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Nitric oxide (NO) is produced by murine macrophages in response to cytokines and/or gram-negative bacterial
lipopolysaccharide. NO induction by gram-positive bacteria such as group B streptococci (GBS), the major etiologic
agents of neonatal pneumonia and meningitis, has received little study. GBS as well as two other gram-positive
bacterial species, Staphylococcus aureus and Staphylococcus epidermidis, were found to stimulate NO production in
thioglycolate-elicited murine macrophages and in the mouse macrophage cell line J774A.1 in the presence of gamma
interferon. Serotype Ia and III GBS were both stimulatory, as were asialo- and type antigen-deficient mutant strains
of type III GBS. NO production was dose dependent, inhibitable by L-arginine analogs, and unaffected by polymyxin
B. Since phagocytosis by murine and human phagocytes of GBS is dependent on complement receptor type 3 (CR3),
the role of CR3 in the NO response to GBS was tested in the CR3-deficient myelomonocytic cell line WEHI-3. GBS
did not induce NO, whereas S. aureus or lipopolysaccharide did induce NO in WEHI-3 cells. S. epidermidis, whose
nonopsonic phagocytosis is also CR3 dependent, failed to induce NO in WEHI-3 cells. Monoclonal anti-CR3
(anti-CD11b or anti-CD18) in the presence of interferon also induced NO production in thioglycolate-elicited
macrophages and in J774A.1 cells but not in WEHI-3 cells. This evidence suggests that ligated CR3 and gamma
interferon act synergistically to induce NO production and that CR3 mediates the GBS-induced signal for NO

production in interferon-treated macrophages.

Nitric oxide (NO) synthase is inducible in murine macro-
phages by cytokines and/or gram-negative bacterial lipopoly-
saccharide (LPS) (18). There is a strong synergy between
agents which stimulate NO synthesis. Inducible NO synthase in
macrophages generates large amounts of NO during inflam-
matory reactions and during infection (18). NO plays an
important antimicrobial role in various bacterial (3, 30), fungal
(9), and parasitic (18) infections, probably via inhibition of
iron-containing enzymes and/or formation of additional toxic
radicals by phagocytes following its combination with O,
radicals (18). In addition to LPS, other microbial components
such as zymosan (36) and malarial antigens (12) can induce
NO in murine macrophages.

The gram-positive pathogens Staphylococcus aureus and
Listeria monocytogenes have each been demonstrated to act in
synergy with gamma interferon to induce NO synthesis in
macrophages (3, 36). NO production is implicated in antimi-
crobial defenses to both of these organisms (14, 36). How these
bacteria trigger NO production is unknown; however, phago-
cytosis, even of inert latex beads, has been shown to signal NO
production in interferon-stimulated mouse macrophages (6).

The ability of other gram-positive pathogens such as group B
streptococci (GBS), the major etiologic agents of neonatal
pneumonia and meningitis, to stimulate NO in vitro has not
been examined; however, plasma nitrite is elevated in newborn
infants with sepsis by either gram-positive or gram-negative
bacteria (27). The specific aim of this study was to determine if
nonopsonic phagocytosis of GBS could induce NO synthesis in
gamma interferon-treated macrophages. These studies demon-
strate GBS synergy with gamma interferon in the induction of
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NO in mouse macrophages and in the mouse macrophage cell
line J774A.1.

Phagocytosis of GBS is dependent on complement receptor
type 3 (CR3 or CD11b/CD18) present on the macrophage
membrane (2, 29). The role of CR3 in phagocytosis-induced
NO production has not been previously examined. These
studies utilized a CR3-deficient cell line to address the role of
CR3 in GBS-induced NO responses. GBS did not stimulate
NO synthesis in the CR3-deficient cell line WEHI-3, which
produces large amounts of NO in response to LPS or S. aureus.
The evidence suggests that CR3 mediates the GBS-induced
signal for NO production in interferon-treated macrophages.
Such a function for CR3 is consistent with its role in mediating
phagocytosis and subsequent killing of GBS (2, 29).

MATERIALS AND METHODS

Bacteria. GBS strains 2871 (serotype III) and 5015 (serotype
Ia) were clinical isolates provided by Mario Marcon (Chil-
dren’s Hospital, Columbus, Ohio). The highly encapsulated
serotype III GBS strain COH-1 and the isogenic mutants of
COH-1, COH 1-13 (lacking type III polysaccharide) and COH
1-11 (lacking capsular sialic acid [7]) were provided by Craig E.
Rubens (University of Washington School of Medicine, Seat-
tle). S. aureus (protein A negative; ATCC 10832) and Staphy-
lococcus epidermidis (ATCC 12220) were obtained from the
American Type Culture Collection, Rockville, Md. Bacteria
were grown in Todd-Hewitt broth (Difco, Detroit, Mich.)
overnight at 37°C, harvested by centrifugation (10,000 X g, 15
min), and washed three times in phosphate-buffered saline
(PBS). GBS suspensions were heat killed at 60°C (30 min).
Staphylococcal suspensions were heat killed at 60°C for 45 to
60 min. Heat killing was confirmed by absence of growth on
sheep blood agar culture plates inoculated with bacterial
suspensions. Bacterial numbers in heat-killed suspensions were
determined by direct microscopic count, using a Petroff-
Hausser counting chamber.
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Macrophages. The mouse continuous cell lines J774A.1
(monocyte-macrophage, BALB/c [20]) and WEHI-3 (my-
elomonocyte, BALB/c [21, 33]) were obtained from the Amer-
ican Type Culture Collection. Cell lines were inoculated into
96-well culture dishes (5 X 10* viable cells per well) and
cultured overnight prior to addition of bacterial treatments.
Mouse macrophages were obtained by peritoneal lavage of
CO,-asphyxiated BALB/c mice (adult male or female, bred
in-house) with 5 ml of Dulbecco calcium- and magnesium-free
PBS plus 2 mg of glucose per ml. Elicited peritoneal macro-
phages were collected 4 days after intraperitoneal injection of
1 ml of thioglycolate broth (Difco). Peritoneal macrophage
numbers were determined on the basis of total viable and
differential cell counts. Peritoneal macrophages were purified
by adherence to 96-well culture plates (10° macrophages per
well) for 2 h followed by three washes with medium to remove
nonadherent cells. Adherent peritoneal macrophages were
cultured overnight and washed again three times prior to
addition of bacterial treatments. Cell lines and macrophages
were cultured in Dulbecco modified Eagle medium (DMEM)
with 4,500 mg of glucose (GIBCO, Grand Island, N.Y.) per
liter supplemented with 10% (vol/vol) fetal bovine serum
(Sigma Chemical Co., St. Louis, Mo.) and antibiotic-antimy-
cotic (GIBCO) in a humidified atmosphere with 5% CO, at
37°C. DMEM contains 84 mg of L-arginine per liter as supplied
by the manufacturer.

Antibodies. Rat anti-mouse CD11b (immunoglobulin G
subclass 2b [IgG2b]; M1/70.15.11.5 cell line), rat anti-mouse
CD18 (IgG2a; M18/2.a.8 cell line), and rat anti-mouse FcRII
(rat IgG2b; 2.4G2 cell line) were purified by ammonium sulfate
precipitation (10) from conditioned protein-free medium (Pro-
tein-Free Hybridoma Medium; GIBCO) of cultured hybrido-
mas obtained from the American Type Culture Collection.
Ammonium sulfate precipitates were dialyzed into PBS, con-
centrated, and filter sterilized. Purified rat IgG2b was obtained
from Pharmingen (San Diego, Calif.).

Reagents. LPS (Escherichia coli 026:B6; trichloroacetic acid
extract [Sigma]) stock solution (1 mg/ml) was suspended in
PBS, sonicated, and filter sterilized. Stock solutions of recom-
binant mouse gamma interferon (Genzyme Corp., Cambridge,
Mass.) were suspended in DMEM culture medium (2,000
U/ml), aliquoted, and stored at —135°C.

Gamma interferon was used at a final concentration of 10
U/ml. N°-Monomethyl-L-arginine (Calbiochem, La Jolla, Ca-
lif.) was suspended in DMEM (5 mM) and used at a final
concentration of 0.5 mM. NS-Nitro-L-arginine methyl ester
(Calbiochem) was suspended in DMEM (10 mM) and used at
a final concentration of 2 mM. Polymyxin B sulfate (Sigma)
was prepared freshly at 1 mg/ml in DMEM, filter sterilized,
and used at a 10-ug/ml final concentration. Culture medium,
PBS, and reagents (except LPS) at their final concentrations
were free of endotoxin contamination at a sensitivity level of 10
pgml as determined by a Limulus amebocyte lysate assay
(Pyrogent; BioWhittaker, Walkersville, Md.). As a control for
unknown sources of endotoxin contamination, experiments
(except those with added LPS) were duplicated in the presence
of 10 ug of polymyxin B per ml. This level of polymyxin
completely inhibited NO production in macrophages treated
with 10 ng of LPS and 10 U of gamma interferon per ml.

EC3bi. EA (erythrocyte-antibody complexes) and EC3bi
(erythrocyte-antibody complement complexes) were prepared
by the sequential addition of anti-sheep erythrocytes (IgM) or
anti-sheep erythrocytes and complement (C5-deficient mouse
serum) to sheep erythrocytes (22). EC3bi preparations formed
rosettes with mouse macrophages and were free of EC3b
complexes as shown by the absence of rosette formation with
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FIG. 1. NO induction by GBS, S. epidermidis (S. epi), and S. aureus
(S. aur.) in gamma interferon-treated J774A.1 cells and thioglycolate-
elicited (THIOGLY.) mouse macrophages. Macrophages were treated
with 1, 10, or 100 CFU of heat-killed bacteria per cell. The GBS strain
was serotype III 2871. Columns represent mean values * standard
deviations (eight samples per group) of accumulated nitrite in culture
medium. Replicate experiments gave similar data. An asterisk (*)
indicates a significant difference (P < 0.05) from untreated control or
interferon-only treatment groups.

human erythrocytes (22). EA and EC3bi were added to
macrophages for NO experiments at 50 erythrocytes per
macrophage.

NO assay. Medium from overnight cultures of macrophage
cell lines and mouse macrophages in 96-well culture plates was
aspirated and replaced with medium (0.1 ml per well) contain-
ing bacterial treatments with or without gamma interferon.
Macrophages were incubated in the presence of treatments at
37°C in humidified air with 5% CO, for 24 h. NO synthesis was
determined colorimetrically as the accumulation of nitrite
(NO, ") in macrophage culture medium. Briefly, 50-pl aliquots
of conditioned medium were mixed with 50 pl of H,O and 100
ul of Greiss reagent (1:1 [vol/vol] 0.02% N-[1-naphthyl]ethyl-
enediamine dihydrochloride [Sigma] in H,0-1% sulfanil-
amide [Sigma] in 3 N HCI) in flat-bottomed, 96-well immuno-
assay plates (Falcon; Becton Dickinson, Oxnard, Calif.). After
a 20-min incubation at room temperature, the As,, was
measured on a microplate reader (Bio-tek Instruments, Wi-
nooski, Vt.). Values shown in the figures represent nanomoles
of accumulated nitrite per 0.05 ml of the medium from each
sample well (0.1 ml of total medium per well). Nitrite concen-
tration was determined from a standard curve generated with
sodium nitrite (NaNO,).

Statistics. Statistical differences between means of treat-
ment groups were analyzed by either Student’s t test or analysis
of variance.

RESULTS

GBS-induced NO. Serotype III GBS strain 2871 was tested
for the ability to induce NO in gamma interferon-stimu-
lated macrophages. Thioglycolate-elicited macrophages and
J774A.1 cells treated for 24 h with a combination of gamma
interferon and heat-killed GBS at 1, 10, or 100 CFU per
macrophage exhibited significant nitrite accumulation in the
culture medium compared with untreated controls (P < 0.05)
(Fig. 1). Nitrite levels increased with increasing doses of GBS
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in gamma interferon-treated J774A.1 cells. Thioglycolate-elic-
ited macrophages exhibited declining nitrite levels at 100 CFU
of GBS per macrophage. Macrophages in all treatment groups
appeared viable (>95% viable in all samples as shown by
exclusion of trypan blue) at the time of nitrite assay. Similar
induction of NO in gamma interferon-treated macrophages
was found with S. aureus (Fig. 1) and 1 ng of LPS per ml (data
not shown), stimulants previously shown to induce NO. S.
epidermidis (Fig. 1) was also stimulatory. Type III GBS alone
(100 CFU per macrophage) and S. epidermidis (100 CFU per
macrophage) alone induced minimal but detectable levels of
NO in both J774A.1 cells and thioglycolate-elicited macro-
phages (representative data of multiple experiments in thio-
glycolate cells: 0.048 * 0.017 for untreated versus 0.205 *
0.043 for GBS-treated versus 0.16 = 0.025 nmol per sample for
S. epidermidis-treated cultures, seven samples per group; P <
0.05 between treated and untreated groups). Lower GBS doses
alone, S. aureus treatments alone, or LPS alone did not induce
NO in macrophages. Macrophages treated with gamma inter-
feron alone produced little (<0.1 nmol per sample in J774A.1
cells) or no nitrite above levels in untreated cells. Basal levels
of nitrite in untreated cultures (representative of all experi-
ments) were 0.031 * 0.013 and 0.051 * 0.019 nmol per sample
for J774A.1 cells and thioglycolate-elicited macrophages, re-
spectively. Stimulated thioglycolate-elicited macrophages pro-
duced significantly more (P < 0.05) nitrite than did stimulated
J774A.1 cells for all treatments. Addition of polymyxin B (10
pg/ml) to macrophage cultures did not inhibit nitrite accumu-
lation in GBS- or staphylococcus-treated cultures, indicating
that these responses were not due to contaminating LPS.
These results clearly demonstrate that GBS can synergize with
gamma interferon to induce NO, as has been reported previ-
ously for other bacteria.

To determine if nitrite accumulation induced by GBS and
gamma interferon is due to NO synthase, the arginine depen-
dence of these responses was tested.

Inhibition of GBS-induced NO with L-arginine analogs. Addi-
tion of N®-monomethyl-arginine to J774A.1 cultures treated with
gamma interferon and GBS (strain 2871; 100 CFU per macro-
phage) inhibited nitrite accumulation by 76% (76% * 4% for
three samples). N°-Monomethyl-L-arginine (0.5 mM) and N°-
nitro-L-arginine methyl ester (2 mM) added to thioglycolate-
elicited macrophages treated with gamma interferon and GBS
(50 CFU of COH-1 per cell) inhibited nitrite accumulation by
82% *+ 1% (eight samples) and 77% * 5% (eight samples),
respectively. Similar results were obtained in replicate experi-
ments. These data indicate that the NO responses to GBS and
gamma interferon are L-arginine dependent.

Since capsular polysaccharide has been correlated with
phagocytosis and virulence of GBS (capsular content of strain
2871 is unknown), strains of GBS with known capsular differ-
ences were next compared for induction of NO.

Comparison of GBS capsular mutants for NO induction.
The role of type III capsular polysaccharide in induction of NO
was tested by use of the heavily encapsulated type III strain
COH-1 and its isogenic mutants COH 1-11 (deficient in
terminal sialic acid of type III polysaccharide) and COH 1-13
(deficient in type III polysaccharide) (7). All three strains
could act in synergy with gamma interferon to induce NO in

* thioglycolate-elicited macrophages and J774A.1 cells (Fig. 2).
COH-1 induced approximately twice as much NO as either
mutant at all doses. At 1 CFU per macrophage, COH 1-11 was
significantly less stimulatory (P < 0.05) than the other two
strains at the same dose. Doses were limited to 50 CFU per
macrophage since strains COH-1 and COH 1-13 exhibited
reduced NO at 100 CFU per macrophage in thioglycolate-
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FIG. 2. NO induction by serotype III GBS strain COH-1 and its
isogenic mutants COH 1-11 (sialic acid deficient) and COH 1-13 (type
III antigen deficient) in gamma interferon-treated J774A.1 cells and
thioglycolate-elicited (THIOGLY.) mouse macrophages. Macro-
phages were treated with 1, 10, or 50 CFU of heat-killed bacteria per
cell. Columns represent mean values * standard deviations (eight
samples per group) of accumulated nitrite in culture medium. Repli-
cate experiments gave similar data. All groups except COH 1-11
(1 CFU per macrophage) in J774A.1 cells were significantly different
(P < 0.05) from untreated control or interferon-only treatment groups.

elicited macrophages but not in J774A.1 cells. The difference
in absolute nitrite produced in response to strain 2871 (Fig. 1)
versus COH-1 (Fig. 2) is interesting but cannot be interpreted
without comparative data on their capsular content. A role for
capsular antigen and particularly sialic acid in modulating the
macrophage NO response is indicated, but type antigen was
not necessary for NO induction since the type antigen-deficient
strain COH 1-13 did induce NO. Type Ia GBS also induced
NO responses with nitrite levels similar to those induced in
thioglycolate-elicited cells by type III strain 2871 GBS at each
dose (one experiment; data not shown). This indicates as well
that GBS type antigen is probably not the key trigger for NO
responses.

On the basis of our previous report that opsonin-indepen-
dent phagocytosis of GBS is CR3 dependent (2), experiments
were designed to test whether GBS-induced NO is also medi-
ated via CR3.

Role of CR3 in GBS-induced NO response: effect of anti-
CR3. Antibodies to CR3 (CD11b/CD18) inhibit macrophage
or neutrophil phagocytosis of unopsonized GBS (2). CR3 is
also necessary for efficient phagocytosis of GBS in the presence
of opsonins (29). To investigate the role of CR3 in GBS-
induced NO production, antibodies to murine CR3 were tested
for inhibition of GBS-induced NO. M1/70 (anti-CD11b) and
M18 (anti-CD18) at 100 pg/ml slightly, but significantly (P <
0.05), inhibited NO production in cultures receiving combined
GBS and gamma interferon (Fig. 3). Control rat immunoglob-
ulin (rat IgG2b, isotype matched with M1/70) was not inhibi-
tory. The significance of this observation is difficult to interpret
since either of the anti-CR3 antibodies (M1/70 or M18) and
gamma interferon acted in synergy to induce NO without
added GBS. M1/70 at 10 pg/ml or higher exhibited dose-
dependent induction of NO in gamma interferon-treated mac-
rophages. Control rat immunoglobulin (isotype matched with
M1/70) also induced NO in gamma interferon-treated macro-
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FIG. 3. Inhibition of GBS induction of NO in gamma interferon-
treated J774A.1 cells and thioglycolate-elicited (THIOGLY.) mouse
macrophages by monoclonal anti-CR3. Macrophages were treated
with 100 CFU (J774A.1 cells) or 50 CFU (thioglycolate cells) of
heat-killed serotype III GBS strain 2871 per cell. Monoclonal anti-
CD11b (M1/70) or anti-CD18 (M18) was added to cultures at 100
pg/ml. Columns represent mean values * standard deviations (eight
samples per group) of accumulated nitrite in culture medium. Repli-
cate experiments gave similar data. An asterisk (*) indicates a signif-
icant difference (P < 0.05) of antibody-treated groups from the
respective control group without antibody. NT, not tested.

phages, but only at 100 pg/ml and at much lower levels than in
M1/70-treated cultures (Fig. 3). The effects of isotype control
antibody may be via interaction with macrophage FcR since
the monoclonal anti-FcRII, 2.4G2 (rat isotype IgG2b), also
synergized with gamma interferon to induce strong NO re-
sponses (data not shown). Macrophage treatment with anti-
CR3 or control antibodies alone induced little or no detectable
NO. Polymyxin B (10 pg/ml) included in cultures during the
24-h incubation did not alter NO responses to anti-CR3. These
results imply that CR3 ligation, at least by antibody, may
trigger NO production in synergy with gamma interferon in
macrophages.

To further assess the role of CR3 in GBS-induced NO in
macrophages, GBS were tested for the ability to induce NO in
a CR3-deficient cell line.

Role of CR3 in GBS-induced NO response: NO induction in
CR3-deficient WEHI-3 cells. WEHI-3 cells have been shown
by this laboratory to be deficient in antigenic (shown by flow
cytometry and immunoprecipitation) and functional (shown by
erythrocyte-C3bi rosetting) CR3 and to exhibit markedly re-
duced nonopsonic phagocytosis of GBS (35; unpublished
data). The mean percentages of phagocytosis (percentage of
cells engulfing strain 2871 at 20 CFU per macrophage for 1 h
under nonopsonic conditions) were 60% *+ 14% for J774A.1
(mean of 10 separate experiments) and 2% * 1% for WEHI-3
(mean of 3 separate experiments) cells. J774A.1 cells were
compared for NO induction by LPS, GBS, M1/70, M18, S.
aureus, and S. epidermidis, with and without added gamma
interferon (Fig. 4). Both WEHI-3 and J774A.1 cells exhibited
synergistic induction of NO by combination of gamma inter-
feron with LPS or S. aureus. In contrast to J774A.1 cells,
WEHI-3 cells did not exhibit synergistic induction of NO by
combination of gamma interferon with GBS, M1/70, M18, or S.
epidermidis. Isotype control antibody did not induce NO.
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FIG. 4. Comparison of gamma interferon-treated J774A.1 and
WEHI-3 cells for NO production in response to CR3-dependent and
CR3-independent stimuli. Doses of treatments were as follows: LPS,
10 ng/ml; serotype III GBS strain 2871, 100 CFU per cell; S. aureus,
100 CFU per cell; S. epidermidis (S. epi.), 100 CFU per cell; M1/70
(anti-CD11b), 100 pg/ml; M18 (anti-CD18), 100 pg/ml. Columns
represent mean values * standard deviations (eight samples per
group) of accumulated nitrite in culture medium. Replicate experi-
ments gave similar data.

Nonopsonic phagocytosis of S. epidermidis, but not of S. aureus,
has been reported to be CR3 dependent (8, 24). The amounts
of WEHI-3 cells engulfing S. aureus versus S. epidermidis were
28% * 3% versus 4% * 3%, respectively (four samples per
group, representative of repeated experiments). WEHI-3 thus
can produce large quantities of NO, much greater than
J774A.1 cells, in response to gamma interferon and a costimu-
latory signal but fails to respond to known CR3-dependent
stimuli. The inability of GBS to induce NO in WEHI-3 cells
implies that CR3 ligation and/or CR3-mediated phagocytosis
of GBS provides the signal for NO production.

To test the broad role of CR3 ligation versus CR3-mediated
ingestion in NO responses, macrophages were next tested for
their response to C3bi-coated erythrocytes. This experiment
would also assess if ligation of CR3 in a manner which does not
induce an oxidative burst would also not induce NO.

Macrophage response to EC3bi. Thioglycolate-elicited mac-
rophages were challenged with C3bi-coated sheep erythrocytes
(EC3bi), which do not trigger significant ingestion or a respi-
ratory burst in phagocytes (23). EC3bi did not induce NO in
interferon-treated macrophages (0.198 *+ 0.054 nmol of nitrite
per sample in the untreated control versus 0.165 * 0.008 nmol
of nitrite per sample in EC3bi-treated macrophages; four
samples per group). Similar results were obtained in replicate
experiments. These results show that CR3 ligation alone, at
least via the C3bi site, does not provide signals necessary for
NO production and that phagocytosis may also be required.
These data also indicate that CR3 ligands which do not trigger
a respiratory burst do not trigger NO responses and that not all
CR3 ligands trigger NO.

DISCUSSION

GBS, the major etiologic agents of neonatal pneumonia and
meningitis, were found to stimulate L-arginine-dependent NO
production in thioglycolate-elicited murine macrophages and
in the mouse macrophage cell line J774A.1 in the presence of
gamma interferon. Serotype Ia and III GBS were both stimu-
latory. A sialic acid-deficient mutant and a type antigen-
deficient mutant strain of type III GBS were active but less
stimulatory than the fully encapsulated parent strain. Studies
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of NO induction in macrophages treated with anti-CR3 and in
a CR3-deficient macrophage cell line indicate that CR3-
mediated phagocytosis of GBS signals NO production in
interferon-treated macrophages.

GBS showed a pattern of NO induction similar to those of
other previously described macrophage stimuli. A combination
of GBS and gamma interferon produced a marked synergy
with greatly enhanced NO production in macrophages. Syn-
ergy of several microbes with gamma interferon to induce NO
has been attributed to induction of tumor necrosis factor alpha
(TNF-a) in macrophages. Neutralizing antibodies to TNF-a
will inhibit NO responses to gamma interferon in macrophages
treated with Leishmania promastigotes (6), Schistosoma man-
soni (19), and Toxoplasma gondii (13) but not with L. mono-
cytogenes (3). Corradin et al. (6) suggest that phagocytosis
enables gamma interferon to activate macrophages via the
induction of TNF-a as an autocrine second signal. The role of
TNF-a in GBS activation of macrophages was not examined in
this study, but other authors have described TNF-a production
in GBS-infected animals (31), in human infants with GBS
sepsis or meningitis (34), and in GBS-treated cultured human
monocytes (34).

NO production has been demonstrated to play an important
antimicrobial role in murine defenses to many intracellular
parasites and bacteria (18). In contrast, NO synthase is poorly
or noninducible in human macrophages, indicating little or no
role in antimicrobial defenses (18, 26). An antiparasitic func-
tion of NO may exist in human liver since human hepatic
parenchymal cells exhibit strong NO production in response to
cytokines and LPS (18). In addition to GBS, other gram-
positive bacteria such as L. monocytogenes and S. aureus have
been reported to act in synergy with gamma interferon to
induce NO in murine macrophages (3, 36). A contribution of
reactive nitrogen intermediates in the killing of S. aureus by
human neutrophils has been suggested (14). The role of NO in
animal or human immune responses to GBS infection is
unknown; however, increased NO activity has been reported in
GBS-infected piglets (25), and elevated plasma levels of nitrite
present in infants with bacterial sepsis correlate with plasma
TNF-a levels (27). ,

A signalling role for CR3 in NO induction by GBS was
indicated by the failure of the CR3-deficient WEHI-3 cell line
to respond to GBS stimulation. The lack of response to GBS
was not a generalized defect, since gamma interferon-treated
WEHI-3 cells were fully responsive to stimulation with LPS or
nonopsonized S. aureus, whose interaction with macrophages
is not CR3 dependent (8). Although LPS does interact with
CR3 (CD11b/CD18), CD18 does not play a role in mediating
LPS-induced transmembrane signalling (32). LPS stimulation
of WEHI-3 cells must be via other macrophage receptors for
LPS such as LPS-binding protein/CD14 (32). In support of the
GBS data, WEHI-3 cells also failed to produce NO when
exposed to nonopsonized S. epidermidis, whose uptake is
dependent on CR3 (2, 24). In support of a role for phagocy-
tosis in NO responses to bacteria, WEHI-3 cells engulf non-
opsonized S. aureus but not nonopsonized GBS or S. epider-
midis. Anti-CR3 (anti-CD11b or anti-CD18) could also act as
one of two needed costimulatory signals for NO induction in
CR3-expressing J774A.1 cells but not in CR3-deficient
WEHI-3 cells. These data indicate that CR3 ligation by
antibody or CR3 activation by GBS can trigger NO synthesis in
interferon-treated macrophages. A similar signalling capacity
of leukocyte integrins (lymphocyte function associated protein
1, CR3, and p150,95) has been reported for other phagocyte
responses. TNF-a triggering of superoxide production in neu-
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trophils can be primed by CD11/CD18-dependent adhesion of
phagocytes (17).

The NO response of macrophages to GBS appears to be
mediated through direct or indirect interaction of GBS with
CR3 in a manner that triggers phagocytosis and primes mac-
rophages for cytokine responses. Whereas phagocytosis and
subsequent killing of GBS are dependent on CR3 (2, 29),
direct binding of GBS to CR3 has not been proven. The ligand
on GBS recognized by macrophages is also unknown, but
studies by Sloan and Pistole (28) indicate that lectin-like
recognition of capsular galactose by macrophages is not involved.

CR3-mediated phagocytosis rather than just CR3 binding
appears to be required for the NO response to GBS; however,
phagocyte responses mediated via CR3 may be more depen-
dent on which site of CR3 is bound than on whether CR3 is
bound (5). Cain et al. (5) report that for opsonized zymosan
the C3bi site mediates binding, whereas ingestion and super-
oxide burst are triggered via a separate beta-glucan-binding
site on CR3. In contrast to GBS, sheep erythrocytes coated
with C3bi (EC3bi), which do not trigger significant ingestion or
a respiratory burst in phagocytes (23), did not induce NO in
macrophages. This indicates that CR3 ligands which do not
trigger a respiratory burst also do not trigger NO responses
and that only certain CR3 sites may trigger NO.

The ability of GBS to induce NO may simply reflect their
relative phagocytosis by macrophages. The deposition of C3 on
GBS, required for opsonic recognition by CR3, is regulated by
the sialic acid-containing capsular polysaccharides of GBS
(15). Phagocytosis of nonopsonized GBS is also thought to
depend on recognition of capsular sugars possibly via the
lectin-like site of CR3 (2, 29), and there was a correlation
between relative phagocytosis of GBS strains and NO produc-
tion (COH-1 > COH 1-13 > COH 1-11). This is an indication
that capsular content influences the NO response, but since
unencapsulated or encapsulated type III GBS, type Ia GBS,
and S. epidermidis all induce CR3-dependent NO responses,
GBS type-specific antigens are not essential to this response.

The pattern of phagocytosis we observed conflicts with the in
vivo observation of Martin et al. (16) that neonatal rat alveolar
macrophages more easily engulf nonencapsulated than encap-
sulated GBS. Several experimental differences may explain this
conflict. Unknown in vivo opsonins as well as differential
expression and use of complement receptors on alveolar
macrophages (CR4 > CR3) versus peritoneal macrophages
(CR3 > CR4) could markedly alter phagocytosis patterns in
these two studies. Since TNF-a may be a necessary autocrine
signal for NO responses, it is interesting to note as well that
human monocytes exposed to encapsulated versus unencapsu-
lated strains of type III GBS produce similar amounts of
TNF-a (34).

Neonatal phagocytes exhibit reduced chemotactic activation
which can be restored in the presence of gamma interferon
(11). The full antimicrobial capacity of neonatal phagocytes for
GBS may depend on the costimulatory activities of GBS (via
CR3) and gamma interferon. Conditions of both reduced gamma
interferon (4) and reduced antigenic and functional CR3 (1) in
neonates would thus predispose neonates to GBS infection.

Recognition and engulfment of GBS are shown in this study
to enhance responsiveness of phagocytes to secondary cytokine
signals such as gamma interferon. Differential capacities of
GBS strains to interact with CR3 and trigger costimulatory
signals necessary for phagocyte activation by cytokines may
distinguish virulent from avirulent organisms. Whereas the
importance of NO in human defenses to GBS infection is
unknown, these experiments reinforce the importance of CR3
in mediating phagocytic responses to GBS.



VoL. 62, 1994

ACKNOWLEDGMENT

This work was supported by the Ohio University College of Osteo-
pathic Medicine.

1.

10.

11.

12.

13.

14.

15.

16.

17.

REFERENCES
Anderson, D. C,, K. L. Becker Freeman, B. Heerdt, B. J. Hughes,
R. M. Jack, and C. W. Smith. 1987. Abnormal stimulated adher-
ence of neonatal granulocytes: impaired induction of surface
Mac-1 by chemotactic factors or secretagogues. Blood 70:740-750.

. Antal, J. A, J. V. Cunningham, and K. J. Goodrum. 1992.

Opsonin-independent phagocytosis of group B streptococci: role
of complement receptor type 3. Infect. Immun. 60:1114-1121.

. Beckerman, K. P., H. W. Rogers, J. A. Corbett, R. D. Schreiber,

M. L. McDaniel, and E. R. Unanue. 1993. Release of nitric oxide
during the T-cell independent pathway of macrophage activation.
Its role in resistance to Listeria monocytogenes. J. Immunol.
150:888-895.

. Bryson, Y. J., H. S. Winter, S. E. Gard, T. J. Fischer, and E. R.

Stiechm. 1980. Deficiency of immune interferon production by
leukocytes of normal newborns. Cell. Immunol. 5§5:191-200.

. Cain, J. A, S. L. Newman, and G. D. Ross. 1987. Role of

complement receptor type three and serum opsonins in the
neutrophil response to yeast. Complement 4:75-86.

. Corradin, S. B., Y. Buchmuller-Rouiller, and J. Mauel. 1991. .

Phagocytosis enhances murine macrophage activation by interfer-
on-gamma and tumor necrosis factor-alpha. Eur. J. Immunol.
21:2553-2558.

. Gibson, R. L., M. K. Lee, C. Soderland, E. Y. Chi, and C. E.

Rubens. 1993. Group B streptococci invade endothelial cells: type
IIT capsular polysaccharide attenuates invasion. Infect. Immun.
61:478-485.

. Gordon, D. L., and J. L. Rice. 1988. Opsonin-dependent and

independent surface phagocytosis of S. aureus proceeds indepen-
dently of complement and complement receptors. Immunology
64:709-714.

. Granger, D. L., J. B. Hibbs, Jr., J. R. Perfect, and D. T. Durack.

1988. Specific amino acid (L-arginine) requirement for the micro-
biostatic activity of murine macrophages. J. Clin. Invest. 81:1129-
1136.

Harlow, E., and D. Lane. 1988. Antibodies: a laboratory manual, p.
283-318. Cold Spring Harbor Laboratory, Cold Spring Harbor,
NY.

Hill, H. R, N. H. Augustine, and H. S. Jaffe. 1991. Human
recombinant interferon y enhances neonatal polymorphonuclear
leukocyte activation and movement, and increases free intracellu-
lar calcium. J. Exp. Med. 173:767-770.

Kremsner, P., A. K. Nussler, S. Neifer, U. Bienzle, and G. E. Grau.
1993. Malaria antigen and cytokine-induced production of reactive
nitrogen intermediates by murine macrophages: no relevance to
the development of experimental cerebral malaria. Immunology
78:286-290.

Langermans, J. A., M. E. Van der Hulst, P. H. Nibbering, P. S.
Hiemstra, L. Fransen, and R. Van Furth. 1992. IFN-gamma-
induced L-arginine-dependent toxoplasmastatic activity in murine
peritoneal macrophages is mediated by endogenous tumor necro-
sis factor-alpha. J. Immunol. 148:568-574.

Malawista, S. E., R. R. Montgomery, and G. van Blaricom. 1992.
Evidence for reactive nitrogen intermediates in Killing of staphy-
lococci by human neutrophil cytoplasts. A new microbicidal path-
way for polymorphonuclear leukocytes. J. Clin. Invest. 90:631-636.
Marques, M. B., D. L. Kasper, M. K. Pangburn, and M. R.
Wessels. 1992. Prevention of C3 deposition by capsular polysac-
charide is a virulence mechanism of type III group B streptococci.
Infect. Immun. 60:3986-3993.

Martin, T. R,, J. T. Ruzinski, C. E. Rubens, E. Y. Chi, and C. B.
Wilson. 1992. The effect of type-specific polysaccharide capsule on
the clearance of Group B streptococci from the lungs of infant and
adult rats. J. Infect. Dis. 165:306-314.

Nathan, C., S. Srimal, C. Farber, E. Sanchez, L. Kabbash, A. Asch,
J. Gailit, and S. D. Wright. 1989. Cytokine-induced respiratory
burst of human neutrophils: dependence on extracellular matrix
proteins and CD11/CD18 integrins. J. Cell Biol. 109:1341-1349.

GROUP B STREPTOCOCCUS-INDUCED NITRIC OXIDE

18

19.

20.

21.

22.

23.

24.

26.

27.

28.

29.

30.

31

32.
33.

34.

3s.

36.

3107

. Nussler, A. K., and T. R. Billiar. 1993. Inflammation, immuno-
regulation, and inducible nitric oxide synthase. J. Leukocyte Biol.
54:171-178.

Oswald, 1. P, T. A. Wynn, A. Sher, and S. L. James. 1992.
Interleukin-10 inhibits macrophage microbicidal activity by block-
ing the endogenous production of tumor necrosis factor alpha
required as a costimulatory factor for interferon gamma-induced
activation. Proc. Natl. Acad. Sci. USA 89:8676-8680.

Ralph, P.,, M. A. S. Moore, and K. Nilsson. 1976. Lysozyme
synthesis by established human and murine histiocytic lymphoma
cell lines. J. Exp. Med. 143:1528-1533.

Ralph, P., and I. Nakoinz. 1977. Direct toxic effects of immuno-
potentiators on monocytic, myelomonocytic, and histiocytic or
macrophage tumor cells in culture. Cancer Res. 37:546-550.
Ross, G. D. 1981. Detection of complement receptors and Fc
receptors on macrophages, p. 209-227. In H. B. Herscowitz, H. T.
Holden, J. A. Bellanti, and A. Ghaffar (ed.), Manual of macro-
phage methodology: collection, characterization, and function.
Marcel Dekker, Inc., New York.

Ross, G. D., J. A. Cain, and P. J. Lachmann. 1985. Membrane
complement receptor type three (CR3) has lectin-like properties
analogous to bovine conglutinin and functions as a receptor for
zymosan and rabbit erythrocytes as well as a receptor for iC3b. J.
Immunol. 134:3307-3315.

Ross, G. D, R. A. Thompson, M. J. Walport, T. A. Springer, J. V.
Watson, R. H. R. Ward, J. Lida, S. L. Newman, R. A. Harrison,
and P. J. Lachmann. 1985. Characterization of patients with an
increased susceptibility to bacterial infections and a genetic defi-
ciency of leukocyte membrane complement receptor type 3 and
the related membrane antigen LFA-1. Blood 66:882-890.

. Rudinsky, B., A. Bell, C. Randle, M. Lozon, B. Hipps, and W.
Meadow. 1993. L-Arginine (L-arg) ameliorates pulmonary and
systemic hemodynamic deterioration during Group B streptococ-
cal (GBS) sepsis in piglets. Pediatr. Res. 33:40A.

Schneemann, M., G. Schoedon, S. Hofer, N. Blau, L. Guerrero,
and A. Schaffner. 1993. Nitric oxide synthase is not a constituent of
the antimicrobial armature of human mononuclear phagocytes. J.
Infect. Dis. 167:1358-1363. )

Shi, Y., H. Li, C. Shen, J. Wang, S. Qin, R. Liu, and J. Pan. 1993.
Plasma nitric oxide levels in newborn infants with sepsis. J.
Pediatr. 123:435-438. -

Sloan, A. R,, and T. G. Pistole. 1993. Characterization of the
murine macrophage receptor for Group B streptococci. Int. J.
Med. Microbiol. Virol. Parasitol. Infect. Dis. 278:541-552.
Smith, C. L., C. J. Baker, D. C. Anderson, and M. S. Edwards.
1990. Role of complement receptors in opsonophagocytosis of
Group B streptococci by adult and neonatal neutrophils. J. Infect.
Dis. 162:489-495.

Summersgill, J. T., L. A. Powell, B. L. Buster, R. D. Miller, and
J. A. Ramirez. 1992. Killing of Legionella pneumophila by nitric
oxide in gamma-interferon-activated macrophages. J. Leukocyte
Biol. 52:625-629.

Teti, G., G. Mancuso, and F. Tomasello. 1993. Cytokine appear-
ance and effects of anti-tumor necrosis factor alpha antibodies in
a neonatal rat model of group B streptococcal infection. Infect.
Immun. 61:227-235.

Ulevitch, R. J. 1993. Recognition of bacterial endotoxins by
receptor dependent mechanisms. Adv. Immunol. 53:267-289.
Van Furth, R., M. van Schadewijk-Nieuwstad, I. Elzenga-Classen,
C. Cornelisse, and P. Nibbering. 1985. Morphological, cytochem-
ical, functional, and proliferative characteristics of four murine
macrophage-like cell lines. Cell. Immunol. 90:339-357.

Williams, P. A., J. F. Bohnsack, N. H. Augustine, W. K. Drum-
mond, C. E. Rubens, and H. R. Hill. 1993. Production of tumor
necrosis factor by human cells in vitro and in vivo induced by
Group B streptococci. J. Pediatr. 123:292-300.

Young, L., and K. J. Goodrum. 1989. Reduced phagocytosis of
Group B Streptococci by C3 receptor (CR3)-deficient macro-
phages, abstr. 6467. FASEB J. 3(part 1I):A1339.

Zhang, X., and D. C. Morrison. 1993. Lipopolysaccharide-induced
selective priming effects on tumor necrosis factor alpha and nitric
oxide production in mouse peritoneal macrophages. J. Exp. Med.
177:511-516.



