
The Stavhvlococcal Enterotoxins 
Add~heir  Relatives 

the other toxins listed in Table 1, the structure of the M, arthriditis 
Staphylococcal enterotoxins and a group of related pro- toxin is not known, it is a small, basic protein, and probably shares 
teins made by Streptococci cause food poisoning and shock its mode of action with the other toxins listed in Table 1, for reasons 
in man and animals. These proteins share an ability to discussed below. Infection with several of the organisms listed as 
bind to human and mouse major histocompatibility com- toxin sources in Table 1 can have autoimmune consequences. 
plex proteins. The complex ligand so formed has specific- Streptococcal infection, for example, can lead to rheumatic fever and 
ity for a particular part of T cell receptors, Vp, and by heart damage. Mycoplasma arthritidis infection was shown in the 
engaging Vp can stimulate many T cells. It is Likely that 1970s to cause arthritis in rats (8) .  
some or all of the pathological effects of these toxins are In spite of extensive work, until recently the toxicity of the 
caused by their ability to activate quickly so many T cells. proteins listed in Table 1 could not be satisfactorily explained; it is 
It is also possible that encounters with such toxins have now thought that these diverse molecules may use similar mecha- 
caused mice, at least, to evolve mechanisms for varying nisms to cause pathology. The recent findings, however, that nearly 
their T cell Vp repertoires, such that they are less suscepti- all of the toxins bind to major histocompatibility complex (MHC) 
ble to attack by the toxins. proteins and that these complexes of toxins and MHC proteins 

stimulate large numbers of T cells have led to some new ideas. It is 
these findings and ideas that are discussed in the rest of this article. 

A COMPLEX BALANCE CONTROLS THE INTERACTION BE- 

tween humans and the microorganisms that colonize us. 
Many of these organisms are normdy benign, unable to Structures of Enterotoxin-Related Proteins 

damage their host, Or in check intact barriers such as The S, aureus enterotoxins are intermediately sized proteins. The 
tissue Or an active immune 'ystem' Such may Sequences of some of these products were established by analyses of 

cause disease, infecting their hosts o~~ormn i s t i c a l l~  the proteins, in large part by M. Bergdoll and collaborators in the 
when barriers are down Or causing pathology when the 1970s (5, 9, 10). Amino acid sequences for many of the toxins listed 
produces a new, damaging product. Included in these products are a in Table have also been deduced from the DNA encoding them 
group of toxins that have long as patho- (9-17). These sequences, aligned for greatest similarity, are shown in 
genic in man, but for which have plausible mechanisms Fig. 1, Many of these toxins are closely related. Staphylococcal 
of toxicity been discovered. enterotoxin A (SEA) and SEE are more than 90% alike in amino 

The in question a large group of proteins acid sequence, for example, and are certainly descended from a 
produced several different types bacteria, s t a ~ h ~ l o -  common gene. Other toxins are less like SEA, but still &are many 
cocci, streptococci, and mycoplasma (1-3). These toxins are respon- stretches of sequences, such that it is not difficult to match the two 
sible for a number of diseases with various symptoms in man and 
animals [Table 1 (1, 3-7)]. A group of toxins produced by various Table 1. Diseases caused by the staphylococcal enterotoxin-like toxins. 
strains of Staphylococcus aureus, for example, causes food poisoning in 
man, and is responsible for about a quarter of the outbreaks of this Toxin Source Sequelae Reference 

disease reported in the United States (1, 4). A distantly related ~ t a p ~ y ~ o c o c c ~  S .  aureus Food (1,  4 )  
protein, the toxic shock syndrome toxin TSST1, also produced by S. enterotoxins (SE) poisoning, 
aureus, was isolated in the early 1980s and is responsible for the A, B, C1, C2, C3, shock 

induction of tampon-related toxic shock (5).  Streptococcal toxins D> and 

with similar properties have also been described (7). A product of a 5'. aureus Toxic shock (5)  
syndrome toxin mycoplasma, Mycoplasma arthriditis, is associated with shock-like (TSSTL) 

symptoms in rats, mice, and rabbits (3). Although, unlike most of Exfoliating toxins S .  aureus Scalded slun 
syndrome 

(6) 
A a n d B  

Pyrogenic exo- S .  pyogenes Fever, rash, 
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sets of proteins up with respect to each other with similar sequences 
aligned. 

Comparison of the sequences of the staphylococcal toxh indi- 
cates that they fill into two groups, SEA, E, and D are most similar 
to each other, as are SEB, C1, and C3. Work discussed below shows 
that although all the toxins shown in Fig. 1 have the same broad 
functions, they haw distinguishable specificities. To some degree, 
these distinctions match their sequence difkrences, thus the mem- 
bers of a given group sometimes share specificities and d i f i  in this 
from members of the other group. The two streptococcal toxins, 
SPE A and C, are about as similar to each of the staphylococcal toxin 
groups as they are to each other. So far, specificity studies of the type 
that distinguish the two staphylococcal toxin groups have not been 
done with SPE A and C, so at present these toxins cannot be 
formally assigned to either group. 

The toxic shock s y n d r o m d a t e d  toxin can also be aligned 
with the toxin sequences shown in Fig. 1, albeit with some 
diiliculty. As will become apparent below, this toxin has a different 
specificity pattern from those of either of the two groups of toxins. 
For the exfoliating toxins, however, the matter of relatedness is 
much less dear. These proteins are about the same size as SEA and 
SEB, and, as will be discussed below, they appear to have modes of 
action that are similar to these other.staphylococcal-derived toxins. 
In spite of this, it is diilicult to align the sequences of this last group 
with thosc of the staphylococcal enterotoxins. Several regions are 
loosely similar, which may indicate relatedness, but no alignments 
are saiking enough to lead the scientist to predict that these proteins 
have common modes of action. 

Overall, however, there are several stretches at which similarities 
ace apparent throughout this group of toxins. The largest of these, 
located about two-thirds of the way through the proteins, is similar 
to a sequence found at the COOH-terminal end of human and 
mouse invariant chain [Fig. 2 (171. Invariant chain is a polypeptide 
associated with nascent MHC class 11 molecules (1 ). Class 11 
mo~ecules bind peptides and present them to T cells d & immune 
responses (19). It is thought that the association of invariant chain 
with nascent dass 11 prevents occupancy of the peptide binding site 
on dass 11 molecules by peptides produced endogenously in the cell 
(20, 21). The separation of invariant chain fiom dass 11 as the 
complex reaches the surface of the ccll may promote association of 
dass 11 with peptides derived fiom other sources, such as invading 
organkms. The similarity in a stretch of sequence between the 
bacterial toxins and the invariant chain may not be coincidental; 
many of these toxins bind to class 11 molecules themselves (see 
below). Perhaps the shared sequence indicates some or all of the 
invariant chain and toxin biding sites for class II. 

Toxins Bind to MHC Class 11 M o l d e s  
Soon after the isolation of these toxins, the search began for rhek 

target ligands in animals. Some reports suggested binding of various 
toxins to in& or mast cells, and various candidates fbr ligands 
were described (22,23). Convincing biochemical characterization of 
the toxin ligands waited until an explosion of literature on the 
subjectinthclastfewyeacs. Manyofthetoxhdiscussedinthis 
article have significant biding a t i e s  for a collection of proteins 
that are intimately involved with immune responses and stimulation 
of T cells, the MHC dass I1 molecules (2426). Frasu, for ex- 
ample, has shown that SEA has a & for human dass 11 of about 
3.2 x 1 0 - 7 ~  (23), as have Fischer and co-workers (24). Scholl and 
co-workers have estimated dissociation constants of about and 
~ o - ~ M  for TSSTl and SEB binding, respectively, to human dass I1 
(24). The work of Hermann and co-workers, in contrast, indicates 

that the exfoliating toxins bind only weakly or not at all to dass I1 
(26). SEA and SEB probably bind to the same site on dass II, 
because they c10ss-compete for binding (24). In contrast, experi- 
ments with SEB and TSSTl havc suggested that these two toxins 
have diEecent binding sites on dass 11 molecules (24). This second 
finding is rather surprising, as SEB and TSSTl are similar in amino 
acid sequence and the two toxins havc related specificities for T cells 
in that both bind T cells through VB (see below). One might have 
pccdiaed that &cent MHGtoxin complexes with the common 
property of engaging T d receptor VBs might have required 
common saucnue~ themselves. This may not always be the case. 

Little is known about the conformations of the toxin-ch 11 
complexes. The structure of dass I1 molecules was deduced from the 
solution of the saucnw of MHC dass I molecules (27) and is 
thought to consist of two immunoglobulin-like domains, located 
dosc to the cell membrane, which support a structure constructed 
fiom the N&-terminal regions of both polypeptides of the protein 
and comprise an extended $ pleated sheet supporting two a helices, 
separated by a deft. It is believed that peptides derived from foreign 
material, or from proteolysis of self proteins, normally lie in this 
groove, and that it is this complex of MHC and peptide that 
stimulates T cells bearing aB re-ceptors (28). 

All the evidence to date indicates that the bacterial toxins do not 
normally bind to MHC molecules by occupying this groove, and 
therefore they do not behave like conventional peptide, MHC- 
b i  antigens. DeIlabona and co-workers, for example, have 
shown that the association of SEB with mouse dass I1 molecules 

m. 1. Comparison of the primary sequences of the staphylococd enten 
toxinsandthcirrrlatives.Thc~0m~1etc~rimvvamino;lddseauencesofthe 
s t a p h y l d  en- and irot& arc shown 6 4  with the 
cxccption of the sequences of the hllating toxins, which arc shown aligned 
w i t h c l c h o d m , h t n o t w i t h ~ r e m a i n i a g & . n K h l i a ~ t a x i n  
~e~~~arcshownhachrcompktcncss,andbmusethese&havc 
propades da ta i  to those of the others (sec Mow). Toxins shown arc as 
f o b  SEA to SEE, Staphyflococacs aumrc enmotoxins A to E; SPE A and C, 
Slnptocmpyogmrc toxins A and C, TSST1, S. aumrc toxic shockdtcd 
&,ETAandETB,S. aumrchliatingtoxins AandB. Datalicfiom (9- 
17). Residues that arc identical or that havc changed to an amino acid with 
similar propatics among at last two of the Mowing: SEA, SEE, and SED, 
arc h@d+d in pink. Rcsiducs that arc identical or that haw changed to 
an amino r id  with similar propatics among at least two of the hllowing: 
SEB, SEC1, and SEC3, arc highhghtcd in blue. R c s i i  that arc identical, 
orthath?vc~toanuninoacidwithsimilarppaticsamongatlcast 
two of SEA, SEE, and SED and at least two of SEB, SEC1, and SEC2, arc 
h@dightcd in yellow. Sin& Icmr abbreviations hr the amino acid residues 
arc: 4 Ala, C, Cys; D, Asp; 8, Glu; F, Phe; G, Gly; H, His, I, lk; K, Lys; L, 
Lcu; M, Met; N, Asn, P, Pro; Q, Gh, R, Arg; S, Scr, T, Thr, V, Val; W, 
Trp; and Y, Tyr. 
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docs not inhibit prcseatation of an authentic zntigcnic peptide 
(derived h m  hen egg lysaymc) to T ceIls (29). Toxin binding to 
MHC also appears to be senskive to limited p d y s i s ,  because 
toxins treated in such a way and then added m dass 11 bearing & 
do not stimulate T cells, unlike their untnaad comterpam (24). 
O c c u p y  of the antigen binding groove of MHC moicaks by 
co~~~eniioMlaMigtnicpcptides~ofcourse,~bydtnacur- 
don and usually requires limited protcolysis (28), so in these 
cqxrhmts the toxias am not bchavjnglilrc convcntiod antigcns. 
Ethctoxins~mbindinthe~eofctaJsIImkcules,whcre 

dothey~te?Somcclucsmaybedaduccdfromthediffclmtial 
amciahn of the tosins with dihmt class 11 molecules. In 
humam,thrtxdi&renttypcsofdassII~havebecndc-  
S a i ~ n o w c a l l a d D R , D P , a n d D Q . I n ~ t w o ~ ~ I - A  
and I-E. M t i e s  h r  thcsc m o w =  ofthc toxins have only been 
mtasurad pmpedy tbr SEA, SEB, andTSST1, which, as mentioned 
above, have good *ties for some human class 11 pmeim (24). 
Tmcreiscvidena, however, thattlotaUdassIIisotypcshavequalIy 
high~csforchcroxins.SchdaIlda~wortflcouldnotdcbect 
b i i  of labelled SEB or TSSTl to DP, although the two toxins 
Jtamd to bind cquaUy weIl to a variety of DR and DQ alleles (30). 
H a m a n a a I l d ~ ~ a l s o ~ i n c o p r r d p i t a c i o n ~ m  
that the s t a p h y l d  toxins did not bind to DP, akbugh they did 
bind well to DR proains. Unlike Scholl and co-workers (30), these 
authors f i n d  hat, apart from SEC2 and SEC3, the toxins did not 
WtoDQ,aaoaaadKwn . . 

that needs to be resolved. 
Toxin-ha 11 complexes have also been tested & thejr ability to 

stimulate target T I&. This assay is less dirra than nmwmmum 
of b i i  oflabekd mxin baause it dtpends both on the binding 
oftoxia to class II, and on dzc binding of toxbchs 11 compkxes to 
T cell nxepmrs. From such experiments Herman and co-works 
~ t h a t m o s t o f t h e s t a p h ~ ~ b i n d ~ t i a l l y t o  
thcDRdassIIptptcin,somtwhatlessdmDQ,andwtatallm 
DP (31).Thcyalsofoundc\i~thuhdiffacntDR~eshave 
~ t a 5 & t i e s f b c a b o f t h e t & m , m o s t n o t a b l y ~ ~ ~ .  

~ f ~ o f t h i s t y p c s ~ r c i n d i c a t c t h a t ~ t a x i n s b i n d  
wdltoDR,lcsswdltoDQ,andperhapsnotatdtoDP.Parallel 
results have been obtained in moust, where complexes oftoxins plus 
I-E (thc &e equivalent of DR) stimulate T ceIls morr e5cicntly 
than complexes of tosins with I-A [the mwsc DQ analog (32)l. 
There is some evidmot for weak hap1otyp spcdfkity. For erampk, 
toxins bound to I -A~ SeimJate T cells kss well than toxins bound to 
I - A ~  or I-Ab (34, altkqh, as discussed above, the limitations of 
thctypcofllhtasuremcntdoncmffudomallawusto~ 
between poor b i i  of b e  toxin m &Ak, or poor sdmuIation of T 
c d s  by the ligand so focmai. Finally, direct mmmmenm of 
bind* afKnitits and ofT cell reactivity suggest that the S. uureus 
tolrias bind more eikiently to human class 11 pmeim thaa to 
m o u ~  (31, 34). Since S. mrew is indigenous to humans and a 
difkmnt species of Staphyim, ryiom, is found on micc (35), the 
dfimtial b i i  afEnidcs may be dw ~~ of evolution- 
ary divergmcc ofthe bamxia with their hosts. 

CaFlanythingbekedfLomthcsedircadindirramusllcC- 
men@ of binding of the toxins to difknt class Il mokcuks? A 
comparison of the amino acid sequcnots of class I1 mokdcs that do 
or do not bind the toxins with high a6nity (36) q g c m  that the 
di&Fcnccs may not lie in the base ofthe peptick b i i  groove of 

CTA E L I  V # O R H P S E I E  L S R G L R Y Y B F  Z M S B S G I F Y S I O F L  

t b c m o k a J . e s , w r i n ~ a b c l i d b a m l s u 3 1 i & ~ t h e p v e .  
This latter condusion also was suggesbcd by the work of m a  
andco-wor l r t rswh0h; lvtshownthatpoiat~ inamino 
acids poiating upwards (mwuds the T cdl rcqtor)) in om of these 
barnls~pr*icntztionofpeptides,butmprcsentationof 
toxins to T cells by dars 11 (29). A more likely location for toxin 
~toMHCmybtnthtsidcsofthedassIImdaculeswhcrt 
two"ftrmgs,"theendsofthcppk?tcdsmnds,aDndtocirhasidc 
of the pndos. Comparisons of b i i  and nonbinding sequcnas 
( loodydc$nedas~above)saggcs tasaquencconthc~  
chain sidc of these wings may be important (Fig. 3). J m y  and 
co-workers a d  Fleisdrcr have suggested mod& of chis type on 
theoretical grounds in the past (32, 37). 

Toxins Stimulate T Fells Through Vp 
OncofthcariicJtlmswnproptrticsofthisgroupof~ 

toxius was their ability to stimulaa many T cells, both in humans 
and mice (38). The toxins were not aaing as mitogens such as 
-&kTh?tir,thc&didaot-invhaslvgca 
~~ofTcells~thestim~plantl&andsomcTcdl 
cloncsdmbestim&tcdbyparticularwIlbi(39*40).This 
S t i m ~ ~ a s d c p c n d t n t u p o n t h e ~ c e o f d a P s I I ~ &  
inthedtum,adtionthatwasdifficulttoavoidinstudieson 
h u m  T cdls, sine dvatcd human T cdls ate dass II', but easia 
to pe&mouseTalko,which an dass II'. 

R e c c n t w o r k h a s u a c o v d t h e ~ f b r t h e m a s s i v c b u t  
somtwh;lt limited T cell s t h h i o n  by such tosins. T ccll mcptors 
~antigaricptptidesboundtoMHCprotcias~madcupoffk 
donally variable components, V, Jmy VP, Di, and Jg, as well as N 
region amioo acids, contributed by n t m p n h e d  bases 
imcrbcd at the junctions points bctwan V, and J, Ve and Dg, and 
De and JB (41). Reapition of mast coavcntiona ant@enk pep- 
tidesboundtoMHCplrot;ciasinvahrtga~~ltributiaasfkomdlthe 
variable cmqomm of the T cdl rcccpmr (42). In con- the 
tarins diocusscd in this article appear m stimubT cells almost 
~ c l y v i a t h c V g n g i o n o f t h e T c e l l ~ ~ b y t t m e  
T cell (32,40,43, 44). In mice, fbr example, SEB stimulates a h w  
all T & bearing VP3, 7, 8.1, 8.2, 8.3, and 17 (32, 40, 44). The 



toxin responsible for toxic shock, TSSTl, on the other hand, 
stimulates murine T cells bearing Vp3, 10, 15, and 17 (44). In 
humans, similar findings apply. Staphylococcal EB stimulates T cells 
bearing Vp3, TSSTl stimulates cells bearing Vp2 (45). A complete 
comparison of the Vp spdcities of the toxins for human and 
mouse VBs is shown in Table 2. This VB specificity is almost 
independent of the rest of the structure of the T cell receptor. 
Staphylococcal EA, for example, stimulates almost all T cells b e a q  
mouse VB3, and the structure of the rest of the receptor on such cells 
is presumably heterogeneous. This property is remjniscent of other 
so-called superantigens that are synthesized endogenously by mice 
themselves and that have been named Mls antigens (46, 47). The 
relationships, structural and otherwise, between superantigens that 
are bacterial toxins and superantigens that are made by mice are 
discussed below. 

The patterns of VB specificity of the different toxins correspond 
loosely with their groupings by sequence similarity. SEA, SED, and 
SEE, for example, all stimulate mouse T cells bearing VB1l, and 
SEE and SED both stimulate human T cells bearing V85. SEB and 
the SECs, in contrast, stimulate mouse T cells bearing members of 
the VB8 family, and human T cells positive for VB12. There are 
exceptions, however. Staphylococcal ED, by sequence similarity a 
member of the SEA family, stimulates T cells beanng the V88s, 
unlike SEA and SEE. Exfoliiting toxin and TSSTl, which are not 
particularly related by sequence, have similar specificities for VB, 
both in mouse and humans. The data suggest that the V8s have, for 
one reason or another, conserved their ability to bind certain toxin- 
dass 11 complexes through the millions of years that separate mouse 
and humans. The mouse VB8s, for example are most like VB12 in 
man, and T cells bearing these VBs share their spectra of toxin 
reactivity. The implications of this finding will be discussed again 
below. 

Recent experiments have suggested that the bacterial toxins, and 
other superantigens, do not bind to T cell receptors at those regions 
thought, by modeling onto antibody s t r u m ,  to be involved in 
binding to conventional antigenic peptides plus MHC. On the 
contrary, the superantigens appear to engage Vg on an exposed fice 
of VB, a region that is predicted to be a P pleated sheet and exposed 

on the side of the T cell receptor (48). Such a finding is in good 
agreement with a model for toxin binding to class I1 and VB that has 
recently been proposed by Janeway (32), and a similar model is 
shown in Fig. 3. The model predicts that the toxins act as clamps, 
engaging the sides of dass I1 and Vp, and bringing into dose 
proximity the surfaces of the T cell receptor and MHC that would 
contact each other during T cell recognition of conventional anti- 
gens bound in the groove of MHC. The model predicts that binding 
energies contributed usually by contact of receptor residues with the 
antigenic peptide are substituted by binding of the toxin to VB. 
Most of the elements of this proposal are probably correct, although 
their proper confirmation must await the x-ray uystallographic 
solution of the complex. Some other factors must be taken into 
account, however. It is very difficult to stimulate T cells with the 
toxins in the complete absence of class 11, even if the toxins are 
extensively cross-linked, for example, by binding plastic. This sug- 
gests either that binding to MHC induces a confbrmational change 
in the toxin molecule, uncovering a Vp binding site, or that a 
considerable portion of the binding energy ofT cell receptors for the 
toxin-class 11 complex is contributed by binding of the T cell 
receptor to class II. Secondly, there is an element of class 11 
specificity about the interaction of the T cell receptor with this 
complex ligand. When individual T cells are examined, some fail to 
respond, even though they bear the appropriate VB, to some toxin- 
class 11 complexes (40). 

The toxins have detectable a5nities for dass 11. Yet neither class 11 
nor the toxins separately have detectable a5nities for the T cell 
receptors in question, although the combinations of toxins and class 
11 proteins do. This indicates that the &ty of the T cell receptor 
for either ligand alone is low, and that contact of T cell receptor 
amino acids with both toxin and class 11 is needed to generate good 
binding. The final binding complex therefore seems to be construct- 
ed similarly to that of T cell receptors, MHC proteins, and conven- 
tional antigenic peptides. For conventional antigens, the antigen has 
detectable &ty for MHC, but neither antigen nor MHC alone 
can bind the T cell receptor (20). Only after the complex peptide- 
MHC ligand has formed can it functionally engage the T cell 
receptor. 

Mice Express Endogenous Equivalents of the 
Toxins 
Some years ago Festenstein discobemi an unexpected phenome- 

non in mice (46). T cells from some mice responded well to spleen 
cells from some other animals, even though both responder and 
stimulator were identical at the MHC. It had been known that T 
cells respond powerfdly to MHC incompatible stimulator cells, but 
good stimulation in response to other antigens that are different 
between two mice does not usually occur. The antigens discovered 
by Festenstein were therefore given a special name, minor lympho- 
cyte stimulating antigens (Mls), to distinguish them from other 
non-MHC differences between one mouse and another. At the time 
the phenomenon was discovered, it was thought that the Mls 
antigens mapped to a single genetic locus, on mouse chromosome 1, 
but it is now known that there are many Mls-like products produced 
by mice, controlled by nonlinked loci. Not all of these products 
differ from one strain of mouse to another. For example, Mls-1 has 
two alleles, a and b. Mls-la is expressed by mice such as CBA/J and 
stimulates T cells from MHC identical, Mls-lb animals such as 
CBAICa. In contrast, another Mls-like molecule, which is produced 
by B cells and binds to I-E class 11 molecules, is produced by all 
strains of mice so far examined (49). 

The last few years have witnessed a revolution in our understand- 
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ing of the phenomena of Mls. It is now apparent that these products 
stimulate T cells bearing particular Vps Mls- la, the product discov- 
ered by Festenstein, for example, in combination with mouse class I1 
molecules, stimulates nearly all T cells bearing mouse Vp6, 7, 8.1, 
and 9 (47, 50-52). A list of the Mls-like products known so far, and 
the Vps they engage, is shown in Table 3 (47, 50-55). Mls products 
have not yet been found in humans, although they may exist. Many 
properties of the Mls products are similar to those of the bacterial 
toxins discussed above. They stimulate T cells bearing particular Vps 
almost regardless of the rest of the structure of the receptor on the T 
cell. This activity of Mls depends upon simultaneous expression by 
the presenting cell of class I1 proteins. Some class I1 products, most 
notably I-E molecules, present Mls products or bacterial toxins 
better than others (34). Many of the Vps involved in recognition of 
Mls products are the same as those involved in presentation of the 
bacterial toxins. Vp3, for example, is a frequent participant. Finally, 
Mls appears to engage Vp at about the same site, on an exposed face 
of the polypeptide, as toxins (48). 

The similarities between the properties of the bacterial toxins and 
mouse Mls products might lead one to suggest a structural similar- 
ity. Nothing is known about the structure of the Mls molecules. 
Some circumstantial evidence, however, suggests that they are not 
endogenous mouse analogs of the bacterial toxins. Were they to be 
class 11-binding, 220 amino acid proteins they would probably have 
been detected in the many published analyses of class I1 structure. In 
addition, antibodies to them would probably have been produced. 
Antibodies can readily be made against the bacterial toxins. Alter- 
nate suggestions for the structures of Mls products have therefore 
been made. For example, they may be CD4-like accessory molecules 
(56) or may be a more fundamental membrane component than a 
protein, a lipid for example (57). None of these suggestions can be 
dismissed, and so far the only data that indicate a structure are the 
findings that the Mls products associate with class I1 and stimulate T 
cells via Vp, that is, they act as superantigens, and Mls products can 
be transferred from one cell to another. 

Whatever the structure of the Mls products may be, there are 
consequences for the mouse that expresses them. They cause the 
deletion, in the thymus, of all prospective T cells bearing Vps with 
which they can interact. Mice expressing Mls-la, for example, 
contain very few T cells bearing Vp6, 7, 8.1, or 9 (47, 50-52), and 
hence are deprived of about 20% of their total potential T cell 
repertoire. In spite of this, mice containing numerous Mls-like 
products do not seem to be particularly susceptible to disease. In 
fact, an examination of Mls expression in wild mice showed that 
such products were rampant in animals trapped in Florida. A wild 
mouse could hardly be identified that had not deleted some part of 
its T cell repertoire because of the expression of such products (58). 

Why Are Bacterial Toxins Pathogenic? 
The staphylococcal toxins were identified because they cause 

human diseases such as food poisoning, shock, and scalded slun 
syndrome. In mice the toxins also produce rapid weight loss and 
even death. What property of the toxins causes such symptoms, and 
is it related to the T cell stimulating activities of the proteins? Some 
members of this group of toxins are not very like the others in amino 
acid sequence, and pet all can bind MHC class I1 molecules and 
stimulate T cells, and all can cause disease. It is therefore likely that 
these properties are related to one another. The toxins could cause 
disease through class I1 binding or T cell stimulation in several ways. 
Engagement of class I1 molecules by the toxins, on macrophages or 
mast cells, could stimulate these cells and cause release of soluble 
mediators beneficial to the host in small quantities, but damaging in 

Table 2. V, specificities of the staphylococcal enterotoxin-like toxins. Data 
are from (32, 34, 40, 43-45). Vp evaluation for man is incomplete because a l l  
human V,S have probably not yet been described and the Vp specificity of 
some of the toxins in man has only been evaluated with the limlted number 
of available antibodies to human V,S and not with quantitative polymerase 
chain reactions (45). 

Vp specificity 
Toxin 

Human Mouse 

SEA 
SEE 
SED 
SEB 
SECl 
SEC2 
SEC3 
TSSTl 
ExFT 
MAM 

Table 3. Mls-like products identified in mouse 

Locus v , 
specificity MHC association Reference 

Mls-la 6, 7, 8.1, 9 Class I1 (except q) (47, 50, 51) 
Mls-2" 3 Class I1 (except q) 
Mls-3" 3 Class I1 (except q) 

(52) 

? 5 I-E 
(5-2) 

? 7 I-E 
(53) 

? 11 I-E 
(54) 

? 17 I-E 
(53) 
(55) 

large. Indeed, production of macrophage-derived mediators such as 
interleukin- 1 and tumor necrosis factor has been demonstrated after 
toxin stimulation of human cells (59). Both of these lymphokines are 
known to be pathogenic at high levels, causing fever, weight loss, 
and osmotic imbalances that can lead to death. 

Alternatively, these toxins could stimulate a high proportion of T 
cells in mouse or man to divide and produce lymphokines. Staphylo- 
coccal enterotoxin B, for example, by engaging mouse T cells 
bearing Vp3, 7, 8.1, 8.2, and 8.3, stimulates 30 to 40% of all T cells 
in some mice. Toxic SST1, which engages human T cells bearing 
Vp2, stimulates about 10% of all crp+ T cells in humans. This is a 
very high proportion of cells, much higher than would be engaged 
by any conventional antigen such as a flu virus, for example. It is 
possible, therefore, that the symptoms of these toxins are caused by 
massive T cell stimulation and consequent release of T cell-derived 
lymphokines such as interleulun-2 or tumor necrosis factor (60). 

This second explanation seems to account for the toxicity of these 
materials in mice. Mice which lack T cells, but contain functional, 
class 11-bearing macrophages, are not affected by SEB, unlike their 
littermates that have T cells. Recently we constructed a collection of 
mice that contained normal numbers of T cells, but because of Vp 
gene deletions and endogenous Mls expression, lacked T cells 
bearing the Vps with which SEB interacts. These animals were 
likewise unaffected by injection of doses of SEB that would cause 
considerable weight loss or even death in other mice (51). It is more 
difficult to determine how the toxins cause disease in man. The 
ability of these proteins, especially TSSTl, to cause toxic shock is 
most likely related to their ability to stimulate T cells. During an 
episode of toxic shock caused by TSSTl, the percentage of peripher- 
al T cells in many human patients bearing the Vp with which this 
toxin interacts, Vp2, rises from about 9% in normal individuals to as 
much as 50% (61). Also, the symptoms of toxic shock are similar to 
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those observed in patients who for other reasons had massive T cell 
stimulation, such as those treated with antibodies to CD3. Interleu- 
kin-2 and tumor necrosis factor, two of the expected products of 
stimulated T cells, cause shock-like symptoms when given to 
patients in high concentrations (62). 

The symptoms induced by other toxins in this group, particularly 
those associated with food poisoning, are less easily explained. 
Perhaps toxin binding to class I1 on mast cells or other cells lining 
the gut causes the release of mediators that concentrate locally and 
induce diarrhea and vomiting. Alternatively, perhaps the toxins 
stimulate T cells located in the gut, and it is the local production of 
lymphokines by these cells that causes the symptoms. Alternatively, 
and less likely, these toxins may have another group of receptors in 
addition to that of class I1 and T cell Vps that mediate food 
poisoning in humans. 

Some of these toxins may cause autoimmune diseases, either in 
humans or in experimental animals. Streptococcal infections in some 
individuals may lead to many different autoimmune manifestations 
including rheumatic fever and rash. The toxin produced by Myco- 
plasma arthriditis causes arthritis in rats and mice. Again it is possible 
that these .sequelae are related wholly or in part to the ability of 
streptococcal or mycobacterial toxins to stimulate T cells. For 
example, some individuals may contain afew potentially autoreac- 
tive cells that have escaped the processes of tolerance. Normally such 
cells may be at concentrations too low to permit reactivity and auto- 
attack. The bacterial toxins may by chance stimulate such cells 
through Vp and thereby raise the numbers or activity of such cells 
above a threshold level; the cells are then at concentrations high 
enough to damage the host. 

Bacterial-Host Relations 
Clearly the bacteria must derive some advantage from the produc- 

tion of toxins of this type. Several different organisms produce 
proteins with the properties described in this article, although the 
proteins are not closely related to each other in sequence. These 
toxins are immunosuppressive (51, 63), causing reductions in both T 
and B cell responses; perhaps the advantage to the bacteria is that 
the toxins reduce host resistance to invasion. Alternatively the toxins 
may induce local inflammation, in the gut or elsewhere, thereby 
increasing blood and nutrient supply and benefiting the bacterium. 
The same toxins cause disease, bind class 11, and stimulate T cells 
through Vp in mammals as diverse as humans and mice. The last two 
properties are maintained even though the class I1 molecules are not 
very similar in amino acid sequence between the two species, and 
Vps are in some cases even less alike. For example, as mentioned 
above, TSSTl stimulates human T cells bearing Vp2. The major Vp 
target for this toxin in mice is Vp15. Vp15 is the mouse Vp that is 
closest in sequence to human Vp2; nevertheless, the two regions are 
only 45% identical. In spite of this, over the course of 70 million 
years on divergent evolution, these two Vps have retained their 
ability to engage the complex of TSSTl and class 11. 

Why have the mammals been unable to mutate either class I1 so 
that it does not bind these toxins or alter their Vps so that they do 
not bind the toxin-class I1 complexes? Retention of binding to class 
I1 may be related to the sequence homology between some of the 
toxins and invariant chain. If transport to the cell surface in 
combination with invariant chain is essential to the proper function 
of class 11, then the binding site for toxins on class I1 may have been 
retained evolutionarily because of a requirement to bind invariant 
chain. 

It is more difficult to understand why T cell receptor Vps have 
retained the ability to bind complexes of toxin and class 11. One 

possibility is that, as for class I1 binding, the toxins are capitalizing 
on some essential structural feature of the Vps, a feature that cannot 
be altered without loss of function. In support of this hypothesis we 
have recently noticed that an important phase in T cell development, 
positive selection, is controlled in part by interaction with Vp (64). 
The appearance of functional T cells in animals is dependent upon 
the still mysterious process of positive selection; unless the cell 
successllly undergoes this test it will die in the thymus and never 
emerge to be useful to its host in the periphery. If positive selection 
sometimes, or perhaps always, involves interaction of an endoge- 
nous toxin-like product with Vp on the developing thymocyte then 
it may be that loss of function leads to loss of ability to be positively 
selected. 

In spite of these observations, at least one mammalian species, 
that of Mus musculus domesticus, has in fact taken steps that eliminate 
at least some toxin-reactive T cells. Two surveys of wild mice have 
shown that deletions of Vp genes are common in the genomes of 
wild mice (58, 65). We, for example, have recently surveyed about 
40 wild mice trapped in Florida. Of these about one-third were 
homozygous for a large deletion at Vp, a deletion that removed 
many of the Vps known to be reactive to staphylococcal toxins. Mls- 
like elements, moreover, caused the elimination in many of these 
mice of additional V p s  We do not know for certain what pressures 
select in mice for large gaps in their T cell repertoires. Since the 
pressures have caused variations in Vp repertoire, either by gene 
deletion or T cell elimination, it is likely that they themselves act on 
Vp. Thus it is possible that production of toxins like those made by 
Staphylococcus aureus has caused wild mice to limit Vp expression in 
different mice, by any means at their disposal. 

In summary, studies of the staphylococcal enterotoxins and 
related proteins have provided scientists with rich and unexpected 
vision of the complex relationships between bacteria and their hosts, 
and have also yielded some insight into what might have been 
expected to be a totally unrelated subject, namely the T cell 
repertoire. 
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