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Opsonization with normal human serum, purified immunoglobulin G, or
immunoglobulin G-deficient serum promoted phagocytosis of Listeria monocyto-
genes by human peritoneal macrophages. However, normal human serum was the
most effective opsonin in elicting killing and chemiluminescent responses. Macro-
phages phagocytized and killed almost as much as polymorphonuclear leukocytes
but'produced considerably less chemiluminescence.

Although Listeria monocytogenes has been
extensively studied in a variety of animal sys-
tems, the role of serum factors in the phagocytic
process has not been completely evaluated. Lis-
teria cell wall fractions activate the alternative
complement pathway (2), and a heat-labile se-
rum factor increases phagocytosis ofL. monocy-
togenes by murine macrophages (8), presumably
representing the generation of an opsonically
active fragment of the complement system, such
as C3b. Heat-stable factors are also involved in
Listeria uptake by human polymorphonuclear
leukocytes (PMN) and monocytes (11). Human
PMN and macrophages grown from monocytes
in vitro are capable of killing Listeria spp. by an
oxygen-dependent mechanism (4, 5, 14).
To delineate the relative roles of antibody and

complement in the opsonic requirements of L.
monocytogenes, we opsonized L. monocyto-
genes with normal human serum, purified hu-
man immunoglobulin G (IgG), and serum defi-
cient in IgG. Bacterial uptake, killing, and
chemiluminescence (CL) assays were performed
with human peritoneal macrophages (PMO) and
blood PMN.

L. monocytogenes serotype 1 was provided
by R. Postlethwaite, University of Aberdeen,
United Kingdom. This strain was originally iso-
lated from a neonatal autopsy specimen. The
50% lethal dose of this isolate by mouse perito-
neal challenge is 2 x 106. For the present
investigation, this organism was inoculated and
grown in Mueller-Hinton broth containing
[3H]thymidine (15). Radiolabeled bacteria were
harvested by centrifugation and washed twice in

t Present address: Department of Bacteriology, Medical
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sterile phosphate-buffered saline, pH 7.4, before
being adjusted to 5 x 108 CFU/ml. Bacteria were
opsonized for 60 min at 37°C with 10% normal
serum (pooled from five healthy donors), 2 mg of
purified human IgG per ml (a gift from J. A.
Hooper, Hyland Laboratories, Inc., Glendale,
Calif.), or 10% IgG-deficient serum. Hanks bal-
anced salt solution enriched with 0.1% gelatin
(GHBSS) was used to dilute each opsonin to the
desired final concentration. The IgG-deficient
serum was prepared by treating serum from a
patient with Bruton agammaglobulinemia with
protein A-coated Sepharose beads at 4°C. The
final concentration of IgG was <3 mg/100 ml,
IgM was undetectable, and the total hemolytic
complement was normal. This IgG-deficient se-
rum was used to study opsonization by the
serum complement system in the absence of
IgG; purified IgG was used to study opsoniza-
tion in the absence of complement. The final
concentration of opsonized bacteria was 5 x 1
CFU/ml.
PMN were isolated as previously described

(11). PM4 were obtained from peritoneal efflu-
ents of uninfected end-stage renal disease pa-
tients treated by maintenance intermittent peri-
toneal dialysis. Three liters of effluent were
centrifuged at 1,600 x g for 30 min, and pellets
were suspended in 20 ml of GHBSS. Cells were
washed twice and suspended to a final volume of
5 ml. Total and differential cell counts were
performed. Preparations containing >80% PM4
and <10% PMN were used. Peripheral blood
PMN and PM4 were suspended at a final con-
centration of 5 x 106 phagocytes per ml of
GHBSS. Uptake of radiolabeled bacteria was
determined as previously described (11).
The uptake of unopsonized and opsonized

radiolabeled bacteria was followed for 60 min
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FIG. 1. Uptake of L. monocytogenes by (A) PMN and (B) PM4+. The rate of uptake of [3H]thymidine-labeled
bacteria was followed for 60 min after opsonization with 10%o normal (pooled) human serum (PHS), 10%o IgG-
deficient serum (ay), 2 mg of purified IgG per ml (IgG), heated IgG-deficient serum (Aa-y), or buffer GHBSS
(None). Points represent the average of three experiments ± the standard error.

(Fig. 1). L. monocytogenes opsonized with nor-

mal (pooled) human serum, IgG, or IgG-defi-
cient serum were effectively taken up by both
PMN and PM4. The rates of uptake of bacteria
opsonized with each of these three opsonins
were similar for PM40 (no significant difference
between normal serum and IgG-depleted serum;

P > 0.05). Uptake by PMN was somewhat
greater when normal serum was used as an

opsonin than when IgG was so used (P < 0.05).
When IgG-deficient serum was heated (56°C, 30
min) to inactivate complement, its opsonic activ-
ity was abolished. Heat inactivation of normal
serum did not affect its opsonic activity (data not
shown), indicating that this serum source con-

tains a high titer of a heat-stable opsonin, most
likely IgG, for this Listeria strain. Electron
micrographs (prepared by standard techniques)
of PM4 incubated with L. monocytogenes re-

vealed that few unopsonized bacteria were inter-
nalized. Bacteria opsonized with IgG, IgG-defi-
cient serum, or normal serum were readily
detected within the phagocytic vacuoles of
PM+.

Bacterial killing was measured in duplicate by
using mixtures constituted as for uptake experi-
ments. CFU of L. monocytogenes were deter-
mined immediately after constituting phagocyto-
sis mixtures (zero time) and after 60 min of
incubation. Phagocytes were lysed in ice-cold
sterile water and serially diluted before plating
out on nutrient agar.

Bacterial killing was measured in tandem with
uptake (Fig. 2). Normal (pooled) human serum
mediated the greatest bacterial killing; opsoniza-
tion by IgG alone and serum deficient in IgG
produced less killing by both PMN and PM+. Of
the Listeria organisms, 89 + 7% survived when
incubated at 37°C in the absence of phagocytes.
A CL assay was used to measure the genera-

tion of reactive oxygen species (1). For CL

studies, L. monocytogenes was opsonized in
20% normal (pooled) human serum, 4 mg of IgG
per ml, or 20% IgG-deficient serum for 60 min
at 37°C with rotation. Opsonized bacteria were
washed and suspended in GHBSS to a concen-
tration of 1.5 x 107 CFU/ml. PMN and PM4~
were prepared as before and adjusted to a con-
centration of 5 x 104 phagocytes per ml. Next, 1
ml of bacterial suspension, 3.5 ml of GHBSS,
and 20 ,ul of luminol (275 ,M in dimethyl sulfox-
ide) were added to dark-adapted glass vials.
After recording background levels in a liquid
scintillation counter (model LS-10OC; Beckman
Instruments, Irvine, Calif.), 1 ml of phagocytes
(5 x 104 cells) was then added sequentially to the
appropriate vials, giving a L. monocytogenes-to-
phagocyte ratio of 300:1. The CL response was
observed for 120 min. Figure 3 shows an average
of two representative experiments. Phagocytes
incubated by themselves never produced CL of
>12 x 103 CPM/104 cells. All three opsonins
proved capable of producing CL above the level
of unopsonized bacteria. However, bacteria op-
sonized with normal serum generated an earlier
CL response than did bacteria opsonized with
IgG or IgG-deficient serum. PMN produced
approximately four times the CL of PM+.
Macrophages grown from blood monocytes in

vitro rapidly phagocytize Listeria spp. opso-
nized with human sera (4, 13, 14). The present
study shows that human PMX from chronic
peritoneal dialysis patients are also capable of
phagocytizing L. monocytogenes if opsonized
with normal serum containing both IgG and
complement, or with IgG alone, or with a heat-
labile factor present in IgG-deificient serum,
most probably representing production of an
opsonically active fragment of C3 such as C3b.
In contrast, sheep erythrocytes are only inter-
nalized if coated wtih IgG (9). The difference
between our findings with L. monocytogenes
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FIG. 2. Killing of L. monocytogenes by (A) PMN
and (B) PM4 after opsonization with 10% normal
(pooled) human serum (PHS), 10% IgG-deficient se-
rum (ay), 2 mg of purified IgG per ml (IgG), or buffer
GHBSS (none). Points represent an average of three
experiments ± the standard error.

and the studies with opsonized sheep erythro-
cytes is probably a reflection of the different
particles used in the two systems.
Human macrophages grown in vitro can kill

70% of opsonized Listeria spp. (4), whereas
alveolar macrophages kill approximately 60% of
Listeria spp. in 1.5 h (6). In this study we found
that PM4 could kill 78 ± 6% of L. monocyto-
genes opsonized with human sera. The finding
that killing was somewhat greater than would
have been expected from the uptake experi-
ments may indicate that there is some extracel-
lular killing of Listeria spp., as reported in a
different assay system (3). Our findings also
imply that killing and CL can occur through
either a complement or an Fc receptor mecha-
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nism. However, the observation that the killing
and CL responses were significantly delayed
when L. monocytogenes was opsonized with
IgG or IgG-deficient serum in contrast to normal
serum, which contains both IgG and an intact
complement system, suggests the possibility
that maximal killing and stimulation of oxidative
metabolism may require opsonization by both
IgG and C3b.
PMN generate significantly greater CL than

PM4. This, however, is not reflected in the
killing of Listeria spp. by these cells, suggesting
either the presence of an efficient oxygen-inde-
pendent mechanism of killing (12) in macro-
phages or a high level of redundancy in oxygen
radicals produced by PMN. Since the measure-
ment of CL in the presence of the chemilumino-
genic substrate luminol is absolutely dependent
upon a myeloperoxidase-mediated reaction (7),
it is also possible that the relatively poor CL
response observed with PM4 reflects a deficien-
cy of myeloperoxidase of PM( when compared
with PMN.

It is not yet known whether the phagocytic,
killing, and CL responses of the dialysate-elicit-
ed PM4 used in this study are representative of
resident human PM4i or reflect an activated
monocyte-derived exudate PM4 population.
Nevertheless, the efficient killing of Listeria
spp. by human PMN, monocytes, alveolar mac-
rophages, and now PMO may partly explain why
only 13% of adult listeriosis occurs in otherwise
healthy individuals (10).

This work was supported by the Royal College of Patholo-
gists, a George MacKenzie studentship, the University of
Aberdeen, and Public Health Service grant AI-08821-10 from
the National Institutes of Health.
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FIG. 3. Production of CL by PMN and PM4 upon challenge with L. monocytogenes opsonized with normal

(pooled) human serum (PHS), IgG-deficient serum (ay), purified IgG (IgG), or buffer GHBSS (None).
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