Histol Histopathol (2001) 16: 1149-1159

http://www.ehu.es/histol-histopathol

Histology and
Histopathology

Cellular and Molecular Biology

Analysis of the in vivo dendritic
cell response to the bacterial superantigen
staphylococcal enterotoxin B in the mouse spleen

S. Yoon!, K.L. Bae2, J.Y. Shin!, H.J. Yoo!, H.W. Leel, S.Y. Baek!, B.S. Kim1, J.B. Kim! and H.D. Lee2
'Department of Anatomy, College of Medicine, Pusan National University, Pusan, South Korea and
2Department of Pediatrics, College of Medicine, Dong-A University, Pusan, South Korea

Summary. To investigate the in vivo effects of
Staphylococcal enterotoxin B (SEB) on dendritic cells
(DCs) in the spleen, a single dose of SEB (50 ug/kg)
was administered to BALB/c mice by intraperitoneal
injection. Afterwards, the mice were sacrificed at 2, 6
and 24 hr, 2, 4, 7 and 15 days, and the spleens were
removed. The immunocytochemical characterization of
the cells was carried out using various monoclonal
antibodies in cryostat-cut sections.

The distribution patterns of DCs and their major
costimulatory molecules, CD80, CD86 and CD40 in the
spleen were identified, and the evidence for maturation
of DCs in vivo in response to SEB was obtained. It was
found that systemic administration of SEB induced the
migration of most of the immature, splenic DCs from the
marginal zone to the periarterial lymphatic sheath within
6 hr. This movement paralleled a maturation process, as
assessed by upregulation of CD40, CD80 and CD86
expression in the interdigitating dendritic cells (IDCs).
The upregulation of costimulatory molecule expression
was conspicuous only in DCs in contrast to other
antigen-presenting cells (APCs) such as macrophages
and B cells which did not show any significant
alterations in their costimulatory molecule expression.
We also demonstrated the temporal expression pattern of
these costimulatory molecules on the activated DCs. The
upregulation of costimulatory molecules on DCs reached
a peak level 6 hr after SEB injection, while the increase
in number of T cells expressing T cell receptor V38
reached a peak level on day 2 after SEB treatment.

In conclusion, we demonstrated the in vivo DC
response to SEB in the mouse spleen, especially a potent
stimulative effect of SEB on DCs in vivo, a temporal
distribution pattern of DCs as well as T cells including
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TCR VB8* T cells, and a differential expression pattern
of costimulatory molecules on the activated DCs. The
results of the present study indicate that DCs are the
principal type of APCs which mediate T cell activation
by SAg in vivo, and that each costimulatory molecule
may have different role in the activation of DCs by SAg.
Thus, it is plausible to speculate that DCs play a critical
role in the T cell clonal expansion by SAgs and other
SAg-induced immune responses in vivo.
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Introduction

Dendritic cells (DCs) are potent antigen-presenting
cells (APCs) with extraordinary capacity for initiating
primary immune responses (Steinman, 1991). Activation
of naive T cells by APCs requires costimulatory signals
in addition to the primary signal provided by the
engagement of the T cell receptor (TCR) (Schwartz,
1990; Janeway and Bottomly, 1994). The most potent
membrane-associated costimulatory molecules are CD80
(B7-1), CD86 (B7-2) and CD40 (Freeman et al., 1991;
Grewal and Flavell, 1996; Van Gool et al., 1996; Van
Kooten and Banchereau, 1997; Slavik et al., 1999).
Furthermore, these costimulatory molecules play a role
in the pathogenesis of various pathological conditions
including infection, autoimmune diseases, athero-
sclerosis, ischemia/reperfusion injury and transplant
rejection (Bluestone, 1996; Reiser and Stadecker, 1996;
Takada et al., 1997; Mach et al., 1998).

Superantigens (SAgs), a class of immunostimulatory
molecules, are produced by some bacteria and viruses,
and are powerful T cell mitogens that activate T cells in
a TCR VB8-specific manner, and are responsible for
various human diseases including food poisoning, septic
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shock, toxic shock syndrome and skin diseases (Marrack
and Kappler, 1990; Scherer et al., 1993; Leung et al.,
1995; Johnson et al., 1996). SAgs do not require antigen
processing, but efficient presentation requires binding of
the SAg to a major histocompatibility complex (MHC)
class II molecule at the surface of an APC (Fraser, 1989;
Scherer et al., 1993). SAgs bind to class II at sites
distinct from the conventional peptide-binding groove on
the MHC class II protein (Marrack and Kappler, 1990;
Scherer et al., 1993). The critical role of invariant chain
and HLA-DM was found in the modulation of SAg-
binding specificities of MHC class II-expressing cells
(Lavoie et al., 1997).

Recent evidence suggests that SAgs may be relevant
to the pathogenesis of autoimmune diseases (Brocke et
al., 1993, 1998; Youinou et al., 1995; Schiffenbauer et
al., 1998). Especially, the activation of APCs by SAgs is
considered as a possible mechanism for SAg
involvement in autoimmunity (Schiffenbauer et al.,
1998). It was found that SAgs can stimulate APCs such
as macrophages, leading to the release of cytokines,
superoxides or other mediators of inflammation (Rink et
al., 1994). In particular, it was reported that small
amounts of SAg, when presented on DCs, are sufficient
to initiate T cell responses in vitro (Bhardwaj et al.,
1993). Bhardwaj et al. (1992) also showed that DCs are
10- to 50-fold more potent than monocytes or B cells in
inducing T cell responses to a panel of SAgs, and that
DCs can present femtomolar concentrations of SAg to T
cells even at numbers where other APCs are inactive.

However, little information is available so far on the
in vivo etfects of SAgs on DCs and their costimulatory
molecule expression. Thus, in the present study, the in
vivo APC response to Staphylococcus aureus enterotoxin
B (SEB), one of the most important bacterial SAgs, with
special emphasis on DCs in the spleen of mice was
analyzed.

Materials and methods
Experimental animals

Six- to eight-week-old male BALB/c (H-24) mice
were housed in a specific pathogen-free animal care
facility. They were maintained at room temperature on a
14 hr light to 10 hr dark cycle and were provided with
food and water ad libitum.

In vivo SEB treatment

Purified exotoxin staphylococcal enterotoxin B
(SEB) was purchased from Toxin Technology, Inc.
(Sarasota, FL, USA) and Sigma Immunochemicals (St.
Louis, MO, USA). Mice were injected intraperitoneally
with 50 ug SEB solubilized in pyrogen-free normal
saline. Control animals were injected with the same
volume of normal saline. The animals were sacrificed in
groups of five at 2, 6 and 24 hr, 2, 4, 7 and 15 days after
injection. .

Tissue preparation

The mice were anesthetized with diethylether. The
spleens were removed and rapidly frozen in isopentane
cooled with liquid nitrogen. Frozen sections (3 and 5 um
thick) were cut on a Reichert cryostat and placed on 3-
aminopropyltriethoxysilane-coated slides. After being
dried, the cryosections were fixed in cold acetone for 10
min at -20 °C.

Immunohistochemistry

Immunostaining was performed by using the
streptavidin-biotin complex (ABC) method. In brief, the
sections and the adjacent serial sections were incubated
for 10 min in a solution of phosphate-buffered saline
(PBS) containing 0.3% H,0O,. After a wash in PBS, the
sections were incubated with a bovine serum albumin
(BSA) solution (Sigma, 10 mg/ml in PBS). The sections
were incubated for 16-18 hr at 4 °C with the primary
monoclonal antibodies (mAbs) specified in Table 1.
Following incubation with the primary mAbs, the
sections were incubated with biotinylated anti-rat and
anti-hamster antibodies (Jackson Immunoresearch Labs.,
West Grove, PA, USA; Vector Labs., Burlingame, CA,
USA). Then the sections were incubated for 60 min with
an ABC reagent (Vectastain Elite kit, Vector Labs.)
according to the manufacturer’s instructions. After a PBS
rinse, the sections were developed with a 0.05% 3-3'-
diaminobenzidine-H,O0,-medium under microscopical
control. Afterwards, the sections were either
counterstained with Harris' hematoxylin or not
counterstained, and mounted in a xylene-based mounting
medium (Permount).

Two-color immunohistochemical analysis was
performed in order for the precise identification of the
types of cell which express CD80, CD86 and CD40
costimulatory molecules according to the procedure of
Matsuno et al. (1996) with a slight modification. In brief,
the cryosections were fixed in cold acetone for 10 min,
and then in formol calcium solution for 2 min after
rehydration in PBS. After washing in PBS and
incubation with 2% BSA solution for 20 min, the
sections were incubated with the first primary mAbs for
16-18 hr at 4 °C. Following incubation with the primary
mAbs, the sections were washed with PBS and
incubated with biotinylated secondary antibodies
(Jackson Immunoresearch Labs. and Vector Labs.). Then
the sections were further fixed with 1% glutaraldehyde
in PBS for 30 seconds. After the sections were incubated
with an ABC reagent (Vectastain Elite kit), they were
developed with a 0.05% 3-3'-diaminobenzidine-H,0,-
medium. Thereafter, the sections were incubated with
the second primary mAbs, and then with alkaline
phosphatase-labeled secondary antibodies. Finally, the
labeled cells were colored blue by the alkaline
phosphatase substrate kit (Vector Blue, Vector Labs.).
The sections were mounted in Vectashield (Vector
Labs.).
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Results

In control mice, a large number of N418* DCs was
predominantly present in the marginal zone and scattered
profiles of them were also found between T cells in the
periarterial lymphatic sheath (PALS) of spleen (Fig. 1).
There was no significant alteration in the distribution of
N418* DCs in the cryosections from the spleen 2 hr after
SEB injection. However, the number of N418* DCs was
strikingly increased in the PALS, while there were few
N418* DCs in the splenic marginal zone 6 hr after SEB
administration (Fig. 2). One day after SEB injection,
many N418* DCs reappeared in the marginal zone and
the number of N418* DCs in the PALS became fewer
than that of the PALS from the splenic sections 6 hr after
SEB treatment, but still larger than that of the PALS of
control mice (Fig. 3). Two days after SEB injection, the
number of N418* DCs in the marginal zone was further
increased and their number in the PALS was further
decreased. From day 4 of SEB administration, the
number and distribution pattern of N418* DCs in the
PALS and marginal zone appeared to be similar to those
of the splenic sections from control mice (Fig. 4).

The NLDC-145 mAb stained DCs only in the PALS
of control mice (Fig. 5). Their number was notably
increased in the PALS 6 hr after SEB injection (Fig. 6).
From day 1 of SEB treatment, the number of NLDC-
145% DCs was decreased gradually. So, from day 4
onwards, their number and distribution pattern appeared
to be similar to those of control mice.

The MIDC-8 mAb, similarly to the NLDC-145
mAD, stained DCs only in the PALS of control mice
(Fig. 7). Their number was notably increased in the
PALS 6 hr after SEB injection (Fig. 8). From day 1 of
SEB administration, the number of MIDC-8* DCs

Table 1. Monoclonal antibodies used for immunostaining.

decreased gradually (Fig. 9). So, from day 4 of SEB
treatment, their number and distribution pattern appeared
to be similar to those of control mice (Fig. 10). Thus, it
was demonstrated that the NLDC-145 mAb and MIDC-8
mAb exhibited almost the same staining pattern both in
control and SEB-treated mice.

Immunocytochemical localization of CD86 with the
GL1 mAb revealed strong positive staining in the
marginal zone where the intensely stained cells were
predominantly localized in the inner region of the
marginal zone, constituting a single, continuous layer
around the PALS in control mice (Fig. 11). In addition,
the GLL1 mAb also exhibited weaker reactivity in the red
pulp and PALS of control mice (Fig. 11). Interestingly, 6
hr after SEB injection, the level of CD86 expression was
increased in many cells within the PALS, whereas the
level of CD86 expression in the marginal zone was
somewhat reduced and that of CD86 staining in the other
areas of the spleen was not significantly altered (Fig.
12). Immunostaining of the serial sections and double-
staining revealed that most of the cells in the PALS
showing upregulated CD86 expression were the N418*
DCs and those cells in the red pulp were the F4/80% red
pulp macrophages (Fig. 13). From day 1 of SEB
administration, the level of CD86 expression on DCs in
the PALS was decreased again and the expression
pattern became similar to that of control mice. From day
4 of SEB treatment, the level of CD86 expression in the
marginal zone was increased again and the expression
pattern became similar to that of control mice (Fig. 14).

Immunostaining of the serial sections and by double-
labeling also showed that the intensely stained CD86%
cells, located around the PALS and distributed in the
inner region of the marginal zone between the marginal
zone and PALS in control mice, coincided with the Mac-

ANTIBODY  SPECIFITY SOURCE DILUTION
500A2 CD3* T cells Pharmingen (USA) 1:1000
H129.19 CD4* T cells Pharmingen (USA) 1:1000
53-6.7 CD8* T cells Pharmingen (USA) 1:1000
KJ16 TCRV8.1,8.2+T cells Serotec (UK) 1:200
1D3 CD19+ B cells Pharmingen (USA) 1:500
N418 CD11c (integrin «X) mainly expressed on dendritic cells Serotec (UK) 1:300
NLDC-145 Interdigitating dendritic cells and thymic epithelium Serotec (UK) 1:50
MIDC-8 Interdigitating dendritic cells Serotec (UK) 1:50
M5/114 la (MHC class Il) molecule on dendritic cells, B cells and some macrophages Beringer-Menheim (Germany) 1:1000
3/23 CD40 molecule Serotec (UK) 1:100
16-10A1 CD80 (B7-1) molecule Pharmingen (USA) 1:50
GL1 CD86 (B7-2) molecule Pharmingen (USA) 1:500
C1:A3-1 F4/80 antigen on mature macrophages Serotec (UK) 1:500
MOMA-1 Metallophilic macrophages Serotec (UK) 1:100
M3/84 Mac-3 antigen expressed on mouse mononuclear phagocytes, tissue-resident Pharmingen{USA) 1:500

macrophages and mature dendritic cells
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3+ cells but did not coincide with the F4/80* cells. Only
a few of the CD86% cells coincided with the N418+ DCs
and MOMA-1* metallophilic macrophages (Figs. 15-
18).

Immunostaining of the serial sections and double-
staining with several mAbs, including the 3/23 mAb and
N418 mAb, revealed that the CD40* cells were the
N418* DCs and CD19* B cells both in control and SEB-
treated mice (Figs. 19, 20). Immunocytochemical
localization of CD40 with the 3/23 mAb exhibited that a
few CD40+ DCs were scattered within the PALS and
most of the B cells located in the lymphoid follicles were
weakly stained with the 3/23 mAb in control mice (Fig.
21). Characteristically, the CD40* DCs in the PALS
were remarkably increased both in number and staining
intensity 6 hr later (Fig. 22). This increased CD40
expression on DCs in the PALS was most conspicuous
24 hr after SEB injection (Fig. 23). The CD40* DCs
were decreased both in number and staining intensity 2
days after SEB administration. From day 4 of SEB
treatment, the CD40 expression pattern of DCs in the
PALS became similar to that of control mice (Fig. 24).
However, B cells did not exhibit any significant
alteration in the CD40 expression pattern throughout all
the time sequences (Figs. 21-24) .

Immunocytochemical localization of CD80 with the
16-10A1 mAD revealed few immunoreactive cells in the
marginal zone of splenic sections from control mice
(Fig. 25). However, the CD80 antigen was not detected
in the PALS of control mice (Fig. 25). The number of
CD80™ cells was slightly increased in the marginal zone
2 hr after SEB injection (Fig. 26). Remarkably, the
CD8O0* cells were increased in number, size and staining
intensity in the PALS 6 hr after SEB administration (Fig.

27). From day 1 of SEB treatment, the CD80 staining
disappeared in the PALS (Fig. 28).

Numerous CD3*, CD4* and CD8* T cells were
located in the PALS of splenic sections from control
mice. These T cells were gradually increased in number
after SEB injection, reaching a peak level 48 hr later and
from day 4 of SEB treatment, their number became
similar to that of control mice. Especially, many TCR
VB8t T cells were located in the PALS of splenic
sections from control mice (Fig. 29) and they were also
gradually increased in number after SEB injection,
reaching at a peak level 48 hr later. From day 4 of SEB
treatment, their number was gradually decreased (Fig.
30). However, B cells did not exhibit any significant
alteration in number after SEB injection.

Discussion

In the present study, it was demonstrated that
systemic administration of SEB induces the migration of
most splenic DCs from the marginal zone to the PALS
within 6 hr. This movement paralleled a maturation
process, as assessed by upregulation of costimulatory
molecule expression, which was conspicuous only in
DCs in contrast to other APCs such as macrophages and
B cells which did not show any significant alterations in
their costimulatory molecule expression. These
observations indicate that SAgs are a potent and
effective activator of DCs in vivo and that DCs are the
principal type of APCs which mediate T cell activation
by SAg in vivo among multiple cell types of APCs.

In control mice, DCs in the marginal zone of spleen
were detected only by the N418 mAb, whereas DCs in
the PALS of spleen, interdigitating dendritic cells (IDCs)

Fig. 1. N418+ dendritic cells (DCs) in the spleen of a control mouse. Many DCs are observed in the marginal zone (M) and PALS (P). x 125

Fig. 2. N418* DCs in the spleen 6 hr after SEB treatment. Note the DCs which are greatly increased in number within the PALS (P). Asterisks: central

arteries. x 125

Fig. 3. N418+ DCs in the spleen 1 day after SEB treatment. The number of N418+ DCs in the PALS (P) is fewer than that of the PALS from the splenic
sections 6 hr after SEB treatment, but still larger than that of the PALS of control mice. x 125

Fig. 4. N418* DCs in the spleen 15 days after SEB treatment. The number and distribution pattern of N418+ DCs in the PALS (P) and marginal zone
(M) appear to be similar to those of the splenic sections from control mice. x 125

Fig. 5. NLDC-145* DCs in the spleen of a control mouse. The NLDC-145 mAb stains DCs only in the PALS (P) of control mice. x 125

Fig. 6. NLDC-145+ DCs in the spleen 6 hr after SEB treatment. The number of NLDC-145+ DCs is notably increased in the PALS 6 hr after SEB

injection. x 125

Fig. 7. MIDC-8+ DCs in the spleen of a control mouse. The MIDC-8 mAb stains DCs only in the PALS (P) of control mice. x 125

Fig. 8. MIDC-8+* DCs in the spleen 6 hr after SEB treatment. The number of MIDC-8+ DCs is notably increased in the PALS (P) of spleens 6 hr after

SEB injection. x 125

Fig. 9. MIDC-8* DCs in the spleen 24 hr after SEB treatment. The number of MIDC-8+ DCs in the PALS (P) is decreased in comparison with that of

MIDC-8+ DCs in the PALS (P) of spleens 6 hr after SEB injection. x 125

Fig. 10. MIDC-8* DCs in the spleen 4 days after SEB treatment. The number and distribution pattern of MIDC-8+ DCs in the PALS (P) appear to be

similar to those of control mice. x 125
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were stained with the N418, NLDC-145 and MIDC-8
mAbs. The hamster N418 mAb reacts with an epitope of
the B, integrin family heterodimer p150/95 (CDl1lc),
which is found primarily on DCs in the mouse (Metlay
et al., 1990). Thus, it has been widely used as a selective
marker of murine DCs (Hart, 1997). The rat NLDC-145
and MIDC-8 mAbs stain DCs in the splenic PALS but
not the marginal zone DCs (Hart, 1997; Steinman et al.,
1997). The marginal zone DCs may represent circulating
blood-derived DCs more equivalent to blood DCs and
thus, they are functionally immature (Hart, 1997). In
contrast, DCs in the PALS (IDCs) are functionally
mature. In the present study, the conversion of immature
to mature DCs in vivo was demonstrated since splenic
DCs shifted location from the marginal zone to the
PALS within 6 hr after SEB administration. These
results are consistent with a previous study
demonstrating that lipopolysaccharide (LPS) induces the
marginal zone DCs to mature and migrate into the PALS
within 6 hr after administration (De Smedt et al., 1996).
Similarly, systemic administration of LPS also makes
epidermal DCs leave the skin and intestinal DCs enter
the lymph (MacPherson et al., 1995; Roake et al., 1995).
In the present study, it was also found that the temporal
changes in number of DCs in the spleen after SEB
administration were essentially the same regardless of
the types of mAbs to DCs used in this study. In
particular, after a profound increase in number of IDCs
following SEB treatment, their number decreased on day
2 and appeared to be similar to those of control mice
from day 4. Apoptotic cell death of DCs could be
involved in the mechanism of this decrease in number of
DCs observed 2 days after in vivo administration of SEB
injection since De Smedt et al. (1998) found that DCs
rapidly die by apoptosis once they have entered the

splenic PALS and increasing numbers of apoptotic DCs
accumulate in the T cell area after LPS-induced
maturation, and suggested that DCs that have undergone
maturation and migration induced by inflammatory
stimuli are programmed to die unless they receive a
signal from Ag-specific T cells. They proposed that the
regulation of DC survival may be a mechanism aimed at
controlling the initiation and the termination of the
immune response (De Smedt et al., 1998).

The tissue distribution of CD40, CD80 and CD86
costimulatory molecules has been studied in normal
mouse, rat and human tissues (Vandenberghe et al.,
1993; Inaba et al., 1994; Reiser and Schneeberger et al.,
1994; Damoiseaux et al., 1998; Vyth-Dreese et al.,
1998). In control mice, CD86 staining was observed in
many cells in the marginal zone, PALS and red pulp.
Immunostaining of the adjacent serial sections and by
double labeling revealed that most of the intensely
stained CD86% cells located in the inner region of the
marginal zone between the marginal zone and PALS,
exhibited Mac-3* and F4/80- immunoreactivity. Only a
few of the CD86" cells coincided with the N418* DCs
and MOMA-1* metallophilic macrophages. The M3/84
mADb can detect Mac-3 antigen not only on mouse tissue
macrophages, thioglycolate-elicited peritoneal
macrophages, and some myeloid cell lines but also on
DCs and endothelial cells in sections of murine spleen,
thymus, lymph nodes and gut-associated lymphoid
tissues (Springer, 1981; Flotte et al., 1983; Ho and
Springer, 1983). The C1:A3-1 mAb can detect F4/80
antigen on mature mouse macrophages but not on
mature DCs (Hume et al., 1983; Lee et al., 1985; Gordon
et al., 1986). The MOMA-1 mAbD recognizes the
marginal metallophilic macrophages in the mouse spleen
localized at the marginal sinus forming a ring around the
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Fig. 11. CD86* cells in the spleen of a control mouse. Strong positive staining in the marginal zone is noted where the intensely stained cells are
predominantly localized in the inner region of the marginal zone (M), constituting a single, continuous layer around the PALS (P) in control mice. In
addition, the GL1 mAb also exhibits weaker reactivity in the PALS and red pulp of control mice (arrow heads). x 125

Fig. 12. CD86* cells in the spleen 6 hr after SEB treatment. Interestingly, the level of CD86 expression is increased in many cells within the PALS (P),
whereas the level of CD86 expression in the marginal zone (M) is somewhat reduced and that of CD86 staining in the other areas of the spleen is not
significantly altered. x 125

Fig. 13. Two-color immunostaining of CD86+ cells (brown color) and N418+ cells (blue color) in the PALS of the spleen 6 hr after SEB treatment.
Double-staining reveals that most of the N418+ DCs express CD86 antigen. x 250

Fig. 14. CD86" cells in the spleen 4 days after SEB treatment. The level of CD86 expression in the marginal zone (M) is increased again and the
expression pattern is similar to that of control mice. x 125

Figs. 15 and 16. Immunostaining of CD86 (Fig. 15) and Mac-3 (Fig. 16) in the 3 um-thick, adjacent serial sections of control mice. The intensely
stained CD86+ cells (arrow heads), which surround the PALS (P) and are distributed in the inner region of the marginal zone, coincide with the Mac-3+*
cells (arrow heads). x 250

Figs. 17 and 18. Immunostaining of CD86 (Fig. 17) and MOMA-1 (Fig. 18) in the 3 um-thick, adjacent serial sections of control mice. Most of the
intensely stained CD86+ cells (arrow heads), located around the PALS (P) and distributed in the inner region of the marginal zone, do not coincide with
the MOMA-1+ cells (arrow heads). Only a few CD86+ cells (arrows) coincide with the MOMA-1+ cells (arrows). x 250

Figs. 19 and 20. Two-color immunostaining of N418+ cells (brown color) and CD40+ cells (blue color) in the spleen 6 hr after SEB treatment. Double-
staining reveals that most of the N418+ DCs ex press CD40 antigen in the PALS. Fig. 19, x 125; Fig. 20, x 250
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PALS and lymphoid follicles at the inner side of the
marginal zone but do not recognize the marginal zone
macrophages (Kraal and Janse, 1986). Thus, most of the
CD86™ cells are believed to be a certain subpopulation
of macrophages and DCs located in the inner region of
the marginal zone. Immunostaining of the serial sections
and double-staining of the same section also
demonstrated that most of the CD86" cells in the PALS
are IDCs and those in the red pulp are the red pulp
macrophages. CD86 expression was upregulated notably
in the IDCs among multiple cell types expressing CD86
antigen 6 hr after SEB injection. At the same time, CD86
expression on the cells in the marginal zone was
somewhat reduced. It is difficult to speculate on the
exact mechanism of this at the moment. However, this
finding may suggest that the CD86* DCs in the marginal
zone migrate into the PALS to become IDCs, relating
with a maturation effect of DCs.

CD40 expression was detected in the IDCs and B
cells in control and SEB-treated mice. In agreement with
the CD86 expression pattern, CD40 staining revealed an
upregulated expression only in the IDCs within 6 hr after
SEB administration, although B cells did not show any
significant alteration in their CD40 expression in SEB-
treated mice. Interestingly, however, CD40 expression
on DCs lasted longer than the CD86 and CD80
expression, since the upregulation of CD40 expression
reached a peak level 24 hr after SEB injection in contrast
to the CD80 and CD86 expression which reached a peak
level 6 hr after SEB injection and exhibited a
considerably reduced level 24 hr after SEB
administration. The CD40 molecule, a member of the
TNF-a receptor family, is a receptor for CD40 ligand

which is expressed on T cells within a few hours of their
activation (Fanslow et al., 1994). Retrograde signaling
via CD40 enhances the costimulatory abilities of DCs
(McLellan et al., 1996). Recently, it was shown that
CD40 activation, in the presence of SAg, not only
promotes CD4* and CD8* T cell clonal expansion but
also delays the subsequent death of SAg-stimulated T
cells in vivo and thus, CD40 enhances an immune
response in vivo by increasing the number of effector T
cells and delaying their subsequent deletion (Maxwell et
al., 1999).

In control mice, the CD80* DCs were not detected
in the splenic PALS, which is consistent with the results
obtained in previous studies using murine and rat spleens
(Inaba et al., 1994; Damoiseaux et al., 1998).
Interestingly, many CD80* cells were found in the
splenic PALS 6 hr after SEB injection. Although it is
difficult to confirm the exact nature of the CD80* cells
in contrast to the CD86* and CD40* cells, however, the
immunohistochemical analysis of the 3 gm-thick serial
sections suggested that these CD80* cells in the PALS
after SEB treatment may be the N418* IDCs. Further
studies may provide more insight into this matter.

Interestingly, IDCs showed longer expression of
CD40 than the costimulatory molecules B7.1 and B7.2
after SEB injection in the present study. Muraille et al.
(1997) demonstrated that in vivo, SEB induces an early
and transient but profound state of unresponsiveness
affecting both T cell and APC functions, and suggested
that the defective APC functions of the spleen cell
populations from SEB-treated mice may be related to a
selective decrease in splenic DC number. In addition to
the decrease in splenic DC number, our finding observed
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Fig. 21. CD40+ cells in the spleen of a control mouse. Few CD40+ DCs are scattered within the PALS (P) and most of B cells located in the lymphoid

follicles are weakly stained with the 3/23 mAb. x 125

Fig. 22. CD40+* cells in the spleen 6 hr after SEB treatment. Characteristically, CD40+ DCs in the PALS (P) are notably increased both in number and
staining intensity. However, B cells do not exhibit any significant alteration in the CD40 expression pattern. x 125

Fig. 23. CD40+ cells in the spleen 24 hr after SEB treatment. The increased CD40 expression on DCs in the PALS (P) is most conspicuous 24 hr after
SEB injection. However, B cells do not exhibit any significant alteration in the CD40 expression pattern. x 125

Fig. 24. CD40* cells in the spleen 4 days after SEB treatment. The CD40 expression pattern on DCs in the PALS (P) is similar to that of control mice.
However, B cells do not exhibit any significant alteration in the CD40 expression pattern. x 125

Fig. 25. CD80~ cells in the spleen of a control mouse. The CD80 antigen is not detected in the PALS (P). Few immunoreactive cells are seen in the

marginal zone of the splenic section. x 125

Fig. 26. CD80+ cells in the spleen 2 hr after SEB treatment. The CD80* cells are slightly increased in number in the marginal zone and red pulp

(arrows). x 125

Fig. 27. CD80* cells in the spleen 6 hr after SEB treatment. Remarkably, CD80* cells are increased in number, size and staining intensity in the PALS

(P). x 125

Fig. 28. CD80* cells in the spleen 4 days after SEB treatment. The CD80 staining is not detected again in the PALS (P) as in control mice. x 125

Fig. 29. T cell receptor (TCR) VB8* T cells in the spleen of a control mouse. Many TCR VB8+ T cells are located in the PALS (P). x 125

Fig. 30. TCR VB8* T cells in the spleen 2 days after SEB treatment. These T cells are greatly increased in number in the PALS (P). x 125
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in this study on the discrepancy between the
costimulatory molecule expression pattern on DCs with
time after SEB treatment may provide a new insight into
the mechanism by which SEB affects APC function in
vivo.

In recent years, much attention has been paid to the
contribution of SAgs to the pathogenesis of various
human diseases including septic shock and autoimmune
disorders (Litton et al., 1994; Schiffenbauer et al., 1998;
Muraille et al., 1999). Moreover, it was suggested that
APC activation may lead to alterations in antigen
processing, with the subsequent production and
presentation of autoantigens and cryptic epitopes to
auto-reactive or cross-reactive T cells (Schiffenbauer et
al., 1998). Thus, the present study may shed some light
on the understanding of the possible mechanisms
relevant to the role of DCs in various SAg-related
diseases since our data have clearly demonstrated the in
vivo maturation and activation of DCs by SAg.

In conclusion, we demonstrated the in vivo DC
response to SEB in the mouse spleen, especially a potent
stimulative effect of SEB on DCs in vivo, a temporal
distribution pattern of DCs as well as T cells including
TCR VB8* T cells, and a differential expression pattern
of costimulatory molecules on the activated DCs. The
results of the present study indicate that DCs are the
principal type of APCs which mediate T cell activation
by SAg in vivo, and that each costimulatory molecule
may have different role in the activation of DCs by SAg.
Thus, it is plausible to speculate that DCs play a critical
role in the T cell clonal expansion by SAgs and other
SAg-induced immune responses in vivo.

Acknowledgements. The authors thank Dr. Kenjiro Matsuno
(Department of Anatomy, Dokkyo University School of Medicine,
Tochigi, Japan) for valuable technical help.

References

Bhardwaj N., Friedman S.M., Cole B.C. and Nisanian A.J. (1992).
Dendritic cells are potent antigen-presenting cells for microbial
superantigens. J. Exp. Med. 175, 267-273.

Bhardwaj N., Young J.W., Nisanian A.J., Baggers J. and Steinman R.M.
(1993). Small amounts of superantigen, when presented on dendritic
cells, are sufficient to initiate T cell responses. J. Exp. Med. 178,
633-642.

Bluestone J.A. (1996). Costimulation and its role in organ
transplantation. Clin. Transplant. 10, 104-109.

Brocke S., Gaur A., Piercy C., Gautam A., Gijbels K., Fathman C.G. and
Steinman L. (1993). Induction of relapsing paralysis in experimental
autoimmune encephalomyelitis by bacterial superantigen. Nature
365, 642-644.

Brocke S., Hausmann S., Steinman L. and Wucherpfennig K.W. (1998).
Microbial peptides and superantigens in the pathogenesis of
autoimmune diseases of the central nervous system. Semin.
Immunol. 10, 57-67.

Damoiseaux J.G., Yagita H., Okumura K. and Van Breda Vriesman P.J.
(1998). Costimulatory molecules CD80 and CD86 in the rat; tissue

distribution and expression by antigen-presenting cells. J. Leukoc.
Biol. 64, 803-809.

De Smedt T., Pajak B., Klaus G.G., Noelle R.J., Urbain J., Leo O. and
Moser M. (1998). Antigen-specific T lymphocytes regulate
lipopolysaccharide-induced apoptosis of dendritic cells in vivo. J.
Immunol. 161, 4476-4479.

De Smedt T., Pajak B., Muraille E., Lespagnard L., Heinen E., De
Baetselier P., Urbain J., Leo O. and Moser M. (1996). Regulation of
dendritic cell numbers and maturation by lipopolysaccharide in vivo.
J. Exp. Med. 184, 1413-1424.

Fanslow W.C., Srinivasan S., Paxton R., Gibson M.G., Spriggs M.K. and
Armitage R.J. (1994). Structural characteristics of CD40 ligand that
determine biological function. Semin. Immunol. 6, 267-278.

Flotte T.J., Springer T.A. and Thorbecke G.J. (1983). Dendritic cell and
macrophage staining by monoclonal antibodies in tissue sections
and epidermal sheets. Am. J. Pathol. 111, 112-124.

Fraser J.D. (1989). High-affinity binding of staphylococcal enterotoxin A
and B to HLA-DR. Nature 339, 221-223.

Freeman G.J., Gray G.S., Gimmi C.D., Lombard D.B., Zhou L.J., White
M., Fingeroth J.D., Gribben J.G. and Nadler L.M. (1991). Structure,
expression, and T cell costimulatory activity of the murine
homologue of the human B lymphocyte activation antigen B7. J.
Exp. Med. 174, 625-631.

Gordon S., Crocker P.R., Morris L., Lee S.H., Perry V.H. and Hume D.A.
(1986). Localization and function of tissue macrophages. Ciba
Found. Symp. 118, 54-67.

Grewal 1.S. and Flavell R.A. (1996). The role of CD40 ligand in
costimulation and T-cell activation. Immunol. Rev. 153, 85-106.

Hart D.N. (1997). Dendritic cells: unique leukocyte populations which
control the primary immune response. Blood 90, 3245-3287.

Ho M.K. and Springer T.A. (1983). Tissue distribution, structural
characterization, and biosynthesis of Mac-3, a macrophage surface
glycoprotein exhibiting molecular weight heterogeneity. J. Biol.
Chem. 258, 636-642.

Hume D.A., Robinson A.P., MacPherson G.G. and Gordon S. (1983).
The mononuclear phagocyte system of the mouse defined by
immunohistochemical localization of antigen F4/80. Relationship
between macrophages, Langerhans cells, reticular cells, and
dendritic celis in lymphoid and hematopoietic organs. J. Exp. Med.
158, 1522-1536.

Inaba K., Witmer-Pack M., Inaba M., Hathcock K.S., Sakuta H., Azuma
M., Yagita H., Okumura K., Linsley P.S., Ikehara S., Muramatsu S.,
Hodes R.J. and Steinman R.M. (1994). The tissue distribution of the
B7-2 costimulator in mice: abundant expression on dendritic cells in
situ and during maturation in vitro. J. Exp. Med. 180, 1849-1860.

Janeway C.A. and Bottomly K. (1994). Signals and signs for lymphocyte
responses. Cell 76, 275-285.

Johnson H.M., Torres B.A. and Soos J.M. (1996). Superantigens:
structure and relevance to human disease. Proc. Soc. Exp. Biol.
Med. 212, 99-109.

Kraal G. and Janse M. (1986). Marginal metallophilic cells of the mouse
spleen identified by a monoclonal antibody. Immunology 58, 665-
669.

Lavoie P.M., Thibodeau J., Cloutier |., Busch R. and Sekaly R.P. (1997).
Selective binding of bacterial toxins to major histocompatibility
complex class ll-expressing cells is controlled by invariant chain and
HLA-DM. Proc. Natl. Acad. Sci. USA 94, 6892-6897.

Lee S.H., Starkey P.M. and Gordon S. (1985). Quantitative analysis of
total macrophage content in adult mouse tissues. Immunochemical



1159

In vivo dendritic cell response to superantigen

studies with monoclonal antibody F4/80. J. Exp. Med. 161, 475-489.

Leung D.Y., Travers J.B. and Norris D.A. (1995). The role of
superantigens in skin disease. J. Invest. Dermatol. 105 (Suppl.), 37-
42.

Litton M.J., Sander B., Murphy E., O'Garra A. and Abrams J.S. (1994).
Early expression of cytokines in lymph nodes after treatment in vivo
with Staphylococcus enterotoxin B. J. Immunol. Methods 175, 47-
58.

MacPherson G.G., Jenkins C.D., Stein M.J. and Edwards C. (1995).
Endotoxin-mediated dendritic cell release from the intestine,
Characterization of released dendritic cells and TNF dependence. J.
Immunol. 154, 1317-1322.

Mach F., Schonbeck U. and Libby P. (1998). CD40 signaling in vascular
cells: a key role in atherosclerosis? Atherosclerosis 137 (Suppl.), 89-
95.

Marrack P. and Kappler J. (1990). The staphylococcal enterotoxins and
their relatives. Science 248, 705-711.

Matsuno K., Ezaki T., Kudo S. and Uehara Y. (1996). A life stage of
particle-laden rat dendritic cells in vivo: their terminal division, active
phagocytosis, and translocation from the liver to the draining lymph.
J. Exp. Med. 183, 1865-1878.

Maxwell J.R., Campbell J.D., Kim C.H. and Vella A.T. (1999). CD40
activation boosts T cell immunity in vivo by enhancing T cell clonal
expansion and delaying peripheral T cell deletion. J. Immunol. 162,
2024-2034.

McLellan A.D., Sorg R.V., Williams L.A. and Hart D.N. (1896). Human
dendritic cells activate T lymphocytes via a CD40: CD40 ligand-
dependent pathway. Eur. J. Immunol. 26, 1204-1210.

Metlay J.P., Witmer-Pack M.D., Agger R., Crowley M.T., Lawless D. and
Steinman R.M. (1990). The distinct leukocyte integrins of mouse
spleen dendritic cells as identified with new hamster monoclonal
antibodies. J. Exp. Med. 171, 1753-1771.

Muraille E., De Smedt T., Andris F., Pajak B., Armant M., Urbain J.,
Maser M. and Lea Q. (1997). Staphylococcal enterotoxin B induces
an early and transient state of immunosuppression characterized by
V beta-unrestricted T cell unresponsiveness and defective antigen-
presenting cell functions. J. Immunol. 158, 2638-2647.

Muraille E., Pajak B., Urbain J., Moser M. and Leo O. (1999). Role and
regulation of IL-12 in the in vivo response to staphylococcal
enterotoxin B. Int. Immunol. 11, 1403-1410.

Reiser H. and Schneeberger E.E. (1994). The costimulatory molecule
B7 is expressed in the medullary region of the murine thymus.
Immunology 81, 532-537.

Reiser H. and Stadecker M.J. (1996). Costimulatory B7 molecules in the
pathogenesis of infectious and autoimmune diseases. N. Engl. J.
Med. 335, 1369-1377.

Rink L., Nicklas W., Alvarez-Ossorio L., Koester M. and Kirchner H.
(1994). Differential induction of tumor necrosis factor alpha in murine

and human leukocytes by Mycoplasma arthritidis-derived
superantigen. Infect. Immun. 62, 462-467.

Roake J.A., Rao A.S., Morris P.J., Larsen C.P., Hankins D.F. and
Austyn J.M. (1995). Dendritic cell loss from nonlymphoid tissues
after systemic administration of lipopolysaccharide, tumor necrosis
factor, and interleukin 1. J. Exp. Med. 181, 2237-2247.

Scherer M.T., Ignatowicz L., Winslow G.M., Kappler J.W. and Marrack
P. (1993). Superantigens: bacterial and viral proteins that
manipulate the immune system. Annu. Rev. Cell. Biol. 9, 101-128.

Schiffenbauer J., Soos J. and Johnson H. (1998). The possible role of
bacterial superantigens in the pathogenesis of autoimmune
disorders. Immunol. Today 19, 117-120.

Schwartz R.H. (1990). A cell culture model for T lymphocyte clonal
anergy. Science 248, 1349-1356.

Slavik J.M., Hutchcroft J.E. and Bierer B.E. (1999). CD28/CTLA-4 and
CD80/CD86 families: signaling and function. Immunol. Res. 19, 1-
24,

Springer T.A. (1981). Monoclonal antibody analysis of complex
biological systems. Combination of cell hybridization and
immunoadsorbents in a novel cascade procedure and its application
to the macrophage cell surface. J. Biol. Chem. 256, 3833-3839.

Steinman R.M. (1991). The dendritic cell system and its role in
immunogenicity. Annu. Rev. Immunol. 9, 271-296.

Steinman R.M., Pack M. and Inaba K. (1997). Dendritic cells in the T-
cell areas of lymphoid organs. Immunol. Rev. 156, 25-37.

Takada M., Chandraker A., Nadeau K.C., Sayegh M.H. and Tilney N.L.
(1997). The role of the B7 costimulatory pathway in experimental
cold ischemia/reperfusion injury. J. Clin. Invest. 100, 1199-1203.

Van Gool S.W., Vandenberghe P., de Boer M. and Ceuppens J.L.
(1996). CD80, CD86 and CD40 provide accessory signals in a
multiple-step T-cell activation model. Immunol. Rev. 153, 47-
83.

Van Kooten C. and Banchereau J. (1997). Functions of CD40 on B
cells, dendritic cells and other cells. Curr. Opin. Immunol. 9, 330-
337.

Vandenberghe P., Delabie J., de Boer M., De Wolf-Peeters C. and
Ceuppens J.L. (1993). In situ expression of B7/BB1 on antigen-
presenting cells and activated B cells: an immunohistochemical
study. Int. Immunol. 5, 317-321.

Vyth-Dreese F.A., Boot H., Dellemijn T.A., Majoor D.M., Oomen L.C.,
Laman J.D., Van Meurs M., De Weger R.A. and De Jong D. (1998).
Localization in situ of costimulatory malecules and cytokines in B-
cell non-Hodgkin's lymphoma. Immunology 94, 580-586.

Youinou P., Saraux A., Le Goff P. and Le Corre R. (1995).
Superantigens in autoimmune disease. Rev. Rhum. Engl. Ed. 62,
591-597.

Accepted July 11, 2001



