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Abstract

The response of T lymphocytes to superantigens requires expression of the appropriate TCR Vg
gene products as well as the establishment of cellular interactions mediated by adhesion
molecules. To study the role of intercellular adhesion molecule (ICAM)-1 in the response in vivo to
superantigens, we have analyzed the effects induced by the bacterial superantigen Staphylococcus
aureus enterotoxin B (SEB) in mice which have been made genetically deficient in ICAM-1. SEB
treatment of wild-type mice causes proliferation, deletion and anergy of the SEB-reactive Vg8* T
cell population. Here we show that cellular interactions mediated by ICAM-1 are not essential for
the induction of anergy or for the deletion of CD4+Vg8* or CD8*Vy8*T cells, but are required for
the proliferation of these peripheral T lymphocytes. This is the first demonstration in vivo that the
absence of the co-stimulatory signals provided by the interaction of ICAM-1 with its specific
ligands impairs the proliferation of SEB-reactive T cells. Interestingly, our study showed that
SEB-induced proliferation of CD8*Vg8* T cells from lymph nodes (not from spleen) is independent

of the interactions mediated by ICAM-1.

Introduction

Superantigens are products of infectious microorganisms
which bind specifically to class || MHC molecules on APC
(1-3) and interact with conserved domains of TCR Vg chains
(4,5). This interaction induces activation of all T lymphocytes
expressing superantigen-specific TCR V gene products (6).
In mice, the bacterial superantigen Staphylococcus aureus
enterotoxin B (SEB) elicits responses on peripheral T cells
bearing Vg8 TCR elements (7). SEB administration in vivo
causes cytokine release (8,9), clonal expansion of splenic
and lymph node V8™ T cells, and clonal deletion of part
of these SEB-reactive lymphocytes via apoptosis (10). The
remaining Vg8" T cells become anergic to superantigen
stimulation (11-13). These changes affect both CD4* and
CcD8* T cells in peripheral lymphoid organs (10,14,15) and
are thymic-independent (10). Superantigen-induced T cell
activation requires, in addition to a functional and specific
TCR complex, the presence of other cell-surface molecules
that promote adhesion between the T lymphocytes and the

APC, which presumably have a co-stimulatory role (16). These
molecules include lymphocyte function-associated molecule
(LFA)-1 (CD11a/CD18) expressed on lymphocytes and mono-
cytes (17,18). Both LFA-1 and its relative, Mac-1 (CD11b/
CD18), bind to intercellular adhesion molecule (ICAM)-1
(19-21). ICAM-1, expressed on all leukocytes, has been
reported to be required to achieve optimal responses to
superantigen in vitro (22). Inhibition of the interactions
between LFA-1 and its counter-receptors (ICAM-1, ICAM-2
and ICAM-3) blocks allo- and xenogenic mixed lymphocyte
reaction (MLR), antigen-specific and concanavalin A (Con
A)-induced T cell proliferation, and T cell-dependent antibody
responses (18).

Since superantigen-mediated T cell stimulation requires
additional co-stimulatory signals (16) and many molecules
that have been shown to provide co-stimulation are adhesion
molecules (22,23), we have studied the specific role that
ICAM-1 plays in superantigen-induced T cell activation using
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ICAM-1-deficient mice generated by gene targeting in
embryonic stem (ES) cells (24). The study of this model
in vivo shows that the absence of co-stimulatory interactions
mediated by ICAM-1 does not affect either the elimination by
apoptosis (deletion) or the induction and maintenance of
antigen unresponsiveness (anergy) of the SEB-reactive T
cells. However, ICAM-1 is critical for superantigen-induced T
cell expansion as shown by the observation that SEB-reactive
lymphocytes in ICAM-1-deficient mice do not undergo the
proliferation observed in those from wild-type littermates.

Methods

Animals and in vivo treatment

Mutant and wild-type mice were bred in our specific patho-
gen-free mouse facility. ICAM-1-deficient mice (C57BL/
6X129SVJ) (24) and wild-type littermates (8-10 weeks old)
received one dose of 50 pg/mouse of SEB (Toxin Technology,
Sarasota, FL) in a single i.v. injection. Control mutant (five
animals per day and group for three independent experiments,
totalling 100 mice for the kinetic analysis) and wild-type mice
(100 mice) were injected with an identical volume (200 pl) of
PBS. In one series of experiments, 1 ug/mouse of pertussis
toxin (PTX) (Sigma, St Louis, MO) was co-administered with
50 pg/mouse of SEB. Mice subjected to these treatments
were killed by cervical dislocation and analyzed at the indi-
cated times.

Immunofluorescence analysis

Lymph node and spleen monocellular suspensions were
subjected to hypotonic erythrocyte lysis, washed and stained
for two- and three-color flow cytometry with mAb directed
against CD4 (GK1.5) and CD8 (H02.2) from Becton Dickinson
(Mountain View, CA); ICAM-1 (3E2), CD44 (Pgp-1), CD45RA
(14.8) and CD3 (2C11) from PharMingen (San Diego, CA);
Vg6 (RR4-7; 25) and Vg8 (F23.1; 26). The antibodies anti-
CD3, anti-CD4 and anti-CD8 were FITC-labeled; anti-ICAM-
1, anti-CD44 and anti-CD45RA were PE-labeled, and anti-Vp8
and anti-Vg6 were biotin conjugated and developed by means
of Streptavidin—PE from Southern Biotechnology (Birmingham,
AL) for two-color analysis or Streptavidin—-Red 613 from Gibco/
BRL (Gaithersburg, MD) for three-color analysis. Quantitative
fluorometric analysis was performed on an Epics Profile flow
cytometer (Coulter Electronic, Hialeah, FL) and on a FACScan
instrument (Becton Dickinson).

Culture conditions

Total splenocytes (3x 10%/well and 1.5 10%/well) were cultured
for 2 days in medium (200 pl/well of RPMI 1640 supple-
mented with 10% FCS, 50 uM 2-mercaptoethanol, 10 mM
HEPES, 200 mM L-glutamine, 10 U/ml penicillin and 100 ug/ml
streptomycin) supplemented with 10 ug/ml SEB, 100 ng/ml PTX
or 4 ug/ml Con A. For assessment of proliferation, cells were
harvested after an 8 h pulse label with 1 pCi [3H]thymidine
(Amersham, UK).

Assessment of apoptotic DNA fragmentation

Splenic T cells were prepared by hypotonic erythrocyte lysis
and subsequent B cell depletion by panning with polyclonal

sheep anti-mouse Ig serum, as described (10). After culture
in vitro (3 h at 37°C in RPMI 1640 medium supplemented
with 10% FCS), cells were washed once in PBS. Dry
pellets of 3x10° splenocytes were resuspended in 20 ul of
10mM EDTA, 50 mM Tris-HCI, 0.5% sodium lauryl sarkosinate,
0.5 ug/ml protease K and incubated for 1 h at 50°C. After
addition of 10 ul of 10 pug/ml RNase A, samples were
incubated for 1 h at 37°C, then for 5 min at 70°C, mixed with
10 pl of 10 mM EDTA plus 1% low-melting agarose, 0.25%
bromophenol blue and 40% sucrose, and electrophoresed in
40 mM Tris-acetate with 1 mM EDTA over a 1.2% agarose
gel containing 0.1 ug/ml ethidium bromide.

Cytokine measurement

The release of cytokines produced after priming with SEB
was determined by ELISA. Blood was taken either at 90 min
or 4 h after toxin challenge. Sera from three different animals
was analyzed in each group. Serial dilutions of serum samples
were assayed using commercial ELISA kits for IL-2, IL-4,
IL-1oe and TNF-a0 (Endogen, Boston, MA). Absorbance values
were converted to concentrations of cytokine in the serum
(pg/ml) by interpolation in the respective standard curve.
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Fig. 1. Effect of SEB on the clonal expansion and deletion of peripheral
Vg8* T cells in ICAM-1deficient mice. Wild-type (filled circles) and
mutant (filled squares) mice received a single i.v. injection of SEB
and on days 1, 2.5, 4, 7 or 10 the frequency of spleen CD4*Vg8*
(A) or CD8*Vg8* T cells (C) and lymph node CD4*Vg8* (B) or
CD8*Vg8™ T cells (D) was determined by flow cytometry as described
in Methods. The variation of the percentages of cells belonging to
these subsets is referred to the values obtained for the unprimed
control mice (empty squares), which are considered as 100%. One
representative experiment out of three independent experiments is
shown here. Error bars represent the standard deviation of the values
obtained for five mice used in each experiment.



Results

The lack of ICAM-1 in homozygous mutant mice impedes the
SEB-induced clonal expansion of peripheral CD4* T cells but
does not affect the superantigen-driven clonal deletion by
apoptosis of these lymphocytes

The response of CD4* T lymphocytes in wild-type mice to
the i.v. injection of SEB consists of (i) an early (12-24 h after
SEB administration) deletion phase of CD4*V8" peripheral
T cells via apoptosis (27), (i) a transient proliferative expansion
of these T lymphocytes which reaches a maximum level (2-
to 3-fold initial levels) at ~3-4 days after SEB treatment, and
(iii) a second deletion of the CD4*Vg8* subset which is clearly
present 10 days after enterotoxin injection and lasts over 30
days (10,28,29). In mutant mice treated with SEB, the early
deletion of 50-80% of CD4*Vg8™ T cells is indistinguishable
from that observed in SEB-primed wild-type controls (Fig. 1A
and B). However, the proliferation of CD4"Vg8* T cells
observed in the spleen and lymph nodes of wild-type indi-
viduals is diminished in the ICAM-1-deficient animals. Around
day 3 in the lymph nodes and day 4 in the spleen, SEB-primed
wild-type mice show a 2-fold increase in the percentage of
CD4*Vg8* T cells when compared with that of PBS-injected
mice (Fig. 1A and B). However, 4 days after injection of SEB
the size of the peripheral CD4*Vg8™ T cell subset from ICAM-
1-deficient mice is not different than that of unprimed animals.
Despite the suboptimal proliferation of the CD4*Vg8* popula-
tion in ICAM-1 mutant mice, this population is reduced during
the second deletion phase as much as the same population
in the wild-type animals. This second deletion response is
maximum between days 8 and 10 after SEB injection (Fig.
1A and B). The death of SEB-reactive CD4* T cells from
ICAM-1-deficient mice presumably occurs by apoptosis. In
fact, the same degree of oligonucleosomal DNA fragmentation
is present in spleen T cells from SEB-primed wild-type and
ICAM-1-deficient mice (Fig. 2A) during the first and second
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deletion phases (around day 1 and 4 respectively). These
results show that ICAM-1 is not involved in the signals that
induce apoptosis and subsequent reduction of splenic and
lymph node CD4*Vg8" T cells mediated by SEB in vivo, but
has a chief role in the SEB-driven proliferation of these
lymphocytes. The lack of ICAM-1 in homozygous mice does
not affect lymphoid development (24). The percentage of
thymic and mature T cells bearing the different Vg TCR
elements is comparable in wild-type and ICAM-1-deficient
mice (data not shown). To rule out that in the absence of
ICAM-1 the action of SEB was less specific, we examined
the effects of SEB on the V6™ population in ICAM-1 mutant
mice. As expected, since TCRV56+ elements are not SEB-
reactive (30), we did not detect any significant responses
(proliferation, deletion) of Vg6™ T lymphocytes to SEB neither in
ICAM-1-deficient mice nor in wild-type mice (data not shown).

SEB-induced proliferation of spleen, but not lymph node,
CD8* T cells is dependent on ICAM-1

Superantigens bind to MHC class Il molecules on APC to
stimulate T cells (2). However, this response is not MHC-
restricted in a classical way since the CD8" T cell compart-
ment is also able to respond to superantigens. The administra-
tion in vivo of SEB to wild-type mice exerts dual effects on
the splenic and lymph node superantigen-reactive CD8*
T cell population. In these lymphoid organs, activation of
CD8+V38Jr T cells can be followed as a proliferative response
which takes place 2-4 days after SEB injection (10,28) (Fig.
1C and D), and which is 2-fold when compared with that of
CD4* T cells (Fig. 1). This proliferative phase is preceded by
an almost complete elimination (early deletion) of this subset
and followed by a late deletion phase in which CD8*Vg8* T
cells decrease from 3-fold to the basal levels present before
SEB injection (considered as 100%). In both deletion phases,
the programmed cell death (PCD) of these cells results in
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Fig. 2. SEB-induced clonal deletion and anergy of splenic T cells from ICAM-1-deficient mice. (A) DNA fragmentation patterns in T cells from
wild-type (+/+) and mutant (-/~) mice treated with either PBS or SEB. Analysis was made on day 1 (early deletion) and day 4 (second
deletion) after treatment. (B) and (C) Splenocytes were recovered from wild-type (triangles) or ICAM-1-deficient (squares) mice 10 days after
a single injection of SEB (solid symbols) or PBS (empty symbols). [3H]Thymidine incorporation was determined after culture at different cell
densities in microtiter wells containing SEB (B) or Con A (C) for 48 h. (D) Effect of PTX on SEB-induced anergy in splenic V38+ T cells. Wild-
type (+/+) and mutant (-~) mice were injected i.v. with SEB and/or PTX. Ten days later, total splenocytes were recovered, cultured in the

presence of SEB and [®H]thymidine incorporation was determined.
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apoptotic DNA fragmentation (31). The study of mutant mice
revealed that the ICAM-1 deficiency does not affect the
elimination of peripheral CD8*Vg8™ T cells, since the early
deletion of the subset (18 h after injection) as well as the late
deletion (around day 3), although less marked in the mutant
mice, occur in both groups of primed animals (Fig. 1C and
D). This was further confirmed by the observation that in
ICAM-1-deficient mice oligonucleosomal DNA fragmentation
of spleen T cells after injection of SEB in vivo is not affected
(Fig. 2A). Following a similar behavior demonstrated for the
CD4*Vg8™ fraction, the SEB-induced expansion of splenic
CD8*Vg8™ T cells is impaired in ICAM-1-deficient mice (Fig.
1C) suggesting that the interactions provided by ICAM-1 with
its specific ligands are essential for the proliferative response
to SEB in vivo. However, there is no difference in the proliferat-
ive response induced by SEB on lymph node CD8*Vg8" T
cells in the ICAM-1-deficient mice compared with wild-type
littermates (Fig. 1D). Thus, surprisingly the SEB-induced
expansion of this cell population seems to be independent of
interactions mediated by ICAM-1.

Co-stimulation with ICAM-1 is required for the activation
in vitro of human CD4TCD45RA™ T cells by low concentration
of S. aureus enterotoxin A (SEA) but is not required for the
activation of CD4tCD45RO* T lymphocytes (32). CD45RA
and CD44 expression characterize naive and activated cells
respectively (33-35). To determine if, in ICAM-1-deficient
mice, the difference in proliferative response to SEB between
spleen and lymph node CD8™ T cells correlates with a different
expression pattern of the above markers, we studied their
expression among the CD8™" T population in these lymphoid
organs. The level of CD45RA and CD44 expression was similar
in both spleen and lymph node CD8™ T cells. Expression levels
remained comparable even after stimulation with SEB (data
not shown).

In studying possible differences between the lymph node
and the spleen CD8%V8™ population we observed that in
SEB-primed wild-type mice, the level of ICAM-1 on the surface
of lymph node CD8* T cells increased only half as much as
on the same CD8* T population derived from the spleen, or
on CD4* T cells from the spleen or lymph nodes (Fig. 3A).
The study of ICAM-1 expression in the CD8"Vg8™* subset
revealed a weak increase in ICAM-1 levels in spleen and
lymph node CD8*V;8™ cells from SEB-primed mice (Fig. 3B),
probably due to SEB-induced cytokine production in vivo
(9,36). We also observed an increase in the expression of
this adhesion molecule in the splenic CD8" T cells bearing
the SEB-specific Vg8 elements [mean channel of fluorescence
(m.c.f.) 30.1 £ 1.9 versus 1.2 = 0.2 in unprimed wild-type
mice]. The change in ICAM-1 expression is not observed in
the lymph node CD8%Vg8™ T cells as marked as it is in the
spleen population (12.7 = 2.0 versus 1.4 = 0.2, Fig. 3B). The
increase in the level of ICAM-1 expression in CD4"Vg8* T
cells is similar in both peripheral lymphoid organs (data
not shown).

To further examine the mechanisms underlying the sub-
optimal activation of these VBBJr T cells, we studied if the
production of IL-2, IL-4, IL-1 and TNF-o was altered after SEB
immunization in vivo. Our results show that at different time
points after SEB injection, the production of cytokines control-
ling T cell proliferation was 6-fold decreased for IL-2 and
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Fig. 3. Effect of SEB on ICAM-1 expression in peripheral T cells. (A)
At 48 h after superantigen administration, CD4* and CD8™ spleen
and lymph node T cells from SEB-primed wild-type mice and PBS-
injected controls (unprimed) were analyzed by flow cytometry to
determine the expression of ICAM-1 in these subsets. (B) To
examine variations in the intensity of ICAM-1 expression in CD8*Vg8*
T lymphocytes from spleen and lymph node, three-color inmuno-
fluorocytometry analysis was performed as described in Methods. The
figure shows the intensity of ICAM-1 expression in the subpopulations
indicated in each histogram before and after SEB priming of wild-
type mice. The value of the m.c.f. is also indicated in each histogram.

undetectable for IL-4, in the ICAM-1-deficient mice (Fig. 4A
and B). Furthermore, 90 min after superantigen administration,
the production of IL-1oc and TNF-a0 was half in the mutant
mice when compared with wild-type littermates (Fig. 4C
and D).

The lack of ICAM-1 does not affect the SEB-induced anergy
of peripheral V38" T lymphocytes

V8™ T cells recovered from SEB-injected animals are anergic,
as assessed by their low proliferative response in vitro to SEB
(11). Accordingly, in wild-type mice, 10 days after the i.v.
administration of SEB, Vg8" T cells that have not been
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Fig. 4. Effect of ICAM-1 deficiency on serum cytokine levels after SEB administration. The systemic release of IL-2 (A), IL-4 (B), IL-1a. (C) and
TNF-o. (D) was measured after a single dose (50 pug i.v./mouse of SEB). Wild-type (empty symbols) or ICAM-1-deficient mice (solid symbols)
were bled from the retro-orbital plexus with heparinized capillaries at 90 min and 4 h after challenge with SEB. Within each group, sera from

three animals were measured by ELISA in duplicates.

eliminated by apoptosis in vivo are impaired in their ability to
mount a proliferative response to SEB in vitro (Fig. 2B). To
assess whether or not co-stimulatory signals mediated through
ICAM-1 are required for the induction of SEB-induced anergy,
we tested the proliferative response to SEB in vitro of spleno-
cytes from ICAM-1-deficient mice after SEB priming in vivo.
Spleen V8™ T cells from SEB-primed mice—mutant or wild-
type—Tail to proliferate to the superantigen in vitro (Fig. 2B).
Thus, ICAM-1 is not essential for the induction or maintenance
of anergy of the SEB-reactive T cells. Spleen T lymphocytes
from unprimed wild-type mice showed a greater proliferative
response in vitro to SEB (Fig. 2B) or Con A (Fig. 2C) than
that of splenic T cells from PBS-injected ICAM-1-deficient
mice. This confirms that ICAM-1 also plays an essential role
in the proliferation of T lymphocytes in vitro to superantigens.
Furthermore, an increase in the dose of SEB in vivo and
in vitro (100 pg/mouse and 20 pg/ml respectively) does not
modify the suboptimal T cell activation observed with lower
doses. It is worth noting that in the absence of ICAM-1 there
is still a significant in vitro response to SEB or Con A. This
indicates that other molecules like ICAM-2 and ICAM-3 are
sufficient for an incomplete response, but only in the presence
of ICAM-1, these cells can achieve an optimal proliferative
response. Also, we observed that Vg8* T cells from SEB-
immunized ICAM-1-deficient mice and wild-type mice were
able to respond to Con A, albeit to a lesser degree than
cells from unprimed mice. This defective response does not
compromise the specificity of the anergy observed in the
wild-type or ICAM-1-deficient mice. In this context, the obser-
vation that PTX blocks this effect is a critical piece of informa-
tion supporting the specificity of this effect (see below).

The deficient proliferative response to SEB observed in ICAM-
1-deficient mice is not rescued by the co-injection of PTX

PTX, produced by Bordetella pertussis, is a non-superanti-
genic exotoxin (37) which acts as T cell mitogen in vitro
(38,39). In vivo, PTX also prevents the induction of peripheral
T cell anergy, enhances the T cell response (37) and inhibits
the superantigen-induced deletion of peripheral T cells (31).
To study if PTX could rescue in vivo the defective expansion
of SEB-reactive T cells in ICAM-1-deficient mice, we co-
injected PTX with SEB in wild-type and mutant mice. The
effects that the injection of PTX induces on CD4*Vg8™ peri-
pheral T lymphocytes from wild-type and ICAM-1-deficient
mice are shown in Table 1. These effects have been analyzed
at day 1 (early deletion), day 3 (maximum expansion) and
day 10 (second deletion) after simultaneous administration of
both toxins. Intravenous co-injection of PTX results in a
prevention of both clonal deletion phases of CD4*Vg8* T
lymphocytes in wild-type mice. In ICAM-1 mutant mice, the
co-administration of PTX does not rescue the proliferation of
CD4*Vg8* T cells, which is impaired due to the lack of ICAM-
1. However, it almost prevents completely the deletion of
these cells in response to SEB (Table 1). Splenic CD8"Vg8*
T cells show a similar response to the co-injection of PTX
and SEB (data not shown), indicating that PTX cannot revert
the block in the proliferative response to SEB imposed by the
lack of ICAM-1.

As described above, after the phase of SEB-induced
proliferation and death in vivo, the remaining Vg8* T cell
population from ICAM-1 mutant mice fails to proliferate to a
subsequent exposure to SEB in vitro. To examine if PTX is
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Table 1. Effect of PTX on the SEB-induced proliferation and deletion of peripheral CD4*Vg8™T cells: percentage of positive cells®

Treatment? Spleen Lymph nodes
day 1 day 3 day 10 day 1 day 3 day 10

PBS 100 100 100 100 100 100

+/+ SEB 30+ 1.2 160 * 5.1 42 + 15 26 =20 165 * 9.2 5170
+/+ SEB + PTX 92 = 3.9 209 + 0.9 99 = 0.4 91 = 6.6 190 * 4.1 112 £ 0.3
+/+ PBS + PTX 99 £ 0.7 100 = 0.2 102 = 0.6 100 = 1.1 102 + 3.2 100 = 0.7
—/— SEB 34 +28 70 = 10 38 + 43 22 +53 89 = 0.4 56 + 2.8
—/— SEB + PTX 90 = 3.7 90 £ 0.2 93+ 14 82+ 6.4 90+ 1.0 90 + 1.6
—/—- PBS + PTX 100 = 1.0 103 £ 2.2 98 = 1.4 100 = 1.9 98 = 2.1 100 = 1.8

aDetermined by immunofluorescence analysis of spleen and lymph node cells. Values from toxin(s)-primed mice are given as percentages
referred to the PBS-injected control percentages which are considered as 100%.

bwild-type and mutant mice received one single i.v. injection of PBS (200 ul), SEB (50 pg), PTX (1 ug) or SEB + PTX (50 + 1 ug respectively).
Analysis of V[58+ T cells was performed at 1, 3 or 10 days after the treatment.

capable of rescuing the SEB-induced anergy of these T cells
in the absence of ICAM-1, we measured the proliferative
response to SEB in vitro of V8" splenocytes from ICAM-1-
deficient mice 10 days after co-injection of both toxins. Our
results showed that PTX co-administration blocks the SEB-
induced anergy of V8" splenic T cells from both mutant and
wild-type mice (Fig. 2D).

Discussion

In this report we demonstrate in vivo, using a ‘clean’ genetic
deficiency, that (i) interactions mediated by ICAM-1 are not
essential for the apoptotic elimination of SEB-reactive CD4*
and CD8* lymphocytes from either the lymph nodes or spleen;
(ii) interactions mediated by ICAM-1 are required in vivo for
the SEB-induced expansion of peripheral CD4*Vg8™ and
splenic CD8+VB8+ T lymphocytes; (i) ICAM-1 is not required
for the response of lymph node CD8+Vl38+ T cells to SEB
in vivo; (iv) that SEB-mediated expansion and anergy of SEB-
reactive V‘38+ T cells are not linked events, the first one being
ICAM-1 dependent and the second one ICAM-1 independent;
and (v) signals mediated by PTX either on activation or
migration of Vg8* T cells do not overcome the effects of the
ICAM-1 deficiency.

Superantigens play a potent T cell stimulatory role which
is critical in infections with organisms producing these toxins.
This strong T cell activation is reflected by an acute cytokine
production (8,9,40) and the transient expansion of the stimu-
lated T lymphocyte subset (10,12,28) followed by apoptotic
cell death and development of anergy (12,13). Previous
experiments lead to the conclusion that the expansion of
these superantigen-stimulated T cells is unequivocally due to
proliferation (12,14). In addition, we have demonstrated that
all those lymphocytes that undergo PCD during the second
deletion phase of the SEB response were part of a previous
proliferative response, as measured by the incorporation of
5-bromo-2'-deoxyuridine (BrdUrd) in the DNA of the apoptotic
cells (36). Here, we study superantigen-induced T cell activa-
tion in a mouse model that lacks the co-stimulatory signals
provided by ICAM-1. We show that the absence of interactions
mediated by ICAM-1 does not prevent the mechanisms

involved in the apoptotic elimination of SEB-reactive peripheral
T cells. Previous studies in vitro suggest that the deletion of
superantigen-specific human CD4* T cells can be blocked
by antibodies directed against CD11a/CD18 but not ICAM-1
or ICAM-2 (41). Nevertheless, these studies addressed the
role of LFA-1 in the PCD of exclusively CD4* cells in vitro
using blocking mAb. An alternative ligand for LFA-1 on
leukocytes is ICAM-3. This adhesion molecule is more strongly
expressed than ICAM-1 or ICAM-2 (42) on lymphocytes and
could be the LFA-1 ligand that provides co-stimulatory signals
in the SEB-driven apoptosis of mature T cells. Our study
demonstrates that these co-stimulatory signals are not pro-
vided in vivo by ICAM-1. In addition, peripheral CD4* and
CD8*Vp8* T cells express high levels of LFA-1 during the
early deletion period induced by SEB (data not shown). The
acquisition and/or maintenance of SEB-mediated anergy is
not affected by ICAM-1 as illustrated by the observation that
in SEB-treated ICAM-1-deficient mice the surviving Vg8* T
cell population fails to proliferate to SEB in vitro. These data
demonstrate that in the absence of ICAM-1 it is possible to
induce clonal deletion and anergy by SEB treatment. Both
unresponsiveness mechanisms can be subverted by co-
administration with PTX. However, SEB-induced cellular
expansion only occurs in the presence of ICAM-1-mediated
co-stimulatory signals. Several lines of evidence suggest
that PTX acts directly on peripheral V8" lymphocytes. For
example, the same effects can be observed in thymectomized
mice (31) indicating that its effects cannot be attributed to
increased maturation and export of thymocytes to the peri-
phery, roles that have been proposed for PTX (43). On the
other hand, PTX prevents in vitro (no migration or extravasa-
tion) the loss of Vg8* T cells induced by SEB (31).

One surprising finding of this study is that lymph node
CD8*Vg8™ T cells are not dependent on interactions mediated
by ICAM-1 for their expansion in response to SEB in vivo.
This special feature of this population in the lymph node could
correlate either with different co-stimulatory requirements of
these cells, e.g. due to their activation status, or with different
types of APC present either in lymph nodes or spleen. The
finding that SEA-induced activation of human T cells requires
ICAM-1  co-stimulation only for naive T lymphocytes



(CD45RA™) but not for memory T cells (CD45R0O™) supports
the former explanation. However, we failed in our attempt to
identify a greater presence of activated (CD44%) or non-naive
(CD45RA") cells among the lymph node CD8*Vg8* T cells.
The only consistent difference that we have observed between
lymph node CD8*Vg8™ T cells and spleen CD8*Vg8* T cells
(or CD4*Vg8* from both lymphoid organs) is that in response
to SEB stimulation, ICAM-1 expression is much less variable
in lymph node CD8*Vg8* T cells. Since ICAM-1 up-regulation
is a primary event in leukocyte activation or inflammation
and is critical for the progression of these processes, a
lack of ICAM-1 up-regulation in this population may be the
cause of the ICAM-1-independent activation by SEB. The
molecular mechanisms underlying this observation remain to
be elucidated.

Since ICAM-1 is also expressed on endothelial cells, it
is conceivable that ICAM-1 deficiency could influence the
trafficking pattern of V58Jr T cells after SEB stimulation and
this effect could contribute to the final phenotypes observed
here. However, several reasons argue against the significant
contribution of this mechanism to the observed phenotype.
(i) The expansion or deletion of VBSJr T cells occur simultan-
eously in spleen, lymph nodes and blood even without a
functional thymus able to export new mature T cells (10). (ii)
The reduction in systemic cytokine release in the mutant mice
indicates a suboptimal activation of T cells and therefore
correlates with the decreased proliferation of this subset. (iii)
SEB induces in vitro an extensive proliferation of peripheral T
cells bearing TCR V8™ elements.

A strategy commonly used by a large number of infectious
microorganisms to evade the immune system of their host is
to modulate its immune response. Induction of clonal deletion
and anergy by superantigens is one mechanism. A better
understanding of the co-stimulatory role that molecules like
ICAM-1 play in the control of superantigen-induced activation
would facilitate the design of therapeutic procedures to
prevent the immunopathological consequences induced by
these toxins.
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m.c.f. mean channel of fluorescence

MLR mixed lymphocyte reaction

PCD programmed cell death

PTX pertussis toxin

SEA staphylococcal enterotoxin A

SEB staphylococcal enterotoxin B

SEB-induced T cell activation in ICAM-1-deficient mice 1697

References

1 Carlsson, R., Fischer, H. and Sjogren, H. O. 1988. Binding of
staphylococcal enterotoxin A to accessory cells is a requirement
for its ability to activate human T cells. J. Immunol. 140:2484.

2 Fraser, J. D. 1989. High-affinity binding of staphylococcal
enterotoxins A and B to HLA-DR. Nature 339:221.

3 Marrack, P. and Kappler J. W. 1990. The staphylococcal
enterotoxins and their relatives. Science 248:705.

4 Kappler, J. W., Kotzin, B., Herron, L., Gelfand, E. W,, Bigler, R. D.
and Marrack, P. 1989. Vg-specific stimulation of human T cells
by staphylococcal toxins. Science 244:84.

5 Takimoto, H., Yoshikai, Y., Kishihara, K. and Nomoto, K. 1990.
Stimulation of all T cells bearing Vg1, Vg3, Vg11 and Vg12 by
staphylococcal enterotoxin A. Eur. J. Immunol. 20:617.

6 Herman, A., Kappler, J. W., Marrack, P. and Pullen, A. M. 1991.
Superantigens: mechanisms of T-cell stimulation and role in
immune response. Annu. Rev. Immunol. 9:745.

7 White, J., Herman, A., Pullen, A. M., Kubo, R., Kappler, J. W. and
Marrack, P. 1989. The Vg-specific superantigen staphylococcal
enterotoxin B: stimulation of T cells and clonal deletion in neonatal
mice. Cell 56:27. .

8 Miethke, T., Wahl, C., Heeg, K., Echtenacher, B., Krammer, P. H.
and Wagner, H. 1992. T cell-mediated lethal shock is triggered
in mice by the superantigen staphylococcal enterotoxin B: critical
role of tumor necrosis factor. J. Exp. Med. 175:91.

9 Bette, M., Schéafer, M. K.-H., Van Roijen, N., Weihe, E. and
Fleischer, B. 1993. Distribution and kinetics of superantigen-
induced cytokine gene expression in mouse spleen. J. Exp.
Med. 178:1531.

10 Kawabe, Y. and Ochi, A. 1991. Programmed cell death and
extrathymic reduction of V‘38+CD4+ T cells in mice tolerant to
Staphylococcus aureus enterotoxin B. Nature 349:245.

11 Kawabe,Y. and Ochi, A. 1990. Selective anergy of Vg8+CD4™*
T cells in Staphylococcus enterotoxin B-primed mice. J. Exp.
Med. 172:1065.

12 William, T. L. and Vitetta, E. S. 1992. Memory T cells are anergic
to the superantigen staphylococcal enterotoxin B. J. Exp. Med.
176:575. '

13 Baschieri, S., Lees, R. K., Lussow, A. R. and MacDonald, H. R.
1993. Clonal anergy to staphylococcal enterotoxin B in vivo:
selective effects on T cell subsets and lymphokines. Eur. J.
Immunol. 23:2661.

14 Herrmann, T., Baschieri, S., Lees, R. K. and MacDonald, H. R.
1992. In vivo responses of CD4* and CD8* cells to bacterial
superantigens. Eur. J. Immunol. 22:1935.

15 Gonzalo, J. A., Moreno de Alboran, |., Martinez-A, C. and Kroemer,
G. 1992. Expansion and clonal deletion of peripheral T cells
induced by superantigen is independent of the interleukin-2
pathway. Eur. J. Immunol. 22:1007.

16 Irwin, M. J., Hudson, K. R., Ames, K. T, Fraser, J. D. and
Gascoigne, N. R. J. 1993. T-cell receptor B-chain binding to
enterotoxin superantigens. Immunol. Rev. 61:78.

17 Kishimoto, T. K., Larson, R. S., Corbi, A. L., Dustin, M. L., Staunton,
D. E. and Springer, T. A. 1989. The leukocyte integrins: LFA-1,
Mac-1 and p150,95. Adv. Immunol. 46:149.

18 Larson, R. S. and Springer, T. A. 1990. Structure and function of
leukocyte integrins. Immunol. Rev. 114:81.

19 Staunton, D. E., Martin, S. D., Stratowa, C., Dustin, M. L. and
Springer, T. A. 1988. Primary structure of ICAM-1 demonstrates
interaction between members of the immunoglobulin and integrin
supergene families. Cell 52:925.

20 Staunton, D. E., Dustin, M. L. and Springer, T. A. 1989. Functional
cloning of ICAM-2, a cell adhesion ligand for LFA-1 homologous
to ICAM-1. Nature 339:61.

21 De Fougerolles, A. R. and Springer, T. A. 1992. Intercellular
adhesion molecule 3, a third adhesion counter-receptor for
lymphocyte function-associated molecule 1 on resting
lymphocytes. J Exp. Med. 175:185.

22 Van Seventer, G. A., Newman, W., Shimizu, Y., Nutman, T. B.,
Tanaka, Y., Horgan, K. J., Gopal, T. V., Ennis, E., O’Sullivan, D.,
Grey, H. and Shaw, S. 1991. Analysis of T cell stimulation
by superantigen plus major histocompatibility complex class I



1698 SEB-induced T cell activation in ICAM-1-deficient mice

23

24

25

26

27

28

29

30

31

32

molecules or by CD3 monoclonal antibody: costimulation by
purified adhesion ligands VCAM-1, ICAM-1, but not ELAM-1. J.
Exp. Med. 174:901.

Van Seventer, G. A., Shimizu, Y. and Shaw, S. 1991. Roles of
multiple accesory molecules in T-cell activation. Curr. Opin.
Immunol. 3:294.

Xu, H., Gonzalo, J. A., St. Pierre, Y., Williams, I. R., Cotran, R. S.,
Springer, T. A. and Gutierrez-Ramos, J.-C. 1994. Leukocytosis
and resistance to septic shock in intercellular adhesion molecule
1-deficient mice. J. Exp. Med. 180:95.

Payne, J., Huber, B. T., Cannon, N. A, Schneider, R., Schilham,
M. W., Acha-Orbea, H., MacDonald, H. R. and Hengartner, H.
1988. Two monoclonal rat antibodies with specificity for the B-
chain variable region Vg6 of the murine T-cell receptor. Proc. Natl
Acad. Sci. USA 85:7695.

Staerz, U. D., Rammensee, H. G., Benedetto, J. D. and Bevan,
M. J. 1985. Characterization of a murine monoclonal antibody
specific for an allotypic determinant on T cell antigen receptor.
J. Immunol. 134:3994.

Gonzalo, J. A., Gonzalez-Garcia, A., Martinez-A, C. and Kroemer,
G. 1993. Glucocorticoid-mediated control of the activation and
clonal deletion of peripheral T cells in vivo. J. Exp. Med. 177:1239.
MacDonald, H. R., Baschieri, S. and Lees, R. K. 1991. Clonal
expansion precedes anergy and death of Vg8* peripheral T
cells responding to staphylococcal enterotoxin B in vivo. Eur. J.
Immunol. 21:1963.

Wahl, S., Miethke, T., Heeg, K. and Wagner, H. 1993. Clonal
deletion as direct consequence of an in vivo T cell response to
bacterial superantigen. Eur. J. Immunol. 23:1197.

D’Adamio, L., Awad, K. M. and Reinherz, E. L. 1993. Thymic and
peripheral apoptosis of antigen-specific T cells might cooperate
in establishing self-tolerance. Eur. J. Immunol. 23:747.

Gonzalo, J. A., Gonzalez-Garcia, A., Baixeras, E., Zamzami, N.,
Tarazona, R., Rappuoli, R., Martinez-A, C. and Kroemer, G. 1994.
Pertussis toxin interferes with superantigen-induced deletion of
peripheral T cells without affecting T cell activation in vivo. J.
Immunol. 1562:4291.

Parra, E., Wingren, A. G., Hedlund, G,, Sjogren, H. O., Kalland,
T., Sansom, D. and Dohlsten, M. 1993. Human naive and memory
T-helper cells display distinct adhesion properties to ICAM-1,

33

34

35

36

37

38

39

40

41

42

43

LFA-3 and B7 molecules. Scand. J. mmunol. 38:508.

Budd, R., Cerottini, J., Horvath, C., Bron, C., Pedrazzini, T., Howe,
R. and MacDonald, R. 1987. Distinction of virgin and memory T
lymphocytes. J. Immunol. 138:3120.

Cerottini, J. C. and MacDonald, R. 1989. The cellular basis of T-
cell memory. Annu. Rev. Immunol. 7:77.

Birkeland, M. L., Metlay, J., Sanders, V. M., Fernandez-Botran,
R., Vitetta, E. S., Steinman, R. M. and Pure, E. 1988. Epitopes on
CD45R (T200) molecules define differentiation antigens on murine
B and T lymphocytes. J. Mol. Cell. Immunol. 4:71.

Gonzalo, J. A., Baixeras, E., Gonzalez-Garcia, A., George-Chandy,
A., Van Roijen, N., Martinez-A, C. and Kroemer, G. 1994.
Differential in vivo effects of a superantigen and an antibody
targeted to the same T cell receptor. J. Immunol. 22:1597.
Kamradt, T., Soloway, P. D., Perkins, D. L. and Gefter, M. L. 1991.
Pertussis toxin prevents the induction of peripheral T cell anergy
and enhances the T cell response to an encephalitogenic peptide
of myelin basic protein. J. Immunol. 147:3296.

Morse, J. H., Kong, A. S., Lindenbaum, J. and Morse, S. I. 1977.
The mitogenic effect of the lymphocytosis promoting factor from
Bordetella pertussis. J. Clin. Invest. 60:683.

Rossoff, P. M., Walker, R. and Winberry, L. 1987. Pertussis
toxin triggers rapid second messenger production in human T
lymphocytes. J. Immunol. 139:2419.

Miethke, T., Duschek, K., Wahl, C., Heeg, K. and Wagner, H.
1993. Pathogenesis of the toxic shock syndrome: T cell mediated
lethal shock caused by the superantigen TSST-1. Eur. J.
Immunol. 23:1494.

Damle, N. K., Leytze, G., Klussman, K. and Ledbetter, J. A. 1993.
Activation with superantigens induces programmed death in
antigen-primed CD4* class It major histocompatibility complex
T lymphocytes via a CD11a/CD18-dependent mechanism. Eur.
J. Immunol. 23:1513.

De Fougerolles, A. R., Qin, X. and Springer, T. A. 1994.
Characterization of the function of intercellular adhesion molecule
(ICAM)-3 and comparison with ICAM-1 and ICAM-2 in immune
responses. J. Exp. Med. 179:619.

Person, P. L., Korngold, R. and Teuscher, C. 1992. Pertussis toxin-
induced lymphocytosis is associated with alteration in thymocyte
subpopulation. J. Immunol. 148:150.



	
	
	
	
	
	
	
	
	


