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Macrophages from C2D transgenic mice deficient in the expression of major histocompatibility complex
(MHC) class II proteins were used to identify binding sites for superantigens distinct from the MHC class II
molecule. Iodinated staphylococcal enterotoxins A and B (SEA and SEB) and exfoliative toxins A and B (ETA
and ETB) bound to C2D macrophages in a concentration-dependent and competitive manner. All four toxins
increased F-actin concentration within 30 s of their addition to C2D macrophages, indicating that signal
transduction occurred in response to toxin in the absence of class I MHC. Furthermore, ETA, ETB, SEA, and,
to a lesser extent, SEB induced C2D macrophages to produce interleukin 6. Several molecular species on C2D
macrophages with molecular masses of 140, 97, 61, 52, 43, and 37 kDa bound SEA in immunoprecipitation
experiments. These data indicate the presence of novel, functionally active toxin binding sites on murine
macrophages distinct from MHC class II molecules.

The gram-positive bacterium Staphylococcus aureus secretes
up to 30 different exotoxins into its environment. Among these
are staphylococcal enterotoxin A (SEA), the major causative
agent of food poisoning, staphylococcal enterotoxin B (SEB),
toxic shock syndrome toxin 1, and exfoliative toxin A (ETA)
and exfoliative toxin B (ETB), which induce scalded skin
syndrome (3, 26, 27). These staphylococcal exotoxins are
potent T-cell stimulants and have been called superantigens
(44). Enterotoxins, exfoliative toxins, and toxic shock syn-
drome toxin 1 activate human, rat, and mouse macrophages to
secrete tumor necrosis factor (TNF), NO~, interleukin 1
(IL-1), and IL-6 (2, 13-15, 28, 35, 36). Furthermore, macro-
phages become cytolytic in the presence of these exotoxins and
gamma interferon (13, 15).

The major histocompatibility complex class II (MHC II)
molecule is a high-affinity receptor for staphylococcal superan-
tigens. Immunoprecipitation and autoradiography studies
demonstrated a direct interaction between staphylococcal exo-
toxins and the MHC II molecule (16, 33, 39). This interaction
is unusual because unprocessed toxin binds to the nonpoly-
morphic regions of the MHC II molecule, away from the
traditional antigen presenting site (10, 23, 38). The toxin-MHC
molecule interaction occurs because toxins do not require
processing and because the interaction satisfies the simple
thermodynamic rules of receptor-ligand interactions. There-
fore, the possibility exists that other molecules may be present
on cells that have similar structural properties that allow
interaction with toxin.

A superantigen binding site, distinct from the MHC II
molecule, has been inferred from several studies (4, 24, 34, 43).
In particular, in our laboratory, Scatchard analysis of compet-
itive binding data from experiments using B6MP102 bone
marrow-derived macrophages indicated the presence of two
staphylococcal exotoxin binding receptors. However, in spite of
this compelling evidence for the presence of non-MHC II
superantigen binding receptors, little is known about these
molecules.
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Transgenic mice deficient in MHC II molecules (GenPharm
International, Mountain View, Calif.) provide an excellent way
to study non-MHC II toxin-binding molecules. C2D mice lack
cell surface expression of MHC II molecules because of a null
mutation in the MHC II AB gene (18). Therefore, experiments
using cells from C2D mice are not subject to the criticisms
made of other methods used to study alternate toxin-binding
molecules. There are no concerns over whether the monoclo-
nal antibodies used to inhibit toxin binding completely block
the MHC II binding receptor or over whether MHC II
molecules are present on cells at concentrations below the
sensitivity of the detection assays. These experiments are also
not subject to criticisms that MHC II-negative tumor cell lines
are not representative of normal cells. Therefore, we used C2D
transgenic mice to investigate whether staphylococcal superan-
tigens bind and activate macrophages through a receptor
distinct from the MHC II molecules.

MATERIALS AND METHODS

Mice. Transgenic mice, negative for MHC class I (MHC I)
(C1D, H-2° mice) or MHC II (C2D, H-2° mice), were pur-
chased from GenPharm, Int. The C1D mice were used as a
syngeneic, MHC II-positive control that had undergone a
genetic manipulation at a locus distinct from MHC II. We
confirmed earlier findings (18) that C1D and C2D mice lacked
MHC I and II molecules, respectively, by using flow cytometric
analysis of thymocytes or spleen cells (1). Additionally, same-
age C57BL/6 (B6, H-2°) mice (Jackson Laboratory, Bar Har-
bor, Maine) were used as unmanipulated, syngeneic, MHC
II-positive controls.

Cells. C1D, C2D, and B6 murine, peritoneal macrophages
were obtained by peritoneal lavage as previously described
(15). Bone marrow cells were recovered from long bones and
were grown into macrophage monolayers on 60- or 100-mm-
diameter tissue culture dishes in Dulbecco’s modified Eagle
medium (DMEM) (GIBCO, Grand Island, N.Y.) supple-
mented with 10% fetal bovine serum, 0.3% vL-glutamine, and
15% LM-929 conditioned cell supernatant (as a source of
colony-stimulating factor 1). Bone marrow cells were allowed
to remain in culture for a minimum of 2 weeks before use to
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allow for the differentiation into macrophages. The TNF-
sensitive cell line LM-929 (American Type Culture Collection
CCL 1.2) was used as a source of colony-stimulating factor 1
and to detect TNF. LM-929 cells were passaged 2 to 3 times
weekly in antibiotic-free DMEM supplemented with 2% fetal
bovine serum. IL-6 was quantified with the IL-6-dependent,
murine B-cell hybridoma subclone B9 (15). It was cultured in
DMEM supplemented with 50 nM 2-mercaptoethanol, 5%
fetal bovine serum, and 10 pg of recombinant IL-6.

Toxin. Purified preparations of SEA and SEB were obtained
from Toxin Technologies (Sarasota, Fla.). SEA and SEB are a
minimum of 96% pure as determined by the supplier. Alter-
nate preparations of SEB were obtained from the U.S. Army
Medical Research and Development command (Ft. Detrick,
Md.). Furthermore, every new preparation of endotoxin was
run through a sodium dodecyl sulfate (SDS) gel and was
stained with silver (Bio-Rad Silver Stain Plus, with a sensitivity
of approximately 10 ng) to check for impurities. SEA consis-
tently stained as a single band, and both SEB preparations
stained as a doublet with a molecular mass of 25 kDa. ETA and
ETB were prepared in our laboratory by using strains of
Staphylococcus aureus and the purification procedure previ-
ously described (15). ETA and ETB preparations gave single
bands on gels stained with silver. The enterotoxins had 0.4 ng
of endotoxin-like reactive material per pg of toxin, and the
exfoliative toxins had less than 2.0 ng per ng, as determined by
the Limulus amebocyte lysate assay (Sigma, St. Louis, Mo.).
Our assay was sensitive to a concentration of 0.02 ng/ml.

Saturation and competitive binding assays and determina-
tion of K,. Exotoxins were iodinated with '#°I (NEN/Dupont,
Boston, Mass.) by using the chloramine-T method. Iodination
of toxins achieved a level of at least 8 pnCi/ug. The labeled
toxins were aliquoted, stored at —86°C, and used within 2
weeks of iodination. To determine if toxin bound cells in a
saturable manner, 10° peritoneal macrophages were added per
well of a round-bottomed 96-well plate and were incubated
with 1 pg of '*I-labeled toxin and 0-100 pg of unlabeled toxin.
Specific binding was determined by subtracting the signal
obtained from '#I-labeled toxin binding in the presence of a
100-fold excess of unlabeled toxin from the signal obtained
with labeled toxin alone.

For competitive binding studies, 2 X 10° to 1 X 10°
peritoneal or bone marrow-derived macrophages were added
per well of a round-bottomed 96-well plate and were incubated
on ice with 0 to 64 pg of unlabeled toxin. Between 0.5 pg and
3 pg of ®L-labeled exotoxin was added. The assay was
incubated a minimum of 60 min on ice in a total volume of 200
wl of medium which allowed 80 to 100% of the maximum toxin
binding possible under these conditions, as determined by
previous experiments in our laboratory. Assays were conducted
at 4°C to avoid activation and cell attachment to the wells of
the microtiter plate. Cells were pelleted by centrifugation at
325 X g, and the supernatant was removed and counted on a
gamma counter. Pelleted cells were washed four times, resus-
pended in 200 pl of medium, and counted. All treatments were
done in triplicate, and the experiment was repeated a mini-
mum of three times. Dissociation constants (Ks) and receptor
numbers were determined by Scatchard analysis because of the
reversible nature of the toxin-cell interaction (12).

Determination of F-actin. We used a modification of the
methodology of Howard and Meyer (25) to measure the
toxin-induced change in polymerized actin in macrophages.
Macrophages (10° cells per 100 p.l of phosphate-buffered saline
[PBS]) were suspended in sterile, 1.5-ml Eppendorf tubes. Ten
microliters of toxin (10 pg/ml) or, as a positive control,
F-Met-Leu-Phe (107° M, Sigma) (25) was added to cells and
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incubated for 30 s. The reaction was stopped by adding 10 pl
of phosphate-buffered formalin (final concentration, 3.7%) to
each treatment group, including the controls, followed by
incubation at 37°C for 5 min. Five ul of the fluorescent,
actin-binding compound NBD [N-(7-nitrobenz-2 oxa-1, 3 dia-
zol 4)]-phallacidin (Molecular Probes, Eugene, Ore.) (accord-
ing to the manufacturer, having an excitation maximum of 465
nM, an emission maximum of 530 nM, and a K, of 18 nM for
actin and reconstituted according to the manufacturer’s direc-
tions) was added to each preparation and was incubated for 10
min at 37°C. The cells were washed twice in PBS, resuspended
in PBS, and analyzed on a FACScan flow cytometer (Becton
Dickinson, Sunnyvale, Calif.) as previously described (25).

Macrophage stimulation. Macrophages were plated at a
density of 10° cells per 60-mm-diameter tissue culture plate
and were allowed to adhere 1 h, and then the medium was
removed. Three milliliters of DMEM containing the appropri-
ate stimulus (10 g of toxin per ml or 12.5 pg of lipopolysac-
charide per ml [used as a positive control]) or medium alone
(control) was added for 16 h. After this time, the supernatants
were collected, clarified by centrifugation, aliquoted, and used
immediately or stored at —86°C until assayed for cytokine
secretion.

Cytokine and nitrite quantitation. The macrophage super-
natants were assayed for IL-6 content by using the B9 bioassay
(21). The B9 cells were washed three times in IL-6-free RPMI
medium to remove residual IL-6. Four thousand B9 cells were
added to serially diluted, triplicate samples of culture super-
natant and were allowed to incubate for 3 days at 37°C. Cell
death was quantified by using MTT (1-[4,5-dimethylthiazol-2-
Y1]-2,5-diphenyltetrazolium bromide). Fifty pl of MTT (2
mg/ml) was added to each assay well and was incubated for 3
h at 37°C. The medium was removed, and 150 pl of Iso-PBS
(100 ml of isopropyl alcohol, 40 ml of 5 N HCI, and 50 ml of
PBS) was added to dissolve crystals. A microtiter plate reader
(Cambridge Technologies, Watertown, Mass.) was used to
read As.

TNF was quantified as described previously (15) except that
MTT was used (see description above). Nitrite concentration
was determined by use of the Griess reagent (1% sulfanil-
amide, 0.1% naphylethylene diamine dihydrochloride, and 2%
H,PO,) as previously described (41). Cytokine and nitrite
quantification was based on linear regression of standard
curves of recombinant TNF, recombinant IL-6, or NaNO,.
Recombinant murine TNF was obtained from Genzyme (Cam-
bridge, Mass.), and recombinant murine IL-6 was obtained
from R and D Systems (Minneapolis, Minn.).

Immunoprecipitation. BoBMP102 cells and C2D peritoneal
macrophages (10%) were surface labeled with '*I (NEN/
Dupont, Boston, Mass.) with lactoperoxidase (Calbiochem)
and were incubated with or without 50 pg of unlabeled SEA
per ml for 2 h at 4°C. Washed cells were lysed in 1 ml of
ice-cold lysis buffer (2% Nonidet P-40, 15 mM Tris-HCI [pH
8.0], 0.15 M NaCl, 1 mM phenylmethylsulfonyl fluoride, and
aprotinin). Lysates were precleared for 1 h at 4°C with normal
rabbit serum followed by the addition of fixed S. aureus
bacteria (Pansorbin; Calbiochem). Aliquots were immunopre-
cipitated with rabbit anti-SEA serum and were immobilized on
Pansorbin. Precipitates were washed three times with ice-cold
lysis buffer and then boiled in SDS sample buffer, centrifuged,
and run on a 10% SDS-polyacrylamide gel electrophoresis
(PAGE) gel. '*I-labeled receptors that bound toxin were
imaged by exposing dried gels to X-ray film.
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FIG. 1. Dose response curves demonstrating specific and saturable
binding of '*I-SEA, '»I-SEB, and '®I-ETA to 10° C2D, C1D, or
C57BL/6 peritoneal macrophages. Specific binding is the difference
between the signal obtained with labeled toxin alone and the signal
obtained in the presence of a 100-fold excess of unlabeled toxin. These
graphs represent the results of at least three experiments.

RESULTS

Macrophage binding by staphylococcal exotoxins. We deter-
mined if exotoxins could bind to non-MHC II receptors on
C2D macrophages. Additionally, we calculated the affinity of
the interaction between superantigen and non-MHC II recep-
tors. Iodinated SEA, SEB, ETA (Fig. 1), and ETB (data not
shown) specifically bound to MHC II-positive and -negative
peritoneal and bone marrow-derived macrophages in a con-
centration-dependent manner, and the binding was saturable
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for SEA, SEB, and ETA (Fig. 1) (ETB was not tested in these
assays). The kinetics of toxin binding to C2D peritoneal
macrophages was similar to that to control macrophages, but
higher toxin concentrations were necessary to achieve binding
comparable to that of MHC II-positive controls (Fig. 1).
Iodinated SEA and SEB also bound C2D cells isolated from
lymph nodes, in a similar concentration-dependent way (data
not shown).

Competitive binding assays, in which 0.5 to 3 pg of iodinated
SEA or SEB was inhibited with increasing concentrations of
cold SEA or SEB, respectively, indicated that competition
occurred for a limited number of binding sites on both MHC
II-positive (Fig. 2) and -negative cells. However, the kinetics of
the inhibition differed for the MHC II-positive and -negative
cells. For the MHC II-positive cells, it usually took less than 6
ng of cold toxin to inhibit binding of the iodinated toxin by
50%. At least 12 g of cold competitor toxin was needed to
achieve 50% inhibition when C2D macrophages were used.
Scatchard analysis of C2D macrophage superantigen binding
data indicated that a linear line best fit the data indicative of a
single binding site class (Slide Write Plus, revision 4; Advanced
Graphics Software, Sunnyvale, Calif.) (Fig. 2). The affinity for
superantigen of the non-MHC II receptor from both bone
marrow and peritoneal macrophages was lower than the
affinity measured for the MHC II-positive cells (Table 1). SEA
tended to bind C2D macrophages with higher affinity than did
SEB, but the difference was not significant. No trend was
evident when the numbers of receptors per cell for MHC
II-positive and -negative macrophages were compared (Table
1). In contrast to the linear curves found for C2D macro-
phages, biphasic Scatchard curves indicative of two receptor
sites (Fig. 3) were found for B6 peritoneal macrophages.

Actin polymerization in response to toxin. Exotoxin binding
to MHC II-positive macrophages leads to activation (9). The
cytoskeleton is important to early signal transduction pro-
cesses. These events can be measured through changes in
cellular F-actin concentration. Therefore, to determine if
staphylococcal superantigens induce early signal transduction
events, we measured changes in F-actin concentration. Expos-
ing MHC II-positive macrophages to all four toxins induces
actin polymerization (9). Similarly, unstimulated peritoneal
macrophages from MHC II-negative C2D mice responded to
the biologically active tripeptide F-Met-Leu-Phe (used as a
positive control on the basis of previous work) (9), as well as
SEA, ETA, and ETB (Fig. 4). A smaller increase in F-actin
concentration occurred when C2D macrophages were stimu-
lated with SEB. However, the changes were not as consistent
as those seen with the other toxins, because some of the
macrophages did not respond (Fig. 4D). Therefore, superan-
tigens activated rapid intracellular responses in inflammatory
C2D macrophages.

Effects of toxin on cytokine secretion. Normal macrophages
release cytokines in response to staphylococcal exotoxins (13-
15, 28, 35, 36). The alternative toxin binding molecule may play
a role in macrophage activation. Therefore, we investigated the
potential of exotoxins to activate C2D macrophages to secrete
nitrite, TNF, and IL-6.

The results of these experiments were positive. Bone mar-
row macrophages from C2D and B6 mice secreted IL-6 when
they were stimulated with staphylococcal exotoxins (Fig. 5).
The amount of IL-6 secreted varied with each toxin stimulant.
IL-6 secretion was especially high for SEA-stimulated C2D
macrophages, while SEB induced the secretion of low concen-
trations of IL-6. LPS also induced the secretion of IL-6 by C2D
and control B6 macrophages. However, the majority of the
toxins were more potent stimulants than was LPS. Addition-
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FIG. 2. Competitive inhibition of '*I-SEA (A) and '*I-SEB (B) binding to C2D macrophages by cold SEA or cold SEB. Scatchard plots
(inserts) of these data were used to determine apparent Ks and valences (receptors per cell). These graphs are representative of the results of at
least three experiments.
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TABLE 1. Binding properties of SEA and SEB for C1D, C2D
(C2D-P), and C57BL/6 (B6) peritoneal and C2D (C2D-B)
bone marrow macrophages”

Binding of:
Cell 125].SEA vs SEA 1251.SEB vs SEB

source No. of No. of

K, receptors/ K, receptors/

cell cell

B6 1.9 x 1077 2.3 %X 10° 1.3x1077 2.0 X 10°
C1D 1.4 x 1077 2.9 x 10° 1.1x1077 2.6 X 10°
C2D-pP 2.0x 107 3.1 x 10° 73 x107° 3.9 % 10°
C2D-B 6.6 X 10735 3.3 x 10° 381073 5.1 x 10°

2 Values are means of results of at least three experiments in which K, and
number of receptors per cell (valence) were determined by Scatchard analysis of
competitive inhibition of '>I-SEA and 'I-SEB binding to macrophages by cold
SEA or cold SEB ('%I-SEA versus SEA and '°I-SEB versus SEB, respectively).

ally, SEA, ETA, and ETB stimulated IL-6 secretion by perito-
neal macrophages from C2D and B6 mice (Table 2). However,
the level of secretion was lower than that of bone marrow
macrophages.

C2D peritoneal, but not bone marrow, macrophages stimu-
lated with SEA, ETA, and ETB also secreted TNF (Fig. 6 and
Table 2). However, the TNF response was considerably lower
than that seen with MHC II-positive macrophages (Table 2).
C2D peritoneal macrophages also secreted nitric oxide in
response to several of the exotoxins (Table 2). Again, the
secretion of nitric oxide by C2D macrophages was less than
that by MHC II-positive macrophages.

To rule out endotoxin effects, macrophages were stimulated
with 10 pg of exotoxin per ml for 18 h in the presence of 10 pg
of polymyxin B (PMB) per ml. Secretion of IL-6 and TNF by
C2D macrophages in response to exotoxins did not signifi-
cantly change (Table 2). In contrast, 10 pg of PMB inhibited
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LPS-induced TNF and IL-6 secretion by over 70% (Table 2).
Therefore, cytokine secretion by toxin-treated C2D macro-
phages did not appear to be due to endotoxin contamination.

Immunoprecipitation. We used cell surface labeled C2D
macrophages and B6 macrophages (MHC II-positive) incu-
bated with unlabeled SEA to identify the alternative binding
sites. Rabbit anti-SEA-serum precipitated bands with molecu-
lar masses of approximately 140, 97, 61, 52, 43, and 37 kDa
from C2D and B6 macrophages preincubated with SEA (Fig.
7). Additionally, a very light band with a molecular mass of
approximately 28 kDa was precipitated from B6 macrophages.
In the absence of SEA, no cell surface molecules were
precipitated (Fig. 7).

DISCUSSION

We have presented strong evidence that one or more
alternative receptors exist on macrophages for staphylococcal
superantigens. Our unique findings are supported by the
observations of other investigators. Komisar et al. (30) re-
ported that SEB could stimulate rat and mouse mast cells to
release serotonin, but the binding site for SEB was not an
MHC II molecule. Herrman et al. (24) reported that both
human and mouse MHC II-negative target cells could be
recognized (i.e., lysed) in a staphylococcal exotoxin-dependent
fashion by cytotoxic T-lymphocyte (CTL) clones. Different
staphylococcal enterotoxins were recognized preferentially by
CTL on MHC II-positive and -negative targets. However, not
all MHC II-negative cells could present superantigen to CTL,
whereas all MHC II-positive lines tested could. Dohlsten et al.
(11) reported that SEB and SEC, but not SEA and SED, could
be effectively presented by MHC II-negative colon carcinoma
cells. Recently, Bhardwaj et al. (4) reported that MHC II-
negative, Ket/BLS1 cells showed a specific binding of '*°I-
labeled SEA, indicating a low-affinity SEA binding site.
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FIG. 3. Competitive inhibition of 'I-SEB binding to C57BL/6 peritoneal macrophages by cold SEB. Scatchard plots (inserts) of these data
were used to determine apparent K s and valences (receptors per cell). The line labeled A represents a K, of 7.0 X 1078 M and 5 X 10° binding
sites. The line labeled B represents a K, of 3 X 107> M and 1.3 X 10° binding sites.
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FIG. 4. Polymerized actin in C2D peritoneal macrophages was
detected by using NBD-phallacidin and flow cytometry. Macrophages
were incubated in PBS (A) in PBS containing F-Met-Leu-Phe (10°
M) (B), or in 10 pg of SEA, SEB, ETA, or ETB per ml (C, D, E, and
F, respectively). Macrophages were stimulated for 30 s and then fixed.

Viewed as a whole, the evidence indicates that molecules other
than MHC II can bind staphylococcal superantigens.

Several staphylococcal exotoxins, including members from
the enterotoxin and exfoliative toxin groups, bound to C2D
macrophages. These data suggest that there are conserved
structural features of these toxins that allow them to bind to a
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common receptor. It appears that the amino terminus (17, 29,
32, 37) of the enterotoxin is required for interaction with the
MHC II molecule. However, no such data are available for the
exfoliative toxins, nor is it known what portion of the toxin
from either of these groups binds to the non-MHC II recep-
tors. Therefore, it is not clear what these conserved toxin
features are. The complex folding of the enterotoxins (42) and
the suggestion that carboxyl portions of the enterotoxins (17,
20) also are necessary for MHC binding indicate that tertiary
structure influences toxin-receptor interactions and does not
allow for simple linear amino acid comparisons between these
groups.

SEA and SEB bound to peritoneal and bone marrow-
derived macrophages from C2D mice with a much lower
affinity (10~> M) than macrophages from either C1D or B6
control mice (1078 M). This is consistent with reports of
Hermann et al. (24) that found that the concentration of
enterotoxin needed to lyse MHC II-negative cells was 10- to
100-fold higher than the concentration required to lyse MHC
II-positive cells. Additionally, Bhardwaj et al. (4) noted that
SEA binding to MHC-negative cells could be detected only at
very high concentrations of toxin. In contrast, Lee et al. (31)
found that TSST-1 bound to MHC II-negative porcine aortic
endothelial cells with a K, of 5 X 107 M. This could reflect a
species difference. It has been established that human cells
have a higher affinity for toxin than do mouse cells (22).
Additionally, we found that toxic shock syndrome toxin 1 was,
by far, the most biologically active superantigen (15); this may
reflect a basic difference in toxin affinity for the non-MHC II
receptor. It is also possible that different alternative receptors

3000 -
T 2400 C2D B6MP102
o))
Q.
<
S 1800 | -
h
c
[+}]
2 1200 -
(o]
(& ]
T
o 600 il
0

Medium SEB LPS ETA ETB

SEA Medium SEB LPS ETA ETB SEA

AlUN 31elS uudd Ag 9T0Z ‘ST Jaqwardas uo /Hio wse lel//:dny wolj papeojumod

Treatment

FIG. 5. Secretion of IL-6 by C2D and CS7BL/6 bone marrow-derived macrophages in response to staphylococcal exotoxins (10 ug/ml) or LPS
(12.5 wg/ml). Cells were stimulated for 18 h. IL-6 concentration was determined by linear regression of recombinant IL-6 standards with unknown
samples. Columns with different superscripts differ (P <0.05).
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TABLE 2. Summary of peritoneal macrophage activation”

Activity in C2D cells

Activity in B6 cells

Macrophage source
and treatment TNF

NO,~ TNF NO,"-

(U/ml) IL-6 (pg/ml) (nM) (U/mi) IL-6 (pg/ml) (M)
Medium alone 4*3 296 + 122 1+1 4*2 175 £ 54 8*+4
SEA 145 3,100 * 235° 6+2 52+9° 2,003 + 312¢ 30 + 120
SEA + PMB 13+4 3,000 * 245° ND¢ 49 *+ 6 1,987 + 269* ND
SEB 10+2 622 + 109° 2*1 6*5 1,222 + 99° 2+
SEB + PMB 9+2 655 = 100° ND 6*4 1,234 + 103® ND
ETA 11+3 1,523 + 264° 4=*1 24 + 10° 1,600 + 119* 20 + 9°
ETA + PMB 10+2 1,224 + 287° ND 21 £ 5° 1,523 + 123 ND
ETB 16 = 12 2,342 + 387° 6*2 23+ 8 1,700 + 298> 22 +11°
ETB + PMB 14+3 2,007 = 284° ND 219 1,593 * 356° ND
LPS 50 = 5° 1,467 * 236° 12+ 3 76 * 4° 1,434 + 216° 95 + 120
LPS + PMB 15+7 675 + 87° ND 20 = 3 621 * 132 ND

“ Mean activity * standard deviation from culture supernatants of peritoneal macrophages incubated with and without exotoxin- or endotoxin-containing medium

with and without polymyxin B (PMB) for 18 h.
b Different from medium (P <0.05).
¢ ND, not determined.

have been identified. Further characterization of the toxin
receptor on C2D macrophages should resolve this issue.

The toxin binding affinity reported for normal B6 peritoneal
macrophages in this study was similar to those reported for
other MHC II-positive cells (7). However, if the alternative
binding receptor is present on normal cells, as indicated by the
biphasic nature of the Scatchard analysis, this value represents
the binding of both receptors. We hypothetically divided the
two receptor classes presumed to be found on normal macro-
phages and calculated the dissociation constants (Table 3). The
high-affinity receptor probably represents MHC II. Interest-
ingly, the low-affinity receptor has a binding constant that
resembles the toxin receptor on C2D macrophages. For exam-
ple, the low-affinity toxin receptor on normal macrophages had
an aﬂinit! of 9 X 10~> M for SEB, compared with an affinity of
5 X 107~ for the SEB toxin receptor on C2D macrophages. It
should be noted that the amount of toxin (measured in
nanomoles) often used in receptor analysis was usually below
the amount of toxin (measured in micromoles) needed to
detect the alternative receptors which we have characterized in
our laboratory. Therefore, it is likely that these alternative
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FIG. 6. Secretion of TNF by C2D peritoneal macrophages in
response to staphylococcal exotoxins (10 pg/ml) or LPS (12.5 pg/ml).
Cells were stimulated for 18 h. TNF concentration was determined by
linear regression of recombinant murine TNF standards with unknown
samples. Columns with different superscripts differ (P < 0.05).

molecules are simply overshadowed by the higher-affinity
MHC II molecule.

Binding of staphylococcal exotoxins to C2D macrophages
leads to cellular activation in much the same way normal
macrophages respond (14, 15). After toxin binding, signal
transduction occurred rapidly (within 30 s) and was subse-
quently followed by macrophage secretory activity. Interest-
ingly, toxin-induced IL-6 secretion in C2D macrophages
equalled or exceeded that seen with normal B6 macrophages.
This was not true for the TNF or nitric oxide secretory
responses, suggesting that the low-affinity toxin-binding mole-

foz 2018 4 5 6 KDa

=97

- 68

- 43

- 25

FIG. 7. Cell surface '*I-labeled B6MP102 and C2D macrophages
alone (lanes 1 and 6, respectively) or incubated with unlabeled SEA
(lanes 3 and 4, respectively) were immunoprecipitated with rabbit
anti-SEA-serum. Additionally, labeled cells were incubated with SEA
and immunoprecipitated with Pansorbin (lanes 2 and 5, respectively).
The arrow points to the 28-kDa band.
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TABLE 3. Comparison of the toxin binding the affinities of receptors on normal and C2D macrophages®

Binding affinity of receptors on:

Normal macrophages

C2D macrophages®

Toxin MHC II receptor Alternative receptor
K No. of
K No. of K No. of 4 binding sites
4 binding sites d binding sites
SEA 8 X 107%M 4x10° 8 X 107°M 1x 108 3X 107°M 3 x 10°
SEB 7 X 1075M 3 x10° 9 X 107°M 1x 10° 5% 107°M 4% 10°

“ Values were obtained by Scatchard analysis of at least three experiments.
® Values are averages from peritoneal and bone marrow C2D macrophages.

cules control responses different from those controlled by
MHC II molecules. Our laboratory and others have found that
SEB, compared with other enterotoxins, does not induce TNF
very effectively (7, 13). A similar observation was made during
this study. Interestingly, SEB was less effective than the other
toxins in inducing IL-6 secretion by C2D macrophages, in
contrast to the IL-6 secretory response induced by SEB
stimulation of MHC II-positive macrophages with the H-2%
genotype (9). It appears that the IL-6 response is less depen-
dent on the presence of MHC II than are other cytokine
responses. Furthermore, the SEB-induced IL-6 response,
through the alternative receptor(s), may be poorer because of
lower affinity (Table 1) of SEB for the alternative binding sites.
Thus, it is becoming evident that the macrophage response to
staphylococcal superantigens is regulated by at least two
distinct receptors, which display some polymorphism in the
ways they bind toxin and in their signal complex secretory
responses.

By immunoprecipitation, we identified a heterogeneous
array of molecules on C2D peritoneal macrophages capable of
binding SEA. These same proteins were present on MHC
II-positive cells. Only the faint 28-kDa band, presumably MHC
II, was unique to B6MP102 cells. That level of its expression
would be consistent with the fact that B6MP102 does not
express high concentrations of MHC II on its surface. The
nature of the other proteins is still unresolved, but there are
some candidate molecules. Cantor et al. (8) have suggested
that VLA-4-like molecules may be capable of binding entero-
toxins C1 and E but not other toxins. The two chains of this
integrin have molecular masses of 110 and 150 kDa. It is
possible that the 140- and 97-kDa molecules which we identi-
fied are VLA-4. Differences in gel conditions could explain the
slight variations in size. Alternatively, C2D mice could have
integrin molecules slightly different from those of normal mice.
The 43-kDa molecule that was imaged could be MHC I. This
hypothesis and observation are consistent with previous obser-
vations. Ezepchuk et al. (12) first identified a 43-kDa molecule
capable of binding SEA in 1983. Fraser, in 1989 (16), suggested
that MHC I would bind nonspecifically, if high concentrations
of SEA were incubated with GM4672A cells. Stiles et al. (40)
suggested that transgenic MHC I-deficient mice were less
sensitive to exotoxin-induced lethality than were wild-type
mice, even though the former expressed normal MHC II
molecules. The recent crystallization of MHC I and II mole-
cules (5, 6) indicates comparatively similar tertiary structures
in these two molecules, especially in the nonpolymorphic
regions (5, 6). Furthermore, Hansen et al. (19) have suggested
that MHC I engagement cooperates with cytokine receptors
and contributes to IL-2- and IL-4-induced proliferation.
Therefore, exotoxin binding to MHC I would be capable of
contributing to cellular (19) and physiological (36) responses.

Additional work will be needed to confirm the nature of the
140-, 97-, and 43-kDa molecules as well as the 61-, 52-, and
37-kDa molecules that we have presented. Now that we have
proven the existence of alternative toxin receptor(s), we are
working to fully define these non-MHC II molecules.
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