
174 

Current Topics in 
Microbiology 
and Immunology 

Editors 

R. W. Compans, Birmingham/Alabama' M. Cooper, 
Birmingham/Alabama' H. Koprowski, Philadelphia 
I. McConnell, Edinburgh . F . Melchers, Basel 
V. Nussenzweig, New York· M. Oldstone, 
La Jolla/California . S. Olsnes, Oslo . M . Potter, 
Bethesda/Maryland . H. Saedler, Cologne . P. K. Vogt, 
Los Angeles . H. Wagner, Munich . I. Wilson, 
La Jolla/California 



Superantigens 

Edited by B. Fleischer and H. O. Sjogren 

With 13 Figures 

Springer-Verlag 
Berlin Heidelberg New York 
London Paris Tokyo 
Hong Kong Barcelona 
Budapest 



BERNHARD FLEISCHER 

Pathophysiology Section 
First Department of Medicine 
University of Mainz 
6500 Mainz, FRG 

HANS OLOV SJÖGREN 

Wallen berg Laboratory 
University of Lund 
22007 Lund, Sweden 

ISBN 978-3-642-51000-7 ISBN 978-3-642-50998-8 (eBook) 
DOI 10.1007/978-3-642-50998-8 

This work is subJect to copyright. All rights are reserved, whether the whole or part 01 
the material is concerned, specilically the rights 01 translation, reprinting, reuse 01 
illustrations, recitation, broadcasting, reproduction on microlilms or in other ways, 
and storage in data banks. Duplication 01 this publication or parts thereol is only 
permitted under the provisions 01 the German Copyright Law 01 September 9,1965, 
in its current version, and a copyright lee must always be paid. Violations lall under 
the prosecution act 01 the German Copyright Law. 

© Springer-Verlag Berlin Heidelberg 1991 

Softcover reprint of the hardcover 1 st edtition 1991 
Library 01 Congress Catalog Card Number 15-12910 

The use 01 registered names, trademarks etc. in this publication does not imply, 
even in the absence 01 a specilic statement, that such names are exempt lrom the 
relevant protective laws and regulations and therefore free for general use. 

Product Liability: the publisher can give no guarantee for information about drug 
dosage and application thereof contained on this book. In every individual case 
the respective user must check its accuracy by consulting other pharmaceutical 
literature. 

Typesetting : Thomson Press (India) Ud, New Delhi; 
Offsetprinting: Saladruck, Berlin; Bookbinding: Lüderitz & Bauer, Berlin. 
23/3020-543210-Printed on acid-Iree paper. 



Preface 

This volume of Current Topics in Microbiology and Immunology 
is concerned with a class of molecules that are the most potent 
polyclonal stimulators of T lymphocytes of several species. 
These molecules have been named "superantigens" because 
they use a mechanism of T cell stimulation closely mimicking 
MHC-restricted recognit ion of specific antigen: they act on 
variable parts of T cell antigen receptors and are presented by 
MHC class II molecules. 

Prototypes of these molecules are the pyrogenic exotoxins 
produced by S. aureus and S. pyogenes, of which the 
staphylococcal enterotoxins and the toxic shock syndrome 
toxin are the best known . Superantigens also occur endogen­
ously in mice, most notably the enigmatic Mis determinants, 
that have withstood characterization for nearly 20 years. Only 
very recently was it found that Mis is probably encoded by 
endogenous retroviruses. The list of candidates that are 
implicated as being superantigens is growing. In many cases, 
however, the proof that a given molecule indeed falls into this 
category is still missing. 

Most of the chapters in this volume are concerned with 
the effect:; of superantigens on T cells. Although they cover 
the same basic issue, they focus on quite different aspects, 
either on the molecular mechanisms involved or on the 
biological implications. The overall mechanism of T cell 
stimulation is the same for the different molecules, and a basic 
consensus model is generally accepted. Certain features, 
however, are still controversial, e.g., the requirements for 
coreceptor molecules or the question of V p specificity. In 
addition, individual superantigens differ in several respects, 
e.g ., in receptor specificity or pathophysiological significance. 

The extreme potency of these molecules is reflected by a 
number of biological consequences that contribute to the 
pathogenesis of the diseases induced by the producing 
microorganisms. Besides the mitogenicity for T cells, a common 
feature of all microbial superantigens is their abil ity to induce 
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shock-like symptoms, probably at least in part due to a massive 
release of Iymphokines and monokines mediated via T cell 
stimulation. A similar shock syndrome is observed after admini­
stration of mitogenic anti-CD3 antibodies to patients for 
immunosuppressive therapy. 

Common to several, perhaps all superantigens is an ability 
to induce immunosuppression. Several mechanisms can be 
envisaged as contributing to this effect: most importantly, 
besides clonal deletion, the induction of clonal anergy in those 
T cells responding to a given superantigen, the induction of 
cytotoxicity against MHC class II-positive cells, and the massive 
polyclonal stimulation of T cells that could impede a coordinate 
immune response. M. arthritidis, a natural pathogen for mice 
and rats, produces the superantigen MAM and offers a 
particularly convenient model system to study the role of a 
superantigen in the diseases induced by an infections patho­
gen. MAM induces shock and immunosuppression and is likely 
to have an influence on autoimmunity and the development of 
a chronic inflammatory disease in the host. 

Progress in the field of research on these molecules has 
been extremely rapid in the last 2 years. In a fast moving field 
like this it is inevitable that several important developments will 
have taken place by the time this volume appears in print. A first 
example of this is the fact that the retroviral origin of MIs and 
related murine superantigens was published after submission 
of the manuscripts for this book. We can expect further exciting 
findings in the near future. 

B. FLEISCHER, H. O. SJOGREN 
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Many bacteria require a complex set of host-parasite interactions in order to 

cause disease. Perhaps the most straightforward of these interactions is 
elaboration by the microbe of toxins which induce disease manifestations. In this 
example the pathogen must only be able to survive and multiply within the host 

for a sufficient period of time to make the toxin. Toxin-host cell receptor 
interactions then determine the extent of host tissue damage. 

Group A streptococci and Staphylococcus aureus are extracellular patho­
gens which make a wide variety of exotoxins and exoenzymes that contribute to 
their capacity to cause disease. Among these factors are cytotoxins, such as 
hemolysins, strepto- and staphylokinase, nucleases, proteases, hyaluronidase, 

and a large family of exotoxins, the pyrogenic toxins. In adition, S. aureus makes 
two serological types of exfoliative toxins, A and B, which share Va-restricted T 
cell mitogenicity with the pyrogenic toxins; exfoliative toxins, however, are not 
pyrogenic and do not predispose the host to lethal endotoxin shock, and thus 

are only distantly related to the pyrogenic toxin family. 

Pyrogenic toxins include the streptococcal pyrogenic exotoxins serotypes A, 

B, and C (synonyms SPEs, scarlet fever toxins, erythrogenic toxin type A, 

blastogen A type A, lymphocyte mitogens, and keratinocyte proliferative factor), 

Box 196 UMHC, Department of Microbiology, University of Minnesota Medical School, 420 Delaware 
Street Southeast. Minneapolis, MN 55455, USA 
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2 P. K. Lee and P. M. Schlievert 

Table 1. Shared biological properties and disease as­
sociation of pyrogenic toxins from Staphylococcus 
aureus and group A streptococci 

1. Pyrogenicity 
2. Enhancement of endotoxin shock 
3. T l ymphocyte mitogenicity; leads to: 

a Enhancement of delayed hypersensitivity 
b B cell immunosuppression 
c Monokine release from macrophages 

Staphylococcal enterotoxins also induce vomiting and 
diarrhea when given orally to monkeys. This property is 
not shared with the other toxins. Similarly, SPEs are more 
likely than the other toxins to predispose the host to 
significant myocardial damage 

staphylococcal toxic shock syndrome toxin-1 (TSST -1), staphylococcal enter­
otoxins (SEs) serotypes, A, B, C1, C2, C3, D, and E, and staphylococcal pyrogenic 
exotoxins serotypes A and B. These toxins share many biological activities, 
summarized in Table 1, and are though to playa causative role in several 
important diseases, including toxic shock syndrome, toxic shock-like syndrome, 
streptococcal scarlet fever, and staphylococcal food poisoning. 

In this review we examine the molecular biological and biochemical 
relatedness of pyrogenic toxins. Since they can be separated into subfamil ies 
based on sequence similarities and shared epitopes, the toxins are presented 
according to these subfamilies. 

2 Toxic Shock Syndrome Toxin-1 

The TSST -1 gene, designated tst, was cloned originally into Escherichia coli by 
KREISWIRTH et a!. (1983) . Chromosomal DNA from S. aureus strain RN4256 was 
partially digested with Mbbl, and the 7-10 kilobase (kb) fraction was isolated and 
ligated to BamHI-digested alkaline phosphatase-treated pBR322. The ligation 
mixture was transformed into E. coli strain 259 (LOFDAHL et a!. 1983) with 
selection for the pBR322 Apr marker. Transformants were screened for inser­
tional inactivation of the pBR322 Tcr marker, and toxin-positive clones were 
selected by a colony immunoassay using rabbit anti-TSST-1 antisera. A 
comparison of peri plasmic shockates with a lysate prepared from shocked cells 
indicated that most of the TSST -1 was contained within the periplasm when 
expressed in E. coli. 

After tst was further localized by subcloning in E. coli, the gene was 
reintroduced into a TSST -1 -negative S. aureus strain RN4220 (KREISWIRTH et a!. 
1983) using plasmid pE194 (HORINOUCHI and WEISBLUM 1982). TSST-1 toxins 
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produced in E. coli and S. aureus clones were identical to the native toxin in 
physicochemical and immunological assays. The cloned toxins migrated with 
the same molecular weight under SOS-PAGE analysis and focused at the 
identical isoelectric point as native toxin. In addition, the cloned toxins were 
identical to the native toxin in the following biological assays: pyrogenicity, 
enhancement of susceptibility to lethal endotoxin shock, T lymphocyte mitogen­
icity, and immunosuppression (KREISWIRTH et al. 1983). 

TSST-1 was also introduced into Bacillus subtilis by ligating the tst gene to 
Bacillus plasmid pB064 (OKUBO et al. 1972) and transforming into B. subtilis IS75. 
Interestingly, the B. subtilis clone expressed fourfold more toxin than the donor 
staphylococcal strain (KREISWIRTH et al. 1987a). Bacillus-derived toxin, which was 
released into the culture media, appeared to be identical to native TSST-1 but 
was less soluble in water. 

Nucleotide sequencing of TSST -1 showed that the tst structural gene 
consisted of 702 nucleotides, coding for a protein (Fig. 1) of 234 residues 
(BLOMSTER-HAUTAMAA et al. 1986b). The first 40 amino acids, representing the 
signal peptide, were absent from the mature protein as shown by N-terminal 
sequence analysis of mature TSST-1 (IGARASHI et al. 1984; BLOMSTER-HAUTAMAA 
et al. 1986b). Thus, the coding sequence of the mature protein was 194 amino 
acids in length, and the predicted molecular weight was 22049. This is in good 
agreement with the previously reported molecular weight of TSST-1 (22000) as 
determined by SOS-PAGE (SCHLIEVERT et al. 1981 ; BLOMSTER-HAUTAMAA et al. 
1986a). Computer analysis of the amino acid sequence showed that TSST -1 has 
little or no sequence similarity with biologically related toxins (SPEs and 
staphylococcal enterotoxins) (BLOMSTER-HAUTAMAA et al. 1986b). However, a 
possible significant degree of similarity exists with SPE A and with SEA when 
computer alignments are used that match conservatively substituted amino 
acids (BETLEY and MEKALANOS 1988). 

In an initial survey of 13 TSS isolates KREISWIRTH et al. (1982) were unable to 
demonstrate involvement of phage or plasmid in production of TSST -1 . They 
proposed that the tst gene is located on a genetic determinant that is capable 
of heterologous chromosomal insertion and is unlinked to several well­
characterized genetic markers. SCHUTZER et al. (1983) later showed that many 
strains that produce TSST -1 were lysogenized by temperate bacteriophage. 
These investigators proposed that lysogeny in S. aureus may by responsible for 
pathogenesis of TSS. However,. KREISWIRTH et al. (1983) subsequently provided 
convincing evidence that lysogeny was not involved in TSST-1 production . They 
also showed that lysogenic phages from toxigenic S. aureus strains do not carry 
tst. 

The TSST -1 genetic element is absent in nontoxigenic S. aureus strains 
(KREISWIRTH et al. 1983). There appears to be multiple but a limited number of 
integration sites for the element in the staphylococcal chromosome. Based upon 
the unusually high rate of tryptophan auxotypy observed for TSST-1-producing 
strains, it has been suggested that this operon may be a preferred insertion 
site (CHU et al. 1985). Several classes of toxigenic clonal derivatives have been 
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1 11 
MET ASN LYS LYS LEU LEU MET ASN PHE PHE ILE VAL SER PRO LEU 

21 
LEU LEU ALA THR THR ALA THR ASP PHE THR PRO VAL PRO LEU SER 

31 41 
SER ASN GLN ILE ILE LYS THR ALA LYS ALA SER THR ASN ASP ASN 

51 
ILE LYS ASP LEU LEU ASP TRP TYR SER SER GLY SER ASP THR PHE 

61 71 
THR ASN SER GLU VAL LEU ASP ASN SER LEU GLY SER MET ARG ILE 

81 
LYS ASN THR ASP GLY SER ILE SER LEU ILE ILE PHE PRO SER PRO 

91 101 
TYR TYR SER PRO ALA PHE THR LYS GLY GLU LYS VAL ASP LEU ASN 

111 
THR LYS ARG THR LYS LYS SER GLN HIS THR SER GLU GLY THR TYR 

121 131 
ILE HIS PHE GLN ILE SER GLY VAL THR ASN THR GLU LYS LEU PRO 

141 
THR PRO ILE GLU LEU PRO LEU LYS VAL LYS VAL HIS GLY LYS ASP 

151 161 
SER PRO LEU LYS TYR GLY PRO LYS PHE ASP LYS LYS GLN LEU ALA 

171 
ILE SER THR LEU ASP PHE GLU ILE ARG HIS GLN LEU THR GLN ILE 

181 191 
HIS GLY LEU TYR ARG SER SER ASP LYS THR GLY GLY TYR TRP LYS 

201 
ILE THR MET ASN ASP GLY SER THR TYR GLN SER ASP LEU SER LYS 

211 221 
LYS PHE GLU TYR ASN THR GLU LYS PRO PRO ILE ASN ILE ASP GLU 

231 
ILE LYS THR ILE GLU ALA GLU ILE ASN *** 

Fig. 1. Amino acid sequence of TSST-1. Ser-41 is the first amino acid of the mature TSST-1 protein 
after cleavage of the signal peptide (residues 1-40) 
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identified based upon phenotypic and Southern hybridization analysis 
(KREISWIRTH et al. 1989; MUSSER et al. 1990). Restriction enzyme-digested DNA 
from a variety of clonal types produced several distinct hybridization patterns. 
Variability in profiles occurred even within the group of tryptophan auxo­
trophs. 

tst expression appears to be regulated by one or more trans-acting 
regulatory elements which control expression of several S. aureus exoproteins. 
Insertion of transposon Tn551 into the S. aureus chromosome had a pleiotropic 
effect on expression of a variety of extracellular products, including a 30- to 40-
fold decreased production of TSST -1 (REeSEI et al. 1985). Several other 
exoproteins including hemolysins (a, p, and <5) and staphylokinase also exhibited 
decreased production. In contrast, secreted protein A levels were elevated. Using 
northern blot analysis, the pleiotropic effect was shown to act at the level of 
transcription (REeSEI et al. 1986). This regulatory element, mapped between the 
purine B (purB) and isoleucine-valine (i/v) loci, was designated as accessory 
gene regulator or agr (REesEI et al. 1985). 

To confirm the trans-acting nature of agr, tst was transformed into the 
mutant strain on a high copy number plasmid (REesEI et al. 1986). The mutant 
strain was unable to express either the cloned TSST -1 gene or the chromosome 
gene, indicating that the transposon had inactivated a trans-acting positive 
control element. 

Subsequently, PENG et al. (1988) described the cloning and sequencing of 
agr. The gene was cloned initially in E. coli using an inserted transposon Tn551 
as a cloning probe. Nucleotide sequencing revealed a 241-codon open reading 
frame containing the transposon insertion site. The cloned gene was recloned to 
an S. aureus vector, pSK265, and shown to be functional in S. aureus. Activity 
was evaluated by determination of a-hemolysin, p-hemolysin , and TSST-1 
production in early stationary phase culture. The cloned gene exhibited 
considerable variation with respect to different exoproteins and different host 
strains compared to the chromosomal agr determinant (PENG et al. 1988). This 
complex pattern of expression probably will be understood completely only when 
the entire regulatory system is resolved. 

Working independently, JANZON et al. (1986) subsequently described the 
same or similar regulatory element as agr by mutagenesis of a chromosome 
locus designated expo The investigators found the regulatory effects of exp to be 
similar to that of agr. In addition , they reported positive exp regulation of serine 
and metalloproteases, nucleases, and acid phosphatase, and negative control 
of coagulase. The exp locus was identified using Tn551, cloned in E. coli, and 
shown to code for a 3.5 kb RNA species. 

Recent studies have indicated that the mRNA from the <5 toxin gene is 
important in agr control of toxin production . 

TSST -1 has never been conclusively demonstrated to be produced by 
coagulase-negative S. aureus isolates (KREISWIRTH et al. 1987b). A large and 
diverse group of coagulase-negative staphylococci were assayed for the ability 
to produce TSST-1 by immunological reactivity and also to hybridize with a 



6 P . K. Lee and P. M. Schlievert 

TSST -1-specific gene probe. None of the coagulase-negative strains tested 
produced TSST -1, and no DNA homology was found with the gene probe. 

The expression of tst is dependent on temperature, oxygen, and glucose 
level (SCHLIEVERT and BLOMSTER 1983) and can be significantly altered by 
submicrobicidal concentrations of clindamycin (SCHLIEVERT and KELLY 1984). 
Significantly more TSST -1 was made at 37"C, rather than at 30 °C, although 
bacterial growth was similar at the two temperatures. Furthermore, toxin was 
made aerobically and not anaerobically in spite of only a twofold difference in 
bacterial growth. This has led to the theory that oxygen is an essential factor 
provided by the use of tampons explaining their association with TSS. tst 
expression was susceptible to catabolite repression by glucose. Glucose 
suppressed bacterial growth and, more extensively, toxin production at a level of 
3% (w/v) glucose (SCHLIEVERT and BLOMSTER 1983). Clindamycin, an inhibitor 
of protein synthesis, completely inhibited production of TSST -1 at antibiotic 
concentrations that did not affect S. aureus growth (SCHLIEVERT and KELLY 1984). 

3 Staphylococcal Enterotoxins B, C1, C2, and C3 

The SEB gene, designated entB, was cloned in E. coli and sequenced by Khan 
and colleagues (RANELLI et al. 1985; JONES and KHAN 1986). The entB gene from 
chromosomal DNA of S. aureus strain S6 (DYER and IANDOLO 1981) was ligated to 
pBR322 and transformed into E. coli HB101 (RANELLI et al. 1985). Positive clones 
were selected by colony hybridization, but, surprisingly, the E. coli clones failed to 
produce SEB. When the entB gene was placed downstream from the strong L 
phage promotor, LR , SEB production was detectable in E. coli, with mature 
protein almost exclusively present in the cytoplasmic fraction. The entB gene 
also was reintroduced into S. aureus RN4220 with pC193 as the vector, and the 
clones were shown to produce SEB. 

Nucleotide sequencing determined the entB structural gene to be 798 
nucleotides, which encode a 266 amino acid residue SEB precursor (JONES and 
KHAN 1986). A signal sequence of 27 amino acid residues is present at the N­
terminal end, leaving the mature SEB with 239 amino acids (Fig . 2) . This 
corresponds to a molecular weight of 28336, which is in good agreement with 
published results obtained with purified protein (HUANG and BERGDOLL 1970). 

The genes for SEC1, SEC2, and SEC3 also have been cloned from 
staphylococcal chromosomes and sequenced. entC1 from S. aureus strain MN 
DON was cloned and sequenced by BOHACH and SCHLIEVERT (1987a, b). entC2 
and entC3 genes were cloned and sequenced from staphylococcal strains 
FRI361 and FR1913, respectively (BOHACH and SCHLIEVERT 1989; HOVDE et al. 
1990). Each of the three entC genes encodes a protein of 266 amino acids, with 
the first 27 amino acids comprising the signal peptide (Fig. 2) . Thus, each mature 



spea 
spec 
sea 
seb. 

secl 
sec2 
sec3 

sed 
see 

spea 
spec 

sea 
seb 

secl 
sec2 
sec3 
sed 
see 

spea 
spec 
sea 
seb 

secl 
sec2 
sec3 
sed 
see 

spea 
spec 
sea 
seb 

secl 
sec2 
sec3 

sed 
see 

spea 
spec 
sea 
seb 

secl 
sec2 
sec3 

sed 
see 

Molecular Genetics of Pyrogenic Exotoxin "Superantigens" 7 

MENNKKVLKKMVFFVLVTFLGLT1SQEVFAQQDPDP ........ SQLHRSSLVKNLQYIY 
-KK1NIIK .. 1--11T-1 ... -1STYFTYH- .. S-Skkdisnvk-D-LYAYT ...... -T 
-KKTAFT- .. LL-IA-TL ... T-SPL.-NGSEKSESinekdlrkKSELQGTALG--KQ--
-YKRLFISHVILI-A-1L ... V1STPN-L-ESQ---kpdelhk.-SKFTGLM.E-MKVL-
-NKSRFISCVILI-A-1L ... VLFTPN-L-ESQ---tpdelhk.ASKFTGLM.E-MKVL-
-NKSRFISCVILI-A-IL ... VLFTPN-L-ESQ---tpdelhk.-SEFTGTM.G-MK-L-
-YKRLFISRVILI-A-IL ... VISTPN-L-ESQ---mpddlhk.-SEFTGTM.G-MK-L-
-KKFNILI .. ALL-FTSL . . . VISPLN-K-NENI-SvkekelhkKSELS-TALN-MKHS-
-KKTAFI- .. LL-IA-TL ... T-SPL.-NGSEKSEEinekdlrkKSELQRNALS--RQ--

FLYEGDPVTHENVKSVDQLLSHDLIYNVSG . .. PNYDKLKTELKNQEMATLFKDKNV.DI 
PYDYK-CR .. V-FSTTHT-NIDTQK-RGKDyyiSSEM ....... SY-ASQK--RDDHv-V 
YYN-KAKT .. --KE-H--F-Q-TILFKGFFtdhSW-ND-LVDFDSKDIVDKY-G-Kv.-L 
DDNHVSAI .. NVKSID.-F-YF----SIKDtklG---NVRV-F--KDL-DKY-.DKYv-V 
DDHYVSAT .. KVKSVD . KF-A------I-DkklK----V----L-EGL-KKY-.DE-v-V 
DDHYVSAT .. KVMSVD.KF-A------I-DkklK----V----L-EDL-KKY-.DE-v-V 
DDHYVSAT .. KVKSVD.KF-A------I-DkklK----V----L-EDL-KKY-.DE-v-V 
ADKNPIIG .. --KSTG--F-ENT-L-KKFFtdlI-FED-LINFNSK---QH--S--v.-V 
YYN-KAIT .. --KE-D--F-ENT-LFKGFFtgh-W-ND-LVD-GSKDATNKY-G-Kv.-L 

YGVEYYHLCYLCENAE ......... RSACIYGGVTNHEGNHLEILKKIVVKV . . SIDGIQ 
F-LF- ILNSHtgey i ....... . ..... .. --- I -PAQN-KVNH .. - L .. LGnlF-S-E S 
--AY-GYQ-Aggtpn .......... KT--M-----L-DN-R-TEE--V .. PlnlWL--K-
F-AN--YQ--FSKKTNdinshqtdk-KT-M-----E-N--Q-DKYRS-T-rv .. FE--KN 
--SN--VN--FSSKDNvgkvtgg ... KT-M---I-K-----FDNGNLQN-LlrvYENKRN 
--SN--VN--FSSKDNvgkvtgg ... KT-M---I-K-----FDNGNLQN-LlrvYENKRN 
--SN--VN--FSSKDNvgkvtgg ... KT-M---I-K-----FDNGNLQN-L-rvYENKRN 
-PIR-SIN--ggeid .......... -T--T-----F----K-KER--- .. P InlW-N-V-
--AY-GYQ-Aggtpn .......... KT--M----- L-DN-R-TEE--V .. P InlW---K-

S .. LSFDIETNKKMVTAQELDYKVRKYLTDNKQLYTNGPSKYET ... GYIKFIPKNKESF 
Qqn-NNK-ILE-DI--F--I-F-I----M--YKI-D.AT-P-VS ... -R-EIGT-DGKHE 
NtvPLETVK----N--V----LQA-R--QEKYN--N.SDVFDGKvqr-L-V-HTSTEP-V 
L .. ----VQ----K--------LT-H--VK--K--EFNN-P--- ... ------ENE.N--
T .. I--EVQ-D--S-------I-A-NF-INK-N--EFNS-P--- ... ------EN-GNT-
T .. I--EVQ-D--S-------I-A-NF-INK-N--EFNS-P--- ... ------EN-GNT-
T .. I--EVQ-D--S-------I-A-NF-INK-N--EFNS-P--- ... ------EN-GNT-
KevSLDKVQ-D--N--V----AQA-R--QKDLK--N.NDTLGGKiqr-K-E-DSSDGSKV 
TtvPIDKVK-S--E--V----LQA-H--HGKFG--N.SD-FGGKvqr-L-V-HSSEGSTV 

WFDFFPE.P ..... EFTQSKYLMIYKDNETLDS.NTSQIEVYLTTK@ 
QI-L-DSpn ..... -G-R-DIFAK----RIINMk-F-HFDI--.E--
NY-L-GA.QqqysnTLLRI ..... -R--K-IN-e-M.H-DI--Y-S-
-Y-MM-A.-gdkfdQ . . . -----M-N--KMV--kDVK.--------K 
-Y-MM-A.-gdkfdQ ... -----M-N--K-V--kSVK.---H----N 
-Y-MM-A.-gdkfdQ ... -----M-N--K-V--kSVK.---H----N 
-Y-MM-A.-gdkfdQ ... -----M-N--K-V--kSVK.---H----N 
SY-L-DV.KgdfpeKQLRI ..... -S--K--STeHL.H-DI--YE--
SY-L-DA.QgqypdTLLRI ..... -R--K-IN-e-L.H-DL--Y-T-

Fig. 2. Single letter amino acid sequence of SPE A and C and SEs A-E aligned using the Molecular 
Biology Information Resource (MBIR) programs from the Department of Cell Biology. Baylor College 
of Medicine. Houston, TX. Sequences include the signal peptide for each toxin and are aligned in 
reference to SPE A. Dashes indicate sequence identity with SPE A: dots indicate gaps in the 
sequence to obtain optimal alignment; upper case letters refer to aligned nonidentical amino acids 
with SPE A; lower case letters refer to unaligned amino acids 
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SEC protein is comprised of 239 amino acids with a molecular weight of 27563. 
The mature SEC1 and SEC2 proteins differ at seven amino acid positions, all in 
the N-terminal half, as determined by nucleotide and amino acid sequencing. 
Four of the differences result in charge differences and explain the isoelectric 
pOint difference between SEC1 (pi 8.5) and SEC2 (pi 7.0) . The SEC3 signal 
peptide is considerably different from that of SEC1 and SEC2 but is nearly 
identical to that of SEB. The mature SEC3 protein differs from the other SECs at a 
number of amino acid positions, but again the differences are primarily in the N­
terminal end . SEC3 differs from SEC1 by nine amino acid residues and from SEC2 
by four residues. The 167 C-terminal residues of the three SECs are identical, 
except for one conservative amino acid substitution in SEC3. 

Unlike SEB expression in E. coli, SECs are expressed from their promoters 
(RANELLI et al. 1985; BOHACH and SCHLIEVERT 1987a, 1989; HOVDE et al. 1990). 
Since SEC1 and SEB putative promoter regions differ by only one nucleotide 
(JONES and KHAN 1986; BOHACH and SCHLIEVERT 1987b), it is likely that the failure 
of expression of SEB initially in E. coli by RANELLI et al. (1985) was the result of 
catabolite repression rather than failure to promote. Indeed, our studies indicate 
cloned SEB is expressible in the absence of glucose but is easily repressed by 
even small amounts of glucose. 

The shared biological and immunological properties of most members of the 
pyrogenic toxin family appear to be a direct consequence of sequence similarity 
at the molecular level (Fig. 2) . SCHMIDT and SPERO (1983) first demonstrated that 
SEB and SEC1 possessed significant amino acid similarity, despite their 
immunological distinction. Subsequently, sequence analysis of the SPE A, SEB, 
and SEC1 structural genes and computer alignment of their deduced primary 
sequences showed that all three toxins were related (JOHNSON et al. 1986a; JONES 
and KHAN 1986; WEEKS and FERRETTI 1986; BOHACH and SCHLIEVERT 1987b). The 
nucleotide sequence of entC1 has 74% and 59% homology with the other two 
toxin genes, entB and speA, respectively (BOHACH and SCHLIEVERT 1987b). Amino 
acid homology, analyzed by computer alignment of the three proteins, was 
highly significant. Their C-terminal ends and sequences flanking the enterotoxin 
cysteine loop are most conserved among all three proteins (BOHACH and 
SCHLIEVERT 1987b). The SEB and SEC1 sequences are also highly similar in their 
N-terminals, whereas the SPE A sequence is quite different in this part of the 
molecule. 

Likewise, the degree of immunological relatedness among the three types of 
SECs appears to be proportional to their molecular relatedness. HOVDE et al. 
(1990) also have provided evidence that the N-terminals of SECs determine 
subtype-specific antigenic epitopes, while the more conserved C-terminal 
regions determine biological properties and cross-reactive antigenic epitopes 
shared with other pyrogenic toxins. 

Although genetic systems for the staphylococcal enterotoxins are diverse, 
some similarities have been demonstrated among entB and entCs. One study, 
primarily on SEB producers, suggested that entB is transferred by a hitchhiking 
transposon (NOVICK et al. 1980). In these systems, the mobile gene on a site-
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specific element has a high transposition frequency. The transposition onto a 
carrier plasmid is required for mobilization. Evidence suggested that SEC1 
element is under similar regulation . 

Several conflicting reports concerning the genomic location and mechan­
ism of entB mobility suggested that the genetic system involved is complex. Initial 
studies provided evidence that entB in hospital isolates was plasmid borne and 
yet is linked to a chromosomal determinant for methicillin resistance (mec) 
(DORNBUSCH 1971; SHALITA et al. 1977). A later investigation demonstrated a 
chromosomal location for entB in food poisoning isolates (SHAFER and IANDOLO 
1978a). SHAFER and IANDOLO (1979) later reported that entB may be harbored on 
either the chromosome or a plasmid . Although transiently associated with mec, 
the two genes were not physically linked. Evidence for the role of a small 
staphylococcal plasmid (pSN2) in regulation of entB expression (DYER and 
IANDOLO 1981) was disputed by the results of KHAN and NOVICK (1982). 

Southern hybridization using toxin gene probes revealed a high degree of 
restriction length polymorphism for entB and entC1 . In one report the entB locus 
was suggested to be invariable (RANELLI et al. 1985). However, subsequent study 
of a large number of toxigenic strains from a variety of sources revealed 
numerous clonal variations based on toxin profiles and probing results (BOHACH 
et al. 1989). Human strains that were TSST -1-negative had extensive restriction 
length polymorphism for entC1 . In contrast, strains that coproduced TSST -1 and 
SEC1 displayed little variability, although human and animal strains had clearly 
distinct hybridization patterns. Strains which coproduce SEB and SEC1 are rare. 
However, in at least one strain, both genes are harbored on the same plasmid 
(AL TBOUM et al. 1985). This plasmid, which also encodes methicillin resistance, 
occasionally integrates into the chromosome. 

The combined current evidence suggests that TSST -1, SEB, and SECs are 
contained on mobile genetic elements, similar to hitchhiking transposons 
described previously (NOVICK et al. 1980). Presumably, these elements have a 
limited number of preferred integration sites, which could explain several 
observations including restriction length variability, the influence of tst on entC1 
probing profiles, and the mutually exclusive occurrence or rarity of some toxin 
combinations (TSST-1 and SEB; SEC1 and SEB) (BOHACH et al. 1990). 

Lastly, similar to TSST -1, recent studies have revealed production of SPE A, 
SEB and SECs to be at least partially under agr control. 

4 Staphylococcal Enterotoxins A, 0, and E 

Staphylococcal enterotoxin A has been cloned and sequenced by Betley 
and colleagues (BETLEY et al. 1984; BETLEY and MEKALANOS 1988). The entA gene 
was isolated from the chromosome of S. aureus strain FRI337, ligated to pBR322, 
and transformed into E. coli AB259 (MURRAY et al. 1973; BETLEY et al. 1984). 
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Mature SEA was expressed and determined to be secreted into the periplasmic 
space of E. coli. 

Nucleotide sequencing showed entA to be 771 bp thus encoding an SEA 
precursor protein (Fig. 2) of 257 amino acids (BETLEY and MEKALANOS 1988). The 
first 24 residues of the N-terminal represents the hydrophobic leader sequence 
that is processed, leaving the mature SEA protein with 233 amino acids 
(molecular weight 27100). Sequence comparison of SEA to the SEs revealed 
about 23% amino acid homology with SEB and SEC1 (BETLEY and MEKALANOS, 
1988). 

SHAFER and IAN DOLO (1978b) reported that the entA gene is located on the 
chromosome from examining two well-known SEA-posi1ive S. aureus strains, 
FRI1 00 and S6. Strain FRI100 lacks any extrachromosomal DNA and strain S6 still 
made SEA after being cured of its single plasmid. Furthermore, in 24 of 29 SEA­
positive strains tested , the entA gene was mapped between the pur and ilv 
markers in the chromosome (MALLONEE et al. 1982; PATTEE and GLATZ 1980). In 
the remaining five strains, entA gene was not found in any of the previously 
mapped chromosomal linkage groups (MALLONEE et al. 1982). 

Using DNA hybridization analysis with a cloned entA gene, BETLEY et al. 
(1984) showed that the toxin gene-containing element was detected in at least 
two chromosomal locations. They believe that this heterologous insertion site 
may be a "hotspot for structural rearrangement. " Also, the entA structural gene, 
and not the regulatory element, is linked to the pur-ilv region in some SEA­
positive strains. The entA gene appears to be part of an 8-12 kb genetic element 
(BETLEY et al. 1984). 

An early study of SEA-positive strain PS42-D described the presence of 
prophage (CASMAN 1965). BETLEY and MEKALANOS (1985) later confirmed that 
entA gene is phage-associated in all positive strains examined. Viable entA­
converting phages were isolated from two different wild-type SEA-positive 
strains. One of the phages contains a 49 kb DNA with the entA gene being near 
the phage attachment site. DNA hybridization showed that entA gene is 
associated with phage-related DNA in all strains examined. Some entA genes 
were associated with either defective phage or phage with altered host range, 
and plaque-forming units were not isolated from at least one toxin-positive 
strain. 

The SED structural gene has been cloned and sequenced by BAYLES and 
IANDOLO (1989) . enID was shown to reside on a 27.6 kb penicillinase plasmid 
designated plB485 from SED-positive S. aureus strain KS11410. enID gene was 
isolated and ligated to pBR322 and transformed into E. coli LE392. The 
transformants expressed SED as determined by western blot analysis. 

Nucleotide sequencing of enID revealed an open reading frame of 774 bp, 
encoding a 258 amino acid precursor protein (BAYLES and IANDOLO 1989). 
The first 30 amino acids represented the signal peptide, leaving the mature 
protein (Fig. 2) with 228 residues and a molecular weight of 26360. This is close 
to the previous SDS-PA~E determined molecular weight of 27300 (CHANG and 
BERGDOLL 1979). Comparison of amino acid sequences showed that SED shared 
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between 53.1 % and 55.0% sequence identity with SEA and SEE and only near 
40% identity with SEB, SEC1, and SPE A (BAYLES and IANDOLO 1989). Two regions 
of SED (from residue 101 to 114 and from 142 to 158) are highly homologous to 
other SEs and appear to be conserved among all SEs. 

As mentioned, entD gene was localized on a penicillinase plasmid (BAYLES 
and IANDOLO 1989). This plasmid was found in all SED-producing strains 
examined. The presence of toxin gene-containing plasmids or other unique 
elements appears to be fairly common in S. aureus. For example, both structural 
genes for SEB and SEC1 (ALTBOUM et al. 1985) and the gene encoding exfoliative 
toxin B (WARREN et al. 1975) can be plasmid-associated in S. aureus. 

BAYLES and IANDOLO (1989) identified two regions upstream from entD that 
may play important roles. First, S1 nuclease protection analysis indicated that 
transcription is initiated 266 nucieotides upstream from the entD translation start 
codon. Second, an inverted repeat sequence was discovered which resembles 
similar regions identified upstream of other staphylococcal extracellular protein 
genes (JONES and KHAN 1986; LEE and IANDOLO 1986; LEE et al. 1987; O'TOOLE and 
FOSTER 1987; SHORTLE 1983). These also have similar arm lengths of 12- 14 bp. 
The role of the inverted repeat sequence upstream from entD is uncertain . One 
possibility is transcriptional regulation since a similar inverted repeat sequence 
is located upstream from the transcription start site of entB (GASKILL and KHAN 
1988). This regulation is possibly due to agr which already has been shown to 
regulate the expression of tst, entB, and entCs. Interestingly, SEA does not 
appear to be under agr control. 

The entE gene was cloned and sequenced by COUCH et al. (1988). The entE 
gene was isolated from S. aureus strain FR1198, ligated to pBR322, and 
introduced into E. coli 259 (MURRAY et al. 1973). SEE produced by the E. coli clone 
was serologically identical to SEE produced by S. aureus. Sequencing analysis 
revealed the entE structural gene to contain 771 bp, encoding a precursor 
protein (Fig. 2) of 257 amino acid residues. N-terminal amino acid sequencing 
revealed that a signal peptide of 27 amino acids is cleaved, resulting in a 230 
residue mature SEE with a molecular weight of 26425. The comparison of entE 
nucleotide sequence with other related toxin genes showed that the former 
exhibited 84% homology with entA and 52%, 50% , and 51 % homology with 
entB, entC1 , and speA, respectively. Thus far, entE has not been shown to be 
phage-associated (COUCH et al. 1988). 

5 Streptococcal Pyrogenic Exotoxins Types A and C 

Group A streptococcal pyrogenic exotoxin type A was cloned from the 
bacteriophage T12 genome by JOHNSON and SCHLIEVERT (1984) and was 
sequenced by WEEKS and FERRETTI (1986) and JOHNSON et al. (1986a) . In cloning 
speA, the gene was localized onto a 1 .75 kb Sa/l-Hindlll restriction endonuclease 
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fragment, ligated to pBR322 vector, and transformed into E. coli. The cloned toxin 
expressed in E. coli migrated as two bands, comparable to that derived from 
streptococci, and was biochemically, biologically, and immunologically related 
to native SPE A (JOHNSON and SCHLIEVERT 1984). WEEKS and FERRETTI (1984) 
confirmed these findings in similar studies. 

The speA gene has been expressed in a variety of backgrounds. Following 
initial cloning in E. coli, the gene was cloned on a high copy number plasmid in B. 
subtilis in an attempt to facilitate large-scale toxin production (KREISWIRTH et al. 
1987a). Bacillus produced 32-fold more SPE A than the native streptococcus; 
however, difficulties were encountered in resolubilization of the purified and 
cloned protein. This problem was avoided when speA was cloned into S. aureus 
RN4220 using pBR328-pE194 chimeric cloning vector. The toxin gene has also 
been cloned into Streptococcus sanguis (WEEKS and FERRETTI 1984). 

Nucleotide sequencing analysis of speA gene by WEEKS and FERRETTI (1986) 
and by JOHNSON et al. (1986a) determined SPE A to consist of 251 amino acids 
(Fig. 2) of which the first 30 comprise a signal peptide. At the 3' end of the speA 
gene, there are two inverted repeat sequences that are required for toxin 
expression; these sequences were proposed to provide a stem and loop 
structure necessary to stabilize the message. 

Sequence comparisons of SPE A with other related pyrogenic toxins have 
revealed significant sequence homology with staphylococcal toxins SEB and 
SEes (JOHNSON et al. 1986a; BOHACH and SCHLIEVERT 1987b, 1989; HOVDE et al. 
1990). Thus, it has been proposed that these toxins, which share numerous 
biological activities, may have similar active site structures. 

It has long been suspected that SPE A may be phage-encoded and that 
bacteriophage and lysogeny were important in regulation and transfer of SPE A. 
In 1927, FROBISHER and BROWN reported that a filterable agent from toxigenic 
group A streptococci could confer toxigenicity to nontoxigenic strains. This was 
confirmed later by BINGEL (1949) and by ZABRISKIE (1964), who demonstrated that 
a lysogenic bacteriophage was responsible for this earlier observation. Zabriske 
showed that infection of S. pyogenes strain T253 with phage from strain T12gl 
resulted in a lysogenic strain T253(T12gl) with ability to produce SPE. Phage 
curing techniques promoted loss of toxigenicity. Others subsequently have 
confirmed these findings (NIDA et al. 1979; JOHNSON et al. 1980; McKANE and 
FERRETTI 1981; NIDA and FERRETTI 1982). 

As mentioned above, JOHNSON and SCHLIEVERT (1983) later analyzed purified 
DNA from the lysogenic phage (T12) and showed that the genome was 36 kb in 
length, circularly permuted, and terminally redundant. They eventually confir­
med that the SPE A structural gene was carried by phage T12 (JOHNSON and 
SCHLIEVERT 1984). JOHNSON et al. (1986b) have shown that the phage attachment 
site for incorporation into the bacterial genome mapped adjacent to speA, thus 
suggesting that phage T12 may have acquired the toxin gene from the bacterial 
genome by abnormal excision. DNA sequences similar to the phage DNA were 
common in nontoxigenic strains. All SPE A-positive strains tested carried both 
speA and phage T12 sequences adjacent to each other, suggesting that speA is 
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phage-encoded. Although speA is now a permanent component of the T12 
phage genome, converting phage were not induced from a high percentage of 
toxigenic strains (JOHNSON et al. 1986b). These strains harbored heterogeneous 
remnants of the phage genome adjacent to speA, and presumably the phages 
are defective and have lost their excision capability. 

In recent studies, speA and SPE A have been associated with development of 
toxic shock-like syndrome (TSLS). In 1987 CONE et al. identified a SPE A­
producing streptococcal strain from one of two patients with TSLS. Sub­
sequently, nine of ten isolates were reported to make SPE A in association with 
cases of TSLS from the western United States (STEVENS et al. 1989). Most recently, 
HAUSER et al. (1990) examined 34 streptococcal strains isolated from patients 
with clinically well-documented TSLS (M type) and a pyrogenic toxin profile. Of 
the isolates, 74% were of either M type 1 or 3, with the remainder being scattered 
among several other M types. It was determined that 53% produced SPE A as 
detected by Ouchterlony immunodiffusion and that 85% contained the speA 
gene as determined by Southern hybridization. These figures are in contrast with 
the published value of 15% for the incidence of speA in group A streptococcal 
isolates in general (Yu and FERRETTI 1989). It was concluded that SPE A may have 
an important causal role in TSLS. 

HAUSER et al. (1990) also showed that speA restriction fragment length 
polymorphism (RFLP) is constant within an M type but is different between M 
types. Thus, M type 1 isolates of group A streptococci associated with TSLS 
contained speA on a 14 kb Pstl fragment, whereas M type 3 isolates contained 
speA on a 23 kb Pstl fragment. It was proposed that spe RFLP may be useful as 
an adjunct to M typing in categorizing and determining relatedness of 
streptococcal isolates. 

The structural gene of SPE C was cloned initially from the chromosome of S. 
pyogenes strain T18P into E. coli using pBR328 as the vector plasmid (GOSHORN 
et al. 1988). Partially purified E. coli-derived SPE C and purified streptococcal­
derived toxin were shown to have the same molecular weight and biological 
activities. As with SPE A structural gene, when SPE C gene was recloned into S. 
aureus RN4220, the transformants were able to express mature SPE C. 

Nucleotide sequencing of speC produced an open reading frame of 705 bp 
coding for 235 amino acid residues (GOSHORN and SCHLIEVERT 1988). After 
cleavage of the 27 amino acid signal peptide, mature SPE C protein (Fig. 2) was 
determined to be 208 amino acid residues, with a calculated molecular weight of 
24354. Comparison of the speC nucleotide sequence to other related toxins' 
sequences revealed the greatest amount of homology with the 3' end of speA. 

JOHNSON et al. (1980) and COLON- WHITT et al. (1979) first demonstrated that 
SPE C production in S. pyogenes was transferred by lysogenic conversion. These 
reports were confirmed by other independent investigators (NIDA and FERRETTI 
1982). Hybridization experiments confirmed that the speC structural gene was 
located on the CS112 bacteriophage genome of SPE C-producing streptococci 
(GOSHORN et al. 1988). Genetic factors involved in SPE C production appeared 
similar to those described previously for SPE A and staphylococcal SEA (BETLEY 



14 P. K. Lee and P M . Schlievert 

and MEKALANOS 1985). First, it was not possible to induce toxin-converting phage 
from most group A streptococcal strains that produce SPE C. In addition, as 
described for speA, speC mapped closely to the phage attachment site 
(GOSHORN and SCHLIEVERT 1989) and thus was probably acquired from the 
bacterial genome by abnormal excision. 

Recently, HAUSER et al. (1990) demonstrated that speC was present in 21 % of 
TSLS-associated streptococci. 

6 Streptococcal Pyrogenic Exotoxin Type B 

The structural gene encoding SPE B, designated spe8, was cloned from the 
chromosome of group A streptococcal strain 86-858 (which contains spe8 but 
not speA or speC) into E. coli (BOHACH et al. 1988). Toxin prepared from the E. coli 
clone was biochemically and biologically similar to streptococcal-derived toxin. 

After further subcloning and gene localization studies, spe8 was sequenced and 
the resultant amino acid sequence was compared to two different N-terminal 
partial amino acid sequences (HAUSER and SCHLIEVERT 1990). 

spe8 consisted of an 1194 base pair open reading frame encoding a 398 
amino acid protein that contained a 27 residue signal peptide not present on the 
mature toxin (Fig. 3). The mature protein (371 residues, molecular weight 40314) 
was subsequently proteolyzed to yield a 253 residue cleavage product (mole­
cular weight 27580). N-terminal amino acid sequencing of the native and 
proteolyzed SPE B confirmed the location of the cleavage site and that 
processing of native toxin had occurred. Interestingly, SPE B is the only member 
of the pyrogenic toxin that undergoes this processing. 

Comparison of the inferred amino acid sequence of SPE B with other 
pyrogenic toxins revealed minimal sequence similarity, with only TSST -1 having 
possible relatedness to SPE B as determined by Monte Carlo analysis. SPE B, 
however, has highly significant sequence similarity with streptococcal pro­
teinase precursor (SPP), a cysteine protease elaborated by group A streptococci 
as a zymogen that is activated upon reduction. Surprisingly, SPE B, as isolated 
from strain 86-858, was shown to be proteolytically inactive by use of a highly 
sensitive fluorescence assay. An explanation for the lack of protease activity of 
SPE B may be the rearrangement of amino acids of the active center compared 
to SPP. SPE Band SPP have been shown to share biological activities which 
typify pyrogenic exotoxins. 

In subsequent studies, it was shown by Southern hybridization analysis with 
use of an internal spe8 probe that all group A streptococci contain one spe8 
gene (HAUSER and SCHLIEVERT 1990; HAUSER et al. 1990). This finding is significant 

for three reasons: (1) Only approximately 50% of group A streptococci elaborate 
SPE B even though all contain the spe8 gene. Thus, there must be some 
regulatory element influencing expression of spe8 or posttranslationally 
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1 11 
MET ASN LYS LYS LYS LEU GL Y ILE ARG LEU LEU SER LEU LEU ALA 

(I) 
21 f 

LEU GLY GLY PRE VAL LEU ALA ASN PRO VAL PRE ALA ASP GLN ASN 

31 41 
PRE ALA ARG ASN GLU LYS GLU ALA LYS ASP SER ALA ILE TRR PRE 

51 
ILE GLN LYS SER ALA ALA ILE LYS ALA GLY ALA ARG SER ALA GLU 

61 71 
ASP ILE LYS LEU ASP LYS VAL ASN LEU GLY GLY GLU LEU SER GLY 

81 
SER ASN MET TYR VAL TYR ASN ILE SER TRR GLY GLY PRE VAL ILE 

91 101 
VAL SER GLY ASP LYS ARG SER PRO GLU ILE LEU GLY TYR SER THR 

111 
SER GLY SER PRE ASP ALA ASN GLY LYS GLU ASN ILE ALA SER PHE 

121 131 
!-1ET GLU SER TYR VAL GLU GLN ILE LYS GLU ASN LYS LYS LEU ASP 

(2) 
141 

LYS'GLN THR THR TYR ALA GLY THR ALA GLU ILE PRO VAL VAL LYS 

151 161 
SER LEU LEU ASP SER LYS GLY ILE HIS TYR ASN GLN GLY ASN PRO 

171 
TYR ASN LEU LEU THR PRO VAL ILE GLU LYS VAL LYS PRO GLY GLU 

181 191 
GLN SER PHE VAL GLY GLN RIS ALA ALA TRR GLY CYS VAL ALA THR 

201 
ALA THR ALA GLN ILE MET LYS TYR HIS ASN TYR PRO ASN LYS GLY 

211 221 
LEU LYS ASP TYR THR TYR TRR LEU SER SER ASN ASN PRO TYR PHE 

231 
ASN HIS PRO LYS ASN LEU PRE ALA ALA ILE SER THR ARG GLN TYR 

241 251 
ASN TRP ASN ASN ILE LEU PRO TRR TYR SER GLY ARG GLU SER ASN 

261 
VAL GLN LYS MET ALA ILE SER GLU LEU MET ALA ASP VAL GLY ILE 

271 281 
SER VAL ASP MET ASP TYR GLY PRO SER SER GLY SER ALA GLY SER 

291 
SER ARG VAL GLN ARG ALA LEU LYS GLU ASN PHE GLY TYR ASN GLN 

301 311 
SER VAL HIS GLN ILE ASN ARG SER ASP PHE SER LYS GLN ASP TRP 

Fig. 3 (Continued) 
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321 
GLU ALA GLN ILE ASP LYS GLU LEU SER GLN ASN GLN PRO VAL TYR 

331 341 
TYR GLN GLY VAL GLY LYS VAL GLY GLY HIS ALA PHE VAL ILE ASP 

351 
GLY ALA ASP GLY ARG ASN PHE TYR HIS VAL ASN TRP GLY TRP GLY 

361 371 
GLY VAL SER ASP GLY PHE PHE ARG LEU ASP ALA LEU ASN PRO SER 

381 
ALA LEU GLY THR GLY GLY GLY ALA GLY GLY PHE ASN GLY TYR GLN 

391 
SER ALA VAL VAL GLY ILE LYS PRO *** 

Fig. 3. Amino acid sequence of SPE B. Arrows indicate the cleavage sites for removal of the signal 
peptide (1) and for generation of the final stable SPE B product (2) 

modifying the toxin protein (2) SPE Band SPP share greater than 90% amino 
acid sequence similarity and thus most certainly should contain highly significant 
nucleotide sequence relatedness. The observation that the spe8 probe hybrid­
izes to only one gene suggests more strongly that SPE Band SPP are encoded by 
the same gene. (3) Previously, it was suggested that SPE B production was 
transferrable from one streptococcal strain to another by bacteriophage. Since 
spe8 is not a viable trait in streptococci, it is highly unlikely that the spe8 gene is 
carried by bacteriophage (in contrast to speA and speC). Therefore, the 
bacteriophage must have been positively influencing spe8 expression. 

Recent studies have shown that all TSLS isolates of group A streptococci, 
like group A strains from other sources, contain the spe8 gene, yet only 59% 
make the toxin, again similar to non-TSLS strains (HAUSER et al. 1990). Thus, SPE 
B is not specifically associated with TSLS. spe8 present in TSLS isolates was 
contained on the same Pstl restriction enzyme digesting fragment within an M 
type of group A streptococcus, but different M types contained spe8 on different 
size DNA fragments. 
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The specificity of the immune system is determined by antigen (Ag) receptors 
clonally expressed on T and B lymphocytes. These differ remarkably in their 
ligand specificity: While the Ag receptors of B lymphocytes (immunoglobulins, Ig) 
bind to soluble Ag , the T cell Ag receptors (TCR) recognize Ag presented by cells 
in conjunction with products of the polymorphic major histocompatibility 
complex class I and class II genes (MHC class 1/11) (DAVIS and BJORKMAN 1988; 
MARRACK and KAPPLER 1987). The molecular basis of Ag presentation is the 
proteolysis of the Ag into small peptides which bind in a groove formed by the two 
most polymorphic domains of the MHC molecules (1X1 and 2 for MHC class I 
molecules, and 1X1 and f31 for MHC class II molecules) (BJORKMAN et al. 1987a, b; 
BROWN et al. 1988). The TCR recognizes this MHC/peptide complex (DAVIS and 
BJORKMAN 1988). 
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Two isotypes of the TCR can be distinguished (rt.lP and ylb). The majority of T 
lymphocytes express rt.lP TCR and are specific for the complexes of antigen­
derived peptides presented by MHC molecules (MHC/Ag). A minor portion of T 
lymphocytes express the ylb TCR. Their physiological role and specificity is 
poorly understood (RAULET 1989). Both isotypes of the TCR consist of the 
antigen-specific rt.lP or ylb heterodimer noncovalently linked to the nonpolymor­
phic, signal transducing, CD3 heterooligomer. The different TCR specificities for 
the MHC/Ag are created by the somatic recombination of a number of variable 
elements during T cell maturation in the thymus. The mouse genome contains 
about 100 V (variable) and 50J (junction) elements for the rt. chain and 25 V, 12 J, 
and 2 0 (diversity) elements for the P chain. Their random recombination and the 
random insertion of up to six nucleotides (N sequences) between the variable 
elements during recombination could theoretically lead to 10'5 TCR specificities 
(DAVIS and BJORKMAN 1988). Modeling the variable part of the TCR after the 
crystal structure of Fab fragments of Ig predicts several complementarity 
determining regions (CDR), which might serve as contact points for 
TCR:MHC/Ag. The CDR 1 and 2 located on the V regions are predicted to 
interact preferentially with two rt. helices of the MHC molecules embedding the Ag 
peptide. The junctional region between VJ. and VDJp forms a third CDR which 
might interact preferentially with the antigenic peptide itself (CHOTHIA et al. 1988; 
DAVIS and BJORKMAN 1988; CLAVERIE et al. 1989). The role of a hypothetical fourth 
CDR (CLAVERIE et al. 1989; KOURILSKY et al. 1989) located on the V region of the P 
chain will be discussed later. 

During T cell development in the thymus, a selection of the randomly 
generated TCR specificities takes place. This selection leads to the generation of 
a mature repertoire of TCR recognizing preferentially foreign peptides bound to 
self MHC rnolecules, but not extrathymic self peptides (although a relatively high 
proportion of T cells show cross-reactivity with foreign MHC molecules) . A 
popular view on this process is that low-affinity interaction of the TCR with self 
MHC molecules (or self MHC/peptide complexes) expressed on the thymic 
epithelium allows survival and further maturation of the thymocytes ("positive 
selection"), while a high-affinity interaction with self MHC (MHC/peptide com­
plexes) expressed by cells of hematopoeitic origin stops further maturation 
and leads to clonal deletion by induction of programmed cell death (MARRACK 
and KAPPLER1987; VON BOEHMER 1986). T cells selected for recognition of MHC 
class I/Ag express the CD8 molecule, whereas T cells specific for MHC class Il/Ag 
express CD4. These molecules facilitate the TCR MHC/Ag interaction, most likely 
by binding to non polymorphic residues of the MHC class I or II molecules. In 
mouse (and to a lesser extent in human) the division of T cells into MHC class 1- or 
MHC class II-restricted cells correlates well with their functional division into 
precursors of cytolytic and helper T cells, respectively (SWAIN 1983). 

Recently, another class of ligands interacting specifically with the TCR 
has been described. These so called "superantigens" (SAgs) are defined 
operationally by the T cell response they elicit (KAPPLER et al. 1988; MACDoNALD 
et al. 1988a; WHITE et al. 1989; JANEWAY et al. 1989). Thus SAgs activate a much 
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higher proportion of un primed T cells than antigens do (1 %-20%) and, more 
importantly, they activate nearly all T cells expressing a particular TCR V p. Thus 
SAg specificities of a T cell clone can be predicted from its V p usage. Another 
important feature of SAg is their exclusive prese.ntation by MHC class II 
molecules. 

2 Exogenous and Endogenous SAgs 

2.1 Test Systems for SAgs 

Two types of SAgs can be distinguished: (1) Endogenous SAgs (EndSAgs) are T 
cell stimulatory determinants expressed by some cell types. Up to now they have 
been identified only in mice. (2) Exogenous SAgs (ExSAgs) are produced by a 
variety of microorganisms. The following systems are commonly used to test 
compounds for superantigenic properties. (a) Stimulation of unprimed mature T 
lymphocytes and determination of the V p usage of the stimulated T cells; (b) 
stimulation of a panel of T cell clones or hybridomas of defined V p; (c) testing for 
clonal deletion during thymic development. (Note that clonal deletion of SAg­
reactive cells can also be induced in neonatal mice by administering EndSAg­
expressing cells or ExSAgs). 

Not all SAgs have been defined by all three methods but, in general, deletion 
of SAg-reactive cells in the thymus seems to be the most sensitive method. A 
survey of currently defined SAg, tileir Vii specificities, and the methods by which 
they have been defined is given in Table 1. 

2.2 Endogenous Superantigens 

The first clear correlation between TCR V p usage and specificity was found for 
V p 17a and reactivity to the I-E isotype of MHC class II (KAPPLER et al. 1987). In fact, 
as revealed later, the V p 17a TCR were not specific for the I-E molecules 
themselves but for an unknown tissue-specific (8 cell) determinant recognized in 
conjunction with I-E (MARRACK and KAPPLER 1988). This turns out to be the case 
for other correlations of I-E specificity and V p usage as well (Table 1). The first link 
between TCR V p usage and specificity for an already defined T cell stimulating 
determinant was found for V p6 and 8.1 and the a allele of the minor lymphocyte 
stimulatory locus 1 (Mis 1 a). 

The minor lymphocyte stimulatory locus (Mis) was originally discovered in 
mice as a genetic trait controlling a unidirectional mixed lymphocyte reaction 
(MLR) between MHC identical animals (FESTENSTEIN 1974). Originally it was 
thought to be one locus with several alleles, but it is now thought to consist of 
several genetic loci, each with a dominant stimulatory allele (designated a) and a· 
recessive silent "null" allele (designated b) (for review see ABE and HODES 1989). 
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The nomenclature for Mis varies in the literature. Mis 1a corresponds to Mlsa, Mis 
2/3a to Mlsc, Mlsd to the coexpression of Mis 1a and 2/3a, and Mlsb designates 
expression of the b alleles of all Mis genes. Although the a alleles of Mis induce 
vigorous T cell proliferation and Iymphokine production in vitro, they do not elicit 
transplant rejection or lethal graft vs host reactions. Also, no antisera against Mis 
determinants have been produced so far. 

2.3 Exo\lenous Superantigens 

In contrast to EndSAgs which are biochemically undefined, some ExSAgs are 
defined in biochemical and genetic terms (MARRACK and KAPPLER 1990). Among 
them are some of the most potent, naturally occurring , T cell stimulating agents, 
which act at subpicomolar concentrations. ExSAgs include proteins produced 
by organisms such as the gram-positive bacteria Staphylococcus aureus and 
Streptococcus pyogenes as well as by Mycoplasma arthritidis (MARRACK and 
KAPPLER 1990; TOMAI et al. 1990; COLE et al. 1990). The best characterized ExSAgs 
are the enterotoxins of S. aureus (SEs). Seven SEs (designated SEA. B, C1, C2, C3, 
D, and E) sharing variable degrees of sequence homology are known. They have 
apparent molecular weights (MW) between 24 and 30 kDa and a characteristic 
intrachain disulfide bridge located around the center of the molecule (MARRACK 
and KAPPLER 1990; IAN DOLO 1989). This disulfide bridge is missing in toxic shock 
syndrome toxin-1 (TSST -1), a 22 kDa protein which shares some sequence 
homology with SEs but lacks their emetic properties (IANDOLO 1989). Another 
exotoxin of S. aureus exhibiting superantigenic properties is the exfoliative toxin 
A (MARRACK and KAPPLER 1990). S. pyogenes produces two types of biochemi­
cally unrelated SAgs, the pyrogenic exotoxin A, which has some sequence 
homology to the SEs (MARRACK and KAPPLER 1990; IMANISHI et al. 1990), and a 
30 kDa peptide derived from the M type 5 protein (TOMAI et al. 1990). The SAg 
produced by M. arthritidis (MAM, mycloplasma arthritidis mitogen) is a 
biochemically ill-defined soluble protein which shows some V p specificity in its T 
cell stimulating properties (COLE et al. 1990). 

3 Presentation of SAgs 

3.1 Presentation of EndSAgs 

All SAgs characterized to date are presented by MHC class II-bearing cells. The 
first evidence for a role of MHC class II in presentation of EndSAgs comes from 
differences in the strength of Mis 1 a-dependent T cell stimulation found between 
different MHC class II alleles. AIII-E-positive strain haplotypes present the Mis 1a 

determinant very well , I-E-negative strains bearing I_Ab.,.s k.P are of intermediate 

efficiency, and I-A q presents marginally or not at all (ABE and HODES 1989; 
ANDERSON et al. 1989). The hierarchy between potent and weak Mis 1a-presenting 
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MHC class II alleles can be detected in MLR in vitro and by the different extent of 
intrathymic deletion of Mis 1 a-reactive clones in vivo. The superiority of some 
MHC class II molecules in EndSAg presentation is most striking for the V p5, 11,12, 
and 17a stimulating SAgs, which can only be presented by I-E-bearing cells 
(Table 1). In this context it is interesting that the ORa chain can substitute for the l­
Ea chain in the presentation of the V p 11 and 17a stimulating EndSAgs (LAWRENCE 
et al. 1989). Another line of evidence for the crucial role of MHC class II molecules 
in Mis 1 a presentation is the inhibition of the T cell response to Mis 1 a by MHC 
class II specific monoclonal antibodies (mAb) (JANEWAY and KATZ 1985). In line 
with genetic experiments, the inhibitory capacity of I-E-specific mAb is greater 
than I-A-specific mAb, and combinations of mAb against both isotypes block a 
Mis-dependent MLR completely (although some authors report complete 
inhibition of Mis responses by I-E- or I-A-specific mAb alone) (WEBB and SPRENT 
1989). 

EndSAgs differ from conventional peptide Ags not only in being presented 
by a relatively large number of MHC class II alleles, but, more importantly, in their 
ability to be recognized even when presented by allogenic MHC molecules. This 
has been observed in MLRs in which responders and stimulators differ in both 
Mis and MHC alleles and in which the Mis 1 a-specific V p6 and V p8.1 T cells are 
preferentially stimulated (MACDoNALD et al. 1990; LARSSON-SCIARD et al. 1990). 

An important requirement for the presentation of protein antigens is their 
proteolytic fragmentation (antigen processing) . It is not known whether this is 
also true for the presentation of EndSAgs. One interesting feature of Mis 
presentation is that any manipulation affecting the integrity of the membrane of 
the Mis-presenting cells, such as fixation with very low doses (0.1 %) of 
paraformaldehyde, seems to functionally destroy the Mis 1 a determinant (un­
published observation). Interestingly, a negative correlation between the mobility 
of I-E molecules in the plasma membrane and the Mis 1 a allele has been reported, 
and it has been suggested that the composition of the membrane or interaction 
of MHC class II with membrane components could be critical for the presentation 
of EndSAg determinants (MECHERI et al. 1990a, b) . 

Not all MHC class II-bearing cells present EndSAg determinants, and the 
lack of specific reagents does not allow us to distinguish whether this is due to 
the lack of gene expression or to some special requirements for the expression of 
the superantigenic determinants at the cell surface. In vitro primary B cells and 
some B cell lines express superantigenic determinants but other professional 
antigen-presenting cells, e.g., macrophages and dendritic cells, do not (MOLINA 
et al. 1989; WEBB et al. 1989). This result is consistent with the presentation of 
Mis 1 a and other EndSAg determinants by radiosensitive hematopoeitic cells in 
vivo (MACDONALD et al. 1989; PULLEN et al. 1989b). An interesting aspect of the 
presentation of Mis 1a by B cells is the activation of DNA synthesis and antibody 
production in Mis 1a but not Mis 1b B cells by mitomycin-treated, Mis 1 a-specific, 
helper clones (KATZ et al. 1986). Cognate T-B interaction has been observed in 
vitro for the ExSAg TSST -1 and MAM, but it is not clear whether this is also the 
case for the humoral immune response in vivo (MOURAD et al. 1989; TUMANG et al. 
1990). 
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Finally, it should be mentioned that two recent reports have been interpreted 
as evidence for the expression of Mis 1 a determinants on MHC class II-negative 
cells: (1) clonal deletion of Mis 1 a-reactive T cells after neonatal injection of highly 
purified (presumably MHC class II-negative) C08 T cells (WEBB and SPRENT 
1990b); (2) skewing of the proportion of Vp6 C08 + T cells in an allo-H-2 MLR 
using purified Mis 1a ConA blast T cells as stimulators (LARSSON-SCIARD et al. 
1990), 

3.2 Presentation of ExSAgs 

In contrast to the biochemically undefined EndSAgs, the presentation of ExSAgs 
is much better understood (Table 2), ExSAgs bind with relatively high affinity (Kd 
up to 10 - 8 M) to MHC class II molecules on the cell surface or in detergent Iysates 
(FISCHER et al. 1989; FRASER 1989; SCHOll et al. 1989; HERRMANN et al. 1989; 
MalLIcK et al. 1989), T cell recognition of the ExSAg requires no processing, 
since SE and MAM can be presented by purified, immobilized, MHC class II 
molecules and by fixed antigen-presenting cells (BEKOFF et al. 1987; LEE and 
WATTS 1990), By contrast, proteolytic fragments of SEA do not stimulate T cells 
(FRASER 1989), Major differences between presentation of Ag and ExSAg have 
also been found using L cells transfected with I-Ak variants, Substituting resi­
dues located in the hypothetical peptide binding site of I-Ak by alanine dramati­
cally affected the recognition of Ag (hen egg lysozyme peptide) but not of ExSAg 
(SEB), Conversely, mutating residues outside the putative peptide binding site 

Table 2. Vp usage in the T cell response to exogenous superantigens 

Exogenous superantigen Human Vp Mouse Vp 

SEA ? 1, 3, 10, 11 , 12, 17',56 
SEB 3, 12, 14, 15, 17, 20' 3 3a, 7, 8,1- 3, 17, 6b'6 9 

SEC1 12?'3 3, 8,2, 8,3, 11 , 17' 6 
SEC2 12, 13,1,13,2, 14, 15, 17, 20' ,3 3, 8,2, 10, 17',6 
SEC3 5, 12, ?'3 3, 7, 8,1, 8.2,' 6 
SED 5, 12, ?13 3,7, 8.1 ,-8,3,11 , 17' 6 
SEE 5,1 , 6,1 - 6,3, 8, 18' 3 11, 15, 17' 6 
TSST-1 223 3, 15, 17'6 
Exfoliative toxin A 223 3,10, 11 , 15'6 
MAM ? 6, 8,1- 8,3'0 
Streptococcus pyogenes 
Exotoxin A ? 8.2" 
Pseudomonas aeruguenosa ? 
Exotoxin A 3, 5.1'2 
Type 5M protein 8 ?4 ? 

Superscript numbers refer to following references: 1 (MARRACK and KAPPL ER 1990), 2 (KAPPLER et al. 
1989),3 (CHOI et al. 1989), 4 (TOMAI et al. 1990),5 (TAKIMOTO et al. 1990),6 (CALLAHAN et al. 1990), 7 
(WHITE et al. 1989), 8 (JANEWAyet al. 1989),9 (HERMAN et al. 1990), 10 (COLE et al. 1990), 11 (IMANISHI et al. 
1990), 12 (MISFELDT 1990) 
a Only at high concentrations 
b If presented by human MHC class 11 + cells (HERMAN et al. 1990) 
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diminished ExSAg but not Ag presentation (DELLABONA et al. 1990). Although not 
a direct proof, these findings fit with the concept that both ligands bind to dif­
ferent sites on the MHC class II molecule. 

As for EndSAgs the efficiency of presentation of ExSAgs varies with MHC 
class II iso- and allotypes. The most striking example is MAM, which is presented 
only by I-E-bearing cells (COLE et al. 1981). These differences in recognition of 
ExSAgs reflect, at least partially, different MHC class II binding properties. For 
example, among the MHC class II molecules found in detergent extracts of the 
human B cell lymphoma RAJI, DR molecules bind most efficiently to SEA, and DQ 
to SEC1, 2, and 3, but all SE bind very weakly to DP (HERRMANN et al. 1989). In 
general, mouse MHC class II molecules bind and present SE weakly compared to 
human MHC class II molecules. This finding has been related to the fact that S. 
aureus is a common human but not mouse pathogen (MARRACK and KAPPLER 
1990); however, this interpretation might go too far since TSST-1, a S. aureus 
product like the SE, binds to mouse and human MHC with similiar affinity 
(UCHIYAMA et al. 1989; SCHOLL et al. 1989). The weak response of mouse T cells to 
SE can be overcome by using human cells as presenting cells. This can lower the 
SE dose required for the half-maximal stimulation of T cell clones 100- to 1000-
fold (HERRMANN et al. 1991) and leads to the detection of additional SE 
specificities (HERMAN et al. 1990). 

MHC class II molecules present ExSAgs very efficiently, but it should be 
pointed out that cases of MHC class II-independent recognition of ExSAgs have 
been reported. First, induction of calcium influx of some Jurkat (human T 
leukemia) clones by both soluble SEA/SEB- and SEB-dependent proliferation of 
mouse T cell clones, in the absence of accessory cells, has been shown to occur 
(FLEISCHER and SCHREZENMEIER 1988; YAGI et al. 1990). Second, stimulation of 
human lymphocytes by (immobilized) streptococcal M type 5 'protein in the 
presence of costimuli, e.g. PMA, was shown (KOTB et al. 1990). Finally, SE­
dependent lysis of putatively MHC class II-negative cells by CD8 CTL clones has 
been demonstrated. The first two types of experiments have been interpreted as 
evidence for low-affinity binding of free ExSAg to the TCR. The SEB/SEC1-
dependent cytolysis of MHC class II-negative cells could indicate the expression 
of an ExSAg-presenting molecule distinct from MHC class II (HERRMANN et al. 
1991 ; DOHLSTEN et al. 1991). 

4 T Cell Responses to SAgs 

4.1 Both CD4 and CDS T Cells Respond to SAgs Presented 
by MHC Class II 

Control of SAg specificity by the V p element of the TCR (KAYE and HEDRICK 1988) 
and inhibition studies with TCR-specific mAb provide evidence that MHCI Ag and 
SAg act via the TCR (KATZ and JANEWAY 1985). Now the question arises, are there 
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qualitative differences or does the SAg act like a very strong Ag? The control of 
SAg specificity by the V p element speaks against a mimicking of the Ag peptide by 
the SAg (although some T cell responses to Ag also show a remarkable limitation 
in Vp usage). If complexes of MHC class II and SAg would mimic complexes of 
MHC class II and peptide, one would expect the SAg-specific T cells to be MHC 
class II-restricted CD4 T cells. This is certainly not the case for ExSAgs and only to 
a limited extent for EndSAgs. 

ExSAgs like SE and MAM, have been shown to activate both CD4 and CD8 
cells in a MHC class II-dependent fashion (FLEISCHER and SCHREZENMEIER, 1988; 
MATTHES et al. 1988). A detailed study of the mouse T cell response to SEB 
(HERRMANN et al. 1990) showed that an equal proportion of Vp8-bearing CD4 and 
CD8 T cells were stimulated . Furthermore, the SEB-primed CD8 T cells lysed MHC 
class II-bearing but not MHC class II-negative targets in a SEB-dependent 
manner. The same was observed for V p8-bearing CTL clones of defined Ag 
specificity and MHC class I restriction, which had not been previously exposed to 
SEB. The SEB-dependent cytotoxicity of these clones was MHC class 11-
dependent but independent of CD8 or of expression of MHC class I by the target 
cell . 

These results appear to be in striking contrast to what is known about the T 
cell response to the EndSAg Mis 1 a. Historically, this response has been 
considered to be limited to the CD4 T cell subset for a number of reasons: (1) CD4 
but not CD8 cells are stimulated in a Mis-controlled primary MLR (JANEWAY et al. 
1980); (2) the response of Mis-specific clones and hybridomas can be inhibited 
by CD4-specific mAb (KATZ and JANEWAY 1985); (3) only one CD8 CTL clone 
responding to Mis 1a has been reported (BRACIALE and BRACIALE 1981); (4) 
neonatal administration of CD4-specific mAb prevents clonal deletion of both 
CD4 and CD8 Vp6+ thymocytes in Mis 1a mice, suggesting that CD4 but not CD8 
is necessary for recognition of Mis 1a by the immature CD4 and CD8 expressing 
thymocytes (MACDoNALD et al. 1988c). 

More recent experiments testing the IL-2 dependent expansion of V p6 and 
V p8.1 CD8 + T cells after stimulation with Mis 1 a B cells demonstrated that CD8 
cells can recognize Mis 1 a , although to a lesser extent than CD4 T cells. Similar 
results were obtained in vivo after reconstitution of irradiated animals with Mis 1 a 

stimulator cells (B cells) and Mis 1 b responder cells (MACDONALD et al. 1990; WEBB 
and SPRENT 1990a). The reactivity of CD8 T cells to EndSAgs is not a peculiarity of 
the Mis 1 a system since similar results have been obtained for the in vivo 
response of V p 11 CD4 and CD8 T cells to an I-E dependent SAg. The analysis of 
thoracic duct lymphocytes after reconstitution of lethally irradiated I-E-positive 
mice (V p 11 deleting) with lymphocytes of I-E-negative mice (V p 11 nondeleting) 
showed, after the first day, a sharp decrease of V p 11 CD4 and CD8 T cells 
(negative selection) but later on a high proportion of V p 11 CD4 and CD8 T blasts 
(positive selection) (GAO et al. 1989). The question then arises, do CD8 T cells see 
Mis 1a in conjunction with MHC class II? They do, as demonstrated by 
comparison of Mis 1 a presentation by different MHC class II haplotypes which 
affected the T cell response of CD4 and CD8 cells similiarly. Furthermore, MHC 
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class 11- but not MHC class I-specific mAb inhibited the activation of Mis 13 _ 

reactive CD4 and CD8 T cells (CHVATCHKO and MACDoNALD 1991). In all 
experiments the Mis 1 a response of CD8 T cells appeared weaker than the 
response of CD4 T cells. Whether this apparently lower affinity of CD8 T cells for 
Mis 1 a is due to the original selection of the TCR by MHC class I or the lack of CD4: 
class II MHC interaction is not clear. Such a low affinity might explain recently 
described differences in signals elicited by Ag and EndSAg. In these experiments 
only the recognition of MHC/Ag but not of Mis 1a activated inositol phosphate 
metabolism, although in both cases a strong proliferative response was 
observed (O'ROURKE et al. 1990). Whether this or other differences in signaling 
are related to the failure to detect Mis 1a-specific cytotoxicity of Mis 1a-primed 
CD8 T cells or CTl clones expressing the presumably Mis-reactive V 06 or 8.1 TCR 
remains to be elucidated (CHVATCHKO and MACDoNALD, unpublished data). 

4.2 Different Parts of the TCR are Required 
to Recognize Ags and SAgs 

More precise information on the interaction of the TCR with MHC/SAg has been 
obtained by genetic manipulation of the TCR itself (PULLEN et al. 1990; CHOI et al. 
1990). A first hint on residues possibly important for Mis 1 a specificity came from 
the identification of the band c alleles of V p8.2, which occur in some wild mice. 
About half of the V p8.2b - and nearly all V p8.2c -bearing T cells recognize Mis 1 a, but 
only very few T cells carrying the V p8.2a allele common to inbred strains. PULLEN 
et al. (1990) constructed T cell hybrid om as expressing chimeric TCR, in which a 
V p82a domain was substituted with the residues found in V p8.2c at positions 
22,70, and 71 or all three. These hybridomas became Mis 1 a-reactive without 
losing their Ag specificity. Residues in a similar region of the V p domain were 
found to confer specificity for exotoxins. This was demonstrated for the SEC2 
specificity by constructing hybrid om as expressing chimeric Vp domains. The 
substitutions of residues 67-78 of SEC2 unreactive Vp13.1 domain with those 
of the SEC2-reactive V p 13.2 domain was sufficient to confer SEC2 reactivity (CHOI 
et al. 1990). Although mutational analysis by itself cannot answer the question 
whether these TCR residues actually bind to the ET/MHC class II complex, both 
the dissociation of EndSAg and Ag specificity and the important role of 
homologous regions for EndSAg and ExSAg specificity suggest a distinct TCR 
binding site for SAg. This site could be a fourth CDR, proposed by KOURILSKY 
et al. (1989) to be located in the Vp domain. In their model this CDR4 could 
interact with an altered conformation of the MHC class II molecule, but of 
course one could also imagine an interaction with a MHC class II-associated 
SAg molecule (CLAVERIE et al. 1989). In the context of these findings it would 
be interesting to see whether this putative fourth CDR would be also predicted 
for the ')' chain of the TCR, since ExSAg-dependent lysis of MHC class II-bearing 
targets by ')'6 cells (FLEISCHER and SCHREZENMEIER 1988; MATTHES et al. 1988) 
and a correlation between y 9 usage and SEA reactivity have been reported 
(RUST et al. 1990). 
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5.1 Mechanism of Action of EndSAgs 

The mechanism of T cell activation by EndSAgs will be discussed under the 
premise that: (a) MHC/Ag and EndSAgs bind to different sites on the same TCR 
(an alternative possibility, namely, the existence of a discrete Mls-1 a receptor has 
been suggested based on segregation of MHC/Ag and Mis 1 a specificities in T 
cell hybridomas and is discussed in WEBB and SPRENT, 1989) and (2) EndSAg 
recognition requires the presence of class II MHC molecules at the cell surface. 

Taking Mis as a prototypic EndSAg, the following possibilities could be 
envisaged. First, Mis interacts directly with the TCA. The role of the MHC class II 
molecule would then be to position the Mis molecule such that it can interact 
effectively with the TCR. In this case the Mis molecule could be physically 
associated with MHC class II before it is recognized by the T cell but subsequent 
to a low-affinity interaction between the TCR and MHC class II. Second, the Mis 
determinant is directly recognized by the TCR but only after the Mis molecule has 
undergone a conformational change prompted by its binding to MHC class II. 
Third, the Mis determinant is induced on the MHC class II molecule as a 
consequence of the interaction of the MHC class II with a molecule under the 
control of the Mis locus. This induction could be due to a chemical modification 
but superantigenic conformations of MHC class II molecules could also be 
imagined. The possible Mis gene products inducing such a chemical modific­
ation or conformation could be MHC binding proteins or peptides but also 
enzymes or even lipids in the plasma membrane. We see at the moment no 
evidence in special favor of any model. 

5.2 Mechanism of Action of ExSAgs 

How do ExSAg function? We see three main possibilities: (1) ExSAgs bind directly 
to the TCA. Consequently, the only function of MHC molecules would be to 
immobilize them. This would explain why the correlation between V p usage and 
specificity for a given ExSAg is relatively independent of iso-, allo-, or xenotype. 
Furthermore, the recognition of ExSAg on MHC class II-negative targets and 
proliferation in the absence of MHC class II-bearing cells, as has been observed 
in the presence of costimuli such as PMA, would be consistent with this model. In 
the latter instance one could imagine that the cell : cell interaction provides such 
a necessary costimulus. (2) The MHC class II molecule has a function beyond 
immobilizing the ExSAg. For example, the binding of the ExSAg to MHC class II 
may induce a TCR binding conformation of the ExSAg or, alternatively, the TCR 
may recognize epitopes on ExSAg and MHC class II at the same time. This 
model would explain those quantitative differences in ExSAg presentation by 
different MHC class II haplo- and isotypes which cannot be readily explained 
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by differential binding (WHITE et al. 1989; SCHOLL et al. 1990; HERMANN et al. 
1990). (3) By analogy with the arguments used for EndSAgs, the binding of 
ExSAg to MHC class II may induce the expression of V p specific determinants 
on the MHC class II molecule. However, experiments demonstrating the complete 
loss of T cell activating properties by fragments of SEA that retain their MHC 
class II binding argue against the simplest version of this model (HERMANN 
and DOHLSTEN, unpublished data) . 

5.3 Do EndSAgs Act as Helper Determinants in Ag Recognition? 

If it is true that a TCR has distinct MHC/peptide Ag and SAg binding sites, it is of 
interest to consider models of concomitant recognition of MHC/peptide Ag and 
EndSAg, either by different TCR on the same cells or by the same TCR molecule. 
In the first case the number of TCR molecules interacting with an antigen­
presenting cell (i.e., avidity) would be increased, whereas in the second case the 
bivalency of the binding site would result in increased affinity of TCR/MHC 
interaction. Both situations would lead to a preferential activation of T cells 
expressing a V p able to interact with an EndSAg. In such a model, in which the 
EndSAg functions as a helper determinant in T cell recognition, it would not be 
critical whether the SAg determinant is on the MHC molecule itself or is a MHC­
associated molecule. In addition , it is theoretically possible that such SAg 
determinants enhancing the TCR/MHC Ag interaction are also MHC class 1-
associated but have not yet been detected, since their affinity for the TCR is too 
weak to trigger directly a T cell response. Such a concept of EndSAgs as helper 
molecules or determinants could help to explain the preferential usage of certain 
TCR V p during positive selection in the thymus, where EndSAgs might facilitate 
the binding of TCR to self MHC molecules (MACDONALD et al. 1988b; ZUNIGA­
PFLUCKER et al. 1989). TCR : EndSAg interaction could also increase the affinity of 
the TCR to complexes of MHC and foreign peptides and thus explain why in some 
immune responses a preferential usage of certain V p has been observed. 
General theories of Mis as a helper or regulator in T cell activation have been 
formulated previously, but results of the experiments performed to test them have 
been contradictory (JANEWAy et al. 1983; HAMMER LING et al. 1988; NEEDLEMAN et al. 
1988). 

The above mentioned concept of EndSAgs as regulators of antigen 
recognition does not address the question of the physiological role of ExSAgs 
and their relationship to EndSAgs. This question is specifically addressed by the 
models discussed in the next section , but it could well be that there is no 
physiological link between EndSAgs and ExSAgs and that the only thing they 
have in common is their ability to stimulate T cells with high frequency. A 
polyclonal activation of lymphocytes could be beneficial for the microorganism 
since it could lead to suppression of the specific immune response (for review see 
REIMANN et al. 1990). In this regard the observation that ExSAgs bind to molecules 
involved in antigen recognition is not unusual, since binding of bacterial or viral 
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products to MHC class I, MHC class II molecules, and different regions of Igs has 
been reported. 

5.4 EndSAgs and the T Cell Repertoire 

Aside from the idea of EndSAgs as regulators of the strength of antigen 
recognition, other models of the physiological function of EndSAgs have 
become quite popular. These latter models emphasize the ability of EndSAgs to 
shape the T cell repertoire by clonal deletion of EndSAg-specific cells and the 
cross-reactivity of T cells to EndSAgs and ExSAgs (KAPPLER et a/. 1989). In fact, 
the number of V p involved in the generation of the T cell repertoire in the mouse 
can be drastically reduced either by genetic mechanisms (i.e., deletion or 
mutation), which can neutralize up to 13 V p elements, or by negative selection in 
the thymus, which (hypothesizing a mouse simultaneously expressing Mis 1a , 

Mis 2/3a, and the I-E-restricted EndSAg) could affect also up to 9 V p elements. In 
evaluating the importance of such a dramatic reduction in the elements 
generating the T cell repertoire, one should keep in mind that the number of T cell 
specificities which can theoretically be generated with the remaining variable 
elements still exceeds the total number of T lymphocytes found in a mouse by 
several orders of magnitude. Furthermore, the widespread occurrence of 
deletion of V p elements (due to genetic mechanisms or negative selection) 
among wild mice suggests that such events are of no major disadvantage to the 
immune system (PULLEN et a/. 1988; KAPPLER et a/. 1989a). The question is whether 
they are beneficial and two hypotheses have been made in support of this view. 
Common to both concepts is an advantage of EndSAgs over genomic deletion 
as a device to exclude V p elements from the T cell repertoire, since expression of 
EndSAgs (as a genetically dominant trait) could efficiently reduce the phenoty­
pic expression of certain Vp in a mouse population while maintaining the 
corresponding genes at high frequency. This would, in turn, allow rapid 
adaptation of the T cell repertoire to changing environmental conditions (PULLEN 
et a/. 1988; KAPPLER et a/. 1989a). 

The first hypothesis on a positive effect of deletion of certain V {J elements by 
EndSAgs is based on studies of the Vp usage of autoimmune disease-inducing T 
cell clones. In the case of experimental allergic encephalitis, a preferential usage 
of Vp8.2 (and Va4) elements by pathogenic clones was reported and treatment of 
mice with Vp8-specific mAb could cure the disease (ACHA-ORBEA et a/. 1989; 
KUMAR et a/. 1989). These findings strongly suggest that deletion of these V {J from 
the T cell repertoire by EndSAgs could reduce the risk of developing autoimmune 
diseases, but two questions remain to be answered. Is the preferential usage of 
these Vp really a peculiarity of autoimmune processes? Does clonal deletion of 
such T cells during generation of the T cell repertoire in the thymus prevent the 
generation of pathogenic clones using other V p domains? 

The second hypothesis suggests that deletion of V p from the repertoire by 
EndSAgs is a mechanism to reduce the number of ExSAg-reactive cells (MARRACK 
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and KAPPLER 1990). This hypothesis is supported by the fact that at least some of 
the pathophysiology of ExSAgs is linked to Iymphokine production of T cells after 
stimulation with ExSAg and that in mice a direct correlation between the number 
of SEB-reactive T cells and weight loss after SEB administration has been found 
(MARRACK et al. 1990). However, one should mention that other pathological 
effects of staphylococcal exotoxins seem to be T cell-independent. For example, 
carboxymethylation of SEB destroys its emetic effect but not its T cell activating 
properties (ALBER et al. 1990). Also, the scalded skin syndrome caused by 
exfoliative toxin is unlikely to be a consequence of T cell activation since it can 
occur neonatally (MELISH and GLASGOW 1970; IAN DOLO 1989). 

Since both hypotheses are based on the observation that polymorphic 
EndSAgs shape the T cell repertoire in mice, it would be important to know 
whether this is true for other species as well. At present no such evidence has 
been found , possibly due to the following reasons: (1) Only very few Vp-specific 
mAb are available for the human system and rat. (2) The EndSAgs show little or 
no polymorphism, or the polymorphism is difficult to detect since many EndSAgs 
distributed in the population with high frequency could delete the same V p. The 
latter situation would lead to a functional lack of polymorphism. In both cases 
the negative selection of certain V p (occurring only in the thymus) would not be 
detected by comparing the peripheral T cell repertoire of different individuals. 
(3) EndSAgs as defined by their ability to stimulate a high proportion of T cells 
expressing a certain Vp element (or to delete thymocytes expressing certain Vp), 
only exist in mice. In this case they could still exist in other species in a weaker 
form and regulate T cell activation. 

Note added in proof. Evidence for EndSAg being encoded by an open reading 
frame in the 3' long terminal repeat of mouse mammary tumor virus has been 
provided. CHOI et al. (1991) Nature 350: 203-207. ACHA-ORBEA et al. (1991) 

Nature 350: 207-211. 
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1 Introduction 

The capacity of certain bacterial exoproducts to act as T cell mitogens has long 
been recognized (PEARY et al. 1970). Similar to other, polyclonal activators, they 
were found to require the participation of accessory cells (AC) . It was later shown 
that the function of a cell type as AC correlated with its expression of MHC class II 
(CARLSSON et al. 1988; FLEISCHER and SCHREZENMEIER 1988). The number of 
microbial exoproducts shown to act as T cell mitogens in this way has gradually 
increased and these molecules have been called "superantigens" (SAs) in view 
of their capacity to activate a large proportion of all T lymphocytes in various 
species (MARRACK and KAPPLER 1990). The activation is induced by selective 
interaction with all T cells expressing certain V-f3 and V-y chains of the T cell 
receptor (TCR) regardless of their epitope specificity. Besides other microbial 
molecules such as the Mycoplasma arthritidis protein MAM (COLE et al. 1981), 

this group of SAs also includes certain self molecules, the murine Mis antigens 
(JANEWAY 1990). There are strong indications that the Mis antigens are encoded 
by retroviral genes (MARRACK et al. 1991; FRANKEL et al. 1991 ; WOODLAND et al. 
1991 ; DYSON et al. 1991). A dependence on class II-expressing AC has been 
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demonstrated for all SAs studied, although at least for some SAs it can be 
replaced by a combination of other accessory signals. Besides their TCR binding 
and massive T cell activating capacity, this usage of MHC class II molecules is the 
most prominent common feature of SAs. With few exceptions this binding to MHC 
class II is a prerequisite for the T cell activating effects of SAs and is therefore of 
prime importance in their function. 

2 SAs Bind with High Affinity to MHC Class II 
but not to Class I Molecules 

Although SAs, even in minute quantities, are potent activators of T cells, their 
binding to T cells is usually not possible to demonstrate in direct binding assays. 
This finding is consistent with their failure to induce a proliferative response in 
resting T cells in the absence of AC, even in the presence of exogenous 
interleukin-1 (IL-1) and IL-2 (CARLSSON et aL 1988). In contrast, SAs bind to 
various AC, Le., monocytes, B lymphocytes, and various B cell lines. A common 
important feature of all these cells is their expression of MHC class II molecules, 
which became evident when it was demonstrated that two monocytic cell lines, 
U937 and THP-1, that lack MHC class II expression also failed to bind 
staphylococcal enterotoxin A (SEA) and to function as AC in SEA-induced T cell 
activation , although they supported PHA-induced polyclonal activation 
(CARLSSON et aL 1988). The fact that Oaudi cells, which lack expression of MHC 
class I molecules, bind staphylococcal enterotoxins (SEs) and support T cell 
activation very well (CARLSSON et aL 1988; FRASER 1989) rules out involvement of 
MHC class I molecules of AC in T cell activation in general and in activation of 
C08 + T cells in particular. 

Electrophoresis of detergent extracts of the Raji B cell line demonstrated a 
distinct 60 kOa HLA-OR band which bound SEA (FISCHER et aL 1989). It was also 
shown that certain monoclonal antibodies (mAb) to HLA-OR could block the 
SEA binding to AC and the induction of T cell proliferation. Immunoprecipitation 
with mAb against HLA-OR and HLA-OO showed that SEA bound to HLA-OR but 
failed to demonstrate DO binding. Binding of labeled SEA to the Raji cell surface, 
followed by cross-linking and detergent solubilization of the cell membranes, 
electrophoresis, and western blotting, yielded two SEA-containing bands 
corresponding to Mr 90 and 105, which both also bound anti-DR mAb. This 
established that the major SEA binding molecule on Raji cells is HLA-OR, 
indicating that the binding of SEA to Raji cells with a Ka of approximately 
1 x 107 M- 1 represents binding to HLA-OR expressed by these cells. 
Similarly, certain antibodies to HLA class II molecules and/or HLA-OR have 
been shown to block human T cell activation with other SAs (FLEISCHER and 
SCHEREZENMEIER 1988; SCHOLL et aL 1989). 

The involvement of MHC class II molecules in SA-induced T cell activation is 
also evident from the finding that MHC class II-negative mutants of the Raji B cell 
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line lack SE binding capacity and do not function as AC (MOlLiCK et al. 1989). 
Further direct proof for the involvement of HLA class II molecules in the binding of 
SE leading to T cell activation comes from the demonstration that transfection of 
HLA-DR into fibroblasts (lacking capacity to bind SE) makes them capable of 
binding SEA and of supporting T cell activation (MOlLiCK et al. 1989; SCHOll et al. 
1990a). Similar findings showing that SAs bind to MHC class II molecules, have 
been obtained in murine systems (COLE et al. 1990a; IMANISHI et al. 1990). The 
demonstration that T cells and T cell hybridomas can be activated by exposure 
to SA on purified I-E molecules inserted in lipid bilayers shows that MHC class II 
molecules are not only required but that they are also sufficient for T cell 
activation (LEE and WATTS 1990) , although other molecules can indeed enhance 
the response (FLEISCHER et al. 1991 ; FISCHER et al. 1991). 

Studies of T cell clones have shown that a given clone, irrespective of its 
antigen specificity and MHC restriction, can respond to SE in the presence of 
allogeneic AC (FLEISCHER and SCHEREZENMEIER 1988), which demonstrates that 
there is no restriction of the response by polymorphic portions of the class II 
molecules. 

Not only CD4+ but also CD8+ T cells and y~ TCR-bearing CD4- CD8- T 
cells respond to SE presented on the MHC class II of AC (FLEISCHER and 
SCHREZENMEIER 1988; FISCHER et al. 1990). However, there are indications of a low­
affinity binding of SE directly to TCR that is not sufficient to elicit a full response of 
the T cells but which results in a rise of the cytosolic calcium concentration 
(FLEISCHER et al . 1988). CD8 + cells become cytolytic when activated by SE with 
strict specificity for MHC class II-expressing target cells carrying SE (FLEISCHER 
and SCHREZENMEIER 1988; HEDLUND et al. 1990; HERRMANN et al. 1990). The role of 
the MHC class II molecule in T cell activation appears to be to enhance CD3 
clustering by providing a multivalent SE and possibly to alter the SE conform­
ation to increase the affinity to the V fl of TCR. With few exceptions the creation of 
multivalent SE by immobilization on plastic has not led to a strong activation of 
resting T cells in the absence of AC, which would tend to indicate the importance 
of a change in the appearance of SE when it is bound to MHC class II. SEs have 
also been shown to induce monocytes/macrophages to produce tumor necrosis 
factor-a (TNF-a) and IL-1 (JUPIN et al. 1988; FISCHER et al. 1990; GJORlOFF et al. 
1991). Similar to the SE-induced T cell activation, TNF-a and IL-1 production 
appears to require binding of the SE to MHC class II molecules on the producing 
cells (MOL LICK et al. 1990) and, at least with some SEs, T cells must also be 
present (FISCHER et al. 1990; GJORLOFF et al. 1991). Preexposure of the monocytes 
to interferon-y (IFN-y) increases MHC class II expression , and this is presumed to 
explain the increased TNF production in response to toxic shock syndrome 
toxin-1 (TSST -1) recorded after IFN exposure (GROSSMAN et al. 1990). The role of T 
cells in TNF production by monocytes has not yet been clarified. It has been 
established that whereas purified CD4 + 45RO + memory T cells supported TNF-a 
and 11-1 production by purified monocytes, the presence of CD4 + 45RA + naive 
helper and CD8 + T cells did not (FISCHER et al. 1990; GJORLOFF et al. 1991). 
CD4 + 45RO + memory T cells are also the main producers of IFN-y, whereas the 
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other two subpopulations produce only very small quantities. Thus this finding is 
consistent with the contention that the stimulatory effect on TNF production is 
mediated by IFN-y (GROSSMAN et al. 1990). However, the participation of T cells in 
the production of TNF and IL -1 by monocytes could not be replaced by various T 
cell-derived recombinant Iymphokines, including IFN-y, when added to SEA­
stimulated purified monocytes (FISCHER et al. 1990; GJORlOFF et al. 1991). 

3 Binding Affinity Varies Among Different Species, Isotypes, 
and Allotypes 

Although SAs are usually capable of activating the T cells of all mammalian 
species tested, there is considerable quantitative variation among different SEs 
in their affinity of interaction with the distinct MHC class II molecules, both when 
comparing the binding of different SEs to the same type of MHC class II 
molecules and when comparing the binding of the same SE to MHC class II 
molecules representing different species, isotypes, and allotypes (FISCHER et al. 
1989; FRASER 1989; MOlLiCK et al. 1989; HERRMANN et al. 1989; HERMAN et al. 1990; 
SCHOll et al. 1990a; MARRACK and KAPPLER 1990). SEs generally bind with higher 
affinity to HLA-DR than to murine MHC class II antigens (HERMAN et al. 1990). In 
humans the highest affinity is observed with the HLA-DR isotype, whereas DO 
and DP often show only a much weaker binding which is not always detectable in 
direct binding assays (FISCHER et al. 1989; FRASER 1989; UCHIYAMA et al. 1990). The 
strongest evidence for functional binding to the latter two comes from results 
using mouse fibroblast AC transfected with the MHC class II gene under study 
(MOlLiCK et al. 1989; HERMAN et al. 1990; UCHIYAMA et al. 1990). Also, the alleles of 
DR vary greatly in their binding capacity for the same SE and for different SEs 
(HERMAN et al. 1990). Since HLA-DR molecules all share the same a-chain , these 
results imply that the DR /J-chain has a dominating and determining role in SE 
binding and/or TCR interaction. Evidence has been provided , however, indicat­
ing that the a-chain is also of importance (LEE and WATTS 1990). 

Analogous results have been recorded in mice demonstrating more efficient 
binding to I-E molecules, the murine counterpart to HLA-DR, than to I-A 
molecules, the homologue of HLA-DO (UCHIYAMA et al. 1990). It has been 
suggested (HERMAN et al. 1990) that the greater efficiency of presentation on I-E 
(DR) might be related to the fact that this is the isotype serving as a ligand for 
SAs in the thymic selection , as exemplified by the Mis self SAs in the mouse 

(KAPPLER et al. 1987). 
SEA has been shown to bind to purified murine 1- Ed MHC class II molecules 

inserted in supported planar membranes (LEE and WATTS 1990). Specific binding 
of SEA to I_Ad was also observed , but the interaction was of significantly lower 
affinity. Binding of SEA to purified I_Ed was blocked by antibodies against both 
the a- and the /J-chain of the I_Ed molecule, but not by antibodies specific for an 
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unrelated MHC class II protein . Binding of SEA to I_Ad was blocked by an anti­
A{3d- but not by an anti- Aad-specific antibody. Planar membranes containing 
only lipid and purified I_Ed molecules were sufficient for activation of a V p 1-
expressing T hybrid by SEA. These data demonstrate that the purified MHC class 
II molecule is the only AC surface protein required for SEA binding and that MHC 
class II protein and intact SEA are both necessary and sufficient for T cell 
activation by the toxin , although other molecules of AC might enhance the 
induced T cell activation (KOTB et al. 1990; FLEISCHER et al. 1991 ; FISCHER et al. 
1991). These data also confirm that SEA does not require processing for 
presentation to T cells. The weaker binding of SEA to I-A molecules was 
parallelled by a lower T cell response than that induced by SEA on I-E molecules. 
These results are consistent with reports that the SEA- and SEB-induced T cell 
response in mice cannot be totally blocked by either anti-I-E or anti-I-A alone but 
requires combined treatment with both antibodies (VROEGOP and BUXSER 1989). 
In the lipid membrane system the majority of purified I-E molecules were capable 
of binding SEA. At saturating conditions the number of SEA molecules bound to 
I-E was similar to the number of anti I-E antibodies bound, which indicates that 
SEA binds with an approximately 1:1 stoichiometry. In the case of streptococcal 
pyrogenic exotoxin type A (SPE A), activation of murine T cells also requires MHC 
class II molecules on AC (IMANISHI et al. 1990). In contrast to most other SEs, with 
this toxin I-A-transfected L cells functioned as well as I-E transfected and HLA 
class II transfected cells (IMANISHI et al. 1990). 

Although TSST-1 has been shown to bind to all HLA-DR, -DO, and -DP 
phenotypes tested (SCHOLL et al. 1990b), it shows an extremely variable binding 
to murine MHC class II molecules. It binds with high affinity to two of three I-A 
molecules (I-Ab and 1- Ad) but only weakly to I-Ak and apparently not at all to two 
different I-E molecules (1- Ed and I_Ek). Similar results were reported by UCHIYAMA 
et al. (1989, 1990) showing that murine I-A and human DR and DO molecules 
bind TSST -1 with similar affinities whereas I-E and DP molecules show no 
detectable binding in direct binding assays. The latter do function as AC, 
although at a lower level than the former molecules. This is in contrast to the 
functional binding of SEA to I-E transfectants of L cells but not to I-A 
transfectants (FLEISCHER et al. 1989). SCHOLL et al. (1990a) also studied 
transfected L cells expressing hybrid DR/I-E molecules and found that cells 
expressing DRa:l- Ekp but not 1- E\: DR1 p bound TSST-1 and supported T cell 
activation. This finding appears to indicate a major role for the a-chain of MHC 
class II in TSST-1 binding , but the difference in effect might also be conform­
ational with the molecule exposing another critical TSST -1 binding site. Similar 
conclusions were drawn from the determination of the class II molecule region 
essential for high-affinity binding of TSST -1 . This was done by direct binding 
experiments to different H LA-DR and -DP isotypes characterized by different 
affinities for the SE (KARP et al. 1990). By use of chimaeric a- and {3-chains of DR 
and DP expressed at the surface of transfected murine fibroblasts, it was shown 
that the a-1 domain of DR is essential for high-affinity binding , whereas the a­

chain of the DP had no such role . When the affinities of TSST -1 and SEB for MHC 
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class II molecules were compared, the affinity of SEB was shown to be an order of 
magnitude lower (SCHOLL et al. 1989). It was further demonstrated by anti-HLA­
DR antibody inhibition studies that the HLA class II molecule exhibits two distinct 
enterotoxin binding sites, one that is common for SEB and TSST -1 and another 
only used by TSST -1. 

COLE et al. (1981) have shown that Mycoplasma arthritidis, a natural 
pathogen of rodents, produces a soluble T cell activator, MAM. This molecule 
has an absolute requirement for AC expressing functionall-E, whereas I-A in the 
absence of I-E does not suffice (COLE et al. 1982). I-E molecules extracted from B 
lymphoma cells and incorporated into liposomes can present MAM to T cells. 
Fibroblasts expressing intact I-E molecules after transfection with E-IX and E- f3 
genes could also present MAM to T cells (BEKOFF et al. 1987). Furthermore, by use 
of transfected fibroblasts expressing hybrid class II molecules and of mice 
expressing the transgenic E-IX gene, it has been demonstrated that MAM is 
presented to T cells by I-E-IX-containing molecules (COLE et al. 1990a, b) . 

Unlike other described SAs, the M protein of group A streptococci is a SA 
that was recently reported to stimulate exclusively human T cells but not T cells of 
other mammals (KOTB et al. 1990). It was also reported that the M protein can 
stimulate T cells in the absence of AC expressing HLA class II molecules, 
provided the costimulatory agents PMA, IL-1, and IL-6, interacting with 
immobilized or cross-linked protein M, are added. The same authors report 
analogous results with SEB. The M protein is of particular interest because of its 
presumed involvement in rheumatic fever and rheumatic heart disease. Similarly, 
FLEISCHER et al. (1989) have previously demonstrated that SEA induces T cells to 
proliferate in the presence of phorbol esters, though to a much lesser degree 
than in the presence of AC. CARLSSON et al. (1988) found no proliferation with 
highly purified T cells at low cell numbers (to further reduce the effect of the 
possibly remaining few contaminating AC) exposed to SEA and PMA but 
recorded IL-2 production. This appears to indicate that a partial T cell activation 
occurs in the absence of MHC class II expressing AC and that only a minor 
proliferative response is usually recorded even in the presence of PMA. 
Furthermore, even very few contaminating AC suffice for activation in the 
presence of PMA. 

FLEISCHER et al. (1991) recently demonstrated that highly purified human 
resting T cells could be activated by streptococcal toxin A (ETA) and by SEB in 
the absence of AC, provided the T cells were exposed to immobilized toxin and 
anti-C02 or anti-C08 mAb on a solid phase (silica beads) . These results are 
analogous to those obtained with certain anti-C03 mAb which alone are not 
capable of stimulating T cell responses. These findings confirm that the toxins 
can indeed bind to the TCR in the absence of MHC class II molecules, but this is 
usually not sufficient for triggering of a T cell response without cross-linking with 
accessory molecules. Consistent with this view is the recent demonstration that 
the response of human naive C045RA + C04 + T cells to SEA presented by HLA­
DR transfected mouse fibroblasts was greatly enhanced by the simultaneous 
expression of ICAM-1 on the transfected fibroblasts (FISCHER et al. 1991). 
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4 Processing of SAs is not Required for T Cell Activation 

That processing of SAs is not a requirement for T cell activation has been clearly 
demonstrated by the fact that AC treated with para formaldehyde are often as 
effective in supporting T cell activation by SEA and TSST-1 as are untreated AC 
(CARLSSON et al. 1988). Although true for most SEs, this is not always the case; in 
particular para formaldehyde- fixed L cell transfectants, irrespective of the MHC 
class II molecules expressed , have been reported to function only poorly as AC 
for murine and human T cells with , e.g. , TSST-1, despite the maintained capacity 
to bind toxin (UCHIYAMA et al. 1990). This might indicate that in this case 
processing of the toxin heightens the AC activity of the cells, possibly by 
providing a more efficient interaction with the class II molecules or with the TCR. 
Alternatively, it might reflect the destruction of other accessory molecules that 
normally augment the interaction between the toxin and TCA. The recent 
demonstration that purified I-E molecules inserted in planar lipid bilayers were 
capable of binding SEA and of activating resting T cells and T cell hybridoma 
cells in the absence of AC (LEE and WATTS 1990) clearly establishes that there is 
no absolute requirement in this case for either toxin processing or any accessory 
molecule besides MHC class II itself. However, a few exceptional cases appear to 
exist in which processing is required. In the case of Mycoplasma arthritidis it has 
been reported that AC function is inhibited by the lysosomal inhibitors 
chloroquine and ammonium chloride or by the protease inhibitor leupeptin 
(BAUER et al. 1988). Also, Pseudomonas aeruginosa exotoxin A is claimed to 
require processing on the basis of a lack of AC function by paraformaldehyde­
fixed cells when fixation is performed before toxin exposure but not when 
performed after (MISFELDT 1990). 

5 Binding of SAs Occurs Outside the Antigen Groove 
of the MHC Class II Molecule 

The question whether the same or different sites on the MHC class II molecules 
are used by different SAs has not yet been answered. SEA and SEB cross­
compete for binding (FRASER 1989) and therefore probably bind to the same site 
on MHC or to sites in close proximity to each other, whereas SEB and TSST -1 do 
not (SCHOLL et al. 1989). The exact configuration of the toxin-class II complexes 
has not yet been clarified. By analogy with the established structure of MHC class 
I molecules (BJORKMAN et al. 1987), the structure of MHC class II molecules has 
been deduced. They are presumed to consist of two immunoglobulin-like 
domains located close to the cell lipid layer, supporting a part formed by the N­
terminal regions of the two polypeptides of the protein and creating a groove in 
which peptides of foreign antigens are normally presented to the TCA. From the 
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demonstration that association of SEB with mouse class II molecules does not 
inhibit the subsequent presentation of an authentic antigenic peptide derived 
from hen egg lysozyme to T cell clones (OELLABONA et al. 1990), it may be 
concluded that unprocessed bacterial toxins do not bind to MHC molecules by 
occupying this groove. This conclusion is also supported by the finding that 
TSST-1 binding did not prevent subsequent binding of a DR-restricted antigenic 
peptide (KARP et al. 1990). 

T cells bearing closely related members of the same V-fJ family have been 
shown to respond differently to SE. This may be exemplified by the responsive­
ness to SEC2 of cells expressing the human V-fJ 13.2 element, whereas cells 
bearing the V-fJ 13.1 element are unresponsive (CHOI et al. 1990). The residues 
responsible for the 13.1/13.2 distinction were located to a region of TCR that is 
presumed to lie on the facet of the molecule that is outside of the conventional 
antigen binding groove. By directed mutagenesis experiments, the region of the 
TCR fJ-chain interacting with self SA Mls-1 a was shown to reside outside the 
regions of the TCR that interact with conventional peptide antigens complexed 
with MHC (PULLEN et al. 1990). 

6 Location of MHC Class II Binding Sites of SAs 

Computer alignment of various enterotoxins has identified considerable and 
varying homologies, most prominently in the C-terminal rather than in the N­
terminal part (MARRACK and KAPPLER 1990). It was reported that a 180 amino acid 
fragment of SEC1 , obtained by deletion of the 59 N-terminal amino acids from the 
intact toxin molecule by digestion with trypsin , expressed the T mitogenic and 
pyrogenic properties of the molecule (BOHACH et al. 1989). This tends to indicate 
that for this toxin the N-terminal end of the molecule is not essential either for 
binding to MHC class II or for interaction with the TCA. Also, in the case of TSST-
1, it has been shown that the MHC class II binding site(s) is located in the C­
terminal part of the molecule (BLANCO et al. 1990; EDWIN and KASS 1989). 

On the basis of experiments using synthetic small peptides and their 
respective antibodies, it has been concluded that SEA contains an MHC class II 
binding site in the N-terminal amino acids 1-27 (PONTZER et al. 1989). However, it 
was recently demonstrated that a C-terminal fragment of recombinant SEA, 
containing amino acids 107-233, binds to MHC class II, although it fails to 
activate human T cells (HEDLUND et al. 1991). The fragment bound to Raji cells 
expressing HLA class II but not to Raji cells lacking such expression . This 
fragment interfered with the subsequent binding and T cell activation by intact 
SEA. Binding of labeled fragment , cross-linking, and detergent solubilization of 
the cell membranes followed by electrophoresis demonstrated association of the 
fragment with MHC class II chains. Immunoprecipitation experiments showed 
that the fragment was associated with HLA-OR, -OQ, and -OP. Collectively these 
data seem to indicate that there are at least two HLA class II-binding sites in the 
SEA molecule, none of which involve any of the two cysteines of the molecule. 
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An attempt has recently been made to clarify the possible role of the disulfide 
loop and adjacent sequence of SEA and SEB (GROSSMAN et al. 1990). Breaking 
the sulfide loop by reduction and alkylation greatly reduced the T cell mitogenic 
activity of these SEs but did not destroy their capacity to bind to MHC class II 
molecules or their capacity to induce production of TNF-C( from monocytes. 
Although the nature of the function of the loop was not clarified, these results 
may indicate a functional role for it. It is not known whether the importance 
of the loop is in providing a binding site for the TCR or rather in creating a 
conformation that results in a functional association between MHC binding 
and TCR binding sites located at some distance from each other. The latter 
possibility might be reconciled with the previously mentioned evidence for the 
involvement of the N-terminal end in T cell activation and the recent evidence 
of HLA class II binding of a C-terminal recombinant SEA fragment lacking T 
cell mitogenic activity. 

Of great interest in relation to the affinity between the enterotoxins and the 
MHC class II molecules is the fact that there is a significant sequence homology 
between the human and murine invariant chains and certain SEs (MARRACK and 
KAPPLER 1990). 

7 Importance of Molecules Other than MHC Class II 
for T Cell Activation 

The existence of SA binding molecules distinctly different from MHC class II 
molecules is indicated by recent results demonstrating that SEB and SEC1, but 
not SEA and SED, were efficiently presented to cytotoxic lymphocytes (CTL) at 
picomolar concentrations by MHC class II-negative colon carcinoma cells 
(DOHLSTEN et al. 1991). The nature of the SE binding molecule expressed by these 
tumor cells has not yet been elucidated. 

As already mentioned there are a number of molecules that function as 
accessory molecules in the binding and activation of T cells by SEs. Cross-linking 
of SE with C02 and CD8, has been shown to replace AC (FLEISCHER et al. 1991). 
Anti-CD4 antibodies, but not anti-CD8, block T cell activation in mice (HEEG et al. 
1991). Coexpression of ICAM-1 and HLA-DR on AC greatly enhances the SEA­
induced T cell activation (FISCHER et al. 1991). 

8 Possible Role of MHC Class II Molecules 
in SA-Induced T Cell Suppression 

It has been reported that in vivo priming of mice with SEB abrogates the 
subsequent SEB in vitro response of V-p8 + CD4 + (RELLAHAN et al. 1990) but not 
of V-p8+CD8+ T cells (KAWABE and OCHI1990) . This might indicate that the CD4 
molecule provides an accessory signal necessary for the generation of T cell 



48 H. O. Sjogren 

anergy and would implicate a role of MHC class II-CD4 interaction in generation 
of this suppression. The mechanism is presumed to be either clonal deletion, 
analogous to that demonstrated in neonatally exposed mice (WHITE et al. 1989), 
or anergy induction. However, several reports suggest that SEB presented 
on MHC class II molecules stimulates T cells with suppressor activity resulting in 
inhibition of: (1) both primary and secondary plaque-forming cell (PFC) 
responses (DONNELLY and ROGERS 1982), (2) cytotoxic T cell activity (LIN et al. 
1986), (3) secretion of antibody by a variety of plasmacytoma cell lines (LIN and 
ROGERS 1986), (4) first-set skin graft rejection responses (KAWAGUCHI- NAGATA 
et al. 1985), and (5) the delayed-type hypersensitivity (DTH) reaction to sheep 
erythrocytes (LIN et al. 1991). By use of 1- J congenic mouse strains as a source of 
suppressor-effector and immune target populations, it has been established that 
the suppressor activity is restricted at the I-J gene locus (TAUS et al. 1990). 
Depletion analysis with anti-I-J mAb suggests that the suppressor-effector cells 
bear the I-J determinant on their surface. The suppression of DTH has been 
shown to be adoptively transferrable by CD5 +, I-J +, CD4 -, CD8 - T cells from 
SEB-treated mice. These results indicate that SEB-induced suppressor T cell 
populations are strikingly similar to previously described Ag-induced suppressor 
cells. At the present time the possible MHC class II involvement in the generation 
of these suppressive effects induced by certain SEs remains unclear. 

9 Conclusions 

T cells can interact directly with soluble SAs in the absence of AC, as revealed by 
a rapid increase in the cytosolic calcium ion concentration, but fail to become 
fully activated to IL-2 production and proliferation. MHC class II is the most 
essential molecule of AC. It allows optimal T cell activation since it alone is 
capable of binding the SA and presenting it unprocessed to the TCR in a form 
usually leading to a full activation of both CD4 + and CD8 + T cells. The role of the 
MHC class II molecule in T cell activation appears to be to enhance CD3 
clustering by providing a multivalent SE and possibly to alter the SE conform­
ation to increase the affinity to the V-fJ of TCR. SAs bind to MHC class II molecules 
on site(s) located outside of the peptide-presenting groove of these molecules. 
Other accessory molecules are of importance in augmenting T cell activation , 
probably by increasing the binding affinity and by cross-linking certain key 
molecules with the TCA. The interaction of SAs with certain AC leading to 
activation of cytokine release from these cells is less well understood but 
appears to be dependent on MHC class II expression on the AC and on T cell­
derived molecules provided at the T cell surface or released from T cells. It has 
not yet been defined whether MHC class II molecules have a role in deciding 
whether the result of a T cell 's intercourse with a SA will be a maintained 
expansion of the responding T cells, will be followed by programmed T cell deat~ 
and selective elimination, or will result in the induction of anergy. 
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Nearly every infectious pathogen has to cope with the host's adaptive immune 
response. Common evasion mechanisms in this complex interaction are 
antigenic variations, the escape to immunologically privileged sites, or the use of 
immunosuppressive mechanisms. Many bacteria and other microorganisms 
elaborate soluble factors or toxins that act suppressively on cells of the immune 
system, such as pore-forming molecules or proteins that interfere with the 
function of G proteins. Gram-positive cocci and a mycoplasma have developed 
an extremely potent mechanism of T cell stimulation by closely mimicking 
recognition of specific antigen. From the functional similarity to antigen 
recognition and the multiclonal activation of T cells, the designation "superanti­
gen" has been suggested for these molecules (WHITE et al. 1989). This review will 
focus on the action of the microbial toxins on human T cells. 

2 Mitogenic Toxins 

Table 1 lists all proteins that have until today reported to be superantigens. Major 
producers are gram-positive cocci but also two distant microorganisms produce 
T cell stimulating proteins that could fall into the superantigen category. The 
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prototypes are the genetically related staphylococcal enterotoxins (SE) that can 
be distinguished by neutralizing antisera. Most of the SE do not cross-react with 
other members of the SE family. The erythrogenic toxins A and C of S. pyogenes 
also belong to this family. 

For an unequivocal demonstration that a given microbial toxin is a 
superantigen which uses the MHC class II-dependent mechanism described 

below, it has to be demonstrated that the isolated protein shares the typical 
characteristics of the SE: 

1. Activity in nanomolar concentrations 
2. Specific binding to MHC class II molecules 
3. Clonal heterogeneity of the T cell response 

It has recently been demonstrated that the staphylococcal protein A is not a T 
cell mitogen but that its T cell stimulatory activity is due to minute contaminations 
by SE. Antibodies to SEA and SEB block specifically the T cell response to protein 
A, and protein A produced in E. coli is not mitogenic (SCHREZENMEIER and 
FLEISCHER 1987). 

Due to the extreme potency of the SE and the streptococcal ET, the 
possibility must always be considered that the superantigenic nature of novel 
staphylococcal or streptococcal proteins could be due to contaminating SE or 
ET. It should be noted in this context that the epidermolytic exfoliative toxins 
(ExFT) have no homologies to the SE family and that MHC class II binding was 
not detected with the ExFT A (HERRMANN et al. 1989). We have not been able to 
detect any mitogenicity with recombinant ExFTA (unpublished observations) . In 
addition, the features of the streptococcal M protein suspiciously resemble that 
of the streptococcal ET (BRAUN et al. 1991). Such contaminations can be 
excluded in the case of the Mycoplasma arthritidis mitogen MAM (ATKIN et al. 

1986) and the Pseudomonas aeruginosa exotoxin A. MAM shares all the 
characteristics of the SE (MATTHES et al. 1988; COLE et al. 1990) and is definitely a 
superantigen. Pseudomonas aeruginosa exotoxin A, an ADP-ribosylating toxin 
that has T lymphocyte stimulating activity (ZEHAVI-WILLNER 1988; MISFELDT 1990), 
has not been studied in sufficient detail to establish its superantigenic character. 
A possible acquisition of such toxins by microorganisms other than gram­
positive cocci can be envisaged because the toxins are encoded by mobile 
genetic elements (see the chapter by LEE and SCHLIEVERT, this volume). 

3 Molecular Mechanism of T Cell Stimulation by SE 

Stimulation of T cells with SE is absolutely dependent on the presence of 
monocytes as "accessory" cells (ACs). Monocytes as ACs can be replaced by 
cells of many different types but only if they express MHC class II molecules 
(FLEISCHER and SCHREZENMEIER 1988; JANEWAyet al. 1989}.ln the presence of MHC 
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class II-negative cells, T cells are unresponsive to SE. That indeed expression of 
MHC class II molecules is the critical property of ACs can be shown by 
transfection: a nonstimulating cell is rendered stimulatory for SE-induced T cell 
activation if transfected with a cloned MHC class II gene (FLEISCHER et al. 1989). 
This requirement for MHC class II molecules is apparently different from the 
MHC-restricted antigen recognition, since any class II-positive ACs can stimulate 
most T cell clones in the presence of most SE. Even murine T cells can respond to 
human class II-positive ACs and vice versa. 

Another indication that the T cell response to SE was unrelated to MHC­
restricted antigen recognition was the finding that CD8+ T cells that usually 
respond to antigen in association with class I molecules also require MHC class II 
molecules for their response to SE (FLEISCHER and SCHREZENMEIER 1988). Similarly, 
y<5TCR+ T cells were found that could also respond to SEA in a class 11-
dependent manner. It is noteworthy that SE are extremely potent inducers of 
cytotoxicity against MHC class II-positive target cells. 

For stimulation of T cells by SE, a binding of the intact toxin molecule to MHC 
class II molecules is required and sufficient. There is no need for processing of 
the toxin because fixed AC stimulate as well as unfixed cells. The toxins bind 
selectively to MHC class II molecules with affinities of 10-6_10 7 M (FISCHER et al. 

1989; FRAZER 1989; MOLLIK et al. 1989), but outside the antigen-binding groove 
(DELLABONNA et al. 1990). Some toxins have different affinities for different 
isotypes and allotypes of class II molecules, indicating that polymorphic parts of 
both IX and {3 chains of class II molecules influence binding to the toxins (HERMAN 
et al. 1990; SCHOLL 1990). Generally, SE bind with higher affinity to human than to 
murine class II molecules (HEf.JMAN et al. 1990). 

In contrast to conventional mitogens, e.g., lectins, a given toxin does not 
stimulate every T cell. For example, at the clonal level, some T cells do not 
respond to SEA but do respond to SEB. Furthermore, different T cell clones 
appear to react with different toxins with variable affinities (FLEISCHER et al. 1991) . 
In spite of the requirement for class II molecules in T cell stimulation, there is 
evidence that SE interact with the T cell receptor (TCR) directly, i.e. , in the 
absence of class II molecules. This interaction is of low activity and is insufficient 
to generate a full response of the T cell. However, second messenger production, 
a rise in cytosolic Ca2+ and other evidence for direct action on the T cell can be 
detected (CHATILA et al. 1988; FLEISCHER et al. 1989, 1991). 

Based on our own results, we proposed , in 1987 (FLEISCHER and 
SCHREZENMEIER 1987,1988; MATTHES et al. 1988), that SE are functionally bivalent 
molecules binding to MHC class II molecules and to variable parts of TCR 
molecules present on 1X{3 and y<5 T cells. Similar but in details differing models have 
been developed by other groups (MARRACK and KAPPLER 1990; JANEWAY et al. 

1989). 
Such a model would predict that the interaction sites for TCR and class II 

molecules should be distinguishable. A recent report supports this notion. After 
reduction and alkylation of the disulfide loop, SEA and SEB still interact with 
class II molecules but fail to stimulate T cells (GROSSMAN et al. 1990). Thus, class II 
and TCR binding activities can be dissociated. 
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4 Basis of Clonal Heterogeneity 

Stimulation of murine or human T cells with a given toxin in vitro leads to selective 
expansion of T cells carrying certain V p (WHITE et al. 1989; JANEWAY et al. 1989). In 
cultures of murine spleen cells stimulation with, e.g., SEB leads to enrichment of 
Vp8+ T cells. Injection of SEB into neonatal mice leads to intrathymic deletion of 
V p8-bearing thymocytes (WHITE et al. 1989). A similar preference was reported by 
RUST et al. (1990) for the response of y<5+ T cells; here, a response to SEA was 
found only with T cell clones bearing Vy9. That indeed the response to a given 
toxin can be critically dependent on the V(3 was shown by CHOI et al. (1990). The 
introduction of eight amino acids of the human Vp13.2 into the human Vp13.1 
was sufficient to confer SEC 2 reactivity to a T cell hybridoma. These amino 
acids are located at a site of V p probably not involved in peptide antigen re­
cognition. 

However, a given V p does not confer specificity for a given toxin. Stimulation 
of human T cells with, e.g., the ETs of S. pyogenes leads to a preferential 
expansion of V p8 + T cells and depletion of V p5 + T cells (FLEISCHER et al. 1991). If, 
however, cloned T cells carrying V (35 or V p8 were investigated it was found that 
V (35 + T cells could respond to the ETs, although these T cells were depleted from 
bulk cultures after stimulation with these toxins. A likely explanation is that 
different TCRs bind to these toxins with different affinities and that T cells with the 
highest affinity for a given toxin are preferentially expanded. Apparently, the 
toxins are not specific for but rather show a preferential reactivity with certain 
TCRs. This notion is supported by the finding that more than 50% of human T 
cells react with a given toxin (FLEISCHER et al. 1991). An exception is the mitogen 
derived from M. arthritidis that only stimulates less than 5% of human T cells 
(MATTHES et al. 1988; FLEISCHER et al. 1991). 

The structural requirements for the toxins are still unclear. Apparently, the 
interactions with class II molecules or TCRs are not mediated by linear parts of 
the molecule, because even large fragments fail to stimulate (FRAZER 1989). 
Deletion mutants of SEBshow loss of mitogenic activity already after deletion of 
a few N-terminal or C-terminal amino acids far from the homologous parts of the 
different toxins (METZROTH et al. 1991). This indicates that a proper three-dimen­
sional structure is required for activity. 

Apparently, minor changes in the amino acid sequence of a toxin change its 
reactivity with the T cell. SEA and SEE have the highest homology (nearly 90%) 
among all toxins (COUCH et al. 1988) but can easily be distinguished by V (38 T cells 
(FLEISCHER et al. 1991). Nonetheless, the overall mechanism of T cell activation is 
very similar even with very unrelated molecules such as toxic shock syndrome 
toxin-1 (TSST -1) and the SE. 

TSST -1 has only a few regions of homology with the SE, confined to spots of 
one or two amino acids. Such amino acids are possible markers for functionally 
important regions of the molecules. It is noteworthy that a mutation in amino acid 
144, which is conserved between the SE, ET, and TSST -1, leads to both a loss of 
function and of immune reactivity with a monoclonal antibody (BLANCO et al. 
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1990). Thus, SE and related toxins act as intact three-dimensionally folded 
proteins cross-linking with distinct regions of the toxin molecule, TCR and MHC 
class II. 

This cross-linking of the TCR, however, is not sufficient for T cell activation 
per se. Additional prerequisites are adhesions via CD2 and Iymphocyte-function­
associated antigen-1 (LFA-1) between T cells and ACs. Interestingly, because 
antibodies to CD2 or LFA-1 must be added together to inhibit completely 
(MITTROCKER et al. 1991). On CD8 + T cells the response is not inhibitable by anti­
CD8 antibodies even at higher concentrations. In contrast, some but not all 
CD4 + T cell clones can be inhibited to some extent by anti-CD4 (FLEISCHER et al. 
1989). Apparently, the CD4 and CD8 molecules are not essential coreceptors in 
the response to SE. 

Furthermore, there is evidence for a clone-specific interaction between T cell 
and stimulator cell in the activation by the toxins. A given combination of T cell, 
AC, and toxin can be nonstimulatory although the same T cell can respond to the 
same toxin on another AC and although the same AC can present the same toxin 
to another T cell (FLEISCHER and MITTROCKER 1991). This indicates that in the 
complex formed between TCR, toxin, and class II molecule an interaction 
between TCRs and class II molecules takes place. 

5 Enterotoxic Activity of SE 

The SE are known and named for their ability to induce a gastrointestinal illness 
within 2-4 h after oral uptake of a few micrograms of toxin. The symptoms of the 
gastrointestinal intoxication are apparently caused by histamine and leuko­
trienes released from mast cells in the mucosa (SCHEUBER et al. 1985). Intradermal 
injection of SEB causes a skin reaction of anaphylactic type within a few minutes. 
This dermal reaction is caused by the same mediators and mechanisms as the 
enteric reaction. Both reactions are inducible only in primates, whereas 
mitogenicity is found in a wider range of species (SCHEUBER et al. 1985). The 
stimulation of mast cells in these reactions is indirect, probably mediated by 
substance P. SE probably act on intramucosal sensory ganglial cells that release 
neuropeptides in response to SE, because either antibodies to substance P or 
capsaicin pretreatment block the response to SEB (ALBER et al. 1989). 

It thus appears that the enteropathogenic activity of SE is not caused by an 
action on T cells. This notion is supported by the finding that SEB carboxylmethy­
lated on histidine residues completely loses its emetic activity but is still as 
mitogenic as the unmodified toxins (ALBER et al. 1990). Furthermore, a mono­
clonal anti-idiotypic antibody against the combining site of a neutralizing 
anti-SEB antibody blocks the enteric and skin response to a more than 10 000-
fold molar excess of SEB in monkeys (RECK et al. 1988). This indicates a high­
affinity binding to the putative SEB receptor in the skin and the gastric mucosa. 
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The anti-idiotype has no agonistic activity in the skin or in the gut. This antibody 
binds to T cells with very low affinity and is mitogenic for T cells similar to an anti­
TCR antibody (ALBER et al. 1990). Taken together this indicates that SEB may 
recognize a related but not identical receptor structure on T cells and , possibly, 
neuronal cells in primates. 

6 Mechanisms of Pathogenicity 

Given the extremely low concentration (pg/ml) required for T cell stimulation and 
the large amounts of toxin secreted by these bacteria into the culture medium in 
vitro, it is clear that a small focus of bacterial infection can be sufficient to flood 
the immune system with toxin. 

Introduction of a mitogenic toxin into the body may have a number of 
consequences. Polyclonal T cell stimulation can lead to immunosuppression 
because stimulation of many T cells will impede a coordinate immune response 
that requires specific cell-cell interactions. Most importantly, a toxin can induce 
anergy in those T cells responding to it (RELLAHAN et al. 1990; KAWABE and OCHI 
1990). After injection of SEB into mice, Vp8+ T cells are still present in the 
circulation but no longer respond to SEB or to anti-TCR antibodies. The 
response of other non-SEB-reactive T cells is not affected. In addition, activated 
CD8+ T cells could destroy antigen presenting cells (APC) or B cells that have 
bound toxin molecules via their MHC class II antigens. 

The shock-like symptoms induced by many of these toxins are caused by 
massive release of Iymphokines and monokines. Similar symptoms are observed 
after the first injection of stimulating anti-CD3 antibodies in patients requiring 
immunosuppressive therapy. The mediator release from mast cells is likely to 
contribute to these conditions. Finally, these toxins could induce immunopath­
ological phenomena. Autoreactive T cells could be nonspecifically activated or 
irrelevant T cells could be focused on autoreactive B cells and induce 
autoantibody production. It is noteworthy in this context that for the streptoc­
occal toxins an association with rheumatic fever has been suggested (Yu and 
FERRETTI 1989). 

7 Concluding Remarks 

The toxins described in this review constitute the most efficient T cell stimulators 
known. Conceivably, immunosuppression, destruction of APC, and T cell anergy 
will be of major advantage to the infecting microorganisms. The finding that the 
toxins derived from S. aureus and S. pyogenes (bacteria found only in humans) 
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stimulate human T cells more efficiently than murine T cells, whereas the 
opposite is true for the mitogen derived from M. arthritidis (a natural pathogen 
for rodents) suggests that these molecules have been adapted in evolution to the 
MHC and TCR molecules of the natural host. The finding that: (a) only certain 
TCRs are addressed by a given toxin via variable parts and (b) not all T celts are 
addressed via a constant part of .the TCR reduces the in vivo efficacy of the 
toxins. However, this strategy prevents the induction of cross-reacting neutraliz­
ing antibodies. Thus, the molecules of the enterotoxin family show a maximum of 
biological efficacy combined with a minimum of immunological cross-reactivity. 
This feature is the reason for the conservation of their polymorphism during 
evolution. 

Note. Since completion of this manuscript several groups reported that the 
endogenous superantigens present in certain strains of mice are encoded by 
endogenous retroviruses (JANEWAY, CA, Nature 349, 459, 1991). Thus these 
endogenous T cell stimulating determinants are derived from infectious 
pathogens similar to the exogenous superantigens of S. aureus, S. pyogenes, 
and M. arthritidis. Apparently, Mis and other retroviral superantigens are not 
conserved by certain murine strains to convey protection against autoimmune 
diseases or microbial toxins. Instead all these molecules are part of a strategy of 
infectious agents used to suppress the immune response by clonal deletion or 
anergy. 
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1 Introduction 

Toxic shock syndrome (TSS) is a severe multisystem disorder characterized by 
high fever, hypotension , generalized erythroderma, desquamation of the skin, 
and dysfunction of multiple organ systems (CHESNEY 1989; DAVIS et al. 1980; TODD 
etal. 1978). TSS is consistently associated with infection by toxigenic strains of 
Staphylococcus aureus, most commonly in the setting of tampon use during 
menses or following surgery or trauma. Exotoxins secreted by staphylococcal 
isolates from patients with TSS, most notably toxic shock syndrome toxin-1 
(TSST -1), but also the structurally related staphylococcal enterotoxins, playa 
key role in the pathophysiology of this disease. It has been recently appreciated 
that the toxicity of TSST-1 stems from its ability to initiate uncontrolled activation 
of large numbers of immune cells by virtue of its capacity to bind MHC class II (Ia) 
molecules (SCHOLL et al. 1989a; UCHIYAMA et al. 1989a). Once bound to la 
molecules, TSST-1 can transmit activation signals to la + immune cells including 
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monocytes, B lymphocytes, activated T lymphocytes, and activated natural killer 
cells. At the same time, la-bound TSST-1 acts as a superantigen that interacts 
with and activates human T lymphocytes whose T cell receptor f3 chains bear a 
particular variable (V) gene sequence, V p2 (CHOI et al. 1989). In this review, we will 
focus on the characteristics of the interaction between TSST -1 and la molecules 
and on the functional consequences of superantigen formation, including Vp­
restricted activation of T lymphocytes and superantigen-mediated cognate T/B 
cell interaction. We will also examine evidence for the induction by TSST-1 of 
transmembrane signals via la molecules that regulate intercellular adhesion 
interactions mediated by lymphocyte function-associated molecule 1 (LFA-1; 
CD11 a/CD18), T and B lymphocyte activation, and mono kine gene transcription. 
Finally, we will discuss the relevance of the interaction of TSST-1 with la 
molecules to the pathophysiology of TSS. 

2 Role of TSST·1 and Related Exotoxins in TSS 

Unlike randomly tested staphylococcal isolates, the overwhelming majority of 
staphylococcal isolates from patients with TSS are toxigenic (BERGDOLL et al. 
1981 ; BONVENTRE et al. 1989; CRASS and BERGDOLL 1986; SCHLIEVERT et al. 1981). 
Almost all staphylococcal isolates from menstruation-associated toxic shock 
syndrome patients and half of the isolates from nonmenstrual toxic shock 
syndrome patients express TSST -1 alone or, more commonly, in combination 
with one or more of the staphylococcal enterotoxins (CRASS and BERGDOLL 1986). 
The majority of TSST -1 negative isolates express one or more of the staphy­
lococcal enterotoxins, particularly staphylococcal enterotoxin B (SEB) (CRASS 
and BERGDOLL 1986; PARSON NET etal. 1986; SCHLIEVERT 1986). The critical role 
played by TSST -1 in the genesis of TSS has been established by studies 
demonstrating that TSST -1-positive strains of Staphylococcus aureus produce a 
TSS-like illness in rabbits, while isogenic TSST-1- negative strains fail to do so (DE 
AZAVEDO et al. 1985; RASHEED et al. 1985). Passive immunization with a neutraliz­
ing anti-TSST -1 monoclonal antibody protects rabbits from otherwise lethal 
infection with TSST-1 producing strains of staphylococci (BEST etal. 1988). 
Further evidence incriminating TSST-1 in the pathogenesis of TSS came from the 
demonstration that constant infusion of purified TSST-1 in rabbits also produces 
a TSS-like illness (PARSONNET et al. 1987) and that rabbits can be protected 
against this illness by passive immunization with the same neutralizing anti­
TSST-1 monoclonal antibody (BONVENTRE et al. 1988). Interestingly, infusion of 
staphylococcal entertoxins induces a TSS-like illness in rabbits indistinguishable 
from that following TSST -1 infusion (PARSONNET et al. 1987). This supported a 
role for staphylococcal enterotoxins in the pathogenesis of TSS, especially in 
cases associated with enterotoxin-producing but TSST -1-nonproducing strains 
of staphylococci. 
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The susceptibility to TSS seems to correlate with poor antibody response to 
TSST -1 and to enterotoxins (CRASS and BERGDOLL 1986). Thus, while the majority 
of healthy individuals have protective titers of antibodies against TSST-1, more 
than 80% of patients with TSS display no detectable levels of anti-TSST-1 
antibodies when examined during the acute phase of the disease. Furthermore, 
most TSS patients fail to develop protective titers of anti-TSST -1 antibodies 
following convalescence. A similar trend was observed when examining titers of 
anti-enterotoxin antibodies. This suggested that most patients with TSS may 
either have an immunodeficiency that impairs their ability to mount a humoral 
immune response to TSST-1 and staphylococcal enterotoxins or that the toxins 
inhibit the generation of an antigen-specific antibody response (see below). 

3 Activation of the Immune System by TSST-1 

TSST -1 does not exert direct toxic effects on the vast majority of tissues tested , 
even at very high concentrations (PARSONNET 1989). Rather, induction of TSS by 
TSST -1 may result from massive and unregulated stimulation of the immune 
system. In vitro tests reveal TSST -1 to be a powerful activator of lymphocytes and 
monocytes. TSST -1 is a potent inducer of interleukin-1 (IL -1) (IKEJIMA et al. 1984; 
PARSONNET et al. 1985, 1986) and tumor necrosis factor (TNF) (FAST et al. 1989; 
JUPIN etal. 1988; PARSONNET and GILLIS 1988) production in human monocytes, 
more potent on a molar basis than lipopolysaccharides (LPS). TSST -1 is also a T 
cell mitogen (CALVANO et al. 1984), and it induces the production of myriad T cell 
Iymphokines including (IL-2) (CHATILA, et al. 1988; MICUSAN et al. 1986; UCHIYAMA 
et al. 1986), interferon-y, Iymphotoxin (TNFfJ) (JUPIN et al. 1988), and colony 
stimulating factors (GALELLI et al. 1989). Administration of large quantities of 
monokines, Iymphokines, or polyclonal activators of T lymphocytes to experi­
mental animals or human subjects results in a shock state analogous to that 
observed with TSST-1. For example, infusion of IL-1 and TNF into rabbits 
reproduces the hemodynamic effects of TSST -1 infusion (IKEJIMA et al. 1989). 
Also, the toxicity of IL-2, administered in large quantities during treatment of 
cancer patients, (ROSENBERG et al. 1988) and of monoclonal antibodies directed 
against the T cell receptor-associated CD3 complex, administered to transplant 
recipients (CHATENOUD et al. 1990), is similar in many respects to the disturbances 
observed in patients suffering from TSS. These studies raised the possibility that 
the toxicity of TSST -1 is intimately related to its potent activation of immune 

cells. 
The notion that the immunostimulatory effects of TSST-1 play an important 

role in the pathogenesis of TSST -1 is supported by evidence of severe 
histopathologic changes in the lymphoid tissues of patients with fatal TSS (PARIS 
et al. 1982). Lymph nodes display marked histiocytosis and hemophagocytosis in 
the interfollicular areas. This is frequently associated with intrafollicular or 
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follicular lymphoid hyperplasia. Lymphoid hyperplasia is also manifest in the 
gastrointestinal tract, while the spleen demonstrates sinus histiocytosis and 
lymphoid depletion. In addition, lymphocytic infiltrates are manifest in the 
periportal areas of the liver and around small vessels in the skin. These findings 
are mirrored in rabbits inoculated with toxigenic strains of Staphylococcus 
aureus or given a constant infusion of purified T88T-1 (DE AZAVEDO et al. 1985; 
PARSONNET etal. 1987; RASHEED etal. 1985). 

Direct proof for an obligatory role for immune cell activation in the 
pathogenesis of T88 has been provided by studies using immunosuppressive 
agents. In one study, concurrent administration of steroids together with purified 
T88T-1 aborted the emergence of a T88-like illness and prevented death in four 
out of four rabbits tested (PARSONNET et al. 1987). In contrast, four of four rabbits 
receiving T88T-1 and saline died of a T88-like illness. In another study, a murine 
model was developed to study the toxicity of 8EB, which has also been implicated 
in T88 (MARRACK et al. 1990). It was demonstrated that inhibition of T lymphocyte 
activation with cyclosporine greatly attenuated the morbidity and mortality 
resulting from 8EB injection in these mice. 

Our understanding of the mechanism of action of T88T -1 in stimulating the 
immune system has been greatly clarified with the discovery that la molecules 
serve as receptors for T88T -1 (8CHOll et al. 1989a; UCHIYAMA et al. 1989a) and 
that la-bound T88T-1 behaves as a superantigen that can stimulate large 
numbers of T cells in a V p2-specific manner (CHOI et al. 1989). T88T-1 can also act 
via la molecules to deliver growth-promoting signals to lymphocytes and to 
induce the production of IL-1 and TNF in monocytes. The binding of T88T-1 to la 
molecules is a property that is shared by all T88-associated staphylococcal 
enterotoxi ns (FISCHER et al. 1989; FRASER 1989; MOlLiCK et al. 1989). These toxi ns 
also behave as superantigens that activate large populations of T lymphocytes 
bearing distinct Vp products (CHOI et al. 1989; KAPPLER et al. 1989). Remarkably, 
streptococcal pyrogenic toxin A, which is related to the staphylococcal exotoxins 
and which has been implicated in causing a T88-like illness (CONE et al. 1987), 
has also been demonstrated to bind to la molecules and to act as a superantigen 
(IMANISHI et al. 1990). These observations widen the scope of T88 to encompass a 
group of diseases with similar pathophysiology and clinical manifestations 
which are caused by la-binding, superantigenic, bacterial toxins. 

3.1 Binding of T55T -1 to la Molecules 

Evidence for the binding of staphylococcal exotoxins to la molecules was first 
provided by the demonstration that the mitogenic effect of these toxins is strictly 
dependent on the presence of la + accessory cells in culture, yet, unlike the case 
with nominal antigens, the exotoxins did not require intracellular processing 
(FLEISCHER and 8CHREZENMEIER 1988). In the case of T88T -1, several lines of 
evidence were gathered indicating that this toxin binds to la molecules. First, 
T88T -1 was found to be mitogenic for peripheral blood mononuclear cells 
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isolated from normal subjects but not from la-deficient patients, demonstrating a 
requirement for la + accessory cells for TSST -1 mitogenicity similar to what was 
found for staphylococcal enterotoxins. TSST-1 was found to bind with high 
affinity (Kd50 ranging from 1.? x 10 -8 to 4.3 x 10 -8) to la + but not la - human cell 
lines. The number of TSST -1 binding sites per cell correlated well with la surface 
density as measured by flow cytometry. Cultured human fibroblasts, which do 
not constitutively express la molecules, failed to bind TSST -1. Induction of la 
expression on fibroblasts by treatment with interferon-y was associated with the 
appearance of TSST -1 binding sites. Binding of TSST -1 to la + cells was inhibited 
by monoclonal antibodies recognizing monomorphic determinants on la 
molecules. Conclusive evidence for the binding of TSST-1 to la molecules was 
obtained by demonstrating that purified la molecules, but not MHC class I 
molecules, bind 12sl-labeled TSST -1 (SCHOLL and GEHA, manuscript in 
preparation) . 

TSST -1 can bind to la molecules of diverse isotypic and allotypic 
specificities. Our studies with L cells transfected with cDNAs coding for IX and {3 
chains of different la isotypes (DP, DO, or DR) demonstrated that TSST -1 binds 
equally well and with high affinity to HLA-DR and DO molecules (SCHOLL et al. 
1990a). No detectable binding could be demonstrated for HLA-DP. However, 
murine L cells transfected with HLA-DP supported the proliferation of T cells in 
response to TSST-1 , suggesting that TSST-1 does indeed bind to HLA-DP 
molecules but with a much lower affinity than that observed for HLA-DR or DO 
molecules. These results are similar to what has been found for other 
staphylococcal and streptococcal superantigens, which demonstrate an affinity 
pattern for la isotypes similar to what is noted for TSST -1 (MARRACK and KAPPLER 
1990). Studies on 14 different HLA-DR, 2 HLA-DO, and 2 HLA-DP alleles 
demonstrated no significant difference between alleles of the same isotype in 
their affinity of binding to TSST-1. Also, all alleles tested were similar in their 
capacity to support the proliferation of human T lymphocytes in response to 
TSST -1. These results suggested that la polymorphism would play an important 
role in determining the response of immune cells of different individuals to TSST-
1 and, consequently, the susceptibility of these individuals to TSST -1 - mediated 
diseases. However, a different conclusion was reached in a study by Herman 
etal. (HERMAN etal. 1990). These authors used IL-2 production by a TSST-1-
responsive murine V p3 clone as a readout system to study the influence of 
isotypic and allotypic specificities of la molecules on the activation of T 
lymphocytes by TSST -1. Strong differences emerged in the abiliy of different 
HLA-DR allotypes to present TSST-1 to this clone. HLA-DR1 provided the best 
response, while HLA- DR6, DR?, and DRw53 failed to present TSST-1. This 
directly contrasts with the results obtained by SCHOLL et al. (1990a) in which for 
example, DR1 and DR? were equally efficacious in presenting TSST -1 to human 
T lymphocytes. The discrepancy between the two sets of results is likely to reside 
in the better capacity of human TCR molecules, as compared to murine TCR 
molecules, to recognize TSST-1 in complex with different alleles of human la 
molecules. 
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In addition to binding to human la molecules, TSST -1 has also been 
demonstrated to bind to murine la molecules (SCHOLL et al. 1990b; UCHIYAMA et al. 
1989b). However, unlike the case with human la molecules, the binding of TSST-1 
to murine la molecules is governed by both isotypic and allotypic specificities. Of 
the two murine la isotypes, TSST-1 binds well to I-A but not to I-E molecules. 
Within I-A, allelic differences in binding to TSST-1 have been observed. Thus, 
TSST-1 binds well to 1- Ab and to I_Ad but only weakly to I-Ak. The characteristics of 
TSST-1 binding to murine la molecules differed from those observed for other 
staphylococcal exotoxins such as SEA or SEB. For example, I-E molecules can 
support the proliferation of human T cells in response to SEA (FLEISCHER et al. 
1989). These results suggest that there exist important differences between the 
various superantigens in their ability to bind murine la molecules. 

Superantigens bind to a site on la molecules outside of the antigen groove. 
Extensive mutations of la 1X1 residues that form one face of the antigen groove fail 
to affect the presentation of superantigens to T cells (DELLABONA et al. 1990). In 
contrast, the same mutations drastically affect the ability of la molecules to 
present nominal antigen to T cells. A similar conclusion was reached in another 
study on the binding of TSST -1 to la molecules, which failed to document an 
effect of TSST -1 on the binding of antigenic peptides to la molecules (KARP et al. 
1990). The same study took advantage of the disparity in the affinity of binding of 
TSST-1 to HLA-DR vs HLA-DP molecules to map the binding site of TSST-1 on la 
molecules. A series of chimeric HLA DR/HLA DP molecules were generated and 
expressed in L cells, in which part of the sequence of either the IX or the {3 chain 
was substituted by the corresponding sequence of the heterologous isotype. 
Thus, DR IX chains that were paired with DR/DP {3 chains bound 1251_ labeled 
TSST -1, whereas DP IX chains that were paired with DP/DR {3 chains did not. This 
suggested that it is the IX chain that determines the efficacy of binding of TSST-1 
to la molecules. Furthermore, substituting the 1X2 domain of HLA-DR IX chain with 
that of HLA-DP did not diminish the binding of TSST -1, indicating that it is the 1X1 
domain that is critical for binding of TSST -1 to la molecules. Another approach 
for mapping the binding site of TSST -1 to la molecules took advantage of the 
binding of TSST-1 to HLA-DR molecules but not to the highly homologous 
murine I-E molecules. L cell transfectants expressing hybrid DRIX:I-E{3, but not 1-
EIX- DR1 {3 molecules, could bind 1251-labeled TSST-1 (SCHOLL et al. 1990b). This 
suggested that it is the IX chain specificity that is critical for the binding of TSST-1 
to la molecules, in agreement with the results obtained using HLA-DR/DP hybrid 
molecules. 

Different superantigens may bind to different sites on la molecules (SCHOLL 
etal. 1989b). This has been most clearly demonstrated for TSST-1 and SEB. 
Neither toxin is capable of displacing the binding of the other toxin to B cell lines 
or to L cells transfected with la molecules. The capacity of murine I-E molecules 
to support SEA-but not TSST -1-induced mitogenesis also argues for strong 
differences between TSST-1 and other toxins in their binding to la molecules. 

The sites within TSST -1 responsible for binding to la molecules have not yet 
been mapped; however, there are clues as to their location. TSST -1 is a 22 kDa 
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protein composed of 194 amino acids (BLOMSTER-HAUTAMAA et al. 1986a). 
Previous studies using cyanogen bromide-generated fragments revealed that 
monoclonal antibodies that inhibited toxin-induced T cell proliferation reacted 
with a 14-15 kOa internal fragment (BLOMSTER-HAUTAMAA et al. 1986b; KOKAN­
MOORE and BERGDOLL 1989). Further studies identified one epitope, a ten amino 
acid stretch spanning residues 34- 43, that is recognized by a neutralizing 
monoclonal antibody (MURPHY et al. 1988). Additional information was provided 
by studies on toxin fragments generated using the protease papain. Biological 
activity, as assayed by mitogenicity and by reactivity to neutralizing anti-T88T-1 
monoclonal antibodies, was maintained in a 12 kOa peptide spanning residues 
88- 194 of the toxin (EDWIN et al. 1988). It is reasonable to assume that this stretch 
contains both the la binding site and the site interacting with Vii residues on the T 
cell receptor and that additional site(s) at the N-terminal region of the molecule 
may regulate the conformation of the molecule and provide sites for some 
neutralizing antibodies. 8tudies with overlapping peptides spanning the entire 
T88T -1 sequence at 20 amino acid stretches at a time have demonstrated that 
no one peptide can either inhibit or mimic the binding of T88T -1 to la molecules 
(RAMESH and GEHA, unpublished observations). This suggested that the la 
binding site may be formed by a complex three- dimensional epitope not 
reproduced by any of the studied peptides. 

3.2 Functional Consequences of Toxin/la Interaction 

The binding of T88T-1 to la molecules initiates the activation of diverse immune 
cells including T and B lymphocytes, monocytes, and natural killer (NK) cells. 
Two major mechanisms account for the activation of immune cells by T88T-1 . 
The first mechanism accounts for the activation of T lymphocytes by T88T -1 and 
involves the engagement of the Vp component of the T cell receptor by toxin/ la 
complexes resulting in T cell activation and proliferation. The second mechan­
ism involves the transduction via la molecules of signals that result in the 
activation of la + immune cells including B lymphocytes, monocytes, activated 
NK cells, and activated T lymphocytes. 

3.2.1 Activation of T Lymphocytes 

The mitogenic effect of T88T -1 is strictly dependent on the presence of la + 

accessory cells. Radioligand binding assays fail to demonstrate binding of 
T88T-1 to la- T lymphocytes. Also, unlike the case of mitogenic anti-T cell 
receptor antibodies, T88T-1 is not mitogenic when cross-linked on plastic and 
presented to T lymphocytes in the presence of IL-2. Interestingly, purified la 
molecules cross-linked on plastic can support the proliferation of T lymphocytes 
in response to T88T-1 and IL-2 (8CHOLL and GEHA, manuscript in preparation) . 
These results indicate that a specific high-affinity interaction between T88T-1 
and T cell receptor molecules first requires the binding of T88T -1 to la molecules. 
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In the presence of la + accessory cells, TSST -1 induces the proliferative of T cells 
and the production of large quantities of Iymphokines. However, not all T cells in 
culture respond to TSST -1 . The uneven proliferative responses of different T cells 
to TSST-1 can be readily demonstrated using T cell clones, some of which 
respond vigorously to TSST -1 while others fail to do so. The clonal variability 
between T cells in their mitogenic response to TSST-1 and other superantigens 
has been determined to be governed by the Vp specificity of the responding T 
lymphocytes. In the case of TSST -1, only those lymphocytes expressing V p2 
proliferate in response to TSST -1. This has been demonstrated to be true both in 
vitro, where treatment of peripheral blood mononuclear cells with TSST -1 results 
in the selective expansion of Vp2-expressing T cells, and in vivo, where patients 
with TSS demonstrate massive expansion of their V p2 + T lymphocyte population 
(CHOI etal. 1990b). TSST-1 can also activate murine T cells in a Vp-restricted 
manner (MARRACK and KAPPLER 1990). Murine T lymphocytes activated by TSST-
1 include those bearing Vp3, Vp15 , and Vp17 products. 

The molecular interactions governing the recognition of TSST -1 Iia complexes 
by Vp2-compatible T cell receptor molecules have not been specifically 
addressed. They may, however, be similar to what has been described for 
another staphylococcal enterotoxin, staphylococcal enterotoxin C2 (SEC2) 
(CHOI et al. 1990a). SEC2/1a complexes were recognized by chimeric murine T cell 
receptor molecules bearing human V Ii 13.2, but not V Ii 13.1, product. This 
confirmed the permissive role of the T cell receptor a chain in the interaction of 
the f3 chain with toxinlla complexes. Further studies identified the V p specificity of 
this toxin to be governed by a single stretch of eight amino-acids facing away 
from the peptide antigenlla binding site and found in V Ii 13.2 but not in V p 13.1. The 
interaction between TSST-1 and the T cell receptor f3 chain is contributed to by 
an additional interaction between the T cell receptor and la molecules. This is 
supported by findings discussed in the previous section and demonstrating that 
TSST -1 , bound by the same DR allele, e.g., DR7, is recognized by human but not 
by murine Vp-compatible T lymphocytes. The site on TSST-1 recognized by the T 
cell receptor is not known, but it clearly localizes to the distal two-thirds of the 
molecule, as this portion of TSST -1 is fully mitogenic. The inability to demonstrate 
an interaction between the T cell receptor and TSST -1 in the absence of la 
molecules suggests that the epitope on TSST -1 recognized by the T cell receptor 
results from a conformational change in the toxin molecule that takes place 
upon its binding to la molecules. 

la-bound TSST-1 activates both CD4 + and CD8+ T lymphocytes (CALVANO 
et al. 1984), in marked distinction to la-bound nominal antigens which activate 
CD4 + cells only. The role of CD4 in the interaction of TSST -1 Iia complex with T 
cell receptor molecules was examined using CD4 - murine T cell hybrid om as. 
Induction of CD4 expression by transfection with retroviral vectors containing 
CD4 cDNA did not affect the proliferative response of the majority of these 
hybrid om as to TSST-1 or ot other bacterial superantigens, indicating that CD4 is 
not required for the interaction between TSST -1 Iia complexes and T cell receptor 
molecules. This may reflect the high-affinity nature of TSST -1 Ila/TCR interaction, 
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as CD4 expression is required in cases of low-affinity, but not high-affinity, 
interactions between nominal antigen la complexes and TCR molecules 
(MARRACK et al. 1983). 

Engagement of Vp2 by TSST-1/la complexes results in the initiation of early 
activation events similar to those observed upon engagement of the T cell 
receptor with nominal antigen/la complexes or with anti-T cell receptor 
antibodies (CHATILA et al. 1988; NORTON et al. 1990). These include the activation 
of T cell receptor-coupled phospholipase C. This enzyme hydrolyzes membrane 
phosphoinositides to generate second messengers such as diacylglycerol, 
which activates protein kinase C, and inositol phosphates, which effect a rise in 
the free intracellular Ca + 2 concentration. These early activation events are 
thought to mediate both the induction of Iymphokine and Iymphokine receptor 
gene expression and the progression of T cells through the cell cycle. 

la molecules expressed on TSST -1-activated T lymphocytes can initiate 
further cycles of T cell activation and proliferation by presenting TSST-1 to T cell 
receptor molecules. This has been demonstrated using la + T cell clones bearing 
the appropriate Vp product, which proliferate vigorously in response to TSST-1 in 
the absence of any added accessory cells (SPERTINI et al. 1991). TSST -1 can be 
presented to T cell receptor molecules by la molecules found on the same 
lymphocyte (cis presentation) or by la molecules present on other T lymphocytes 
(trans presentation) . The induction by TSST-1 of sustained Ca + 2 mobilization in 
these lymphocytes within seconds after its addition despite constant stirring 
suggests that cis presentation may be the dominant mechanism involved. 

Recently, we have elucidated another mechanism that can help perpetuate 
the activation of T lymphocytes by TSST -1 . This involves the delivery of trophic 
signals via la molecules that are expressed on activated T lymphocytes and 
which results in the activation and proliferation of these lymphocytes in a Vp 
unrestricted manner (SPERTINI et al. 1991). This has been demonstrated using la + 
T cell clones bearing a mismatched Vp product. Unlike the Vp-matched T cell 
clones, the mismatched clones fail to proliferate in response to TSST -1 in the 
absence of accessory cells. However, they proliferate vigorously in response to 
TSST-1 in the presence of either la+ or la - accessory cells, suggesting that the 
activation signal is delivered via la molecules on T lymphocytes and requires an 
la-independent accessory cell signal. Further evidence for this scheme has been 
obtained using T cell clones derived from la - deficient patients and lacking any 
detectable surface expression of la molecules. Unlike la + T cell clones, la ­
clones proliferate to TSST-1 only in a Vp-restricted manner. This indicated that 
the proliferation of la - clones can only be achieved by cognate interaction 
between la/toxin molecules on accessory cells and Vp2+ T cell receptor 
molecules on T lymphocytes. 

3.2.2 Activation of B Lymphocytes 

B lymphocytes express la molecules throughout much of their development and 
differentiation and are thus targets of TSST-1 binding and action. Postmortem 
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studies on lymph nodes of patients with fatal TSS revealed evidence of both 
follicular and intrafollicular hyperplasia, suggesting in vivo activation and 
proliferation of follicular B lymphocytes. In vitro studies reveal that by itself TSST-1 
does not cause the proliferation of B lymphocytes or their differentiation into 
immunoglobulin (Ig)-producing cells. However, in the presence of T lymph­
ocytes, TSST-1 induces intense proliferation of B lymphocytes and promotes 
their differentiation into Ig-secreting lymphocytes (MOURAD et al. 1989). TSST -1-
inducing Ig production is critically dependent on the presence of an optimal load 
of T lymphocytes in culture with B Iymphocyte.s, estimated at a 1 :20 ratio of T to B 
lymphocytes. Interestingly, this ratio corresponds to the ratio of T to B 
lymphocytes normally found in lymph node follicles (HEINEN et al. 1988). Higher T 
lymphocyte loads result in a progressive decline in TSST-1-induced Ig produc­
tion. This may help explain the observation that TSST -1 inhibits both sponta­
neous and pokeweed mitogen- induced Ig production in unfractionated 
peripheral blood mononuclear cells. It is possible that inhibitory T IB cell 
interactions dominate at higher T cell loads. Alternatively, massive activation of 
iarge numbers of T lymphocytes by TSST-1 may result in the attainment of a 
critical concentration of cytokine(s) inhibitory for TSST -1-triggered Ig 
production. 

The mechanism by which TSST -1 induces T lymphocyte-dependent B 
lymphocyte proliferation and Ig production resides in its capacity to mediate 
cognate interaction between B lymphocytes and T lymphocytes. This interaction 
mimics the interaction between antigen presenting B lymphocytes and antigen 
responding T lymphocytes in its requirement for the participation of la molecules, 
T cell receptor/CD3 complexes, and adhesion molecules, especially LFA-1 and 
its counter receptors. TSST-1 does not require the participation of CD4 
molecules in its mediation of cognate interaction between T and B lymphocytes. 
As discussed in the previous section, this may reflect the high-affinity nature of 
the interaction between the laltoxin complex and the TCR/CD3 complex, as CD4 
functions to bolster low-affinity, but not high-affinity, antigen-TCR interactions. 
Another distinction betwen antigen and TSST -1-triggered T IB cell interactions is 
that the latter is not restricted to a particular la allele and can proceed between 
la mismatched T and B lymphocytes. The ability of TSST-1 to mediate la­
unrestricted cognate interaction between large numbers of unprimed T and B 
cells provides a useful model for the study of antigen-driven, T Iymphocyte­
dependent, B lymphocyte proliferation and Ig production. 

Polyclonal activation of B lymphocytes by TSST-1 can result in the inhibition 
of humoral immune responses to nominal antigens, including TSST -1 itself. This 
may explain the inability of many TSS patients to mount an antibody response to 
TSST -1. As discussed earlier in this review, the majority of patients lack 
antibodies to TSST-1 on their first presentation with TSS, suggesting that they 
have not previously encountered TSST-1 as a nominal antigen. The consequent 
polyclonal T and B lymphocyte activation may prevent them from mounting such 
a humoral immune response, making them susceptible to recurrent TSS. 
Supporting evidence for such a scenario has been provided by studies on a 
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murine model of enterotoxin toxicity, in which mice exhibited severely defective 
immune response to a nominal antigen administered simultaneously with SEB. 

While TSST -1 does not on its own induce the proliferation or differentiation 
of purified B lymphocytes, it does deliver activation Signals to B lymphocytes via 
la molecules. TSST -1 synergizes with B cell mitogens such as phorbol myristate 
acetate (PMA) or anti-surface Ig antibodies in inducing the prol iferation of B 
lymphocytes (FULEIHAN et al. 1991). Further evidence for signal transduction via 
la molecules in B lymphocytes has been provided by the demonstration that both 
TSST -1 and monoclonal antibodies that recognize an epitope closely related to 
the TSST-1 binding site on la molecules induce sustained LFA-1 dependent 
adhesion (MOURAD et al. 1990). This adhesion was effected by the activation of 
LFA-1 adhesion function and not that of its counter receptors. Induction of cell 
adhesion by TSST -1 was also observed in la + T lymphocytes and monocytes and 
la +, but not la -, B Iymphoblastoid cell lines. This suggested that adhesion 
induced via la reflects a function common to la molecules in diverse cell types 
(see below). 

3.2.3 Activation of NK Cells 

Resting NK cells do not express la molecules on their surface and are thus not a 
target for TSST -1 action. Nevertheless, these cells, which constitutively express 
IL-2 receptors, can be potentially activated by IL-2 produced by TSST-1-
activated T lymphocytes. Another mechanism for NK cell activation can proceed 
by the induction of la expression by another Iymphokine produced by TSST -1-
activated T lymphocytes, namely, interferon-yo TSST-1 can then bind to and 
directly induce the proliferation of such la + NK cells. This has been demon­
strated using la + , CD56 +, CD3 - NK clones (SPERTINI et al. 1991). TSST-1-induced 
proliferation of NK clones proceeded in the absence of accessory cells but was 
enhanced upon the addition of accessory cells to cultures. It was inhibited by 
anti-Ia monoclonal antibodies that block the binding of TSST -1 to la molecules. 
These results suggested that TSST -1 induced proliferation of NK clones was 
triggered by signaling via la molecules. 

3.2.4 Induction of Monokine Synthesis 

The similarity between TSST -1-mediated toxic shock and endotoxin-mediated 
shock led investigators soon after the discovery of TSST -1 to examine whether it 
can mimic endotoxin in inducing IL-1 synthesis. It was quickly appreciated that 
TSST -1 is a potent inducer of IL -1 synthesis, more potent on a molar basis than 
endotoxin (IKEJIMA et al. 1984; PARSON NET et al. 1985, 1986). Later, TSST -1 was 
also demonstrated to induce the synthesis of TNF in human monocytes (FAST 
etal. 1989; JUPIN etal. 1988; PARSON NET and GILLIS 1988). Induction of IL-1 and 
TNF synthesis by TSST-1 does not require the presence of T lymphocytes as can 
be demonstrated in TSST -1-treated monocytic cell lines (HIROSE et al. 1985). The 
presence of T lymphocytes may, however, enhance the efficacy of TSST -1 in 
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inducing monokine synthesis (FISCHER et al. 1990). We have recently demon­
strated that induction of IL-1 and TNF synthesis by TSST -1 is effected by 
transcriptional activation of the respective monokine gene, resulting in a 
dramatic increase in the level of newly initiated monokine RNA molecules and in 
monokine mRNA steady state levels in the nuclei and cytosol of stimulated 
monocytic cells, respectively (TREDE et al. 1991). Monokine mRNA species are first 
detected within 30 min after TSST -1 treatment; their levels peak at 3 h 
poststimulation and decline thereafter. Transcriptional activation of mono kine 
genes by TSST -1 does not require prior protein synthesis as it proceeds in 
monocytes pretreated with cycloheximide, an inhibitor of protein synthesis. 
Monoclonal antibodies that recognize epitopes closely related to the TSST-1 
binding site on la molecules also induce mono kine mRNA accumulation . This is 
in agreement with previous reports demonstrating that some anti-Ia monoclonal 
antibodies induce IL-1 synthesis (PALACIOS 1985; PAL KAMA et al. 1989) and 
indicates that TSST -1 transduces activation signals via la molecules that result in 
the induction of monokine gene transcription. 

4 Mechanisms of Signal Transduction 
via la Molecules by TSST-1 

Insight into the nature of activation signals transduced by TSST -1 via la was first 
gained by studying la-mediated induction of cell adhesion. It was demonstrated 
that adhesion induced by TSST-1 and other la ligands was reversed by the 
protein kinase C-specific inhibitor sphinghosine but not by its inert metabolite 
ceramide (MOURAD etal. 1990). This suggested that the binding of TSST-1 to la 
molecules induced intracellular activation signals that resulted in protein kinase 
C activation and consequent up-regulation of LFA-1 adhesion function. 

Further insight into signaling by TSST-1 via la molecules was provided by 
studying the role of protein kinases in the induction of monokine gene 
expression by TSST -1 using protein kinase inhibitors. Treatment of monocytes 
with the protein kinase C inhibitors sphingosine and H7 or the tyrosine kinase 
inhibitor genistein inhibited the induction of monokine gene expression by TSST -1. 
In contrast , inhibitors of cAMP-dependent protein kinases such as HA1004 did 
not affect the accumulation of IL-1 and TNF mRNA induced by TSST -1 (TREDE 
et aI. , manuscript in preparation) . These results suggested that transcriptional 
activation of monokine genes by TSST -1 is mediated by the activation of protein 
kinase C and of protein tyrosine kinase(s), acting either in series or in parallel. 
Activation of protein kinase C and tyrosine kinase(s) by TSST -1 echoes the 
activation of these kinases via lymphocyte antigen receptors (ASHWELL and 
KLAUSNER 1990) and receptors for growth factors (ULLRICH and SCHLESSINGER 
1990) and suggests that signaling via la molecules shares common features with 
signaling via the aforementioned receptors. 
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Transcriptional activation of cytokine genes is mediated by a set of DNA 
binding factors that recognize distinct regulatory sequences found within the 
promotor and enhancer regions of these genes (CRABTREE 1989). Examination of 
IL-1f3 (CLARK etal. 1986), TNFIX, and TNFf3 (NEDOSPASOV etal. 1986) genomic 
sequences reveals DNA sequences recognized by AP-1, AP- 2, and NF-KB DNA 
binding proteins. These factors mediate the transcriptional activation of many 
genes by activators of protein kinase C such as PMA, which itself is a potent 
inducer of IL-1 and TNF gene transcription. Prior treatment of monocytic cells 
with cycloheximide does not affect the transcriptional activation of monokine 
genes by LPS or by PMA (FENTON et al. 1988). This makes it unlikely that inducible 
nuclear binding factors such as AP-1 mediate the transcriptional activation of 
mono kine genes by LPS and PMA and suggests instead a role for constitutively 
expressed DNA binding proteins such as NF-KB in mediating this effect. Direct 
evidence for a role for NF-KB in the activation of murine TNFIX gene transcription 
by LPS has been recently provided in a study by SHAKHOV et al.(1990), who 
demonstrated two NF-KB sites in the TNFIX 5' region critical for responsiveness to 
LPS. Transcriptional activation of monokine genes by TSST -1 is similar to that 
induced by LPS both in its time course and its independence of de novo protein 
synthesis. This would argue for a role for NF-KB in the induction of monokine 
gene transcription by la ligands. Studies are currently under way to verify this 
possibility. 

5 TSS and Endotoxin-Mediated Shock: 
Common and Divergent Pathogenic Mechanisms 

As alluded to previously, the pathophYSiology of TSS bears resemblance to LPS­
mediated gram-negative bacterial sepsis. In each of these conditions, the 
pathogenic bacterial product induces the release of monokines such as IL-1 and 
TNF implicated in causing tissue injury. Induction of mono kine synthesis by 
TSST-1 and LPS may proceed via a common mechanism, with LPS activating 
intracellular signaling mechanisms normally coupled to la molecules and 
amenable to activation by extracellular ligands such as TSST-1 . IL-1 (OKUSAWA 
et al. 1988) and TNF (TRACEY et al. 1986) precipitate shock when infused into 
experimental animals, and the combination of both monokines exhibits syn­
ergisim in inducing shock (IKEJIMA et al. 1989; OKUSAWA et al. 1988). Conversely, 
anti-TNF antibodies protect experimental animals from endotoxin-mediated 
shock (TRACEY et al. 1987). It is thus likely that monokine release helps mediate 
the shock state observed in both conditions. However, unlike endotoxin­
mediated sepsis, TSS is additionally associated with the activation of a 
significant portion of T lymphocytes as a result of superantigen-mediated 
activation by TSST -1 and related toxins. The consequent outpouring of 
Iymphokines may synergize with monokines to aggravate the shock state. 
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Activated lymphocytes with enhanced adhesive properties may interact with 
vascular endothelium to induce inflammation, end organ damage, and vascular 
permeability. The ability of different staphylococcal exotoxins to activate 
populations of T cells bearing distinct V p products would result in an even greater 
degree of T cell activation by staphylococcal isolates producing multiple toxins. 
Such isolates may be associated with a higher fatality rate, as has been observed 
for those isolates producing TSST -1 and SEC1 (CRASS and BERGDOLL 1986). T 
lymphocyte activation may also account for some of the peculiar manifestations 
of TSS such as the generalized erythroderma, a condition that may reflect 
intense lymphocyte activation and infiltration around small blood vessels in the 
skin, and periportal lymphocytic infiltration in the liver. The powerful effecs of 
TSST-1 on the immune system may account for the tenacity of the shock state 
that is observed in other wise young and healthy individuals and which is 
mediated at times by very small pockets of staphylococcal infection. 

6 Future Directions 

The discovery that TSST -1 serves as an la-binding superantigen has greatly 
clarified the mechanisms by which this and other related staphylococcal 
exotoxins induce TSS. This will hopefully allow the development of rational 
strategies for countering the effects of TSST-1 on the immune system, including 
the design of peptides that interfere with the binding of toxin to la molecules. The 
ready availability of TSST -1 as a high-affinity agonistic la ligand provides a tool 
that can help unravel transmembrane signaling processes via la molecules. This 
will greatly expand our information on this important receptor system and the 
role it plays in the course of a normal immune response and in disease states. 
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The relationship between microorganisms and mammals is regulated by a 
complex interplay between pathogenic and protective mechanisms. The primary 
defense against bacteria is mainly constituted of mechanical barriers, such as 
intact epithelial membranes, and nonspecific immune mechanisms, for example 
granulocytes and macrophages. Bacteria generally cause disease when these 
barriers are overridden. It has recently become increasingly clear, however, that 
specific immune responses mediated by antigen-specific T and B lymphocytes 
are of critical importance as a physiological barrier capable of controlling the 
growth of invading bacteria. Patients with selective defects in specific immunity 
suffer from an increased susceptibility to bacteria, including those that are non­
pathogenic in the normal host. Insight into the strategies employed by bacteria to 
evade immune recognition is accumUlating. Several bacterial exoproteins have 
been reported to induce polyclonal activation of T or B lymphocytes with 
subsequent incapability to mount a specific immune response (ALOUF 1986; 
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REIMANN et al. 1990). Moreover, excessive Iymphokine production results in 
harmful effects on the integrity of tissues facilitating penetration of bacteria. Of 
particular interest is the description of bacterial products which interact with key 
elements of the specific immune system such as antibodies, MHC antigens, or T 
cell receptors. Staphylococcal and streptococcal cell wall proteins A and G have 
been shown to bind in a specific manner to immunoglobulins, and Branhame/la 
catarrhalis and Haemophilus influenza interact with IgD on the surface of B 
lymphocytes (BOYLE 1990). Recently, staphylococcal enterotoxins (SEs) and 
some related proteins have been shown to utilize MHC class II antigens as 
receptors on mammalian cells (FISCHER et al. 1989; FRASER 1989; MalLIcK et al. 
1989). The complexes, made up of toxin and MHC protein stimulate large 
numbers of T cells (WHITE et al. 1989), and the subsequent excessive production 
of Iymphokines may at least partly be responsible for their toxicity (MARRACK et al. 
1990). In the following we will describe a more subtle result of this interaction, the 
staphylococcal enterotoxin-dependent cellular cytotoxicity (SDCC) reaction, a 
possible mechanism for certain bacteria to evade specific immune recognition. 

2 SDCC: A CytotoxiC Mechanism Induced 
by Bacterial Exoproteins 

The potent T cell activating properties of SEs have been known for 20 years 
(PEARYet al. 1970) and the molecular requirements for and consequences of this 
activation are currently being characterized in great detail, as reviewed 
elsewhere in this volume. SEA induces a variety of functions associated with T 
cell activity, notably the production of Iymphokines such as interleukin-2 (IL-2), 
interferon-y (IFN-y) and tumor necrosis factor (TNF) (CARLSSON and SJOGREN 
1985; FISCHER et al. 1990). In common with many T cell mitogens, SEA also 
induces the lytic function of cytotoxic T cells (ZEHAVI-WlllNER and BERKE 1986; 
FLEISCHER and SCHREZENMEIER 1988). During studies of activation requirements of 
antigen-specific cytotoxic T cells, we observed that inclusion of SEA in the 
cytotoxicity assay altered their apparent target cell specificity (DOHlSTEN et al. 
1990). Human allospecific T cell lines, which under normal conditions showed 
strict specificity for HLA-A2, demonstrated strong cytotoxicity against the 
irrelevant HLA-A2- HLA-A3+ DR+ Raji target cell and increased cytotoxicity 
superimposed on that against the specific HLA-A2+ DR+ BSM target cell in the 
presence of SEA (Fig. 1). The SDCC effect was consistently observed at 
concentrations as low as 10- 13 M SEA and maximal effects were reached at 
about 5 x 10- 12 M (Fig. 1). It was likely that a large fraction of T cells was 
recruited as effector cells in the reaction since significant cytotoxicity was 
observed at effector-target ratios below 5: 1. This was further strengthened by the 
fact that the SDCC was a rapid phenomenon. Detectable lysis of target cells was 
seen after less than 30 min and half-maximal and plateau levels were essentially 
reached within 1 and 2 h, respectively (HEDLUND et al. 1990). 
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Fig. 1 a-c. a, b SEA-dependent cell-mediated cytotoxicity by a HLA-A2-specific human T cell line 
against Raji (HLA-A2-) and 8SM (HLA-A2+) target cells in the presence (e) or absence (0) of 
SEA (1 ng/ml). c Cytotoxicity at effector: target ratio 10: 1 against Raji cells in the presence of varying 
concentrations of SEA 

3 Effector Cells Mediating SDCC 

Characterization of SDCC effector cell phenotype by analysis of T and natural 
killer (NK) cell clones revealed that the response was mediated exclusively by T 
cells (DOHLSTEN et al. 1990). None of a number of NK cell clones could be 
activated by SEA or mediate SDCC in the presence of any member of the SE 
family (LANDO et al. 1990; DOHLSTEN et al. 1990). The lack of SDCC activity in these 
NK clones does not exclude the participation of subpopulations of NK cells not 
growing under the cloning conditions we have used. However it is rather unlikely 
that NK cells mediate SDCC since NK cells purified by cell sorting from peripheral 
blood lymphocytes (PBL) did not show any sign of SDCC activity (LANDO et al. 
1991). NK cells were activated to exert Iymphocy.te-activated killer (LAK)-like 
cytotoxic activity in 3- 5 day cultures of PBL stimulated with SEA, but NK cells 
isolated from such cultures did not mediate SDCC (LANDO et al. 1991). 
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Analysis of CD4 + or CD8 + cells and use of cloned T cells clearly indicated 
that both the major populations of T cells were able to mediate SDCC (DOHLSTEN 
et al. 1990; HEDLUND et al. 1990). Whether this is a reflection of a facilitated 
interaction between the CD4 effector cells and MHC class II on the target cells 
has not been directly addressed. The SDCC phenomenon was not restricted to 
SEA but could be induced by all SEs examined. Since the response to SEs has 
been shown to be clonally variable (FLEISCHER and SCHREZENMEIER 1988; WHITE 
et al. 1989; LANDO et al. 1990), we used activation with different SEs as a tool to 
generate T cell lines and clones with selective reactivity towards SEs. When 
examined in the SDCC assay, some of these cell lines and clones showed strict 
reactivity with a certain SE with virtually no cross-reactivity with others. It has 
been convincingly shown that SEs activate T cells to proliferation and 
Iymphokine production through interaction with variable segments of the T cell 
receptor f3 chain. The data summarized above strongly indicate that a similar 
interaction also activates T cells effective in SDCC. 

4 Target Structure in SDCC 

The ability of SEs to direct T cells of irrelevant nominal specificity towards certain 
target cells correlated with expression of the HLA-DR molecule, which was the 
major MHC class II-encoded protein expressed on the cell lines used as targets. 
Blocking studies with monoclonal antibodies (mAbs) directed to different cell 
surface structures demonstrated that the mAb G8, which has been shown to 
interact with a SEA binding site on the HLA-DR molecule (FISCHER et al. 1989), 
strongly inhibited SDCC (Table 1). In contrast, the HB96 mAb, which interacts 
with a monomorphic MHC class II determinant unrelated to the SEA binding 
epitope (FISCHER et al. 1989), and mAbs towards MHC class I or CD23 did not 
show any inhibitory activity. The MHC class II-negative mutant of Raji RJ 2.2.5 
was completely resistant to SDCC, while the parental Raji cell line was an 
excellent target. Furthermore, L cells transfected with DR2A or DR2B, but not 
mock-transfected L cells, were sensitive to SDCC. CD4 and CD8 T cells were 
equally effective in killing DR2 transfected L cells. Since human CD8 molecules 
do not interact with murine MHC class I (SAMBERG et al. 1989), the COB molecule 
was apparently not of significant importance for the SDCC effector function. 
MHC class II antigens are the only receptors for SEs on mammalian cells 
described so far (FISCHERet al. 1989; MOLLIcKet al. 1989; FRASER 1989). The data 
reported here demonstrate that MHC class II antigens are necessary and 
sufficient target structures for the SDCC phenomenon. However, we have 
recently demonstrated that colon carcinoma cell lines which lack MHC class II 
antigens detectable by flow cytometry, immunoprecipitation, or northern blotting 
may be targets in SDCC in the presence of SEB (DOHLSTEN et al. 1991 b). It is 
possible that the acute enterotoxic effects of SEs are mediated through this 
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Table 1. HLA-DR is a target molecule in SDCC 

Target Additive Cytotoxicity 

SEA mAb A(%) B(%) C(%) 

Experiment 1 Raji 1 0 0 
Raji + 30 19 14 
Raji + HB96 31 23 16 
Raji + G8 8 6 3 
Raji + W6/32 37 28 19 
Raji + CD23 40 27 19 

Experiment 2 Raji 2 0 0 
Raji + 43 30 22 
RJ2.2.5 10 11 8 
RJ2.2.5 + 12 9 6 

Experiment 3 LDR2A 0 0 0 
LDR2A + 24 18 8 
LDR2B 0 0 0 
LDR2B + 25 18 4 
L cells 0 0 0 
L cells + 0 0 0 

Cytotoxicity of an anti-HLA-A2-specific T cell line against the indicated 
target cells. The different mAb were added in the cytotoxicity assay at 
saturating dilutions and SEA was added in the assay at a concentration 
of 0.1 ng/ml (Exp. l), 1 ng/ml (Exp.2) or 100ng/ml (Exp.3). The E:T ratios 
A. 8 and C were 20:1, 10:1, and 5:1 in Exps. l and 2, 30:1, 10:1, and 3:1 
in Exp. 3 
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putative novel SE receptor. By chemical modification of SEB, Fleischer and 
coworkers have shown that the enterotoxic effect of SEB can be dissociated from 
its T cell mitogenic properties (ALBER et al. 1990). 

5 Accessory Molecules Participating in SDCC 

Efficient antigen-specific recognition by T cells requires, in addition to the T cell 
receptor (TCR) , a number of accessory moelcules. It is generally believed that the 
adhesion molecules increase the avidity of the interaction between the TCR and 
the MHC-antigen complex and may provide costimulatory signals (SPRINGER 
1990). Most interesting, the binding of toxic shock syndrome toxin -1 (TSST-1) to 
MHC class II was reported to enhance the interaction between the CD11a/CD18 
and ICAM-1 (CD54) adhesion molecules. The involvement of the MHC class II 
antigens and the TCR indicate that the activation processes of SEs and antigen 
peptides are closely related. Recent studies have indicated, however, that the 
interaction sites of SEs with the MHC class II antigens and the TCR are different 
from those interacting with peptides during conventional MHC-restricted T cell 
recognition of protein antigens (DELLABONA et al. 1990; CHOI et al. 1990). To 
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Fig. 2. SEA-dependent cell-mediated cytotoxicity of a human SEA responding T cell line against L 
cells transfected with HLA-DR2 or HLA-DR2 and ICAM-1 preincubated (filled symbols) or not (open 
symbols) with 100 ng/ml SEA 

examine the importance of the adhesion molecules ICAM-1 and LFA-3 (CD58), 
we used double transfected L cells expressing both HLA-DR molecules and an 
adhesion molecules as target cells in SDCC (DOHLSTEN et al. 1991 a). Human 
SEA-selective T cell lines demonstrated a low but significant cytotoxicity against 
SEA-coated HLA-DR transfected L cells. However, when L cells were cotrans­
fected with ICAM-1, they served as excellent targets in SDCC, being killed at an 
effector-target ratio 30 times lower than the single DR transfectant. (Fig. 2). Dose 
response analysis demonstrated that a 1000-fold lower concentration of SEA 
was sufficient to obtain equivalent levels of lysis in the double vs the single 
transfected target cells. Similar results were obtained with L cells transfected with 
other DR alleles. The insensitivity of single transfected target cells could not be 
overcome by increasing the concentration of SEA. The strong cytolysis of the 
DR2/ICAM-1 L cells could be inhibited by addition of mAbs directed towards the 
ICAM-1, CD11a, or CD18 antigens but not by mAbs towards MHC class I, C02, 
CD11 b, or CD11 c, indicating that the CD11 a/CD18 was the major receptor for 
ICAM-1 on the target cells used. This suggested that efficient targeting of CTL 
requires coexpression of MHC class II antigens and ICAM-1 . In a similar analysis 
of the role of LFA-3, utilizing CHO cells transfected with HLA-DR and LFA-3 
genes, analogous findings were obtained (GJORLOFF et aI., manuscript in 
preparation. However, while the dependence of ICAM-1 on L cells was the same 
for CD4 + and CD8 + cells, CD4 + cells were more dependent on LFA-3 for 
efficient lysis of CHO cells. A reasonable interpretation would be that these 
accessory molecules can alternate in provision of the necessary secondary 
stabilization of the interaction mediated by SEA. Depending on the availability 
of the receptor or ligand on target and effector cells, ICAM-1 or LFA-3 can be 
preferentially utilized. Moreover, it is likely that even other adhesion molecules 
are able to participate in the SDCC reaction . Several Iymphokines participate 
in the regulation of the surface expression of adhesion molecules, including 
IFN-y and TNF. Activation of T lymphocytes with SEA induces the production 
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of IFN-y and TNF-/X (CARLSSON and SJOGREN 1985; FISCHER et al. 1989) which 
may result in enhanced surface expression of both MHC class II antigens, 
ICAM-1, and LFA-3 on the target cell. This may recruit additional target cells 
wich would otherwise escape destruction by SDCC. 

6 Freshly Isolated Tumor Cells and Normal Cells 
as Targets in SDCC 

A variety of tumor cells have been examined as targets in the SDCC reaction. 
Lymphoblastoid cells lines served as excellent targets, most likely dependent on 
their high expression of both MHC class II antigens and adhesion molecules. 
Moreover, freshly isolated leukemia cells and MHC class II-expressing renal and 
colorectal carcinomas have successfully been used as SDCC targets (HEDLUND 
et al. 1990; LANDO et al. unpublished observation). This finding makes it ter,'pting 
to speculate if SEs can be used for specific elimination of tumor cells expressing 
MHC class II. In particular, SDCC might be utilized in conjunction with IFN or TNF 
which are able to induce MHC class II and adhesion molecule expression in 
tumor cells (MORTARINI et al. 1990). The side effects associated with admini­
stration of SEs are probably at least partly the consequence of T cell activation 

Table 2. Monocytes, 8 lymphocytes, and activated T lymphocytes are 
targets in SDCC 

Target % DRa SEAb Cytotoxicity at E:T 
ratio (% ) 

10 5 2.5 

Experiment 1 Raji 100 0 0 0 
Raji + 65 50 26 
T act 62 0 0 0 
T act + 29 18 15 
Monocytes 86 0 1 1 
Monocytes + 46 38 26 

Experiment 2 Raji 100 2 1 2 
Raji + 60 49 32 
T 4 0 0 0 
T + 0 0 0 
T act 38 0 0 0 
Tacl + 32 33 26 
8 100 10 10 2 
8 + 72 47 41 

The effector cells were a SEA-selective T cell line 
a Relative frequency of HLA-DR+ among target cells as determined by flow 
cytometry 
b Target cells were preincubated with (+) or without SEA (-) (100 ngfml) 
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(MARRACK et al. 1990), and systemic effects might be ameliorated by targeted 
delivery of SEs to the tumor. 

To investigate whether SDCC would be potentially destructive even to 
normal cells, we analyzed the SDCC capacity of SEA- selective T cell lines against 
autologous monocytes, B cells, and activated MHC class II-expressing T cells. It 
was found that these cells were sensitive to SDCC when preincubated with SEs 
(Table 2).ln contrast, resting T cells, which do not express detectable amounts of 
MHC class II antigens, were not lysed in the presence of SEA. 

7 Induction of SDCC In Vivo 

While the T cell activating properties of SEs have been extensively studied in vitro, 
rather limited information is available concerning the effects on the immune 
system in vivo. To explore the SDCC phenomenon in vivo, C57B1/6 mice were 
injected i.v. with varying doses of SEA, and the cytotoxic activity of spleen 
lymphocytes against I-A- and I-E-expressing mouse tumor cells was examined at 
different time intervals. Lymphocytes from mice injected with 1 0 ~g SEA showed 
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Fig. 3. Lymphocyte activation in vivo with SEA. C57B1 /6 mice were injected i.v. with 10~g SEA 
and spleen lymphocytes examined ex vivo for proliferative response to exogenous IL-2 (20 U/ml) 
and cytotoxicity against A20 cells preincubated with SEA (1 0 ~g/ml) or YAC-1 cells. Effector: target 
ratio 100:1 
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negligible cytotoxic activity against the relatively NK-resistant lymphoma A20. 
However, when A20 cells were preincubated with SEA, they served as excellent 
targets, indicating that SDCC effector cells were induced in vivo (Fig. 3) . SDCC 
activity was prominent at 24 h after injection, the earliest time tested. High activity 
was retained for about 3 days and declined on day 4 after a single injection. No 
SDCC activity was detected in mice injected with excipient control. Evidence of 
enhanced NK activity, as detected by cytotoxic acitivity towards the NK target 
YAC-1 , was seen at day 1 but decreased to control levels at day 2. The 
mechanism behind the enhanced NK activity was not studied , but was most likely 
the result of activation secondary to IL-2 produced by SEA-activated T cells. 
In vitro activation of human NK cells required the presence of T cells (LANDO 
et al. 1991). Moreover, we have previously shown that SEA activation of mouse 
NK cells in vitro was blocked by antibodies towards the IL-2 receptor (BHILADVALA 
et al. 1991). Recent studies have documented that injection of SEB into neonatal 
or adult mice may result in immunosuppression, either generalized due to poly­
clonal T cell activation or specific due to clonal deletion or anergization of T cells 
expressing TCR-Vp chains reacting with SEB (DONELLY and ROGERS 1982; WHITE 
et al. 1989; MARRACK et al. 1990; RELLAHAN et al. 1990). In the latter case, SEB­
reactive lymphocytes were not able to respond to exogenously provided IL-2 
although IL-2 receptor expression was apparently normal. In contrast , we obser­
ved strong proliferative responses to IL-2 after priming the mice with SEA 
(Fig. 3) . Several differences between the experimental settings existed, and it 
may be interesting to define the parameters of SE administration that lead 
alternatively to T cell activation or the induction of tolerance. 

8 Biological Interpretation of SDCC: A Mechanism 
for Bacteria to Evade Specific Immune Recognition 

The highly conserved interaction of SEs with two of the major players of the 
immune system is remarkable in light of the polymorphism of these structures. 
Clearly the bacteria must derive some advantage from the production of toxins of 
this type (MARRACK and KAPPLER 1990). The immune system is not only confronted 
with pathogens present extracellularly (bacteria, fung i, parasites) , but also with 
intracellularly harbored viruses and prokaryotes. The MHC class I and II 
molecules have evolved to serve as systems which allow separate pathways for 
antigen processing of intracellularly and extracellularly derived proteins and 
selective presentation of these to CD8 cytotoxic and CD4 T helper cells, 
respectively (KOURILSKY and CLAVERIE 1989). Not surprisingly, pathogens have 
developed strategies intended to circumvent these defense mechanisms. Among 
several mechanisms utilized by viruses to perturb efficient immune recognition, 
we find one of particular interest for the present discussion. Adenovirus down­
regulates surface expression of MHC class I in infected host cells by its E19 
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protein, which retains MHC class I molecules in the endoplasmatic reticulum. 
The virus thereby prevents effective presentation of viral peptides to T 
lymphocytes (MARTENS et aL 1989). MHC class II antigens are pivotal for 
presentation of peptides derived from extracellular sources such as bacteria. 
The binding of SEs to conserved regions of MHC class II antigens and activation 
of SDCC with subsequent elimination of the cells capable of presenting bacterial 
antigens is an additional example of the logic created by the evolutionary 
interplay between the immune system and the environment. While polyclonal 
activation of T cells and profound Iymphokine production definitely may 
pertubate an immune response, the SDCC response, which results in the specific 
destruction of MHC class II-expressing antigen presenting cells, appears as a 
more distinct way of avoiding recognition by T cells. The relative contribution of 
these mechanisms to the host-bacterial interaction is presently unknown. 
Although we have shown that the SDCC phenomenon is detectable in vivo in 
response to SEs, its relevance awaits studies in infectious models in vivo. 
Presently, it can only be speculated if the lessons learned from studies of the 
immunological properties of SEs can be taken advantage of for therapeutic 
purposes. In particular, if local delivery of SEs can be achieved, they may be 
useful for down-regulation of autoimmune processes and perhaps also for 
activation of tumor infiltrating lymphocytes in situ. 
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Conventional antigen binds as a processed peptide fragment in the groove of 
the responder allele of the major histocompatibility complex (MHC) molecule 
and is recognized by the variable regions of T cell receptors (TCRs) of clonally 
distributed T lymphocytes (BJORKMAN et al. 1987; Buus et al. 1987; TOWNSEND et al. 
1986; DAVIS and BJORKMAN 1988; MATIS 1990). An array of co receptors (CD4, CD8, 
LFA-1, C02, etc.) further strengthens the association between TCR and MHC­
bound peptide antigen and provides additional signals necessary for T cell 
activation and triggering of T cell function (BIERER et al. 1989; VEILLETTE et al. 
1989; STAUNTON et al. 1989; MEUER et al. 1984b). A second category of TCR­
unlinked costimulatory signals generated by antigen-presenting cells (APC) 
critically controls primary T cell activation (BRETSCHER and COHN 1970; GEPPERT 
et al. 1990). Occupancy of the TCR and coreceptors without an APC-derived 
costimulus anergizes rather than activates antigen-reactive resting T cells 
(JENKINS et al. 1988; SCHWARTZ 1989; GASPARI et al. 1988). 
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Superantigens such as staphylococcal enterotoxin B (SEB) essentially 
bypass the conventional antigen presentation route (MARRACK and KAPPLER 
1990). Rather, they behave like bifunctional agents: using a conserved binding 
region they associate as unprocessed protein with class II MHC molecules 
(FLEISCHER and SCHREZENMEIER 1988; FRASER 1989; MOLLICK et al. 1989; FLEISCHER 
et al. 1989; RUSSELL et al. 1990; HERRMANN et al. 1989; SCHOLL et al. 1989a, b, 1990; 
KARP et al. 1990; FISCHER et al. 1989). Enterotoxins bound to MHC classll 
molecules then specifically interact with certain V p-encoded domains of the TCR 
(CHOI et al. 1990; YAGI et al. 1990; JANEWAY et al. 1989; KAPPLER et al. 1989). 
Although superantigen binding to class II MHC antigens can be readily detected, 
association of soluble enterotoxins to TCR is not brought about, thus suggesting 
binding of a low-affinity soluble enterotoxin with the TCR. This novel mode of 
antigen presentation prompted us to investigate the requirements of CD4/CD8 
coreceptors and of TCR-independent costimulator activities during SEB­
mediated T lymphocyte activation, their role in thymic selection processes, and 
triggering of lytic effector function. 

2 Coreceptor Requirements During SEB-Induced Primary 
T Cell Activation 

In conventional T cell activation, the class of the presenting MHC molecule 
dictates the CD4/CD8 phenotype of the responding T cell (SWAIN 1983). Only a 
minority of CD8 or CD4 T cells « 5%) is activated by class II or class I MHC 
alloantigens, respectively (SPRENT et al. 1986; MIZUOCHI et al. 1986; HEEG et al. 
1987). If this rule holds for superantigens, preferentially CD4 T cells ought to be 
activated by MHC class II-bound SEB. However, it was recognized that CD8 T 
lymphocytes could be activated equally well as CD4 cells by SEB on syngeneic 
feeder cells (FLEISCHER and SCHREZENMEIER 1988; HERRMANN et al. 1990). Figure 1 
depicts an experiment of this type, in which cell sorter-purified CD8 T cells were 
activated by SEB. Note that SEB-induced activation of CD8 lymphocytes could 
not be blocked with monot:lonal anti-CD8 antibodies which readily abrogate the 
activation of CD8 T cells stimulated with class I MHC alloantigens or class I MHC­
restricted antigens (MACDoNALD et al. 1981; HERRMANN et al. 1990) (Fig. 1). On the 
contrary, these monoclonal antibodies (mAb) enhanced dose-dependently the 
proliferative response of CD8 T cells (Fig. 1). To exclude the possibility that only a 
minor subset of CD8 T cells responds to SEB, we used the limiting dilution 
approach to measure the number of SEB inducible CD4 and CD8 T cells. The 
results shown in Table 1 reveal that 15% of antl-CD3 inducible CD8 T cells gave 
rise to proliferating progeny after stimulation with SEB; this number was further 
enhanced in the V p8-expressing CD8 T lymphocyte pool (Table 1). Thus, SEB 
bound to class II MHC antigens effectively stimulates resting CD8 T cells bearing 
the appropriate V p-encoded TCR. Since anti-CD8 mAb do not block this 
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Fig. 1. Coreceptor-independent activation of SEB-reactive C08+ T celis. A population of 5000 celi 
sorter purified C08 T lymphocytes from B6 mice were incubated with syngeneic feeder celis and SEB 
in the presence of a serial dilution of affinity-purified anti-C08 (open columns) or anti-C04 (solid 
columns) mAb. After 5 days the cultures were pulsed with [3Hl thymidine. The mean cpm values of six 
replicate cultures are given 

Table 1. Frequency analysis of SEB inducible C04 and C08 T lymphocytes 

Responder T celi Stimulation l /Frequency of proliferating T celis 

C04+ Anti-CD3 hybridoma 7.2 
C04+ SEB 100.2 

C04 + F23+ Anti-C03 hybridoma 3.8 
C04 + F23 + SEB 12.9 

C08+ Anti-C03 hybridoma 1.4 
C08+ SEB 10.0 

C08+F23 + Anti-CD3 hybridoma 2.4 
C08 +F23+ SEB 6.0 

Celi sorter-purified C04 or C08 T celis were stimulated under limiting dilution conditions with 
5000 irradiated anti-C03 mAb producing hybridoma celis or 10 Jlg/ml SEB in the presence of 
irradiated syngeneic feeder celis. After 7 days the microcultures were pulsed with [3Hl thymidine 
and the proliferative response was recorded. From the fraction of negative cultures the frequency 
was calculated 
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activation, it follows that SEB recognition by resting CD8 T cells is CD8 
coreceptor-independent. 

3 Costimulator Requirements During Primary Activation 
of CDS T Lymphocytes with SEB 

Studies with mAb fragments revealed that engagement of the TCR without cross­
linking is insufficient for T cell triggering (KAYE et al. 1983; MEUER et al. 1984a). 
Accordingly, incubation of resting CD8 T cells with soluble SEB, which posseses 
only a monovalent binding site for the TCR, in the absence of feeder cells does 
not result in T cell triggering (Table 2) . To construct a matrix of SEB capable of 
cross-linking TCRs, we covalently bound SEB to CNBr-activated sepharose 
beads. While both soluble SEB in the presence of syngeneic feeder cells and 
sepharose-linked anti-CD3 mAb triggered CD8 T cells to proliferation with high 
efficiency (MIETHKE et al. 1991), a proliferative response of resting CD8 T cells 
incubated with SEB immobilized on sepharose was only recorded at high (> 104) 

cell densities (Fig. 2). In addition, this response was blocked by mAb specific for 
MHC class II molecules (data not given), suggesting that contaminating class 11-
positive cells are critically involved in the response to immobilized SEB. At first 
glance these results suggest that the binding affinity of immobilized SEB to the 
TCR does not exceed the threshold necessary for triggering resting T cells. Weak 
TCR-linked signals delivered via anti-CD3 or anti-al{3 TCR mAb become 
substantially enhanced by coengagement of the CD8 coreceptor via immo­
bilized anti-CD8 mAb (EICHMANN et al. 1987; MIETHKE and KOSSIK, personal 
communication). We therefore tested whether co-coupling of anti-CD8 mAb 
together with SEB to sepharose beads would provide such a synergistic effect. 
Although sepharose-immobilized anti-CD8 mAb clearly enhanced responses 
induced by suboptimal concentrations of immobilized anti-al{3 mAb (data not 
given), such an effect was not seen with SEB (Fig. 3a). Thus, SEB immobilized on 
sepharose beads fails to activate resting CD8 T cells even if the coreceptor (CD8) 

Table 2. Soluble SEB without feeder cells fails to trigger resting 
CD8 T cells 

Responder cells 

CD8+ T cells 
CD8 + T cells 

Feeder cells Proliferative response 
(cpm) 

769 
+ 91092 

Resting CD8+ T cells (1000/well) were activated by SEB 
(10Ilg/ml) in the presence or absence of irradiated syngeneic 
feeder cells (5 x 104/well) . The cultures were pulsed with [3H] 
thymidine during the last 8 h of a 7 day culture period 
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Fig. 2. Immobilized SEB fails to acti­
vate resting CDS T cells. Graded num­
bers of cell sorter-purified CDS+ T cells 
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Fig. 3 a, b. Cross-linKing of coreceptors does not restore induction of proliferation in COB T cells 
triggered by immobilized SEB. a Resting cell sorter-purified CDS+ T cells were cultured for 7 days in 
titrated numbers and activated with sepharose beads (0.25 mg/ml) coupled with SEB (0.25 mg 
SEB/10mg sepharose beads) and purified anti Lyt2 mAb (0.5mg mAb/10mg sepharose beads). 
b Cell sorter-purified CDS+ responder cells were activated with soluble SEB (10llg /ml) in the 
presence of mitomycin (40 Ilg/ml, 15 min, 37 °C) treated syngeneic LPS blasts (1 x 104/well) ( +) or in 
the presence of mitomycin-treated and glutaraldehyde-fixed (0.16%, 20 min , 37"C) syngeneic LPS 
blasts (1 x 104 /well) (*). The culture period lasted 7 days 
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Fig. 4. LPS blast cells provide costimu­
lator activity. Titrated numbers of syngen­
eic LPS blasts were cocultured together 
with cell sorter-purified CD8+ T cells (5 
x 103/well) and immobilized SEB 

is cross-linked in addition. A similar conclusion can be drawn from experiments 
using paraformaldehyde-fixed MHC class II-expressing Lipopolysaccharide 
(LPS) blast cells as feeder cells. Although these cells bind SEB (as detected by 
incubation with FITC-coupled SEB and subsequent FACS analysis, data not 
shown). they do not stimulate resting C08 T cells to proliferation (Fig. 3b) . Since 
fixed LPS blast cells provide an array of coreceptor ligands (MHC, ICAM) but fail 
to stimulate resting C08 T cells, we conclude that primary activation of SEB­
reactive T cells is critically dependent on additional costimulator signals 
delivered by functional APC. 

When resting C08 T cells were stimulated with immobilized SEB the 
costimulator signal necessary for T cell activation could readily be provided by 
irradiated syngeneic splenocytes (data not given). Since mAb against MHC 
class II blocked this response (data not shown), we concluded that class II MHC­
expressing splenocytes would be activated via cross-linking of their MHC class II 
molecules by immobilized SEB, thus gaining the capacity to provide costimulator 
signals. With this rationale in mind, we tested several in vitro activated cell types 
for their ability to serve as costimulator cells. We found that irradiated syngeneic 
LPS blast cells were most effective in providing costimulator signals. As few as 
150 LPS blast cells added to C08 T cells stimulated with immobilized SEB 
covalently bound to sepharose were sufficient to mount a substantional 
proliferative response (Fig. 4). Limiting dilution analysis revealed that addition of 
irradiated syngeneic LPS blasts to C08 T cells stimulated with immobilized SEB 
increased the number of proliferating T cell precursors more than 100-fold (from 
f = 1/2000 to f = 1/20). Control experiments using supernatants from both SEB­
coupled beads and syngeneic LPS blast cells preincubated with immobilized 
SEB to stimulate C08 T cells excluded the possibility that SEB leaking from SEB­
coupled beads was responsible for this effect (MIETHKE et al. 1991). Thus SEB 
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covalently bound to sepharose beads is sufficient to deliver the first signal 
necessary for primary T cell activation, namely, engagement and cross-linking of 
TCRs (Fig. 4). However, SEB-induced activation is critically dependent on 
costimulatory signals provided by activated costimulator cells (Fig . 4) but seems 
to be independent of cross-linking of the CD8 co receptors (Figs. 1, 3a). 

4 Coreceptor Requirements During Triggering 
of SEB-Specific Cytotoxic T Lymphocytes 

As opposed to conventional antigeneic stimulation, CD8 and CD4 murine T 
lymphocytes develop into cytolytic effector T cells (CTL) after incubation with 
soluble SEB and syngeneic feeder cells (HEEG et al. 1991). Using the limiting 
dilution approach, we found that acquisition of the cytolytic function of murine 
CD4 T cells is a unique property of superantigen stimulation. In contrast to 
conventional MHC class II-dependent antigens, after stimulation with SEB every 
third proliferating CD4 T lymphocyte gained lytic capacity (Table 3), whereas 
almost every proliferating CD8 T cell developed into a cytolytic progeny 
(Table 3) . However, SEB-reactive CD8 CTL require MHC class II-expressing 
target cells for triggering of cyto lytic responses in the presence of SEB 
(HERRMANN et al. 1990; FLEISCHER and SCHREZENMEIER 1988), suggesting CD8 
coreceptor-independent recognition of SEB on class II MHC-positive target cells. 
Indeed, addition of anti-CD8 mAb to the cytolytic assay, which almost completely 
blocks class I MHC-directed cytolysis of CD8 CTL (MACDONALD et al. 1981 ; 
HEEG et al. 1990), fails to inhibit CD8-mediated SEB-specific cytolysis (Table 4). 
Furthermore, xenogeneic human MHC class 11- expressing pokeweed mitogen 
(PWM) blasts were lysed in the presence of SEB by murine SEB-reactive CD8 CTL 
(Fig. 5), underlining the coreceptor-independent triggering of lytic effector 

Table 3. Frequency analysis of SEB-reactive proliferating 
(PTL-p) and cytolytic (CTL-p) T lymphocyte precursor cells in 
CD4 and COB T lymphocytes 

Responder cell 1/PTL-p frequency lICTL-p frequency 

COO n4 UO 
CD4 34.2 84.3 

Cell sorter-purified CD4 or COB T lymphocytes were incubated 
under limiting dilution conditions with 10 ).Ig/ml SEB and 
irradiated syngeneic feeder cells. After 7 days (COB T cells) or 
9 days (CD4 T cells) the cultures were split and tested for [3H] 
thymidine uptake and lytic activity against syngeneic LPS blast 
target cells in the presence of SEB. From the fraction of negative 
cultures the frequency was calculated 
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Table 4. Anti-CD4 or anti-COB mAb fail to block the lytic effector 
function of SEB-reactive CTL 

Responder T cell mAb Specific 
dilution lysis (%) 

CD4 Anti-L3T4 
1/50 28 
1/100 31 
1/200 33 
0 35 

COB Al',1ti-Lyt2 
1/50 41 
1/100 45 
1/200 50 
0 52 

Microcultures of 5000 cell sorter-purified CD4 or CD8 T cells 
were stimulated with lOllg l ml SEB; irradiated syngeneic feeder 
cells; and 10 U/ml recombinant IL-2. After 7 days the cells were 
harvested and tested in the presence of the indicated mAb 
against syngeneic LPS blast target cells in the presence of SEB. 
The % specific lysis at an effector-target ratio of 12:1 is shown 

mechanisms. Similar results were obtained with SEB-reactive CD4 CTL: anti-CD4 
mAb lack the ability to block the delivery of a lethal hit by CD4 CTl (Table 4). 
Thus, triggering of the lytic machinery of both SEB-reactive CD8 and CD4 CTl is 
CD4/CD8 coreceptor-independent but requires MHC-class II expression on the 
target cells. 
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FIg. 5. Murine SEB-reactive CTL recognize xeno­
geneic target cells in the presence of SEB. 
Populations of 5000 cell sorter-purified CD4 and 
COB T lymphocytes were cultured with SEB and 
syngeneic feeder cells. After 7 days, cells were 
harvested and assayed in a 5'Cr release assay 
against human pokeweed mitogen (PWM) blast 
target cells in the presence or absence of SEB e, 
CDB-SEB; *, COB + SEB; x, CD4-SEB; +, CD4 + SEB 
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5 Coreceptor Requirements During SEB-Mediated 
Negative Selection of V p8-Expressing Thymocytes 

Injection of SEB into newborn mice effectively prevents the maturation of V p8-
expressing peripheral T cells (WHITE et al. 1989; JENKINSON et al. 1989). Obviously 
double positive (DP) CD4 + CD8 + thymocytes recognize SEB bound to MHC 
class II-expressing thymic cells and become clonally deleted (WHITE et al. 1989) 
resulting in a lack of peripheral V p8-expressing CD4 and CD8 T lymphocytes 
(WHITE et al. 1989). To test whether the SEB- mediated negative selection of V p8 
thymocytes is dependent on engagement of the CD4 coreceptor of DP 
thymocytes with class II MHC molecules of thymic cells presenting SEB, we 
injected anti-CD4 mAb in addition to SEB into newborn mice. The injection of 
anti-CD4 mAb into newborn mice was reported to block effectively the 
maturation of single positive (SP) CD4+ thymocytes, presumably by hindering 
CD4-MHC class II interactions necessary for positive selection (ZUNIGA-PFLUCKER 
et al. 1989; VON BOEHMER 1988). As can be seen in Fig. 6, injection of anti-CD4 
mAb prevented the selection of SP CD4 thymocytes, suggesting an effective 
blockade of the CD4-MHC class II interaction, but had no effect on CD8 
maturation (Fig.6b). However, upon coinjection of SEB, V{38-expressing CD8 
thymocytes were still deleted (Fig. 6f) . Therefore, we conclude that SEB-mediated 
clonal deletion of V{3- expressing thymocytes is independent of CD4-MHC class II 
interactions. 

6 Conclusion 

Activation and triggering of conventional T lymphocytes recognizing peptides 
bound to MHC molecules are critically dependent on CD4 or CD8 coreceptors 
(BIERER et al. 1989). CD4 or CD8 coreceptors associate specifically with constant 
regions of the MHC class II or MHC class I molecules, respectively (DOYLE and 
STROMINGER 1987; NORMENT et al. 1988). This further strengthens complex 
formation between CD3-TCR and antigen-presenting MHC molecule and 
provides additional intracellular signals via CD4/8-associated p561Ck tyrosine 
kinase activity (VEILLETTE et al. 1988, 1989). The adhesion function of this 
interaction was clearly demonstrated using T cell lines transfected with CD4/8 
molecules lacking the intracytoplasmic domain responsible for p561Ck binding 
(SLECKMAN et al. 1988; ZAMOYSKA et al. 1989). Morevoer, the failure of murine T 
lymphocytes to recognize at high frequency human MHC xenoantigens or 
antigens bound to human MHC molecules could be reversed by transfection of 
human CD8 co receptors into murine T lymphocytes expressing HLA-specific 
TCRs (ARNOLD, personal communication). The adhesion function of the CD4/8 
molecules seems to be obligate for triggering the majority of antigen-specific T 
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Fig. 6 a-f. Thymic deletion of V pS-expressing T cells is independent of CD4 coreceptors. Newborn 
B6 mice were injected with anti-CD4 mAb (b,d). SEB (e), or a combination of both (f). After 7 days, 
mice received hydrocortisone to enrich for mature thymocytes. Thymocytes were stained with FITC­
conjugated anti-CD8 mAb (a, b) or FITC- conjugated anti-CD3 mAb (c-f) and PE- conjugated anti­
CD4 mAb (a, b) or biotin-coupled anti-V p8 mAb (F23) followed by streptavidin-PE; 3 x 104 gated cells 
were analyzed cytofluorometrically 
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cells (BIERER et al. 1989; SPRENT et al. 1986; MIZUOCHI et al. 1986; HEEG et al. 1987). 
However, the intracellular signals provided by cross-linked CD4/8 molecules do 
not appear to be essential but rather enhance T cell triggering as shown by 
transfection of truncated CD4/8 genes (SLECKMAN et al. 1988; ZAMOYSKA et al. 
1989) or by stimulating T cells with suboptimal concentrations of anti- al f3 or anti­
CD3 mAb (EICHMANN et al. 1987). 

In contrast, recognition of the superantigen SEB is independent of CD4/8 
coreceptors. This conclusion is based on the following observations: (a) SEB 
bound to MHC class II molecules is effectively and at high frequency recognized 
by CD8 T lymphocytes (Fig. 1, Table 1); (b) primary activation of SEB-reactive T 
cells cannot be blocked by anti-CD8 mAb (Fig. 1); (c) triggering of lytic effector 
mechanisms does not require CD4 or CD8 molecules (Table 4); (d) xenogeneic 
blast cells are lysed by SEB-reactive CD8 CTl (Fig . 5), indicating the indepen­
dence of species-specific CD4/8-MHC interactions); and (e) thymic negative 
selection of V p8-expressing T lymphocytes is not blocked by anti-CD4 mAb 
(Fig. 6). However, in the presence of sufficient costimulator activity, CD8 cross­
linking enhances the proliferative response of resting CD8 T cells stimulated with 
SEB (Fig. 1). In contrast to stimulation with suboptimal amounts of anti-al f3 or 
CD3 mAb (EICHMANN et al. 1987; KOSSIK, personal communication), CD8 cross­
linking is not able to substitute for the costimulator activity necessary for primary 
T cell activation of SEB-reactive T lymphocytes (Fig. 3a). The observations that 
CD8 T cells respond to a variety of exogenous superantigens when presented by 
MHC class II molecules suggest that this might be a general rule for superantigen 
recognition (HERRMANN et al. 1990; HEEG et al. 1991). Indeed, endogenous 
superantigens such as Mis (JANEWAyet al. 1989) also eff~ctively stimulate CD8 T 
lymphocytes (WEBB and SPRENT 1990; MACDoNALD et al. 1990). However, the role 
of CD4/8 molecules in determining the functional phenotype of superantigen­
reactive T lymphocytes is as yet unresolved. It is striking that, in contrast to 
stimulation with conventional antigens, murine SEB-reactive CD4 T cells gain 
powerful lytic effector capacity (Tables 3 and 4); so far no Mis-reactive CD8 CTl 
have been reported (WEBB and SPRENT 1990; MACDoNALD et al. 1990). 

According to the two signal concept of T cell activation (BRETSCHER and 
COHN 1970; SCHWARTZ 1990), primary activation of T cells is dependent on 
recognition of antigen by the TCR-CD3 complex (signal 1 ) and on TCR-unlinked 
costimulatory signals provided by functional APC (signal 2). Antigens presented 
by APC not capable of delivering the costimulator signal do not activate but 
rather anergize the responding T cells (SCHWARTZ 1989, 1990; JENKINS et al. 1988; 
GASPARI et al. 1988). T cell activation by SEB seems to fit this concept. SEB bound 
to sepharose beads or to APC fixed with paraformaldehyde failed to stimulate 
SEB-reactive T cells (Fig. 2, Fig. 3b). Even co-cross-linking of CD8 molecules did 
not restore the ability of sepharose-conjugated SEB to induce T cell proliferation 
(Fig. 3a). In our hands, irradiated lPS blast cells were effective in providing the 
obligatory costimulator signal: as few as 150 lPS blast cells converted 
unresponsive T cells stimulated with sepharose-bound SEB to a proliferative 
response (Fig. 4). Whether V p8 T cells become clonally silenced by immobilized 
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SEB is currently being investigated. Recently, similar conclusions were drawn 

with human T cells stimulated with immobilized superantigen streptococcal M 

protein (TOMAI et al. 1990). Although soluble M protein was sufficient to trigger 

human T cells to proliferation on feeder cells, it failed to activate T lymphocytes 

when immobilized in the absence of feeder cells (KOTB et al. 1990). This failure 

could be overcome by adding phorbol esters, thus providing an intracellular 

costimulator signal (KOTB et al. 1990). Hence, TCR- unlinked costimulator signals 

seem to be essential for primary activation of superantigen-reactive T cells. 

Taken together, triggering of T lymphocytes with the superantigen SEB 

differs from activation with conventional antigens. Recognition of unprocessed 

SEB requires binding to MHC class II molecules, yet is CD4/8 coreceptor­

independent. Unlinked to their CD4/CD8 phenotype, T lymphocytes with the 

appropriate V p-bearing TCR become triggered . However, primary activation of 

SEB-reactive T cells depends critically on TCR-unlinked costimulator signals 

provided by functional APC. 
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A commonly held hypothesis is that the chronic autoimmune rheumatoid 
diseases of humans are mediated or initiated by infectious agents. It has recently 
been postulated that "superantigens" might playa role in the development of 
these autoimmune diseases by activating preexisting anti-self T cells (MARRACK 
and KAPPLER 1988) and by inducing polyclonal B cell activation leading to the 
production of autoantibodies (TUMANG et al. 1990). Of special interest is the 
superantigen MAM (Mycoplasma arthritidis T cell mitogen) which is produced by 
a microorganism that is known to cause a chronic relapsing arthritis in rodents. 

Mycoplasmas are the most common cause of naturally occurring acute and 
chronic arthritis in many animal species. In fact, early work on mycoplasma­
induced murine arthritis led Sabin to propose in 1939 that these organisms might 
be the etiological agents of human rheumatoid arthritis. Despite reports 
describing the isolation of mycoplasmas from human rheumatoid tissues, the 
vast majority of investigators have failed to corroborate these findings. However, 
there are numerous reports describing the ability of human- specific species of 
mycoplasma to invade the joints of immunocompromised patients. Furthermore, 
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acute or chronic joint disease can be a late complication of M. pneumoniae 
infection (see reviews by CASSELL and COLE 1981; COLE et al. 1985b). 

In this review, I will summarize current knowledge on the properties of MAM 
and its interaction with cells of the immune system in vitro and in vivo and will 
discuss its role in both acute and chronic disease mediated by M. arthritidis. 

2 Properties of MAM 

As reviewed earlier (COLE et al. 1985b), MAM was first detected during studies to 
determine the role of cell-mediated immune responses in the development of M. 
arthritidis-induced arthritis of mice. Both normal lymphocytes and lymphocytes 
from arthritic mice were shown to undergo proliferation in response to both 
sonified mycoplasma cell antigens and to viable organisms. Subsequently, cell­
free culture supernatants of M. arthritidis were shown to induce cytolytic 
lymphocytes and lymphocyte proliferation (COLE et al. 1981). The mitogenic 
component of mycoplasma cells was stable to 100°C and was active only for B 
lymphocytes. In contrast, the soluble component in culture supernatants was 
shown to be heat labile and was active for T lymphocytes. Whereas B cell 
mitogens are present in the membranes of many species of mycoplasmas, a 
soluble T cell mitogen has so far been isolated only from M. arthritidis. 

Lymphocyte activation by M. arthritidis supernatants also results in 
induction of interferon-y (IFN-y) (COLE and THORPE 1984; KIRCHNER et al. 1984) 
and interleukin-2) (IL-2) (YOwELL et al. 1983). In addition, M. arthritidis cells 
and supernatants activated a macrophage cell line resulting in increased 
listericidal and tumoricidal properties (DIETZ and COLE 1982). More recent 
studies using partially purified MAM have demonstrated induction of 
granulocyte/macrophage colony-stimulating factor (GM-CSF) by human peri­
pheral blood mononuclear cells (NAOT and COLE, unpublished observations). 
Membranes from M. arthritidis have also been shown to induce GM-CSF in 
murine bone marrow-derived macro phages (STUART et al. 1990). 

MAM is produced to maximal titer in senescent broth cultures of M. 
arthritidis. Purification has been difficult due to the paucity of material produced 
and to its heat lability and affinity for glass and plastic su rfaces as well as to large 
molecules present in mycoplasma culture media. The mitogen is a heat (56°C) 
and acid ( < pH 7.0) labile protein with an unusually high pi of > 9.0 (ATKIN et al. 
1986). 

Homogeneous preparations have recently been obtained by a complex 
purification scheme involving (NH4hS04 fractionation followed by gel filtration 
chromatography, two cation exchanges, and finally hydrophobic interaction 
chromatography (ATKIN et aI., unpublished observations) . MAM prepared in this 
way has a molecular weight of approximately 27000 by gel electrophoresis. 
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A comparison of the sequence of the first 54 amino acids of MAM with the 
sequences of the staphylococcal superantigens fails to identify any common 
epitopes. Furthermore, no significant homology has been identified between 
MAM and any of the protein sequences in the gene bank and the National 
Biomedical Research Foundation computer libraries (OLIPHANT et aI., unpub­
lished observations). Thus, the present fragment of MAM appears to be unique. 
MAM is extraordinary potent, giving 50% of the maximal proliferative response 
of murine lymphocytes at < 10- 14 M (ATKIN et aI., unpublished observations). 

3 Activation of Mouse Lymphocytes by MAM 

Detailed descriptions of murine T cell activation by MAM are reviewed elsewhere 
(COLE 1988; COLE and ATKIN 1991). Only the main issues will be described here. 

The serendipitous finding was made that lymphocytes from C57BL/10 mice 
failed to undergo proliferation in response to MAM, whereas those from BALB/c 
and C3H mice were readily activated. The negative or weak response of the 
C57BLl10 mice was used as a marker which enabled the gene which controls 
MAM reactivity to be mapped to the I-E region of the murine H2 major 
histocompatibility complex (MHC) (COLE et al. 1981). This observation was 
consistent with the fact that MAM-induced T cell proliferation was dependent 
upon MHC-bearing accessory cells (AC) (COLE et al. 1982b). This specificity for 
I-E bearing cells suggested that the I-E molecule might be a binding site for MAM. 
It was subsequently shown using congenic and recombinant mouse strains that 
only splenocytes from I-E-bearing mouse strains could remove MAM activity from 
solution (COLE et al. 1982a). Unlike the presentation of antigen to T cells by AC, 
the presentation of MAM required neither processing nor an IL-1 signal (COLE 
et al. 1986a). Later work showed that liposomes with incorporated I-E but not 
with I-A molecules could also present MAM to T cells (BEKOFF et al. 1987). 

There is substantial evidence that the conserved rx chain of the I-E molecule, 
or a combinatorial determinant between Eo: and other {J chains, bears the MAM 
receptor since: (1) ATFR5 mice which lack Ep respond to MAM via combinatorial 
Eo:Ap molecules; (2) antibody to a MAb specific for Ell totally blocks MAM-induced 
proliferation; (3) Eo: transgenic mice on a C57BLl10 background present MAM; 
and (4) transfected fibroblasts expressing EIlEp or EIlAp present MAM, whereas 
fibroblasts expressing AIlAp do not (COLE et al. 1990a). 

T cell recognition of MAM is not MHC-restricted since T cells need not 
recognize self MHC as long as the AC bear the I-E molecule (COLE and ATKIN 
1991; YOWELL et al. 1983). Furthermore, T cell responses are clonally expressed. 
In one study, only 6 of 34 T cell lines responded to MAM irrespective of CD4 or 
CD8 expression (LYNCH et al. 1986). 

It was recently shown that, as for other superantigens, MAM is recognized 
by the V{J chains of the rx/{J T cell receptor for antigen (TCR) (COLE et al. 1989, 
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1990b). This was demonstrated using the RillS mouse which exhibits massive 
deletions in its Vp a//3 T cell repertoire (HAOOI et al. 1989) and the B10.RIII mouse 
which retains all Vp genes. In RillS test-cross progeny with (RillS x B10.RIII)F1 
hybrids, reactivity of lymphocytes with MAM cosegregated with expression of 
V p8-bearing cells as detected by immunofluorescence. Clonal expansion of 
MAM-reactive BALB/c cells in vitro followed by immunofluorescence showed 
that activated cells expressed Vp8.1, Vp8.2, Vp8.3, or Vp6, with Vp8.2-bearing cells 
predominating at 46.2% of the total; in contrast, V p6-bearing cells represented 
only 6.7% of the total. MAM expansion of C57BR lymphocytes which lack the V p8 
genes resulted in a 61 % expression of V p6 in the activated population (COLE et al. 
1990b). Since none of the percentages add up to 100%, it seems likely that MAM 
can use other VR TCRs. It is of interest that, whereas usage of products of the Vp8 
TCR gene family is fairly common amongst other microbial superantigens, V p6 
is only used by MAM and by the Mis 1 a self antigen (KAPPLER et al. 1988; 
MACDONALD et al. 1988) 

4 Activation of Human T and B Cells by MAM 

Previous work had established that MAM could also activate human T cells and 
that this reaction was also dependent upon MHC- bearing AC (COLE et al. 1982c; 
DAYNES et al. 1982). In this case, the human HLA-DR MHC molecule, which is the 
equivalent of the murine I-E molecule (and structurally closely related), appears 
to possess the binding site for MAM, since anti-HLADR antibodies inhibited 
proliferation, IFN-y production, and the induction of cytolytic cells in response to 
MAM (COLE and THORPE 1983; MATTHES et al. 1988). Furthermore, cells trans­
fected with I-E can present MAM to human T cells and the response is inhibitable 
with the anti-I-E monoclonal antibody (mAb), 14.4.4s (MATTHES et al. 1988). 

In an analysis of the reactivity of a wide range of human T cell clones to 
MAM, it was shown that MAM could induce proliferation or cytotoxicity 
irrespective of expression of the CD4 or CD8 molecules. TCR a/ /3-negative, y/(j­
positive cells also respond to MAM in the presence of appropriate AC. Although 
full activation of T cells fails to occur in the absence of AC, an increase in 
cytoplasmic Ca2+ concentrations can be detected. In addition, phorbol 
myristate acetate, which is an activator of protein kinase C, could induce T cell 
proliferation in the absence of AC. These observations led to the proposal that 
MAM might be a bivalent molecule which can interact separately with TCRs and 
MHC molecules (MATTHES et al. 1988). 

In a number of studies, the response of human cells to MAM has always been 
found to be less than the response seen with mouse cells and less than the 
response to lectin mitogens (COLE et al. 1982c; CANNON et al. 1986). Recently, a 
direct comparison was made between the responses of MAM and other 
microbial superantigens to activate murine vs human lymphocytes. Human cells 
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clearly responded better to staphylococcal superantigens than to MAM and 
murine cells responded better to MAM (FLEISCHER et al. 1991). This difference 
appears to be due to differences in the MHC/superantigen interaction since 
lymphocytes from transgenic mice expressing human MHC molecules respond 
better to the staphylococcal superantigens than to MAM (COLE et aI. , un­
published observations). 

The ability of superantigens to interact with both MHC molecules on AC and 
B cells and Vp TCRs on T cells raises the possibility that these substances might 
be able to initiate a B-TH cell collaboration resulting in polyclonal B cell 
activation. Preliminary evidence of B cell activation by MAM came from the 
observation that peripheral blood lymphocytes from normal individuals or 
rheumatoid arthritis (RA) patients secreted significantly higher levels of IgG when 
co-cultured in vitro with MAM and pokeweed mitogen. In addition, low levels of 
IgM rheumatoid factor (RF) were secreted by lymphocytes from normal or 
seronegative RA patients (EMERY et al. 1985). 

To more specifically address this issue, MAM-reactive T H cell lines were 
generated by in vitro exposure of peripheral blood monocytes to MAM, 
separation of T blasts by gradient centrifugation, and selection of T H cells by 
immune rosette depletion of CD8+ cells. Purified B cell cultures, or B cells 
incubated with MAM-reactive T H Cells, failed to secrete significant levels of IgM. 
However, when the B cells were pulsed with MAM and washed or when MAM was 
added to the B-T H cell mixture high levels of IgM (6-7 ng/ml) were produced. 
Similar observations were made using resting tonsillar B lymphocytes (TUMANG 
et al. 1990). 

The importance of these observations is that the abnormal T H -B cell 
interaction mimics that seen in graft vs host disease which has been used as a 
model to study systemic lupus erythematosus. In the latter chronic systemic 
disease, abnormal B cell reactivity results in the production of a wide range of 
autoantibodies, especially to antigens on cell surfaces such as lymphocytes and 
to antigens with repetitive sequences such as DNA (FRIEDMAN et al. 1991). 

5 Activation of Rat T Cells by MAM 

Mycoplasma arthritidis causes a severe suppurative arthritis in rats, and the 
disease can also be associated with conjunctivit is, urethritis, lethargy, and 
paralysis (WARD and JONES 1962) and, more recently, uveitis (THIRKILL and 
GREGERSON 1982). Rat lymphocytes can also be activated by the MAM super­
antigen (COLE et al. 1982c). A comparison of splenic cells from various 
inbred rat strains indicated that DA, Lewis, Buffalo, August, Wistar Furth, 
and (LEW x BN)F1 all responded well to MAM, phytohemagglutinin, and 
concanavalin A, but cells from BN and MAXX rats were very weakly or non­
responsive to all mitogens. Cells from congenic strains expressing non-
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responder background genes and responder haplotypes at RT1 failed to 
respond significantly to the mitogens (MORITZ et al. 1984; COLE et al. 1986b). Rats 
expressing responder background genes but the nonresponder haplotype at 
RT1 exhibited high responses to all mitogens. The controlling role of non-RT1 
genes was confirmed by testing tissue-typed (DA x BN)F2 progeny for lymph­
ocyte reactivity to MAM. No association was seen between the expression of 
responder vs nonresponder haplotypes at RT1 and the degree of response to the 
mitogens. In contrast, as the proportion of DA non-RT1 genes increased, so did 
the degree of mitogenic responsiveness (COLE et al. 1986b). The results indicated 
that in the (G:lA x BN)F1 hybrids, responsiveness to all mitogens was recessive: 
this contrasts with the (LEW x BN)F1 hybrids in which responsiveness was 
dominant. Both responder and nonresponder splenic cells were capable of 
binding the M. arthritidis mitogen. The data contrast with those obtained with 
nonresponder mouse strains, the cells of which failed to bind mitogen due to the 
absence of the E. chain of the I-E-coded molecule. The results clearly indicate 
that a distinct gene is responsible for the failure of BN lymphocytes to respond to 
T cell mitogens. It remains to be determined whether this hyporeactive response 
relates to rat V p TCR expression. 

It is of great interest that the genetics of MAM-induced activation of 
rat lymphocytes closely resemble that seen for susceptibility to two different 
experimentally induced autoimmune diseases. Thus, (LEW x BN)F1 rats are 
susceptible to experimental allergic encephalomyelitis (EAE) and collagen­
induced arthritis, whereas (DA x BN)F1 rats are resistant (GRIFFITHS and DEWITT 
1984; GASSER et al. 1973). More work is required to identify the mechanism for 
these differences. Recent work indicates that in both of these autoimmune 
diseases T cells expressing V p8 TCRs are involved in disease pathogenesis. 
Since the rat and mouse Vp TCRs are quite similar, it is likely that MAM also 
activates rat Vp8-bearing T cells. 

6 Pathogenicity of Mycoplasma arthritidis 
and its Superantigen MAM 

The ability of an infectious agent to invade the naive host and to initiate and 
perpetuate disease is dependent upon a complex interplay between the specific 
attributes of the agent and their interactions with the immune response of the 
host. The mycoplasmas are a very successful group of parasites which associate 
closely with the cells of their hosts. They are the causative agents of respiratory, 
genitourinary, and joint diseases of animals and humans (RAZIN and BARILE 
1985). The chron icity of many of these diseases and the apparent difficulty of the 
host in eliminating these organisms suggest a unique ability to bypass or evade 
host defense mechanisms. Mycoplasma arthritidis illustrates these properties 
very well and this subject is reviewed in more detail elsewhere (COLE et al. 1985b). 
The effect of MAM on this host/parasite interaction is discussed below. 
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6.1 Immunosuppression and Invasion of the Host 

Mycoplasma arthritidis is frequently harbored in the respiratory tract of 
apparently healthy animals. Its presence may be difficult to detect unless 
extensive culturing is performed since an antibody response may not be 
present (DAVIDSON et al. 1983). The environmental factors which determine the 
development of spontaneous disease are poorly understood. 

Despite the rapid onset of complement-fixing (CF) antibodies after 
experimental injection of organisms, there is strong evidence that the immune 
response to M. arthritidis is defective. Neutralizing or growth inhibiting 
antibodies, which playa major role in the control of mycoplasma infections, 
are not produced against M. arthritidis in rodents. Furthermore, opsonizing 
antibodies are likewise not evoked. It is not surprising, therefore, that a myco­
plasmemia persists in the peripheral circulation for up to 3 weeks following IV 
injection of the organisms (COLE et al. 1985b). MAM production by these 
organisms may be responsible for the depressed host defenses. As an example, 
mycoplasmas are cleared faster from the peripheral circulation of mouse strains 
which lack a functional I-E molecules (C3H-SW) than they are from strains 
possessing I-E (C3H) (COLE et al. 1983). 

In addition, the systemic injection of mice with high doses of MAM results in a 
state of anergy in which T cells from treated animals lose much of their ability to 
proliferate in vitro in response to MAM, the staphylococcal superantigen SEB, 
and, to a somewhat lesser extent, to Con A and PHA (COLE and WELLS 1990). This 
anergic state is due to an MAM-activated, CD4-positive T cell which can 
suppress the response of normal T cells to mitogens. This response appears 
limited to mouse strains which express a functional I-E molecule and, presum­
ably, to mouse strains which bear the appropriate MAM-reactive Vp TCRs. The 
mechanism of this suppressive effect remains to be established. However, there 
is evidence that viable cells are required for transfer of suppression in vitro. 
Although transfer of suppression is not MHC-restricted, there are indications 
that it might be Vp alp TCR-restricted. Thus, mice injected with MAM respond 
normally to SEA, and lymphocytes from mice injected with SEA fail to respond to 
SEA but show only slight inhibition of responses to MAM (COLE and AHMED, 
unpublished observations) . 

We have also shown that a series of injections of MAM before and during 
skin grafts slightly but significantly prolongs graft survival. Furthermore, MAM, 
given prior to sensitization with dinitrofluorobenzene, partially suppresses the 
development of contact sensitivity. If suppression of immune reactivity of T cells is 
indeed V p-specific, then the degree of suppression of graft rejections and contact 
sensitivity must be limited by T cells bearing V p6 and V fJ8 TCRs. 

Somewhat variable results have been obtained when MAM is given prior to 
antigeniC challenge with foreign proteins or sheep red blood cells. However, if 
MAM is given at the same time as, or particularly, after antigen administration, 
then antibody responses are increased (COLE and AHMED, unpublished observ­
ations). These observations are consistent with the polyclonal B cell activation 
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by MAM described earlier. It would seem from these preliminary studies that time 
of administration of antigen vs MAM plays an important role in determining the 
effect on the immune response. Furthermore, work is now needed to define the 
role of MAM on the immune response during active infections with M arthritidis. 
Studies should also be conducted to determine the role of MAM in M arthritidis­
mediated inhibition of the interferon response to viral inducers in vivo (COLE et al. 
1975). 

6.2 Toxicity and Necrosis 

One of the earliest symptoms following the IV injection of large numbers of M 
arthritidis into mice is the development of a toxic shock syndrome (COLE et al. 
1983). Symptoms include lethargy, ruffled fur, conjunctivitis, fecal impaction, 
and, depending upon dose, death in some individuals. These effects appear due in 
part to MAM since they were H-2-restricted in that animals whose Iymphocyte~ 
were MAM-reactive (C3H, B10.o2) were susceptible, whereas mice whose 
lymphocytes were MAM-nonreactive (C3H.SW, C57BLl10, C3H.B 10) were resis­
tant. Susceptible mice also developed extensive peritoneal adhesions after 
IP injection of organisms. More recent studies using large doses of more highly 
purified MAM injected IV show a similar toxic syndrome but of much lesser 
duration and severity. It is likely that the toxic effects of M arthritidis are in part 
due to the liberation of Iymphokines and other inflammatory molecules mediated 
by MAM-induced activation of lymphocytes and macrophages. 

There is evidence that MAM also plays a role in the dermal necrosis induced 
by M arthritidis after subcutaneous injection of the organisms (COLE et al. 
1985a). In this case, mice possessing a functional I-E molecule (C3H, BALB/c, 
B10.BR, B10.o2) were very susceptible to dermal necrosis, whereas inbred and 
congenic mice which lacked I-E (C57BLl10, C3H.SW, C3.H.B10) developed a 
suppurative abscess but without dermal damage. In MAM-responsive mice, 
coagulation type necrosis extended from the suppurative subcutaneous ab­
scess out to the dermis. Fe'tJ inflammatory cells were seen in this area which was 
characterized by loss of cellular and nuclear detail, dissolution of the panniculus 
carnosus muscle, and eventual ulceration. Mice injected with crude un purified 
MAM (culture supernatants) failed to show any gross or histological lesions, but 
studies with pure MAM now need to be undertaken. There is further evidence that 
MAM may not be entirely responsible for necrosis since a highly virulent strain of 
M arthritidis can induce some necrosis in I-E-negative mouse strains, and weak 
necrosis also occurs in BALB/c nu/nu mice. It seems likely, therefore, that MAM 
renders the host more susceptible to an as yet unidentified necrotizing agent. 

6.3 Joint Disease 

There are striking differences in M arthritidis disease expression in mice, rats, 
and rabbits which might relate in part to lymphocyte reactivity to MAM (COLE 
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et al. 1985b). Rabbit lymphocytes fail to respond to MAM and disease in this host 
can only be obtained by direct injection of organisms into joints. An effective 
antibody response is produced which rapidly eliminates viable organisms and 
results in a chronic arthritis mediated by the deposition of immune complexes in 
cartilage (WASHBURN et al. 1980). 

Acute arthritis of mice induced by the systemic injection of virulent M. 
arthritidis is clearly an infectious process. It is not dependent upon MAM since 
disease develops in many mouse strains irrespective of the responses of their 
lymphocytes to MAM. Furthermore, MAM does not appear to be associated with 
virulence of the organisms since nonarthritogenic M. arthritidis strains also 
produce MAM, and high doses of avirulent strains can induce toxicity. It is clear, 
however, that MAM does have in vivo inflammatory potential , at least in rats 
(CANNON et al. 1988). Intra-articular injection of DA rats with MAM results in joint 
swelling characterized by edema below the synovial membrane with polymor­
phonuclear and focal lymphoid cell infiltration. Subsequently, widespread but 
incomplete shedding of the synovial membrane, hypertrophy and hyperplasia of 
the subsynovium with fibroblasts, and the appearance of macrophages occurs. 
The lesions begin to resolve by day 5 and almost completely disappear by day 7 
with healing of the synovial membrane. Repeated exposure of synovial tissues of 
MAM, as would occur dllring infection by M. arthritidis, might be expected to 
induce a more chronic phase of arthritis. Of interest is that intra-articular 
inflammation induced by MAM in BN rats whose lymphocytes are poorly 
responsive to MAM is much less pronounced. 

Most rats recover completely from the acute phase of disease within 6-8 
weeks, although a more chronic form of the disease has been described in a 
small proportion of animals (KIRCHHOFF et al. 1983). After this time, organisms are 
no longer isolable from the joints and the animals are protected against 
reinfection. In contrast, mice characteristically develop a more chronic phase of 
disease. Joint lesions closely resemble those of human RA with massive 
lymphocytic and plasma cell infiltration of synovium, proliferation of synovial 
membrane with production of multiple villi, and pannus formation leading to 
destruction of cartilage and bone (COLE et al. 1971). Of great interest is that the 
disease can persist for the life of the animal and can exhibit periods of remission 
and exacerbation which occur commonly in many of the rheumatic diseases. 
Disease chronicity appears to be associated with continued presence of. live 
organisms, although the latter occur in very small numbers during the chronic 
stage of disease even in the presence of severe active inflammation. Consistent 
with the chronicity of the mouse disease is the fact that convalescent sera or cells 
fail to protect normal mice against disease (COLE et al. 1985b). 

Although we do not yet know the role of MAM in the chronic stages of the 
mouse disease, it is likely to be a major contributor since viable organisms may 
persist in the joints. It is interesting to speculate that episodes of exacerbation 
might also be due to multiplication of organisms and MAM production at sites 
distant from the joints. Since MAM shares some V p TCR usage with other super­
antigens, it is possible that infection of mice with other superantigen-producing 
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organisms may also lead to enhanced disease. A further issue to be addressed is 
whether Vp6 or Vp8 TCR-bearing T cells playa more direct role in disease by 
reacting with specific joint components, as is apparently the case with collagen­
induced arthritis (HAOOI et al. 1988a, 1988b, 1989) and EAE (HEBER-KATZ and 
ACHA-ORBEA 1989). Finally, chronic mycoplasma disease in mice may have an 
autoimmune component since, as we discussed previously, MAM-activated T H 

cells can trigger polyclonal B cell proliferation and Ig secretion. 

7 Concluding Remarks 

MAM has all of the properties characteristic of a superantigen and was, in fact, 
the first member of this group of proteins to receive detailed study on its 
requirements for T cell activation. The fact that M. arthritidis produces acute 
systemic disease as well as a chronic relapsing arthritis in rodents led to the 
proposal that this disease be used as a model system to study the role of 
superantigens in microbial-mediated chronic diseases (COLE and ATKIN 1991). 
The availability of numerous mouse strains exhibiting specific mutations or 
deletions in both the Vp T cell repertoire and in class II MHC antigen expression as 
well as the growing availability of transgenic mice permits the identification of the 
specific pathways by which the superantigen, the organism, and the host 
interact to initiate or perpetuate disease. 

The second model system proposed is based upon the use of Vp6 and Vp8 
alp TCRs by MAM and the association of T cells bearing these same TCRs with 
type II collagen-induced arthritis of mice (HAOOI et al. 1988a, b). In this model, 
MAM could be used to determine the role of microbial superantigens in triggering 
the onset of disease due to preexisting anti-self T cells, to enhancing disease 
activity by selective clonal expansion of these cells, or to causing an exacer­
bation of previously resolved disease. 

The third model system relates to the ability of MAM to form a superantigen 
"bridge" between T H cells and resting B cells, resulting in polyclonal B cell 
activation (TUMANG et al. 1990). It has been hypothesized that this abnormal TIB 
cell collaboration could lead to the generation of autoantibodies to repetitive 
antigen sequences or to multivalent surface antigens as occurs in the antibody­
mediated autoimmune diseases such as systemic lupus erythematosus 
(FRIEDMAN et al. 1991). 

Recent studies in our laboratories (B.C. COLE and M.M. GRIFFITHS, unpub­
lished observations) confirm the importance of MAM as a model for superantigen­
mediated autoimmune disease. We have demonstrated that systemically-admi­
nistered MAM can cause a flare of disease activity in mice convalescing from 
type II collagen-induced arthritis and can also trigger a first episode of arthritis 
in mice suboptimally immunized with collagen. The respective roles of T cell 
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versus B cell activation in the induction of this autoimmune condition are currently 

under study. 

Further study on the structure of MAM and its interaction with MHC and TCR 

molecules may also shed light on the Mis self superantigens, which are 

discussed elsewhere in this volume. The similarity between Mis 1 a and MAM is 

particularly intriguing since they both use the Vp6 and Vp8.1 alp TCRs and both 

associate with the I-E molecule for their presentation to the T cell (KAPPLER et al. 

1988; MACDoNALD et al. 1988; COLE et al. 1990b). 
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1 Introduction 

Cytokines constitute an ever growing family of highly potent biological 
mediators. Our advanced knowledge of the molecular structure of most cyto­
kines, their target receptors, and the respective coding genes contrasts with 
the still incomplete data available on physiological and pathophysiological 
regulatory mechanisms operating within the cytokine network. This explains the 
interest in studying in vivo situations, either in the clinic or in experimental 
models, where cytokines are directly implicated in the induction of profound 
sickness or tissue damage. Stimuli described as promoters of monocyte/macro­
phage or lymphocyte activation, leading to local or systemic cytokine release 
and pathology, are toxic silicosis (PIGUET et al. 1990), bleomycin pneumopathy 
(PIGUET et al. 1989), infectious bacterial endotoxin (BARNETT-SULTZER 1968; 
SKIDMORE et al. 1975), tuberculosis (KINDLER et al. 1989), malaria (GRAU et al. 
1990), leishmaniosis (HEINZEL et al. 1989), or immunological conditions such as 
graft vs host disease (PIGUET et al. 1989b). 

More recently, monoclonal antibodies (MoAbs) specifically directed at the 
CD3 molecule expressed by all mature T lymphocytes (KUNG et al. 1979; CLEVERS 
et al. 1988) were shown to be, when administered in vivo, very potent inductors of 
massive systemic cytokine release (CHATENOUD et al. 1988, 1989; ABRAMOWICZ 
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et al. 1989; FERRAN et al. 1990a). Importantly, this cytokine release is responsible 
for an important physical syndrome that constitutes one major side effect in 
patients receiving anti-CD3 MoAbs for immunosuppression (COSIMI 1987). 

The aims of this brief review are to describe the major characteristics of the 
anti-CD3-induced in vivo activation and to underline its relevance for the study 
of cytokine-mediated pathological reactions and regulatory circuits. 

2 The C03 Molecule: An Important Target 
for In Vivo Immunosuppression 

OKT3, an anti-human CD3, is the MoAb that has been the most widely used in 
clinical practice. During initial pilot trials in 1981, the extremely potent and 
reproducible immunosuppressive capacity of OKT3 became apparent (COSIMI 
et al. 1981; ORTHO MULTICENTER TRANSPLANT STUDY GROUP 1985). OKT3 was 
initially selected since, like the polyclonal anti-lymphocyte sera, it is directed to 
all mature T cells and provokes major T cell lymphopenia, although this is not 
its exclusive mode of action. Interestingly, it was only after some years, when 
OKT3 was in frequent use in several transplantation departments for both the 
treatment and prevention of organ allograft rejection, that the precise molecular 
structure of its target at the T cell membrane was identified. The CD3 molecule is 
a complex structure including at least five major polypeptide chains: the 
y (25-28 kDa), b (20 kDa), and e (20 kDa) chains and the' 17 kDa homodimer 
(BORST et al. 1983, 1984; PESSANO et al. 1985; SAMELSON et al. 1985; CLEVERS et al. 
1988). An additional 21 kDa protein linked to some of the CD3 , chains has 
been described in mice (CLEVERS et al. 1988). Tightly linked to the CD3 complex 
and coprecipitating with it are the two a and fJ chains of the T cell antigen 
receptor (TCR) (BORST et al. 1983; MEUER et al. 1983; OETTGEN et al. 1984). All 
results are concordant in pointing to CD3 as the transduction element of the 
TCR. This is actually the molecular basis explaining the immunosuppressive 
potency of OKT3. 

Anti-human CD3 MoAbs only cross-react with T cells of some nonhuman 
primates, namely, chimpanzees and baboons. It was not until recently that a 
MoAb specific for the murine CD3 molecule was made available. 145-2C11 is a 
hamster MoAb recognizing the e chain of the murine CD3 molecule (LEO et al. 
1987). 

3 Anti-C03-lnduced Acute Syndrome 

One very prominent side effect observed in all patients treated with OKT3 is an 
impressive acute clinical syndrome that follows the first injections of the MoAb. It 
was originally described as a "flu-like" sickness, associated to a variable degree, 
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depending on the patient, with a large variety of symptoms (COSIMI et al. 1981; 
COSIMI 1987; GOLDSTEIN et al. 1986). Importantly, the reaction is transient, only 
observed after the first injections, and spontaneously reversible after 2-3 days 
of consecutive treatment. The symptoms may be grouped according to three 
headings based on the severity of the syndrome: (1) Although being a source of 
major discomfort for the patient, the high fever, the chills, and the headache 
do not per se have a poor prognosis. (2) The gastrointestinal symptoms, i.e., 
repeated episodes of vomiting and especially diarrhea, are very debilitating since 
they induce massive fluid and electrolyte loss but can be managed with palliative 
treatments. (3) The situation is much more complicated in the 10%-15% of 
patients who experience the more extreme and eventually life threatening symp­
toms. Among these are the severe respiratory distress driven by pulmonary edema, 
which is observed in patients presenting significant fluid overload at the time of 
the first OKT3 injection, and the hypotension. It is interesting that hypotension, 
namely, the shock syndrome, does not represent a regular feature of the OKT3-
induced reaction; it is only observed in the small proportion of patients who expe­
rience the more severe symptomatology. This element is essential in distingui­
shing the OKT3-induced reaction from an anaphylactic shock. Indeed, at variance 
with polyclonal anti-T cell antibodies, despite the thousands of patients treated 
and even retreated with OKT3, there is no firm documentation of any acute hyper­
sensitivity reaction. The third category of symptoms also includes OKT3-induced 
neurotoxicity. Some patients may present with nuchal rigidity and confusion: 
lumbar puncture regularly discloses an aseptic meningitis. A preliminary report 
suggests that the OKT3-induced neurological toxicity is more frequent when 
low doses of the MoAb are administered in the absence of any other associated 
immunosuppressant (RICHARDS et al. 1990). Thus, 54% of patients presenting 
with solid tumors, in whom a single 50-100 I1g i.v. OKT3 injection was injected, 
showed severe neurotoxicity, as compared to the 10% incidence described in 
OKT3-treated renal allograft recipients (5 mg/day) (MARTIN et al. 1988). 

The OKT3-induced acute reaction is more severe in patients receiving the 
MoAb for treatment of an ongoing rejection episode than in those treated for 
prophylaxis. This probably relates to the immune preactivation status of the 
rejecting patients. The OKT3-induced activation also involves allograft infil­
trating T lymphocytes, which explains the transient functional worsening of the 
rejecting transplant at the beginning of treatment (i.e., transient increase in 
blood creatinine due to cytokine-promoted vasoactive phenomena). 

As in patients, the injection of anti-CD3 into mice induces a major physical 
reaction. In nongerm-free adult mice, administration of single doses higher than 
50-100l1g (2.5-5 mg/kg) are associated with a high mortality (Fig. 1). In totally 
germ-free adult mice lethality is avoided even at doses as high as 400 I1g/mouse 
(HIRSCH et al. 1988). This indirectly suggests a role for subliminal endotoxin 
levels (i .e., originating from nonpathogenic digestive tract flora) in potentiat­
ing the cytokine-induced syndrome. Using lower doses (5-20I1g/mouse) animals 
are sick but, as in patients, the syndrome spontaneously reverses after 48-72 h. 
Mice experience prostration and hypomotility (that may be quantitated using an' 
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actimetric device), hypothermia (the equivalent of fever in humans since rodents 
are not homeotherms) , diarrhea, and piloerection. 

4 Anti-CD3-lnduced Cytokine Release 

From a biological point of view, the anti-CD3-induced syndrome is the in vivo 
counterpart of the in vitro mitogenic properties of the MoAb. 

All anti-CD3 MoAbs so far described have a potent T cell mitogenic activity 
extensively studied. This activity is monocyte-dependent, since F(ab)'2 are not 
mitogenic (VAN WAUVE et al. 1980; CHANG et al. 1981), and significantly varies 
depending on the isotype of the murine antibody (lgG2a» IgG1 »lgG2b) (VAN 
lIER et al. 1987). This parallels the variable affinity of human monocyte Fc recep­
tors for murine IgG isotypes, shown to be HLA-related. The in vitro proliferative 
response is of course associated with significant cytokine release (CUTURI et al. 
1987). 

These results were a logical starting point to hypothesize that transient 
cell activation leading to cytokine release was the cause of the anti-CD3 syn­
drome. In addition, since all the symptoms elicited were quite reminiscent of 
those reported in patients receiving exogenous recombinant cytokines (REMICK 
et al. 1987; ROSENBERG et al. 1987). In humans this could directly be demons­
trated when specific radioimmunoassays for cytokine dosage were made avail­
able, that offered enormous technical advantages over the conventional bio­
assays. 

In all patients, as early as 1 h after the first OKT3 injection, massive release of 
tumor necrosis factor (TN F) is observed in the circulation. In some patients, 
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values are definitely higher (around 2000 pg/ml) than the ones detected in septic 
shock. In contrast to TNF release, in no case could any interleukin (IL)-1 P be 
detected. At 4 h after the injection, exclusively T cell-derived cytokines such as 
interferon-y (IFN-y) and IL-2 also peak in the circulation (CHATENOUD et al. 1988, 
1989; ABRAMOWICZ et al. 1989). IL-6 is also released 3-6 h after the injection. 
Although massive, this cytokine release is self-limited. It exclusively follows the 
first OKT3 injection and all cytokines return to pretreatment levels by 20 h 
postinjection, except IL -6 which may show a longer lasting kinetics (36-48 h 
after the first injection) . 

Fully comparable results were obtained in anti-CD3-treated mice (FERRAN 
et al. 1990a; ALEGRE et al. 1990). Significant levels of TNF, IFN-y, IL-2, IL-3, and IL-
6 could be detected in the serum of BALB/c mice injected with 10 Ilg of anti-CD3 
(FERRAN et al. 1990a). By 24 h after the injection, significant anatomo 
pathological lesions are evidenced that involve lymphoid organs and tissues 
known to be the main targets of the released cytokines, namely, the lung and the 
liver. A pneumonia-like picture, including inflammatory cell infiltration, diffuse 
vascular congestion, and even thrombosis, is observed in the lungs of treated 
mice; cell vacuolization, cell necrosis and vascular congestion is the rule in the 
liver (FERRAN et al. 1990a). The pattern of cytokines released clearly pOinted to 
the cellular elements most actively involved in the reaction. In fact, although anti­
CD3 MoAbs induce in vivo T cell opsonization and subsequent lysis, an 
exclusive activation of reticuloendothelial cells through these mechanisms could 
be ruled out. First, other anti-T cell MoAbs, including anti-CD2, anti-CD4, or anti­
CD8, although inducing T cell opsonization with more or less pronounced 
Iympholysis both in experimental models (monkeys, rats, or mice) (JONKER et al. 
1983; BENJAMIN et al. 1986) and in humans (HAFLER et al. 1988; GOLDBERG et aI., 
submitted), do not provoke massive cytokine release. Second, in case of 
exclusive activation of monocytes/macrophages, as described following injec­
tion of Escherichia co/iendotoxin into either normal volunteers or mice, only TNF 
is detected in the circulation (MICHIE et al. 1988). Similarly, passive release of 
cytokines from lysed cells is improbable since it is well-known that the amount of 
biologically active cytokines stored within cells is negligible. 

Thus, all results are concordant in suggesting that T lymphocytes are the 
major source for most, if not all, the cytokines produced. Even in the case of 
TNF, our preliminary data on purified spleen cell populations suggest that 
activated T splenocytes, recovered from anti-CD3-treated mice, are TNF 
producers. It is worth mentioning at this point that the transient lymphocyte 
activation is also well-evidenced, both in humans and mice, by the expression 
of functionallL-2 receptors at the surface of T cells located in profound lymphoid 
organs (HIRSCH et al. 1989; ELLENHORN et al. 1990). Following the first anti-CD3 
injection, cell depletion is complete in the periphery but only partial within 
lymphoid organs; remnant T cells undergo antigenic modulation of the 
CD3/TCR complex (CHATENOUD and BACH 1984). 

Nevertheless, all these arguments do not preclude the active participation 
of monocytes/macrophages in the reaction. Data from mice are clear-cut in 
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confirming the nonactivating property of anti-CD3 F(ab')2 fragments. Just as 
they do in vitro, F(ab')2 fragments injected in vivo, even at very high doses (100-
200 ~g/mouse), do not elicit either the cytokine release or the physical syndrome 
(HIRSCH et al. 1990; CHATENOUD et aI., submitted). 

The importance of the epitope recognized on the CD3/TCR complex in 
determining such a massive T cell activation is well-illustrated by the example of 
a MoAb specific for the constant portion of human TCR (BMA 031). In vitro, BMA 
031 is less mitogenic than OKT3. When injected in vivo BMA 031 is very well­
tolerated despite the fact it induces, like OKT3, TNF release. However, in contrast 
to OKT3, no other cytokine is detected (CHATENOUD et aI. , submitted) . These data 
suggest that TNF alone is insufficient in giving rise to the clinical syndrome. 

5 Variabilities in Anti-C03-lnduced Activation 
Among Murine Strains 

By analogy with studies performed on lipopolysaccharide (LPS), we undertook a 
comparison analysis of the anti-CD3-induced activation among four murine 
strains. The idea was first to define variable patterns of anti-CD3-induced 
cytokine release in different inbred mice populations that could then allow 
to better define the precise role of each cytokine released in mediating the 
physical syndrome. BALB/c and CBA/J are good responders to LPS, produce 
high levels of colony-stimulating factor (CSF) and TNF after LPS injection, and 
exhibit a severe physical reaction that is lethal at high LPS doses (BARNETT­
SUL TZER 1968; SKIDMORE et al. 1975). NZW mice express an abnormal restriction 
fragment length polymorphism of the TNF gene correlated with reduced in vitro 
TNF production by peritoneal macrophages following LPS and IFN-y stimulation 
(JACOB and McDEVITT 1988). C3H/HeJ mice represent the reference LPS 
"resistant" strain. C3H/HeJ mice exhibit a dual defect in both TNF mRNA 
transcription and protein production is response to LPS related to a single 
mutation involving the Mup 1 or /psd (defective) gene on the fourth chromosome 
(WATSON et al. 1978; BEUTLER et al. 1986a). 

Following anti-CD3 injection, a quite different pattern of both disease and 
cytokine release was observed among the four strains. BALB/c mice experienced 
the most severe reaction with profound hypothermia (Table 1), hypomotility, and 
a 100% incidence of diarrhea. Anti-CD3-treated CBA/J mice showed a less 
severe reaction than BALB/c with only moderate hypothermia, hypomotility, and 
less frequent diarrhea (40% of the animals). However, in this strain the reaction 
lasted longer; total reversal occurred at 72 h as compared to 48 h in the three 
other strains. NZW mice showed mild hypothermia and hypomotility. Finally, 
C3H/HeJ mice were almost not affected, showing modest hypomotility as the 
only symptom. 
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Table 1. Body temperature in different mice strains following 145 2Cll treatment 

Mice strain 145 2Cl1 Treatment 

Before 4h after 24 halter 48 halter 
injection injection injection injection 

BALB/c Treated 38.2 ± 0.06 34.4 ± 0.32 34.6 ± 0.15 37.1 ± 0.12 
Controls 38.3± 0.05 38.2 ± 0.06 37.2 ± 0.19 379 ± 015 

(NS) (p <0.0001) (p <0.0001) (p = 0.002) 
NZW Treated 38.5 ± 0 .09 36.9 ± 0 .12 372 ± 0 .10 37.4 ± 0.21 

Controls 38.2 ± 025 38.01 ±0.10 37.3 + 0.17 37.6 ±022 
(NS) (p <0.0001) (NS) (NS) 

CBA/J Treated 38.4 ± 010 36.3 ± 0.15 37.5 ± 0 .21 373 ± 018 
Controls 38.4 ± 0.09 37.7 ±0.19 375 ± 0 .19 37.5±018 

(NS) (p < 0.0001) (NS) (NS) 
C3H/HeJ Treated 38.1 ±0.16 37.1±0.14 383 ± 0.14 37.1 ±0.15 

Controls 37.8 ± 019 36.8 ± 0.17 372 ±0.21 37.1 ± 0 .22 
(NS) (NS) (NS) (NS) 

Body temperature is expressed in °C. Results refer to mean ± SEM values obtained from 4- 6 different 
experiments for each mouse strain analyzed 

Table 2. Serum TNF levels in 145-2Cl1 treated mice strains 

Time 

1 h after injection 
4 h after injection 

BALB/c 

64 ±9.8 
o 

CBA/J 

52± 12 
o 

C3H/HeJ 

96±6 
o 

TNF L929 bioassay levels are expressed in units/ml (mean ± SEM) 

NZW 

144 ± 46 
12±4.9 

All this correlated with significant variations in the pattern of cytokines 
released. TNF was present in all four strains (Table 2). Peak levels were observed 
90 min after anti-C03 injection. No correlation could be evidenced between TNF 
levels and the severity of the physical reaction. Indeed, BALB/c, which was the 
most affected strain, presented TNF circulating levels not different from those 
scored in the other three strains. One must underline that in NZW and LPS 
resistant C3H/HeJ mice a normal pattern of anti-C03-induced TNF was found. 
Since C3H/HeJ monocytes/macrophages were reported not to produce TNF 
(WATSON et al. 1978; BEUTLER et al. 1986a), one may question whether the protein 
detected after anti-C03 in these mice is T cell-derived or alternatively, is triggered 
by another activation pathway (Fc receptor-related) , different from the one 
stimulated by LPS. A third possibility is that either anti-C03 itself or the other 
cytokines released can overcome the C3H/HeJ resistance. Some data suggested 
that IFN-y mediate this effect in C3H/HeJ mice (BEUTLER et al. 1986b). 
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Table 3. Serum IFN-y levels in BALB/c mice after 145-2C11 treatment 

Time 

Before 145-2C11 
Before 145-2C11 
90 min after the injection 

4 h after the injection 
8 h after the injection 

IFN-y level (units/ml) 

o 
o 
7 ±2 

10±3.13 
3±3 

BALB/c mice were unique in presenting significant serum IFN-y levels 4-8 h 
after anti-CD3 injection (Table 3) . Thus, the anti-CD3-induced physical reaction 
seems more severe when both TNF and IFN-y are present. This observation is in 
keeping with the well -described synergism between these two cytokines (PHILIP 
and EpSTEIN 1986; TALMADGE et al. 1987), at least partly due to up-modulation of 
TNF receptors by IFN-y (AGGARWAL et al. 1985; TSUJIMOTO et al. 1986). 

In all four strains, IL-3 was present 4-8 h after anti-CD3 injection. The highest 
levels were noted in the most severely affected animals, namely, in BALB/c and 
CBA/J mice. Moreover, in CBA/J mice, IL-3 was still detectable 24 h after anti­
CD3 injection in association with granulocyte/macrophage colony-stimulating 
factor (GM-CSF). This suggests a role of IL-3/GM-CSF in the long-lasting 
hypomotility noted in this strain. 

Based on these results TNF seems to playa key role in the pathophysiology 
of the anti-CD3-induced reaction, although it is evident that synergy with other 
cytokines, mainly IFN-y, IL-3/GM-CSF, and probably also IL-6, is mandatory for 
el iciting the typical physical syndrome. These conclusions led to the experiments 
using anti-TNF MoAbs in the prevention of the anti-CD3-induced reaction. As we 
shall describe below, such a strategy fully confirmed that TNF is an essential link 
in the cytokine cascade elicited by anti-CD3. 

No difference was noted among the tested strains in serum IL-2 levels. 
However, one cannot exclude at this point its responsibility in potentiating some 
of the anti-CD3 side effects either directly or again via synergy with other cyto­
kines. 

6 Modulation of Anti-CD3-lnduced Cytoklne Release 

Several means can be envisaged to modulate anti-CD3-induced activation. 
However, we shall concentrate on two types of strategies, which have both 
fundamental and clinical relevance. 
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6.1 Modulation by Corticosteroids 

Corticosteroids are potent inhibitors of both endotoxin-induced cytokine release 
and mortality (ZUCKERMAN et al. 1989). Similarly, in OKT3-treated human allograft 
recipients, the intensity of the acute clinical syndrome and the serum levels of 
induced cytokines are significantly reduced when high dose corticosteroids (7-
10 mg/kg of methylprednisolone as a single i.v. bolus) are given before the first 
MoAb injection (CHATENOUD et al. 1990). This provides the rationale for using this 
therapeutic procedure, initially applied on an empirical basis, since it was the 
only available means to decrease the severity of at least some of the OKT3-
induced acute symptoms. The variability in results presented by different centers 
is due to differences in the corticosteroid administration protocols (dosages but 
mostly scheduling (ABRAMOWICZ et al. 1989; CHATENOUD et al. 1990). 

We took advantage of the murine model to define the optimal protocol. Mice 
were pretreated with 1 mg sodium hydrocortisone succinate 1,4 or 12 h prior to 
anti-CD3 injection (FERRAN et al. 1990b). Results showed that only when 
administered 1 h prior to anti-C03 injection, were high dose corticosteroids able 
to significantly decrease cytokine production, leading to a beneficial effect on at 
least some of the anti-C03-related physical symptoms. Adequate corticosteroid 
pretreatment completely reversed the hypothermia at 4 h postinjection and 
modestly affected the diarrhea (seen in 50% of the animals as compared to 
100% controls). By contrast, hypomotility was almost unaffected by corticoster­
oids. Nonetheless, the beneficial effect was transient, occurring at 4 h following 
anti-C03 administration but disappearing later on. 

Anti-C03-induced cytokine release was also affected by corticosteroid 
pretreatment. Results showed an 85% decrease in Circulating IL-2 levels; IFN-y 
and IL-6 serum levels were significantly reduced 90 min after anti-C03 injection 
but at 4 h the levels were comparable to those detected in controls (animals 
receiving anti-C03 without corticosteroid pretreatment) . In the case of anti-C03-
induced TNF, corticosteroids promoted a significant decrease at 90 min followed 
by a clear-cut rebound at 4 h (FERRAN et al. 1990b). 

Corticosteroids affect cytokine production in various ways. They may inhibit 
specific messenger RNA transcription or act at a posttranscriptional level, thus 
repressing protein synthesis (as is the case for TNF, IL-6, and IFN-y) (ARYA et al. 
1984; REED et al. 1986; LEE et al. 1988). 

To confirm the clinical validity of these results, a small, randomized, 
prospective trial , including 12 consecutive patients receiving high dose cort­
icosteroids (0.5 g/methylprednisolone) either before or at the time of the first 
OKT3 injection, was performed (CHATENOUD et al. 1991). Results confirmed that 
corticosteroids must be given 1 h before the first OKT3 injection to significantly 
decrease TNF and IFN-y release. In addition, as in mice, pretreatment with 
corticosteroids totally abolished the OKT3-induced IL-2 release. These results 
provide a biological basis for a precise administration schedule of high dose 
corticosteroids in order to exert the best inhibition of anti-C03-induced cytokine 
production. 
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6.2 Modulation by Antl-Cytokine Antibodies 

The purpose of evaluating the effects of anti-TNF and anti-IFN-y on the anti-CD3 
reaction was dual: first, to better define the respective role of TNF and IFN-y in the 
cytokine cascade, and second, to find a therapeutic strategy applicable to 
patients that could abrogate the anti-CD3 syndrome. 

The antibodies used were: the hamster anti-murine TNF MoAb TN3-19.12 
and the hamster anti-murine IFN-y MoAb H-22 (kindly provided by R. Schreiber 
and K. Sheehan) . A polyclonal anti-murine TNF (kindly provided by G. Grau and 
P. Vassalli) was also tested in parallel. All these antibodies were shown to block 
in vitro and in vivo the bioactivity of the respective cytokine. 

BALB/c mice were pretreated with an adequate dose of each antibody alone 
or in combination with anti-TNF and anti-IFN-y MoAbs before receiving anti­
CD3. Mice pretreated with anti-TNF significantly improved as compared to 
control animals (pretreated with a control hamster MoAb). In these animals, 
hypothermia was completely reversed, diarrhea was absent (as compared to a 
100% incidence in controls), and hypomotility was significantly improved. Mice 
pretreated with the polyclonal anti-TNF antibody also showed a noticeable 
benefit. In contrast, mice pretreated with anti-IFN-y MoAbs did not show any 
improvement in the physical reaction. 

Animals pretreated with the combination of anti-TNF and anti-IFN-y MoAbs 
showed less improvement than animals given anti-TNF antibodies alone, only 
evidenced at 4 h after anti-CD3 injections. Further on, anti-TNF + anti-IFN-y 
pretreated mice were as sick as control animals (FERRAN et al. 1991). 

Detailed analysis of the levels and kinetics of cytokine release provided 
further insights into the mode of action in this model of the anti-cytokine MoAbs. 
Results suggested that blockable of TNF biological activity was not the only 
mechanism explaining the beneficial effect of the anti-TNF MoAb on the anti­
CD3-induced reaction. Anti-TNF administration totally modified the pattern of 
most of the other released cytokines (Tables 4 and 5) . Experiments were 
concordant in showing a significant increase in circulating anti-CD3-induced 
IFN-y levels in anti-TNF-pretreated animals. The increase was evident at the peak 
time point, namely, 4 h after anti-CD3 injection, and was still detectable at 8 h 
(Table 4). The augmented IFN-y levels correlated with a significant and reprodu­
cible decrease in both anti-CD3-induced IL-3 and IL-6 levels (Table 5). Conver­
sely, in anti-IFN-y pretreated animals, circulating TNF levels were identical to 
controls and total blockade of circulating IFN-y bioactivity was observed 
associated with a significant increase in circulating IL-3 and IL-6levels (Table 5) . 

These data strongly suggest that the beneficial effect of anti-TNF MoAbs on 
the anti-CD3-induced reaction seems to be associated with the up-regulation of 
IFN-y levels, which in turn contribute, to the IL-3 and IL-6 decrease (FERRAN 
et al. 1991). This is further stressed by results indicating that anti -IFN-y may 
abrogate the beneficial effect of anti-TNF MoAb pretreatment. 

Finally, one may add that anti-CD3-induced IL-2 was not modified by either 
anti-TNF or anti-IFN-y MoAb pretreatment. Once T cell activation occurred, IL-2 
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Table 4. IFN-y levels in mice receiving either anti-TNF MoAb or the L2 
control MoAb prior to 145 2C11 

Time Anti-TNF + L2+ 
anti-C03 (U/ml) anti-C03 (U /ml) 

0 0 0 
90min 4±4 7±2 
4h 40± 11 10±3.6 
8h 16±4 0 

Table 5. Serum IL-3 and IL-6levels at various times (T) in mice pretreated with anti-TNF and or anti­
IFN-y Moabs prior to 145-2C11 injection 

Time Anti-TNF/anti-C03 Anti-IFNylanti-C03 Anti-TNF + anti- L2/anti-C03 
(U/ml) (U/ml) IFNylanti-C03 (U/ml) 

(U/ml) 

IL-6 LEVELS 

T-O 16.3 ±4.63 17 ±7 24.4 ± 13.5 19.5 ± 105 
T-90min 1524 ± 10 10940 ± 2575 667 ± 100 3295 ± 673 
T-4h 4732 ± 100 5680 ± 448 2025± 1039 3479 ±42 
T-8 h 779 ± 176 2809 ± 549 701 ± 217 5501 ± 171 
T-24h 385 ± 31 1196±158 408± 58 344 ± 106 

Histamine-producing cell stimulating activity (HCSA) Levels 

T-O 0 7±2 4.5 ±3.5 0 
T-4h 123± 18 754 ± 135 237 ±23 323 ± 74 
T-8h 84 ±215 536 ±90 195 ±60 271 ± 15 
T-24h 7 ± 3.4 118±26 41.5±0.7 4U± 1 

production seemed less susceptible to regulation by other cytokines. Conversely, 
as previously mentioned, IL-2 is the anti-CD3-induced cytokine whose levels are 
the most affected by pretreatment with high doses of corticosteroids. 

These results could be reproduced in OKT3-treated patients. A pilot clinical 
trial was set up, including OKT3-treated renal allograft recipients who received 
an anti-human TNF MoAb 1 h prior to the first MoAb injection. This pretreatment 
almost completely abrogated the OKT3 syndrome. 

7 Conclusion 

Anti-CD3 MoAbs represent a stimuli that elicit in vivo a masssive monocyte­
dependent T cell activation and cytokine release. These antibodies trigger 
a major physiological activation pathway of T lymphocytes through the 
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CD3/TCR molecule. The murine model using the 145-2C11 MoAb represents 
valuable tool to approach practical issues related to the clinical use of anti-CD3 
antibodies. It allows to test the effectiveness of therapeutic strategies aimed at 
preventing the anti-CD3-induced syndrome. In addition, provided major insights 
into the physiology of the cytokine cascade and the synergisms between these 
soluble mediators that are essential in provoking the anti-CD3-mediated 
syndrome. Results are concordant in suggesting a pivotal role for TNF and 
TNF-mediated modulation of IFN-y in the anti-CD3-induced syndrome. From 
a fundamental point of view, it is essential to determine whether TNF-mediated 
IFN-y regulation is a pretranscriptional event or relies on a modification of 
cytokine consumption via modulation of receptor expression. 

Interfering with the cytokine cascade triggered by anti-CD3 using anti-TNF 
MoAbs was highly effective in preventing one major side effect linked to in vivo 
use of anti-CD3 MoAbs. 
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