endogenous MPO.Stimulated PMN
from patients with hereditary MPOdeficiency had decreased
viricidal activity unless MPOwas added, and the viricidal activ-
ity of MPO-supplemented, MPO-deficient PMNwas inhibited
by catalase, implicating endogenous H202. The data suggest
that when PMNare stimulated, MPOreleased by degranula-
tion reacts with H202 formed by the respiratory burst to oxi-
dize chloride to a product (presumably hypochlorous acid) that
is toxic to HIV-1. Our findings raise the possibility that this
viricidal effect of stimulated PMNmay influence the host de-
fense against HIV-1. (J. Clin. Invest. 1992. 89:2014-2017.)
Key words: neutrophil * chronic granulomatous disease * heredi-
tary myeloperoxidase deficiency * AIDS hypochlorous acid.
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Introduction

Wehave previously reported that the cell-free myeloperoxidase
(MPO)1-H202-halide system is viricidal to HIV-l and that
H202-generating Lactobacillus acidophilus can provide the
H202 required for this system (1). Since lactobacilli and peroxi-
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1. Abbreviations used in this paper: CGD, chronic granulomatous dis-
ease; MPO, myeloperoxidase; TCID, tissue culture infective dose.

dase are present in the vagina of most normal women(2-4), the
possibility was raised that heterosexual transmission of HIV-l
may be influenced by the presence and level of the peroxidase-
mediated antimicrobial system in the vagina.

MPOis present in large amounts in cytoplasmic granules of
neutrophilic polymorphonuclear leukocytes (PMN) and is re-
leased into either the phagosome or the extracellular fluid when
PMNare stimulated by a variety of soluble or particulate stim-
uli (5, 6). Stimulation of PMNalso results in a respiratory burst
in which oxygen is reduced first to the superoxide anion (O2)
and then to H202. MPO, H202, and chloride form an antimi-
crobial system in PMNthrough the formation of powerful oxi-
dants, namely, hypochlorous acid and related chloramines (5,
6). Wereport here that intact-stimulated PMNare viricidal to
HIV-l, and provide evidence for the involvement of the MPO-
H202-chloride system in this toxicity.

Methods

Reagents. The lymphadenopathy associated virus-I (LAV-1) strain of
HIV- 1, kindly provided by Genetic Systems, Seattle, WA, was propa-
gated in CEMcells (Genetic Systems) in RPMI-1640 (Gibco Laborato-
ries, Grand Island, NY) containing 10% fetal calf serum (Gibco Labora-
tories), 50 U/ml penicillin, 50 ,g/ml streptomycin, 0.01% DEAEDex-
tran (500,000 Mr, Sigma Chem. Co., St. Louis, MO)and 0.01 MHepes
buffer pH 6.8 (CEMgrowth medium). A stock viral preparation of 106
tissue culture infective dose (TCID)5J/ml in CEMgrowth medium was
frozen at -70'C and on the day of the experiment was diluted 100-fold
in 0.1 Msodium sulfate before a further 10-fold dilution in the reaction
mixture (final concentration 1,000 TCID5iJml). In addition to the com-
ponents listed in the table legends, the reaction mixture contained all
the components present in CEMgrowth medium diluted 1,000-fold.
Catalase (CTR, bovine liver, 84,150 U/mg) was obtained from Worth-
ington Biochemical Corp. (Freehold, NJ), phorbol myristate acetate
(PMA), Histopaque-1077, superoxide dismutase (bovine erythrocyte,
3,150 U/mg) and glucose oxidase (Aspergillus niger type V) from
Sigma Chem. Co. The catalase was dialyzed against water overnight
before use and was heated at 100GC for 20 min where indicated. The
PMAwas dissolved in dimethylsulfoxide and the concentration of the
latter in the reaction mixture did not exceed 0.0 1%. MPOwas purified
from human leukocytes (7) and assayed by guaiacol oxidation (8). Zy-
mosan (ICN Pharmaceuticals, Inc., Cleveland, OH) was suspended in
water by homogenization, boiled for 20 min, washed twice, and sus-

pended in water at 10 mg/ml. The zymosan was opsonized by incuba-
tion with an equal volume of pooled normal serum for 20 min at 37°C
with shaking, and the opsonized zymosan was washed twice and sus-

pended in water at 10 mg/ml.
Isolation of PMN. Venous blood was collected from normal volun-

teers, two patients with chronic granulomatous disease (CGD) and one

patient with hereditary MPOdeficiency, just before the experiment,
using 0.2% EDTAas anticoagulant. The PMNwere isolated by dextran
sedimentation and centrifugation in Histopaque- 1077, and the erythro-
cytes removed by hypotonic lysis (9). The cells that always contained
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greater than 97% PMNwith an average purity of 98-99% were sus-
pended in 0.9% sodium chloride at 5 x I07 PMN/ml. The final PMN
preparation contained 4.9% eosinophils (average of five determina-
tions) with the remainder neutrophils.

Measurement of viricidal activity. The components of the reaction
mixture (see legends) in a final volume of 0.5 ml were incubated in
sterile screwcap microtubes with sealing 0 rings (4.3 x 10.8 mm, 1.5 ml
capacity, model 75.692.005; Sarstedt, Inc., Princeton, NJ) for 30 min
at 370C in a CO2incubator. The tubes were centrifuged to sediment the
cells and 10 ul of the supernatant fluid was added to 48-well plates
(model 3548; Costar, Data Packaging Corp., Cambridge, MA) contain-
ing 2 x I0O CEMcells in 1 ml of CEMgrowth medium. After incuba-
tion in a CO2 incubator at 370C for 6 d, a 200-.u aliquot was removed
for measurement of HIV- I P24 antigen by solid phase sandwich-type
enzyme-linked immunosorbent assay (Abbott Laboratories, Chicago,
IL). In general, culture supernatant levels of HIV-p24 antigen were
either zero (< 10 pg/ml), indicating no replication, or very high, indi-
cating unrestricted replication, with the level reached being related to
the number of CEMcells (2 x I05), the volume of the reaction mixture
added to the CEMcells (10 Ml), and the growth period (6 d). In initial
experiments, dilution and remeasurement of p24 antigen was not per-
formed when the maximum optical density of > 2.000 (> 604 pg/ml)
was obtained in the initial assay. These data are included in the tables
under "No. with HIV Growth"/"No. of Samples," with an optical
density of> 2.000 considered to indicate growth. In subsequent experi-
ments, when an optical density of > 2.000 was observed, the superna-
tant fraction was diluted and remeasured. The data are expressed as the
median p24 antigen level (picogram/milliliter) above background for
those samples in which dilutions were performed when necessary. A
positive HIV p24 antigen cutoff of 10 pg/ml was used. Median values
were employed because of the general distribution of the values into
two populations, representing no growth and extensive replication.
Where indicated, statistical analysis was performed using the Mann-
Whitney U test. Not significant (NS) P> 0.05.

Results and Discussion

Normal PMN, when combined with the soluble stimulus PMA
or the particulate stimulus opsonized zymosan, were viricidal
to HIV- 1, as measured by an inability to replicate in CEMcells
(Table I). No viricidal effect was evident when either PMAor
opsonized zymosan was added alone, whereas a decrease (P
= 0.002) but not loss of p24 antigen production was observed
on incubation with PMNalone. The viricidal effect of PMA- or
opsonized zymosan-stimulated PMNwas lost when chloride
was replaced by sulfate in the incubation medium. The virici-
dal effect was inhibited by azide, a potent inhibitor of MPO,
and by catalase, but not by heated catalase, indicating a require-
ment for H202. Superoxide dismutase was not inhibitory, indi-
cating that °2 was not required for the viricidal effect. These
properties are compatible with the release of MPOby degranu-
lation and the formation of H202 by the respiratory burst and
their interaction, presumably in the extracellular fluid, with
chloride to form an agent toxic to HIV-1.

Additional support for the involvement of the MPG-H202-
chloride system in the viricidal effect of intact PMNon HIV- 1
came from patients with a hereditary defect in PMNfunction.
CGDis a rare genetic disorder in which PMNlack a respiratory
burst due to the absence of a functional nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase (10-12). As a result,
the toxic products of the respiratory burst, including H202 and
oxidants dependent on H202 for their production, are not
formed. The MPOcontent of CGDPMN, however, is normal.
Whennormal PMNwere replaced by PMNfrom patients with
CGD, toxicity to HIV-_1 with either PMAor opsonized zymo-

Table I. Viricidal Effect of Stimulated Normal PMNon HIV-J

HIV-1 P24 antigen

Median pg/ml of No. with HIV-1 growth/
Supplements (n) samples No. of samples

None 493,480 (27)* 27/27
PMN 59,910 (14)* 19/20
PMA 300,250 (9) 15/15
PMN+ PMA <10 (32)"§ 4/36

Chloride deleted 390,390 (6) 6/6
Azide added 5,050 (9)$ 16/18
Catalase added 12,350 (9p 14/18
Heated catalase added <10 (12) 1/12
SODadded <10 (12) 0/12

Opszym 594,290 (5) 12/12
PMN+ ops zym <10 (29) 10/36

Chloride deleted 997,700 (5) 6/6
Azide added 209,780 (6) 18/18
Catalase added 215,160 (6) 18/18
Heated catalase added <10 (8) 6/12
SODadded <10 (10) 2/12

The reaction mixture contained 5 x 10' Msodium phosphate buffer
pH 7.4, 0.128 MNaCl, 1.2 x 10-2 MKC1, 10-3 MCaC12, 2 X 10-3
MMgCI2, 2 x 10-3 Mglucose, 1,000 TCID50/ml HIV-1 and, where
indicated, 106/ml PMN, 100 ng/ml PMA, 1 mg/ml opsonized zymo-
san, Io0` Msodium azide, 58 gg/ml catalase, and 10 gg/ml superox-
ide dismutase. In tubes in which chloride was deleted, isosmolar
amounts of sulfate were added. The results are expressed as the
median P24 antigen level in pg/ml and the ratio of the number of
samples in which viral replication occurred over the total number of
samples. * P = 0.002; $ P = 0.01; § P = 0.03.

san as the stimulus was lost (Table II). This loss of viricidal
activity was reversed by the addition of H202 or glucose oxi-
dase, but not by the addition of MPO. Glucose oxidase gener-
ates H202 in the course of the oxidation of its substrate glucose,
and the involvement of the H202 so formed in the viricidal
activity was indicated by the inhibitory effect of catalase but
not heated catalase. At the concentration employed, H202
alone or combined with unstimulated CGDPMN(i.e., without
PMAor opsonized zymosan) was not viricidal to HIV-1 (data
not shown). The HIV- 1 viricidal activity of H202 (or glucose
oxidase)-supplemented CGDPMNstimulated with PMAor
opsonized zymosan was inhibited by azide, implicating endoge-
nous MPOreleased by stimulus-induced degranulation.

The PMNof patients with hereditary MPOdeficiency lack
MPO,but, in sharp contrast to CGDPMN, respond to stimula-
tion with a respiratory burst which is greater than normal (6,
13). The viricidal effect on HIV-l was greatly decreased when
stimulated normal PMNwere replaced by PMA- or opsonized
zymosan-stimulated MPO-deficient PMN(Table III). In con-
trast to the findings with CGDPMN, the loss of viricidal activ-
ity was unaffected by the addition of H202, but was prevented
by the addition of MPO. MPOalone or combined with unsti-
mulated MPO-deficient PMNwere without effect on HIV-1
(data not shown). The HIV-l viricidal activity of MPO-supple-
mented, MPO-deficient PMNstimulated with PMAor opson-
ized zymosan was inhibited by catalase but not heated catalase,
implicating H202 generated by the stimulus-induced respira-
tory burst.
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Table II. Viricidal Effect of Stimulated CGDPMNon HIV-J

HIV-l P24 antigen
No. with HIV- I growth

Median pg/ml of
Supplements (n) samples No. of samples

None 493,480 (27) 27/27
CGDPMN+ PMA 366,700 (6)* 9/9

MPOadded 44,260 (9)* 9/12
H202 added <10 (8) 2/9
H202 and azide added 505,330 (6) 9/9
GOadded <10 (9) 1/9
GO+ catalase added 279,710 (6) 6/6
GO+ heated catalase added <10 (6) 0/6
GO+ azide added 502,830 (6) 6/6

CGDPMN+ ops zym 309,270 (6)$§ 9/9
MPOadded 25,680 (9)t 9/12
H202 added <10 (7) 2/8
H202 + azide added 524,170 (6) 9/9
GOadded <10 (9) 0/9
GO+ catalase added 51,380 (6)§ 6/6
GO+ heated catalase added <10 (6) 0/6
GO+ azide added 470,000 (6) 6/6

The reaction mixture was as described in Table I, except that CGD
PMNwere employed and 0.23 U/ml MPO, 10-4 MH202, 10-4 M
sodium azide, 0.03 U/ml glucose oxidase (GO), and 58 ,g/ml catalase
were added where indicated. * NS; t NS; § NS.

In the MPO-H202-chloride system, H202 combines with
MPOto form a complex which oxidizes chloride to form the
powerful oxidant hypochlorous acid (HOCI) or its dissociated
form, the hypochlorite anion (OC1-) (5). The pKa ofthe dissoci-
ation is 7.53 so that both forms are present at physiologic pH.
When the pH falls, HOCI predominates and HOCI can react
with excess chloride to form chlorine (Cl2). HOCI can also react
with nitrogen-containing compounds to form mono- and di-
chloramines which retain oxidizing activity. Some of the
chloramines are relatively long-lived, which provides a mecha-
nism for the prolongation of the oxidizing activity of the MPO
system and for the penetration of oxidants into fluids rich in
proteins and other scavengers of the more reactive oxidants.
HOCl/OCl- (Clorox0 bleach) is a well-recognized disinfectant
effective against a variety of organisms, including HIV- I (14).

Holmberg et al. (15) have classified the biological factors
that affect sexual transmission of HIV- 1 into: (a) the infectious-
ness of the HIV- l-infected donor; (b) the infectivity and viru-
lence of the virus; and (c) host susceptibility to infection. Al-
though the importance of these factors has been inferred from
epidemiologic studies, the specific host defense mechanisms
against HIV-l are poorly understood. Our findings raise the
possibility that among the factors that influence host defense
against HIV- 1 are the products of stimulated phagocytes. De-
struction of microorganisms by PMNcan occur intracellularly,
i.e., within a phagosome, or extracellularly. Neutrophils lack
CD4and therefore the uptake of HIV-1 by this receptor would
not be expected. The uptake of antibody-associated HIV- 1 by
Fc receptor-mediated endocytosis is possible. However, our
studies were performed in the absence of specific antibody. It is
probable that under our experimental conditions, stimulation
of PMNresulted in the release of MPOand H202 into the

Table III. Viricidal Effect of Stimulated MPO-Deficient PMN
on HIV-I

HIV-l P24 antigen
No. with HIV- I growth

Median pg/ml of
Supplements (n) samples No. of samples

None 493,480 (27)*§ 27/27
MPO-def PMN+ PMA 98,110 (6)$§ 9/9

H202added 59,270 (6)$ 9/9
MPOadded <10 (9) 0/9
MPO+ catalase added 137,910 (6)* 9/9
MPO+ heated catalase added <10 (9) 0/9

MPO-def PMN+ ops zym 336,670 (6) 9/9
H202 added 470,730 (6) 9/9
MPOadded <10 (9) 0/9
MPO+ catalase added 503,860 (6) 9/9
MPO+ heated catalase added <10 (9) 1/9

The reaction mixture was described in Table I, except that MPO-de-
ficient PMNwere employed and l0-4 MH202, 0.23 U/ml MPOand
58 ,ug/ml catalase were added where indicated. * P = 0.05; t NS; § P
= 0.01.

extracellular fluid where they reacted with chloride to form
agents toxic to HIV-1. Stimulation of PMNat mucosal surfaces
or at sites of inflammation due to exposure to a variety of
chemotactic factors, cytokines, or opsonized microorganisms
would be expected, and toxicity to adjacent cell-free HIV-1
may occur under these circumstances. The precise' microenvi-
ronment in which toxicity to HIV- I by PMNmay occur is not
known; factors such as pH, protein concentration, and low
molecular weight inhibitors may influence the viricidal effect
in vivo. Cell-free HIV- 1 has been demonstrated in plasma (16)
and seminal fluid (17) and, thus, may be susceptible to attack
by extracellular products of stimulated PMNin these and other
locations. Provirus or intact cell-associated HIV- 1 virions
would be expected to be protected from these extracellular oxi-
dants. It is not clear whether disruption of the cell-free pool of
HIV- 1 would influence the transmission of HIV- 1 or the pro-
gression of disease. It is of interest in this regard that vaginal
transmission of cell-free simian immunodeficiency virus (SIV)
(18, 19) or HIV-1 (20) has been demonstrated in nonhuman
primates, and that cell-free HIV- 1 in plasma is a sensitive
marker of the clinical stage of infection (16).
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