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We investigated the ability of staphylococcal enterotoxins A and B, exfoliative toxins A and B, and toxic
shock syndrome toxin 1 to activate macrophages. All of the toxins tested had the potential to stimulate
tumoricidal activity in peritoneal macrophages from lipopolysaccharide-responsive C3HeB/FeJ mice. In
contrast, none of the toxins activated cytotoxicity in lipopolysaccharide-unresponsive macrophages from
C3H/HeJ mice. We also studied toxin stimulation of monokine secretion. Staphylococcal enterotoxin A, toxic
shock syndrome toxin 1, and both exfoliative toxins triggered C3HeB/FeJ macrophages to secrete tumor
necrosis factor alpha, but enterotoxin B induced only marginal amounts of tumor necrosis factor. All of the
toxins used stimulated interleukin-6 production by macrophages from both strains of mice. Nitric oxide is
produced in response to the exfoliative toxins only by the lipopolysaccharide-responsive macrophages. These
results suggest that macrophages respond differently to several staphylococcal exotoxins.

Exotoxins from Staphylococcus aureus cause diseases
such as food poisoning, scalded skin syndrome in infants,
and the multisystem disease toxic shock syndrome. The
toxins are serologically distinct, single-polypeptide chains,
with sizes ranging from 22 kDa to approximately 35 kDa (20).
The toxins can also induce an immune response and have

been termed superantigens (37). The toxins were originally
described to be mitogenic (25, 36), but recent work shows
that the superantigens initiate T-cell proliferation by the
T-cell receptor interacting with exotoxins which are bound
to class II molecules of accessory cells (24, 26, 35). Kappler
et al. (22) found that T cells which express specific V.
sequences as part of their a,B T-cell receptor are stimulated
specifically by staphylococcal enterotoxin A (SEA), staphy-
lococcal enterotoxin B (SEB), and toxic shock syndrome
toxin 1 (TSST-1).
Macrophages are also activated by these toxins. Human

monocytes stimulated with SEB and TSST-1 for 1 to 6 days
secreted tumor necrosis factor (TNF) (11). Beezhold et al.
(2) used 20 ng of TSST-1 per ml to stimulate rat macrophages
to produce interleukin-1 (IL-1). NK cells also become cyto-
toxic after stimulation with SEB (1).
We studied the ability of SEA, SEB, TSST-1, exfoliative

toxin A (ETA), and exfoliative toxin B (ETB) to activate
LPS' (responsive) and LPSd (unresponsive) murine macro-

phages. We showed activation of contact-dependent cyto-
toxicity, TNF and IL-6 secretion, and nitric oxide produc-
tion (as measurable by the stable end product of nitrite)
(NO2-). We also compared the kinetics of cytokine and
N02 production after stimulation by different toxins.

MATERIALS AND METHODS

Mice. C3HeB/FeJ (LPS') and C3H/HeJ (LPSd) mice were

bred in the animal facilities in the Division of Biology at
Kansas State University.

Tissue culture cells. The TNF-sensitive cell line LM929
was obtained from American Type Culture Collection
(Rockville, Md.). The simian virus 40-transformed cell line

* Corresponding author.
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F5b which was cloned from cells derived from C3H.OL
embryo fibroblasts (H-201 KdDk) is killed by macrophages by
a contact-dependent process and has been described previ-
ously (7, 28). LM929 and F5b were cultured three times
weekly in antibiotic-free Dulbecco's modified Eagle's me-

dium (GIBCO, Gaithersburg, Md.) supplemented with 2%
fetal bovine serum, 0.3% L-glutamine (Sigma, St. Louis,
Mo.), and 10% Opti-MEM 1 Reduced Serum medium
(GIBCO). IL-6 was quantitated with the IL-6-dependent,
murine B-cell hybridoma subclone B9 which was obtained
with L. Aarden's permission from R. Nordan (National
Cancer Institute, Bethesda, Md.). It was cultured in
Dulbecco's modified Eagle's medium supplemented with 50
,uM 2-mercaptoethanol, 5% fetal bovine serum, and 10 pg of
recombinant IL-6 per ml. The hybridoma did not proliferate
in response to recombinant TNF, recombinant IL-1, combi-
nations of TNF and IL-1, or any toxin used.

Reagents. Enterotoxins A and B, purified by the proce-
dures of Bergdoll et al. (3), were obtained from Anna
Johnson-Winegar (U.S. Army Medical Research and Devel-
opment Command, Ft. Detrick, Md.) or Toxin Technology
(Madison, Wis.). TSST-1 was obtained from Peter Bonven-
tre (Dept. of Microbiology and Molecular Genetics, Univer-
sity of Cincinnati College of Medicine, Cincinnati, Ohio).
ETA and ETB were purified in our laboratories from cul-
ture supernatants of S. aureus UT0003 (ETA) and UT0007
(ETB). Extracellular ETA and ETB were precipitated with
saturated ammonium sulfate and dialyzed against water.
ETA and ETB were then purified by two cycles of prepara-
tive isoelectric focusing. All toxin preparations used in these
experiments were biologically active at 100 ng/ml as deter-
mined by spleen cell proliferation assay. The exotoxins used
in this study were endotoxin free as determined by the
Limulus amebocyte lysate assay (Sigma). Our assay was

sensitive to an endotoxin concentration of 0.02 ng/ml. The
presence of lipoteichoic acid was determined by Isaac Gins-
burg (Hebrew University Hadassah School of Dental Medi-
cine, Jerusalem, Isreal) using hemagglutination of lipote-
ichoic acid-sensitized human erythrocytes (14). The toxin
preparations used in this study were lipoteichoic acid nega-
tive by this method, which is sensitive to a concentration of
0.2 ,ug/ml. Lipid A-associated protein containing lipopoly-
saccharide (LPS) was obtained from David Morrison (Dept.
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of Microbiology, Kansas University Medical Center, Kansas
City). Recombinant murine TNF and gamma interferon
(IFN-y) were obtained from Genzyme (Cambridge, Mass.).
Recombinant murine IL-6 was obtained from R & D Systems
(Minneapolis, Minn.). Experiments were conducted in
Dulbecco's modified Eagle's medium supplemented with 2%
fetal bovine serum and 50 ,ug of gentamycin sulfate per ml
(DME).

Cytotoxicity assay. The macrophage cytotoxicity assay
was performed as described previously (8). C3HeB/FeJ and
C3H/HeJ peritoneal exudate cells were obtained 4 or 5 days
after injection of 1.5 ml of sterile thioglycolate broth (Difco,
Detroit, Mich.). After peritoneal lavage, the peritoneal exu-
date cells were washed and pipetted into flat-bottom, 96-well
plates at 1 x 105 to 4 x 105 cells per well. After 1 to 2 h the
medium was removed and replaced with the appropriate
toxin-containing medium (with or without 0.1 U of IFN--y per
ml). Approximately 104 chromium-51-labelled F5b cells were
added to each well, and the assay mixture was incubated for
16 to 18 h. The microtiter plates were then centrifuged, and
90-,ul aliquots from each well were counted in a gamma
counter. The percent specific release was calculated as
follows: specific release = [experimental release - sponta-
neous release/(maximal release - spontaneous release)]/x
100. The maximal release and spontaneous release were
determined by incubating 104 F5b cells in 1 N HCl (maximal)
or medium (spontaneous). The spontaneous release was
generally less than 40%. As positive controls, macrophages
from C3HeB/FeJ mice were stimulated with Escherichia coli
055:B5 LPS (12.5 ,ug/ml) (Difco) and IFN-y (0.1 U/ml);
C3H/HeJ macrophages were stimulated with lipid A-associ-
ated protein containing LPS (10 Fxg/ml) and with IFN-y (10
U/ml).
Macrophage supernatants. C3HeB/FeJ and C3H/HeJ peri-

toneal exudate cells were obtained by peritoneal lavage as
described above. The cells were plated at a density of 107
cells per 60-mm-diameter tissue culture plate, allowed to
adhere for 1 to 2 h, and washed with DME. The appropriate
toxin in 4 ml ofDME was added for 30 min. After 30 min, the
plates were washed three times with 1 to 2 ml of medium and
4 ml of fresh medium with or without toxin was added. At 3
and 6 h after the initial 30-min incubation period, the
supernatants were collected and 4 ml fresh DME with or
without toxin was added to the culture plates.
The supernatants were clarified by centrifugation, ali-

quoted, and used immediately or stored at -100°C until
assayed. Supernatants collected from cultures pulsed with
toxin-containing medium are designated (+) toxin. The
supernatants designated (-) toxin came from cultures that
received only DME after the initial 30-min pulse. As a
positive control, C3HeB/FeJ macrophages were pulsed with
LPS (12.5 ,ug/ml). Unresponsive C3H/HeJ macrophages
were activated with lipid A-associated protein containing
LPS (10 ,ug/ml) and IFN-y (10 U/ml) as described previously
(9). Cytokine and nitrite quantification was based on linear
regression of standard curves of recombinant TNF, recom-
binant IL-6, or NaNO2.
TNF quantification. Triplicate samples of culture superna-

tants were serially diluted in DME in 96-well, flat-bottom
plates. To each well, 104 51Cr-labelled LM929 cells were
added and incubated for 16 to 18 h. After centrifugation,
90-isl aliquots were quantitated for chromium release as
described.

Nitrite determination. Nitrite concentration was deter-
mined by use of the Griess reagent (1% sulfanilamide, 0.1%
naphylethylene diamine dihydrochloride, and 2% H3PO4) as

TABLE 1. Cytotoxicity of F5b tumor cells by
exotoxin-activated macrophages

% (i + SEM)b specific release at:
Activator'

10:1c 20:1 30:1 40:1

SEA 13 0 12 ± 0 15 ± 2 29 ± 1
SEB 9 0 8± 1 9 ± 1 18 ± 2
ETA 11 1 18 ± 1 21 ± 0 21 ± 2
ETB 22 0 25 ± 1 27 ± 0 19 ± 1
LPS + IFN-y 34 2 53 ± 1 58 ± 0 44 ± 1
Medium 8 3 3± 1 2 ± 2 6 ± 0

a Thioglycolate-elicited macrophages were activated with toxin (10 FJg/ml)
or LPS and IFN-y as described in the Materials and Methods.

b From triplicate samples.
Macrophage-to-target-cell ratio.

described previously (30). Briefly, triplicate 100-,ul superna-
tant samples were placed in microtiter plates. To each well
100 i,l of Griess reagent was added and incubated for 10 min
at 25°C. A microtiter plate reader (Cambridge Technology,
Cambridge, Mass.) was used to read the A550.

IL-6 quantification. The macrophage supernatants were
assayed for IL-6 content by the B9 bioassay (17). The B9
cells were washed three times in IL-6-free DME to remove
residual IL-6. Two thousand B9 cells were added to serially
diluted, triplicate samples of culture supernatant and al-
lowed to incubate for 3 days at 37°C. [3H]thymidine (0.5 ,uCi
per well) was added for 8 h prior to harvesting with a PHD
Cell Harvester (Cambridge Technology) and liquid scintilla-
tion counting.

RESULTS

Toxin induction of macrophage cytotoxicity. The ability of
the toxins to induce cytotoxic macrophages was measured
by killing of the cell line F5b, previously characterized by
our laboratory (7, 28). The cytotoxicity of C3HeB/FeJ mac-
rophages incubated with the exotoxins was variable, ranging
from 0 to 30%. Table 1 is a representative experiment which
shows the levels of tumoricidal activity that can be induced
by each toxin. None of the toxins stimulated cytotoxicity to
the same extent as LPS and IFN--y. Table 2 shows that the
toxins alone did not always induce cytotoxicity (SEA and
SEB) or induced very low levels of killing (ETA and ETB).
However, when this occurred with either toxin type, cyto-
toxicity could be induced when used in combination with
suboptimal levels of IFN--y (Table 2). In contrast, no toxin,
under any condition, was able to induce C3H/HeJ macro-
phages to become cytotoxic (data not shown).

Toxin induction of N02 , IL-6, and TNF secretion. Nitric
oxide is released by activated macrophages (4, 30). To
determine whether arginine metabolism was involved in
toxin-induced activation, we measured the extracellular
N02 released in response to the toxins. SEA, SEB, or
TSST-1 did not stimulate significant quantities of N02
(Table 3). However, responsive macrophages incubated
continuously with ETA or ETB released significant quanti-
ties of N02 during an 18-h exposure (Table 3). Nitrite was
not found in measurable quantities in any other supernatants
(data not shown). The LPSd macrophages were not stimu-
lated to release measurable nitrite by any of the staphylo-
coccal exotoxins (data not shown).
To determine whether TNF is secreted independently of

macrophage cytolytic activity, we incubated macrophages
from C3HeB/FeJ mice with SEA. Within the first 3 h TNF
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TABLE 2. IFN-y enhancement of tumoricidal activity

% (i + SEM)" specific release at:
Expt no. Activatora

10:V1 20:1 30:1

1 ETA 6 2 15 3 10 1
ETA + IFN-y 14 ± 0 48 3 40 6
ETB 20 ± 2 19 1 29 0
ETB + IFN--y 28 2 33 1 47 2
Medium 9±2 5±0 6±3
IFN--y 5 ± 2 2 2 12 2
LPS + IFN--y 26 4 37 3 42 5

2 SEA 9 4 6 1 6 1
SEA + IFN--y 11 2 18 7 18 2
SEB 0 1 0 1 0 1
SEB + IFN-y 29 2 24 2 21 17
Medium 0±0 1±3 6±1
IFN-y 3 ± 5 0 ± 4 0 2
LPS + IFN--y 19 ± 4 22 ± 3 27 0

a Thioglycolate-elicited macrophages were activated with toxin or LPS in
the presence or absence of IFN--y as described in Matefials and Methods.
Reagents were used in the following concentrations: ETA, ETB, SEA, and
SEB, 10 ,ug/ml (each); IFN-y, 0.1 U/ml.
bFrom triplicate samples.
Macrophage-to-target-cell ratio.

appeared in the culture supernatants (Table 4). After that
time, TNF secretion decreased to background levels. In
contrast, responsive macrophages incubated continuously
with SEB secreted only marginal amounts of TNF. There
appears to be a threshold exposure time, because we found
that C3HeB/FeJ macrophages pulsed with SEA or SEB for
only 30 min did not secrete TNF.
TNF was secreted from C3HeB/FeJ macrophages in re-

sponse to both ETA and ETB stimulation. The continuous
exposure to ETA induced approximately 30 U ofTNF per ml
over the first 3 h (Table 4). As observed with SEA, the TNF
levels dropped to background for the remainder of the 18-h
experiment. In contrast, ETB induced 30 to 40 U/ml during
each collection period. A 30-min pulse of either exfoliative
toxin was not enough to induce significant TNF secretion
(Table 4).
At a concentration of 2.5 ,ug/ml, TSST-1 stimulated TNF

secretion when C3HeB/FeJ macrophages were pulsed for 30
min or incubated continuously with toxin (Fig. 1). When
responsive macrophages were continuously incubated with
suboptimal concentrations (20 ng/ml) of TSST-1, the macro-
phages also produced 10 U of TNF per ml. C3H/HeJ

TABLE 3. Nitric oxide produced by toxin-stimulated
C3HeB/FeJ macrophages

(T ± SEM)Treatment' (LM, NO2-b
SEA.1.2 ± 1.3
SEB.1.7 ± 1.5
ETA.26.0 ± 2.6
ETB.7.9 ± 0.6
TSST-1.1.9 ± 2.8
LPS ........................................ 152.0 ± 43.3
Medium.0.9 ± 0.7

TABLE 4. Kinetics of TNF production by exotoxin-
stimulated macrophages

Expt Stimulation U of TNF secretedb at:Stimulant St.imtions'no. conditions" 3 h 6 h 18 h

1 ETA Continuous (+) 30 4 4
30 min (-) 10 4 4

ETB Continuous (+) 25 40 24
30 min (-) 6 4 4

LPS Continuous (+) >200 180 >200
Medium 4 4 4

2 SEA Continuous (+) 148 26 2
30 min (-) 34 2 2

SEB Continuous (+) 12 2 2
30 min (-) 2 2 2

LPS Continuous (+) >200 40 20
30 min (-) >200 27 2

Medium 2 2 2

a Macrophages were incubated in the continuous presence of toxin (+) or
were pulsed for only 30 min (-) with 10 ,ug of SEA or SEB per ml, 1 ,ug of
ETA or ETB per ml, or 12.5 ,ug of LPS per ml.

b TNF concentrations were determined by linear regression of standard
curves with recombinant murine TNF. Peritoneal macrophages were from
C3HeB/FeJ mice. Supernatants were collected and assayed for TNF at the
indicated times as described in the Materials and Methods. Values represent
the amount of TNF produced in one representative experiment of two to four
independent trials.

macrophages were stimulated to produce a small amount of
TNF (18 U/ml) only when incubated continuously with 2 ,ug
of TSST-1 per ml (data not shown). SEA, SEB, ETA, and
ETB did not stimulate LPSd macrophage TNF production
(data not shown).

IL-6 was induced by all of the exotoxins tested. Either a
30-min pulse or the continuous exposure of SEA stimulated
the LPS-responsive macrophages to secrete increasing
amounts of IL-6 over time, with the greatest accumulation
occurring during the last 12 h (Table 5). IL-6 was secreted
into the culture supernatant in response to SEB, though the
quantities were significantly lower and secretion appeared to
peak earlier (Table 5). The exfoliative toxins induced much
higher levels of IL-6 than the enterotoxins (Table 5). The
continued presence of ETA and ETB induced 2 or more ng
of IL-6 per ml throughout the 18 h. The kinetics of cytokine
secretion induced by the exfoliative toxins also were dif-
ferent from those of that induced by the enterotoxins. Table
5 shows that a 30-min pulse of toxin stimulated the most IL-6
to be secreted within the first 3 h, with decreasing quantities
being secreted after this time point. This is the opposite of
the kinetics of a 30-min SEA pulse (Table 5).
We found that macrophages from C3H/HeJ mice could be

induced to secrete only IL-6 in response to toxin stimulation.
Tables 5 and 6 indicate that the continuous presence of SEA
stimulated much higher concentrations of IL-6 than did
SEB. However, SEB induced significantly more than back-
ground levels of IL-6. As found with the LPS' macrophages,
the exfoliative toxins also induced IL-6 secretion by LPSd
macrophages. ETA and ETB induced the secretion of 24 and
55 pg, respectively (Table 6) of IL-6 per ml, which compared
favorably with the levels induced by the enterotoxins. How-
ever, the macrophages were stimulated with only 1 p.g of
exfoliative toxin per ml as compared with 10 ,ug of entero-
toxin per ml.
The accumulation of IL-6 in the culture supernatant over

an 18-h incubation was also measured (Table 6). Macro-

a The stimulant-containing medium was added to adhered macrophages for
18 h. The supernatant was removed and frozen at - 100°C until assayed with
Griess reagent.

b Values were calculated from the results of two to six experiments by
linear regression from a standard of known quantities of nitrite.
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FIG. 1. Kinetics ofTNF production by C3HeB/FeJ macrophages stimulated with TSST-1. C3HeB/FeJ macrophages were incubated in the

presence (+) or absence (-) of TSST-1 after an initial 30-min pulse of TSST-1. Supernatants were collected and assayed for TNF at 3, 6, and
18 h as described in Materials and Methods.

TABLE 5. Kinetics of IL-6 production by
exotoxin-stimulated macrophages

IL-6 secreted (pg/ml)" in:

Stimulation C3Heb/FeJ C3H/HeJ
Stimulant conditionsa cells at: cells at:

3 h 6 h 18 h 3 h 6 h 18 h

ETA Continuous (+) 2,170 >2,400 >2,400 7 4 6
30 min (-) 1,460 1,173 776 4 1 4

ETB Continuous (+) 1,995 2,311 >2,400 7 9 19
30 min (-) 1,121 558 524 4 2 6

SEA Continuous (+) 329 718 >2,400 2 6 32
30 min (-) 212 218 1,146 4 5 8

SEB Continuous (+) 758 994 993 6 3 8
30 min(-) 169 323 150 2 2 5

Medium 42 55 191 2 1 6

a Macrophages were incubated in the continuous presence of toxin (+) or
were pulsed for only 30 min (-) with 10 ,ug of SEA or SEB per ml or 1 p.g of
ETA or ETB per ml.

b IL-6 concentrations were determined by linear regression of standard
curves with recombinant murine IL-6. Peritoneal macrophages were from the
indicated mouse line. Supernatants were collected and assayed for IL-6 at the
indicated times as described in Materials and Methods. Values represent the
amount of IL-6 produced in one representative experiment of two to five
independent trials.

phages from C3HeB/FeJ mice exposed to a 30-min pulse or

incubated continuously with ETA, ETB, or SEA secreted
large quantities of IL-6. In contrast, the continued presence
of SEB was necessary to stimulate greater than background
levels of IL-6. The quantities of IL-6 secreted by the LPSd
macrophages were significantly lower (Table 6). The contin-
ued presence of each toxin induced IL-6 secretion, but
macrophages from C3H/HeJ mice also secreted IL-6 follow-
ing a 30-min pulse of ETB or SEA. However, a pulse of SEB
or ETA did not yield IL-6 in the culture supernatant (Table 6).

DISCUSSION
Staphylococcal exotoxins induce dramatic pathophys-

iological changes in vivo. We investigated the potential of
these toxins to activate murine peritoneal macrophages, as
determined by cytotoxicity and production of nitrite, TNF,
and IL-6. Previous studies found that exotoxins secreted by
S. aureus stimulated T-cell proliferation (6, 25, 26, 35, 36).
Spleen cells from both C3H/HeJ and C3HeB/FeJ mice
proliferated in response to 100 ng of each of our toxin
preparations per ml (data not shown), confirming the biolog-
ical activity of our reagents. SEA, ETA, ETB, and TSST-1
induced C3HeB/FeJ macrophages to produce substantial
amounts of TNF. SEB differed from those toxins by induc-
tion of only marginal amounts of TNF. The inability of SEB
to induce high levels of TNF secretion contrasts with results
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z

I-
(*)
4-,

D

INFECT. IMMUN.



MACROPHAGE ACTIVATION BY STAPHYLOCOCCAL EXOTOXIN 4053

TABLE 6. IL-6 secreted in response to toxin stimulation

Mouse Toxin IL-6 (pg/ml)a
strain (,ug/ml) +Toxin -Toxin

C3HeB/FeJ ETA (1) >1,600 >1,600
ETB (1) >1,600 >1,600
SEA (10) 1,318 1,280
SEB (10) >1,600 790
Medium 864

C3H/HeJ ETA (1) 24 10
ETB (1) 56 21
SEA (10) 33 24
SEB (10) 19 11
Medium 14

a +Toxin, adhered thioglycolate-elicited macrophages were stimulated with
toxin for 30 min and washed three times, 4 ml of toxin-containing medium was
added, and the mixture was incubated for 18 h. The supernatant was
collected, and IL-6 secretion was determined as described in Materials and
Methods. -Toxin, treatment is the same as for +Toxin, except that after the
wash, Dulbecco's modified Eagle's medium was added and the mixture was
incubated for 18 h. The data are representative of two to five experiments,
depending on the toxin.

of other recent studies. SEB and TSST-1 have recently been
shown to induce human monocytes to transcribe mRNA for
IL-lp and TNF (32). Fast et al. (11) also showed that TSST-1
and SEB stimulated human monocytes to produce TNF over
a period of 1 to 6 days. It is possible that murine macro-
phages are not stimulated by SEB to the same extent as
human monocytes. Murine macrophages may bind toxins
differently than human macrophages because of the toxin's
structure and differences in major histocompatability com-
plex class II molecules.

Previous investigations have found that nitric oxide pro-
duction and TNF secretion are concomitantly induced by the
calcium ionophore A23187 (5). Macrophage activation with
various toxins resulted in differential secretion of nitric
oxide, TNF, and IL-6. For example, ETA and ETB were the
only toxins we tested that stimulated nitrite secretion by
C3HeB/FeJ macrophages. Although the amounts of nitrite
produced were less than that induced by an LPS pulse, these
data suggest that ETA and ETB and SEA, SEB, and TSST-1
regulate arginine metabolism differently.
We found that all toxins but SEB induced LPS-responsive

macrophages to secrete greater than 15 U ofTNF per ml and
that only IL-6 is secreted by C3H/HeJ macrophages in
response to toxin stimulation. The kinetics of nitrite, IL-6,
and TNF secretion after stimulation with various toxins also
differs from the response induced by the other toxins. For
example, nitrite was measurable only after accumulating for
18 h in the continuous presence of exfoliative toxins, while

IL-6 was measurable within 3 h and was continuously made
during the 18-h incubation. In contrast, SEA induced TNF
secretion within the first 3 h of stimulation, while IL-6 was
not secreted in large quantities until after 6 h of exposure.
Therefore, these data indicate independent regulation of
nitrite, TNF, and IL-6 by these exotoxins.
The finding that some toxins can activate macrophages

independently of nitrite secretion is consistent with previous
studies by Green et al. (15). They found that TNF but not the
macrophage activators C5 and C5a induced nitric oxide
production. The production of one monokine in the absence
of another or the independent regulation of monokines is
consistent with a number of previous studies. For example,
Riessenfeld-Om et al. (27) stimulated human mnonocytes
with Streptococcus pneumoniae to induce IL-1 but not TNF
production. Lonnemann et al. (23) found that TNF and IL-1
secretion peaked at separate times when human monocytes
were stimulated with LPS. Zuckerman et al. (38) also found
that serum TNF peaked prior to IL-1 concentrations after in
vivo stimulation. The observations that these staphylococcal
exotoxins have such distinct effects on macrophages (see
Table 7 for a general summary) make them interesting tools
for further investigations of macrophage activation.

Tumoricidal activity induced by the toxins was variable.
However, at times when no cytotoxicity was induced by the
toxins, tumoricidal activity could be obtained by the same
toxin preparations in conjunction with suboptimal concen-
trations of IFN--y. The irregular induction of cytolytic activ-
ity may be a result of differences in the induction of IFN-a
and subsequent autocrine responses. This would be consis-
tant with multiple signals being required for macrophage
cytolysis (16, 33). The finding that SEA, SEB, and TSST-1
induce cytotoxicity without N02- contrasts with the results
of Takema et al. (31). This difference may be attributed to
the cells used in analyzing cytotoxicity. Our assays mea-
sured the cytotoxicity of F5b cells, and Takema et al.
measured the killing of P815 cells. Data from our laboratory
indicate that macrophage interactions with P815 cells are
different from their interactions with F5b (28) and that F5b is
not killed by a nitric oxide-dependent process (37a).
Macrophages from C3H/HeJ mice were not cytotoxic

when stimulated with toxins. The lack of activity was not
due to toxin breakdown, because the same toxin prepara-
tions stimulated spleen cells from unresponsive mice to
proliferate. Furthermore, when stimulated with lipid A-as-
sociated protein containing LPS and IFN--y, the C3H/HeJ
macrophages responded as expected by becoming cytotoxic
or secreting monokines.
The finding that LPSd macrophages were not activated

with the exotoxins is consistent with reports of others.
C3H/HeJ macrophages do not respond to the calcium iono-
phore A23187 (29). They also cannot be made cytotoxic by

TABLE 7. Summary of exotoxin activation of macrophages

Activity in C3HeB/FeJ cells (LPS responders) Activity in C3HIHeJ (LPS nonresponders)
Macrophage source

and exotoxin Tumoricidal TNF IL-6 N02- Tumoricidal TNF IL-6 N02-
activity (U/ml)a (pg/ml)a production activity (U/ml)a (pg/ml)a production

SEA + 150 1,318 - - 0 36 -

SEB + 12 1,600 - - 0 19 -

ETA + 30 1,600 + - 0 24 -

ETB + 40 1,600 + - 0 55 -

TSST-1 + 200 224 - - 18 28 -

a In culture supernatants of macrophages incubated with toxin-containing medium for 18 h.
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Propionibacterium acnes (21) or by the lipid A moiety of
gram-negative bacterial LPS (10). Therefore, the genetic
defect of C3H/HeJ mice that causes unresponsiveness to
other stimuli extends to staphylococcal exotoxins. How-
ever, all of the toxins induced the LPSd macrophages to
secrete low levels of IL-6, and TSST-1 induced TNF secre-
tion. The finding that unresponsive macrophages can be
induced to secrete monokines without becoming cytotoxic is
consistent with the results of previous studies (19). In
addition, Flebbe et al. (13) found that C3H/HeJ macrophages
could be stimulated by LPS isolated from rough mutants to
secrete TNF and IL-1 but required an additional signal of
IFN--y to become cytotoxic. The hypothesis that distinct
signals may be provided to macrophages by different toxins
is not unprecedented. Smooth and rough LPS activate cells
from C3H/HeJ mice differently (12, 13). The presence of
protein in LPS also stimulates macrophages in a manner
different from that of protein-free preparations (9, 18). We
also add that though the C3H/HeJ mouse serves as an
interesting model to study how these toxins work, it may not
necessarily be one that reflects human disease well.

It is possible that the exotoxins stimulate different macro-
phage functions because they trigger autocrine responses.
Vogel and Fertsch (33) found that macrophages produce IFN
in response to priming signals. Macrophages require multiple
signals to become fully activated (16), and each staphylococ-
cal exotoxin may stimulate IFN differently to provide those
signals. Macrophages respond differently to the various
exotoxins tested (Table 7). The kinetics of TNF and nitric
oxide secretion in the presence or absence of toxin also
indicate that the signals transduced by each exotoxin may be
distinct. Alternatively, all of the toxins may stimulate the
various responses. However, structural differences may
make some more potent stimulants. The conditions we chose
to measure stimulation may have failed to detect the poorer
activators. Additional studies will be required to elucidate
whether signal transduction pathways for these toxins are
indeed different.
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