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Abstract. Superantigens are a class of immunostimulatory molecules produced by 
bacteria and viruses. Their potent immune effects are due to their unique ability to 
bind to the major histocompatibility complex (MHC) outside the antigen-binding cleft 
and to stimulate T cells in a T-cell receptor (TCR) VP-specific manner. Structural 
studies have revealed the binding sites involved in the MHC/superantigenTTCR com- 
plex. The bacterial superantigens are responsible for a number of syndromes, includ- 
ing food poisoning and toxic shock syndrome, but their effects may be not only acute 
but also chronic and complex. Recent evidence suggests that superantigens may be 
relevant to the pathogenesis of autoimmune and immunodeficiency disorders. To 
illustrate the detrimental effects of superantigens on disease outcome, evidence dem- 
onstrating the modulation of experimental allergic encephalomyelitis, an animal 
model for multiple sclerosis, by superantigen, as well as the potential role of super- 
antigens in HIV pathogenesis of AIDS, will be presented. The information presented 
may provide valuable insight into the role of superantigens in autoimmunity and HIV 
infect ion. [P.S.E.B.M. 1996, Vol 2121 

he prototype superantigens, staphylococcal en- 
terotoxins (SEs), are responsible for staphylo- T coccal food poisoning and toxic shock syn- 

drome (1). Superantigens form complexes with major 
histocompatibility complex (MHC) class I1 molecules 
on antigen-presenting cells (APC) by binding to the 
outside of the antigen-binding cleft and polyclonally 
activate VP-specific T cells (2-5). As much as 20% of 
the T-cell repertoire can be activated by superantigen. 
This activation results in prodigious production of cy- 
tokines, which are responsible for all or part of the 
toxicity associated with superantigens (4, 6, 7). 

* This manuscript is an update of a previously published Minireview entitled, 
Staphylococcal enterotoxin superantigens, Proc SOC Exp Biol Med 198: 765- 
771, 1991. 
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Superantigens are not restricted to bacterial tox- 
ins, but may be associated with a number of viruses, 
including retroviruses, as well as with Mycobacterium 
tuberculosis (Table I). Though their clinical effects 
may be acute, they may also be chronic, protracted, 
and complex. Evidence suggests that superantigens 
are involved in autoimmune disorders (25, 26), and 
may play a role in the immunodeficiency associated 
with acquired immune deficiency syndrome (AIDS) 
(27).  

Recent observations have brought a number of ad- 
vances in the understanding of the structural interac- 
tions between MHC class I1 molecules, superantigens, 
and the T-cell receptor (TCR). In addition, superanti- 
gens have been implicated as environmental factors 
that play a role in the exacerbation of certain autoim- 
mune and immunodeficiency disorders. We will focus 
on experimental allergic encephalomyelitis (EAE), a 
mouse model for multiple sclerosis (MS), to illustrate 
how superantigens can exacerbate EAE in a remitting/ 
relapsing manner, similar to MS (10, 11). In addition 
we will discuss the possible role of superantigens in 
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Table 1. List of Bacterial and Viral Superantigens 

Protein Superantigen-associated 
disease References 

Bacterial 
Prototype: Staphylococcal enterotoxins 

Organ ism 
Staphylococcus aureus Enterotoxins Food poisoning 

Toxic shock syndrome 
Kawasaki’s disease (?) 
Multiple sclerosis (?) 

Rheumatic heart disease (?) 
Group A streptococci Pyrogenic exotoxins Psoriasis (?) 

Mycoplasma art h i tid is T-cell mitogen Arthritis (?) 
Mycobacteriu m tuberculosis Not identified Tuberculosis 
Yersinia pestis Not identified Reiter’s syndrome 

Clost rid i u m perf ri ngens 
Reactive arthritis 
Sudden infant death 

syndrome (?) 
Exotoxin 

Viral 
Prototype: Superantigen from mouse mammary tumor virus (MMTV) 

Virus Protein 
Mouse mammary tumor virus ORF product Mammary tumors 

Mouse leukemia virus (type C Gag protein MAIDS 

Human immunodeficiency Not identified AIDS 

Human spu maretrovi rus 

Rabies Nucleocapsid protein Rabies 
Epstein-Barr virus (human Not identified B cell lymphoma (?) 

(type B retrovirus) 

retrovirus) 

virus (lentivirus) 

(foamy virus) 
be1 3 gene product Grave’s disease (?) 

herpes virus) Chronic fatigue 
syndrome (?) 

1 
1 
8, 9 
10,ll 
9, 12 
9 
13 
14 
15 
15 

16,17 

18 

19 

20, 21, Torres BA 
et a/., submitted 

22 

23, 24 
9 

9 

the pathogenesis of human immunodeficiency viruses 
(HIV). Altered V p  T-cell profiles in HIV-infected in- 
dividuals have been shown, suggesting the presence of 
a superantigen (28-30). We have recently shown that 
the Nef protein of HIV is a T-cell mitogen with prop- 
erties characteristic of a superantigen (21). Thus, the 
data and models presented should shed light on the 
role of superantigens in autoimmunity and viral dis- 
eases such as AIDS. 

Structure of Staphylococcal Enterotoxins 

Initial efforts toward understanding the structural 
basis for the biological activities of SEs involved sec- 
ondary structure predictions using the amino acid se- 
quence compared with structural information derived 
from techniques such as circular dichroism (CD). The 
SEs characteristically have low a-helical content to- 
gether with a high content of p-structure, as indicated 
by CD analysis (31). The CD spectra of staphylococcal 
enterotoxin B (SEB) and the closely related SEC (65% 
sequence homology) are essentially identical (31, 32). 
The CD spectrum of SEA varies somewhat from that 
of SEB or SEC, although it reveals the same predom- 
inance of p-structure (32, 33). While SEE is similar to 

SEA in the high percentage of p-structure, SEA has 
more a-helical content than SEE (33). Toxic shock 
syndrome toxin-1 (TSST-1) possesses low a-helix and 
high p-structure content characteristic of the other 
SEs, but shares minimal sequence homology with 
them (34). Thus, despite differences in amino acid se- 
quences and antigenic properties, all of the SEs, in- 
cluding TSST- 1, exhibit a similar pattern of secondary 
structure (low a-helix, high p-sheet), which is compat- 
ible with their common biological functions. 

The 3-dimensional structures of SEB and TSST-1 
have recently been determined using x-ray crystallog- 
raphy. The crystal structure of SEB revealed a main 
chain fold containing two domains, the first of which is 
composed of residues 1-120 and contains five 
p-strands and three a-helices (35). The P-strands of the 
first domain form a cylindrical barrel forming a criss- 
cross pattern. The second domain is composed of res- 
idues 127-239 and contains seven p-strands and two 
a-helices. The P-strands 6 and 12 are parallel and form 
an infrequently observed left-handed crossover. A 
shallow cavity formed by the two domains is consid- 
ered to be a TCR-binding site. The TSST-1 crystal 
structure revealed a single-chain, two-domain mole- 
cule (36, 37). The first domain is composed of residues 
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1-89 and contains five P-strands and one a-helix. The 
P-strands of the first domain form a continuous roll or 
@ barrel. The second domain is composed of residues 
9&194 and contains seven P-strands and one a-helix. 
The a-helix in the second domain appears to be 
cupped by the surrounding P-strands forming an elab- 
orate P-grasp motif. The topology of SEB and TSST-1 
is similar in that they are both composed of two do- 
mains and exhibit a high content of p-structure relative 
to a-helix. However, a number of differences in the 
SEB and TSST-1 structures exist. Among them are (i) 
that TSST-1 is unique from SEB in that it contains a 
P-grasp motif; (ii) that TSST-1 is extensively truncated 
in a number of loop regions present in SEB; (iii) that 
there is no structural equivalent of the N terminus of 
SEB in the TSST-1 structure; and (iv) that the TSST-1 
structure contains fewer a-helices than the SEB struc- 
ture. Thus, a general two-domain motif is apparent 
from the SEB and TSST-1 3-dimensional structures, 
but certain structural features important for SEB are 
not present in TSST-1, probably due to the lack of 
TSST-1 amino acid sequence homology with the other 
staphylococcal enterotoxins. 

The 3-dimensional structure of SEB complexed to 
a human MHC class I1 molecule, HLA-DRl , revealed 
the DRl-a1 domain as a binding site for SEB and con- 
firmed studies, which will be discussed below, that 
demonstrated the N terminus of SEB as a binding site 
for HLA-DRl (38). No overt conformational changes 
were observed to occur in the MHC class I1 molecule 
or SEB upon formation of the complex. Interestingly, 
the MHC/SEB crystal structure suggests a model of 
the MHC/superantigen/TCR complex where MHC in- 
teraction with the TCR is distinct from interactions 
induced by peptide antigen presentation and may even 
block such peptide-mediated interaction. 

The structural basis for SEs interaction with MHC 
class I1 molecules has been elucidated by several ap- 
proaches, with the synthetic peptide approach provid- 
ing particularly valuable results. Studies of SEA em- 
ploying overlapping synthetic peptides of the entire 
molecule identified regions 1-45, 39-66, 62-86 and 
121-149 as being able to compete with radiolabeled 
SEA for binding to HLA-DR (39-41). SEA (1-45) also 
inhibited SEA induction of T-cell proliferation and 
gamma interferon (IFN-y) production (39). Interest- 
ingly, the SEA peptide 121-149 itself possesses super- 
antigenic-like activity in that it stimulates T-cell pro- 
liferation, but has to be presented via interaction with 
the MHC class I1 molecule (Hobeika AC, Johnson 
HM, unpublished data). Furthermore, peptide 121-149 
stimulates macrophages through a lymphocyte path- 
way to produce tumor necrosis factor- and interleu- 
kin-1 (IL-2) (42). These observations suggest that the 
staphylococcal enterotoxin superantigens are more 

versatile in their interaction with cellular receptors 
then is indicated by x-ray crystallographic studies. 

Sites on the MHC class I1 molecule important for 
interaction with SEA have also been identified. Over- 
lapping peptides of the MHC class I1 @-chain of the 
H-2b haplotype were examined for their ability to in- 
hibit SEA binding to MHC class I1 and HLA-DR. The 
region encompassing amino acid residues 65-85, cor- 
responding to the predicted a-helix along the antigen- 
binding cleft of the P-chain, preferentially inhibited 
SEA binding to MHC class I1 and HLA-DR and SEA 
stimulation of human and mouse T-cell proliferation 
(43). Likewise, a peptide encompassing amino acid 
residues 51-80 of the MHC class I1 H-2b haplotype 
a-chain, corresponding to the predicted a-helix along 
the antigen binding cleft of the a-chain, inhibited SEA- 
induced human and mouse T-cell proliferation and 
bound directly to SEA in a solid phase binding assay 
(44). Subsequent site-directed mutagenesis studies 
have confirmed the results described above and have 
identified specific residues of the MHC class I1 
@-chain, in particular histidine 81, as important for 
binding SEA (45). 

With the same approach as above, the functional 
sites on the enterotoxins, TSST-1 and SEB, for bind- 
ing to MHC class I1 molecules have been identified. 
Synthetic peptides of the TSST-1 molecule encom- 
passing amino acid residues 39-68 and 155-194 com- 
peted with radiolabeled TSST-1 for binding to mouse 
A20 cells and human Raji cells (46). Like SEA, multi- 
ple and complex MHC class I1 binding sites have been 
identified on SEB. Studies were undertaken to com- 
pare the regions of SEB important for binding to L 
cells transfected with HLA-DRl and Raji cells bearing 
HLA-DR3, DRwlO, DQwl, and DQw2 (47). Synthetic 
peptides encompassing SEB amino acid residues 1- 
33, 31-64, and 179-212 inhibited binding of radiola- 
beled SEB to DRl transfected L cells. In contrast, 
SEB peptides encompassing residues 1-33, 124-154, 
150-183, and 179-212 inhibited binding of SEB to Raji 
cells. SEB peptide 124-154 also inhibited SEB induced 
human T cell proliferation. While SEs do not exhibit 
MHC restriction, they do exhibit haplotype preference 
as evidenced by the fact that HLA-DR haplotypes 
vary in their ability to bind and present some of the 
SEs (48). These results suggest that different regions 
of SEB may be involved in binding to various alleles of 
HLA-DR as well as DQ molecules expressed on Raji 
cells. The binding of different regions of SEB to MHC 
class I1 molecules would imply that the VP regions of 
the T cell receptor may not all recognize a given su- 
perantigen in the same way. Superantigen V p  speci- 
ficity may vary depending on the MHC class I1 mole- 
cule involved in presentation. Thus, it would appear 
that the contacts in the MHC/superantigen/TCR com- 
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plex are quite dynamic, depending on the nature of the 
binding of superantigen to MHC class 11. 

Superantigens in Autoimmunity 
Superantigens in Neurologic Inflammatory Dis- 

ease. MS is an inflammatory demyelinating autoim- 
mune disease of the central nervous system mani- 
fested by paralysis that affects speech, motor func- 
tions, and vision. The symptomology of MS can often 
be observed to occur in a relapsinghemitting manner, 
consistent with presentation of clinical symptoms of 
MS followed by periods of remission. The relapsing/ 
remitting nature of some autoimmune disorders has 
raised the question of how environmental factors af- 
fect patients with autoimmunity. Intuitively, superan- 
tigens are suspected of playing a role in causing or 
modulating some autoimmune disorders based on their 
ubiquitous presence in the environment and their PO- 
tent polyclonal T cell stimulatory effects. Studies were 
conducted to determine if superantigens could modu- 
late the course of EAE in PL/J mice (25), an autoim- 
mune neuropathogenic disorder that is studied as a 
model for MS (49). 

PL/J mice immunized with rat myelin basic pro- 
tein (MBP) develop acute demyelination manifested 
clinically as tail or hind limb weakness and paralysis. 
Those mice that survive the acute episode of disease 
will usually resolve these clinical symptoms and do not 
develop spontaneous or MBP-induced relapses (50). It 
has been shown that, in the PL/J mouse, the predom- 
inant initiating T cells are an oligoclonal population 
bearing the VpS TCR. Analysis of TCR gene rear- 
rangements from MS patient brain plaques suggests 
that Vp5.2’ T cells may be critical in MS (51). 

Two scenarios were examined in assessing super- 
antigen modulation of EAE in PL/J mice. The first 
being possible protective effects of treatment with a 
VPS-specific superantigen prior to immunization with 
rat MBP in order to induce VpS T-cell anergy and 
deletion, thus blocking EAE development. The second 
is to administer superantigen after sensitization of 
mice to MBP to determine if superantigen reactivates 
or exacerbates disease. 

To study the potential protective effect of super- 
antigen pretreatment, PL/J mice were treated with 
VPS-specific staphylococcal enterotoxin B (SEB). Af- 
ter 1 week, VpS T cells of the treated mice failed to 
respond to SEB in vitro (52). Injection of these mice 
with SEB prior to immunization with rat MBP in Fre- 
und’s complete adjuvant (CFA) and pertussis toxin, 
resulted in protection against EAE induction when 
compared with controls. Protection from EAE by su- 
perantigen appears to be dependent on the Vp speci- 
ficity of the superantigen. 

Similar observations were made for MRL/lpr 
mice, a model for systemic lupus erythematosus in 

which anti-DNA autoantibody production and immune 
complexes correlates with the onset of disease at 3 
months of age (53). As with EAE, VPS T cells are 
involved in this disease. In mice given SEB prior to 
appearance of antibodies, the time of onset and sever- 
ity of disease were significantly reduced. Administra- 
tion of SEB after the appearance of anti-DNA au- 
toantibodies did not affect the onset of the disease 
(unpublished observation). Thus, superantigen- 
induced anergy and/or deletion of a particular Vp- 
specific T-cell subset before autoimmune events reach 
a critical stage can protect against induction of certain 
autoimmune disorders. 

Superantigen exacerbation and/or induction of 
EAE in mice already sensitized to rat MBP was also 
examined. Accordingly, SEB exposure induces EAE 
reactivation after immunization with MBP and resolu- 
tion of an initial episode (11) (Fig. I) .  SEB induces 
multiple relapses (up to three) over a 4-month period, 
and induces disease in mice that are immunized but do 

Superantigen Reactivation of EAE 

A. Immunization 
with MBP 

B. Development of 
EAE 

C. Resolution of 
EAE 

D. Superantigen 
Administration 

MBP 2 

t 

t 

t 

NO IFNr +IFNr 

(4 

A 
,- E. IFN T prevents 

Superantigen 
Reactivation 

of EAE (+) 
Figure 1. Reactivation of EAE by the staphylococcal enterotoxin 
superantigen SEB and prevention of superantigen reactivated 
EAE by IFN-T. (A) PUJ mice employed in the reactivation study 
were initially immunized with MBP in Complete Freund’s Adju- 
vant (CFA) and injected with Pertussis toxin on the day of im- 
munization and 48 hr later. (B) Development of EAE occurred on 
or about Day 10-14. (C) Mice were allowed to recover from clin- 
ical symptoms for at least 2-4 weeks. (D) PUJ mice that had 
recovered from EAE were injected with SEB. (E) Mice that re- 
ceived no IFN-T treatment developed superantigen-reactivated 
EAE on or about 7 days after exposure to superantigen. In con- 
trast, mice which received IFN-T 48 hr prior to SEB injection, on 
the day of SEB injection and 48 hr after SEB injection were 
protected from development of superantigen-reactivated EAE. 
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not develop an initial episode of disease. In the case of 
reactivation, SEB can stimulate but not anergize 
Vp8' T cells. PL/J mice immunized with MBP in CFA 
or CFA alone were resistant to anergy induced by SEB 
unlike their naive counterparts (10). Thus, activated T 
cells appear to be refractory to induction of anergy by 
superantigens. 

SEA, which is not VpS specific, was able to reac- 
tivate disease in mice that had been immunized with 
whole MBP as effectively as SEB (10, 11). SEA did 
not induce statistically significant clinical disease in 
(PL/J x SJL)Fl mice immunized with an acetylated 
N-terminal MBP peptide instead of whole MBP (54). It 
has been previously shown that the amino terminus of 
MBP is encephalitogenic in PL/J and (PL/J x SJL)Fl 
mice (49). 

The fact that EAE can be reactivated by SEA in 
mice immunized with MBP but not acetylated N-ter- 
minal peptide suggests that subdominant or cryptic 
EAE inducing epitopes are present in MBP. Further, 
these epitopes may activate VP-bearing T cells that 
can be stimulated by SEA. PL/J mice projected against 
development of EAE by SEB pretreatment developed 
an accelerated onset of paralysis with increased sever- 
ity when administered SEA (1 1). These mice exhibited 
anergy and deletion of the VP subset, an expansion of 
the VplO subset (a V p  for which SEA is specific) and 
T-cell recognition of the MBP Ac-1-17 peptide. Thus, 
T cells bearing receptors other than VPS can recognize 
the amino terminus of MBP and potentially contribute 
to disease. It is also possible that, while subdominant 
and/or cryptic epitopes may not sensitize T cells suf- 
ficiently to induce disease, these cells may cause dis- 
ease when pushed over the threshold by superantigens 
such as SEA. Preliminary data suggest that T cells 
reactive to epitopes in the region 10CL140 of MBP are 
present in SEA reactivated PL/J mice (Soos JM, 
Johnson HM, unpublished data). Thus, paralytic dis- 
ease in PL/J mice after reactivation of disease by su- 
perantigen may not be restricted to VPS T cells spe- 
cific for the N terminus of MBP, but is more complex, 
reflecting the complexity of MS. 

A type I interferon, IFN-Plb, has recently been 
approved by the FDA for treatment of MS in humans. 
Type I IFNs have been shown to block SE induction 
of IL-2, T-cell proliferation, and VP-specific T-cell ex- 
pansions (55). The IFN pregnancy recognition hor- 
mone, IFN-T, also blocks both the development and 
superantigen reactivation of paralysis in the EAE 
model (56) (Fig. 1). The observation that IFN-T can 
block superantigen induced exacerbations of EAE 
may be a corollary to the reduction in disease exacer- 
bations in MS patients undergoing treatment with 
IFN-p1 b (57). Interestingly, treatment with IFN-T 
does not result in toxic side effects like those observed 
during IFN-plb treatment of MS. Studies are also in 

progress to block EAE exacerbation by SEs using neu- 
tralizing antibodies. Such therapies could assist in the 
amelioration of superantigen exacerbated autoimmune 
diseases through the presence of high-titer neutralizing 
antibodies. 

Mechanism of IFN-.r Protection Against 
Superantigen-Induced EAE 

It is possible that a number of immunosuppressive 
activities that IFN-T can exert are responsible for the 
mechanism by which IFN-T can prevent superantigen- 
induced EAE. IFN-T reduced T cell proliferation in 
response to both the staphylococcal enterotoxin su- 
perantigens (55) and to specific antigen, in this case 
MBP (56). IFN-T also reduced Vp-specific T-cell ex- 
pansions in vivo (56). IFN-T, when injected concur- 
rently with SEB, reduced the number of VPS T cells 
when compared with the number of VpS T cells 
present in mice injected with only SEB. In addition, 
SEB induced IL-2 (55) and TNF-(x (56) production was 
also reduced in the presence of IFN-T. Additional 
functions of IFN-T are currently being examined to 
determine if they also contribute to the mechanism by 
which IFN-T prevents superantigen-induced EAE. 
Early studies of the type I IFNs revealed their ability 
to induce suppressor cell function (58). Inhibition of 
anti-sheep red blood cell (SRBC) antibody production 
was demonstrated when normal mouse spleen cells 
were either co-cultured with type I IFN-treated spleen 
cells or treated with type I IFN-induced suppressor 
factor (the supernatant from cells that had been treated 
with Type I IFN for 24 h) in the presence of SRBCs. 
Preliminary data suggest that IFN-T induces suppres- 
sor cell function which can reduce antigen-specific 
T-cell responses to MBP (Soos JM, Johnson HM, un- 
published data). Additionally, IFN-T effects on pro- 
duction of anti-MBP antibodies and expression of ad- 
hesion molecules and MHC class I and I1 molecules 
are currently being pursued. 

Mouse Mammary Tumor Virus Superantigens 
The first viral superantigen to be described is that 

encoded in an open reading frame (ORF) in the 3' long 
terminal repeat of the type B retrovirus, mouse mam- 
mary tumor virus (MMTV) (59-62). A recent addition 
to the family of viral superantigens is the one encoded 
by the rabies virus (23, 24). Although MMTV super- 
antigens were recognized in the 1990s, they were orig- 
inally described by Festenstein in 1973 as minor lym- 
phocyte-stimulating (mls) antigens (63). The ability of 
T cells from certain mouse strains to be stimulated by 
lymphocytes from MHC-identical strains was ascribed 
by Festenstein to the presence of mls antigens. More 
recently, mls antigens were found to be endoge- 
nous superantigens from germline-encoded MMTV 
provirus (64, 65). 
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Like their bacterial counterparts, MMTV super- 
antigens are presented in the context of class I1 MHC 
antigens and stimulate T cells in a VP-specific fashion. 
MMTV superantigens show MHC preference, with 
more efficient presentation occurring in the context of 
I-E as opposed to I-A (66). Interestingly, this MHC 
preference corresponds with the greater infectivity of 
B cells bearing I-E (67). 

Until recently, no direct evidence was available on 
the ability of MMTV superantigen to bind to class I1 
MHC antigens, although strong evidence exists as to 
MHC requirement for activity (68). Through the use of 
synthetic peptides, a site was identified on the 
MMTV-1 superantigen that binds to mouse class I1 
MHC antigens. Overlapping peptides corresponding to 
the predicted extracellular domain of the MMTV- 1 
(ORF) superantigen were tested for their relative abil- 
ities to compete with radiolabeled SEA for binding to 
the mouse B-cell line, A20 (69). Only one peptide, 
ORF(76-119), significantly reduced SEA binding to 
mouse A20 cells and consistently competed in a dose- 
response manner. Furthermore, in direct binding stud- 
ies radiolabeled ORF(76-119) peptide specifically 
bound to A20 cells and was effectively inhibited by 
both unlabeled SEA and ORF(76-119) peptide. No 
binding of ORF(76-119) peptide was seen to a class 
11-negative cell line. Binding of ORF(76-119) peptide 
to A20 cells was blocked by antibodies to I-E and I-A, 
thereby indicating that binding was occurring to class 
I1 antigens. Further evidence of binding to MHC was 
obtained by radioimmunoassay, which showed that 
SEA and ORF(76-119) peptide competed with both 
radiolabeled SEA and ORF(76-119) peptide for bind- 
ing to a peptide corresponding to the a-helical region 
(residues 60-90) of the mouse class I1 MHC antigen P 
chain. Thus, the data indicate that SEA and ORF(76- 
119) peptide bind to a similar region on the P-chain of 
the mouse class I1 MHC molecule. 

Biochemical analyses suggest that MMTV super- 
antigen is a Type I1 membrane protein with its VP  
specificity residing in the C terminus and with a hy- 
drophobic transmembrane region near the N terminus 
(70). Although no direct evidence exists, the variabil- 
ity of the C-terminal residues of the ORF proteins of 
various MMTV strains seems to correlate with the dif- 
ferences in VP specificity, suggesting that this region 
binds TCR (71). In one study, truncations of the ORF 
gene were transfected into class I MHC-bearing cells 
and tested for superantigen activity. Complete loss of 
superantigen activity occurred when the MMTV ORF 
gene was N-terminally truncated to the third methio- 
nine (residue 122) and beyond (70). Further studies 
suggest that the superantigen encoded by MMTV-7 is 
synthesized as a precursor molecule, which is prote- 
olytically cleaved and expressed as an 18.5K surface 
protein (72). Binding studies performed with 28K and 

18K versions of the MMTV-7 superantigen showed 
that both molecules bind to human MHC class I1 an- 
tigens (73). Thus, studies by our laboratory indicate 
one site for binding to mouse class I1 MHC antigens, 
whereas studies performed by others suggest that two 
sites on MMTV superantigen are involved in binding 
to human MHC class I1 antigens. 

It has been known for several years that infectivity 
by MMTV requires an intact immune system (re- 
viewed in Ref. 18). MMTV transmission to offspring 
can occur via infectious virions in mother's milk or can 
occur vertically an endogenous provirus. Most mouse 
strains have been shown to contain one or more copies 
of endogenous MMTV, and many contain distinct 
MMTV strains (74). Upon passage into the gut of the 
host, virus enters the gut-associated immune tissue 
and infects B cells. B cells then express the MMTV- 
encoded superantigen, presumably in the context of 
class I1 antigens, causing VP-specific T-cell stimula- 
tion. Although no actual infection of T cells occurs 
(18), it is thought that T-cell stimulation indirectly en- 
hances the further infection of B cells (67). Migration 
of infected cells to the mammary gland the main site of 
viral infection occurs, and infectious virions are pro- 
duced and transmitted in milk. 

Germline-encoded MMTV serves an important 
protective mechanism for the host. It is known that 
superantigens can cause anergy and/or deletion of VP- 
specific T cells (25). Similarly, expression of MMTV 
superantigen early in the ontogeny of the immune sys- 
tem induces the eventual deletion of VP-specific T 
cells that would otherwise be stimulated. In this man- 
ner, the host is protected against subsequent infection 
by MMTV strains that stimulate those VP-specific 
T-cell populations. This has been shown in mice trans- 
genic for a MMTV superantigen that stimulates 
VP14' T cells (75). Transgenic mice showed partial to 
complete deletion of VP14+ T cells, depending on the 
level of superantigen expression. Those mice in which 
VP14' T cells were deleted were subsequently pro- 
tected from infection upon challenge with the same 
MMTV strain. 

HIV Superantigen 

A hallmark of infection with HIV is the alteration 
of CD4/CD8 T-cell ratios due to loss of CD4+ T helper 
cells. Such losses ultimately result in the inability of an 
infected individual to mount effective immune re- 
sponses against infections, thus resulting in death. 
Several possible mechanisms by which CD4 loss oc- 
curs have been postulated, including direct cytolysis 
by HIV (76), HIV-induced syncitia formation (77, 78) 
and/or cytolytic T-cell activity against infected CD4 
cells (79). In addition to skewing of the CD4/CD8 ra- 
tios, other immunologic alterations seen in HIV- 
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infected individuals include polyclonal activation of B 
cells with increased immunoglobulin production, re- 
duced antigen and mitogen responses, and increased 
natural killer cell activity (reviewed in Ref. 80). 

Because of the known induction of T-cell anergy 
and/or deletion by superantigens, it has been specu- 
lated that the HIV genome encodes for a superantigen 
that may cause some of the immunopathologies ob- 
served with AIDS. Upon interaction with MHC class 
I1 antigens and TCR, VP-specific T-cell populations 
would be activated and expand, eventually leading to 
functional (anergy) or actual (deletion) loss of T cells. 
Several points of evidence suggest a role for a HIV- 
derived superantigen. Although initial studies sug- 
gested that AIDS patients had deletions in V p  T-cell 
populations @ I ) ,  such deletions could not be found by 
others (82). Vp12+ T cells were shown to support en- 
hanced replication of HIV compared with other V p  
subsets and proliferated in response to cells from HIV- 
positive patients, suggesting the presence of a super- 
antigen (82). Interestingly, one study found skewed 
V p  T-cell profiles in monozygotic twins that were dis- 
cordant for HIV infection, with perturbations in sev- 
eral Vps (83). Thus, these studies hint at the presence 
of a superantigen encoded by HIV that may play a role 
in HIV pathogenesis by augmenting a population of T 
cells, resulting in a reservoir for virus replication, with 
eventual deletion of those T cells. 

We have shown that Nef, a HIV regulatory pro- 
tein, binds to MHC class I1 antigens at a site(s) in- 
volved in bacterial superantigen binding (2 I ) .  Like 
MMTV superantigen, Nef protein is encoded in the 3' 
long terminal repeat of the genome of lentiviruses such 
as HIV-1 and simian immunodeficiency virus (SIV). 
Nef induced significant levels of proliferation in hu- 
man peripheral blood mononuclear cells (PBMC) from 
a wide sampling of donors (8576-90%), although these 
responses are lower than those induced by SEA 
(Torres BA et al., submitted). Furthermore, Nef stim- 
ulation resulted in the production of the T helper cell 
cytokines, IL-2 and IFN-y . Proliferation in response 
to Nef was observed in reconstituted cultures consist- 
ing of T cells and inactivated APCs, which is compel- 
ling evidence for Nef superantigen activity. Further- 
more, Nef did not induce purified T cells to proliferate 
in the absence of APCs, which is consistent with Nef 
superantigen activity. No apparent V p  expansions 
were detected using flow cytometry, possibly because 
of the low but significant level of proliferation. There- 
fore, we developed a simple amplification detection 
method using immobilized anti-Vp antibodies (Tanabe 
T, et al., submitted). PBMC from HIV-negative do- 
nors were pretreated for 24 h with Nef and then re- 
stimulated with immobilized anti-VP antibodies. Com- 
pared to untreated PBMC, significant expansion of 
Vp2, Vp5.215.3, and Vp18 were detected in Nef- 

treated cultures (84). Nef-induced Vp 18 occurred with 
PBMC from all donors tested. Vp2 and Vp5.2/5.3 ex- 
pansion occurred in >SO% of donors. Other V p  sub- 
sets were not found to be expanded. Thus, Nef has 
superantigen-like characteristics in that it binds to 
class I1 antigens, does not require processing by APC, 
and activates T cells to proliferate in a VP-specific 
manner and release cytokines such as IL-2 and IFN-y. 

The functional role that Nef plays in the lentiviral 
pathogenesis is uncertain, although its importance is 
reflected in vaccine studies in which a Nef-deleted SIV 
mutant did not cause disease and protected animals 
upon challenge with the pathogenic wild-type strain 
(85). The viral load in SIV mutant-infected animals 
was considerably lower than in animals challenged 
with wild-type SIV. Within this context, the ability of 
Nef to activate T cells is interesting in that active HIV 
replication requires T-cell activation. Furthermore, al- 
though resting or quiescent T cells can be infected, 
evidence suggests that HIV replication only occurs 
upon subsequent cellular activation. 

Since T-cell activation occurs with exogenous Nef 
protein, we determined whether Nef stimulation of 
PBMC was sufficient to induce HIV-1 replication. Un- 
stimulated and mitogen-stimulated PBMC were in- 
fected with HIV-1 and cultures were monitored for 
signs of viral replication. Supernatants from unstimu- 
lated PBMC showed only marginal reverse tran- 
scriptase (RT) activity. RT levels were high in cells 
stimulated with T cell mitogens, in particular SEA 
(Fig. 2). Interestingly, Nef-stimulated cells produced 
moderate to high levels of RT, indicating that these 
cells were capable of sustaining virus replication. Vi- 
rus replication in Nef-stimulated cultures yielded in- 
fectious virus, rather than defective particles (84). 
Flow cytometric analysis showed that increased per- 
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Figure 2. Nef-induced T-cell activation is sufficient for active 
HIV replication. Nef-stimulated PBMC were infected with HIV 
and cultures monitored for reverse transcriptase (RT) activity. 
T-cell activation induced by Nef was determined by flow cyto- 
metric analyses. PBMC were double-stained with anti-CD4 and 
antibodies to either HLA-DR or IL-2R. 
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centages of cells that stained for both CD4 and HLA- 
DR were present in Nef-stimulated cultures, as com- 
pared with unstimulated cultures (Fig. 2). Further- 
more, increased percentages of cells that stained for 
both CD4 and IL-2R were observed in Nef-stimulated 
cultures. These results are consistent with our previ- 
ous studies showing production of T helper cytokines 
upon stimulation with Nef. Thus, stimulation of 
PBMC with Nef protein induces T-cell activation and 
such activation is sufficient for HIV replication. 

Nef could not be detected in culture supernatants 
of infected cells, suggesting that Nef may not be 
present in a soluble form in these cultures. Previously, 
we showed that paraformaldehyde-inactivated cells 
were capable of presenting Nef to T cells, indicating 
that Nef did not require processing (84). We investi- 
gated the possibility that HIV-infected cells could ac- 
tivate autologous PBMC. To achieve maximal infec- 
tion, PBMC were stimulated with mitogen, infected 
with HIV, and inactivated with paraformaldehyde. 
Proliferation of fresh autologous PBMC cultured in the 
presence of infected cells was observed (Torres BA, 
Tanabe T, Yamamoto JK,  Johnson HM, unpublished 
data). Furthermore, proliferative responses were sig- 
nificantly reduced by the addition of polyclonal anti- 
Nef antibodies. These data suggest that proliferation 
occurred as a result of Nef expressed on the surface of 
HIV-infected cells, thereby indicating that Nef may be 
a virally-encoded mitogen. 

Nef has been shown to induce differentiation of 
human B cells to immunoglobulin secreting cells (86). 
Monoclonal antibodies to HLA-DR and adhesion mol- 
ecules abrogated Nef-induced differentiation. B-cell 
stimulation required T cells and monocytes, the latter 
producing IL-6 upon Nef stimulation. Interestingly, 
staphylococcal superantigens have been shown to in- 
duce B-cell differentiation analogous to that described 
for Nef (87). Thus, Nef can stimulate both T and B 
cells in a manner similar to the staphylococcal entero- 
toxin superantigens. 

This leads to the question of the activation 
events(s) that occurs during HIV-1 exposure and that 
ultimately lead to the establishment of infection. Our 
results suggest a model in which Nef acts as a HIV- 
encoded T cell mitogen (Fig. 3).  Nef may interact with 
T cells either as an integral part of the membranes of 
infected T cells or in a soluble form released as the 
result of lysis of infected cells. Nef has been shown to 
be expressed on the membranes of infected T cells 
(88), which is consistent with this model. Nef expres- 
sion may occur in the context of the T cell activation 
marker, HLA-DR, and the Nef/HLA-DR complex 
would stimulate uninfected T cells, as well as B cells. 
Such stimulation would allow for the expansion of a 
cellular reservoir for replication of the virus, eventu- 
ally leading to T-cell anergy and/or apoptosis. B-cell 
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Figure 3. Model for the role of Nef in the pathogenesis of HIV. 
Activation of uninfected T cells may occur by interaction with 
Nef in either of two forms: as soluble Nef released from lysed 
cells, presented in the context of MHC class II antigens on APC, 
or as an integral part of the membranes of infected T cells, 
complexed to HLA-DR. Although the Nef receptor on T cells has 
not been elucidated, Vp expansion data suggest that binding to 
uninfected T cells occurs via TCR. Activation of T cells results in 
proliferation and release of cytokines such as IFN-y and IL-2, 
thereby creating a cellular reservoir for virus and increasing the 
viral load in the host. T-cell activation may result in depletion of 
T cells via virus production, anergy, and/or apoptosis. Differen- 
tiation of B cells, possibly mediated by T-cell cytokine release, 
resu I ts in hypergam mag lobu I i nem ia. Au toi m m u ne-l i ke seq uelae 
may result from B cell differentiation into Ig-secreting cells, and 
activation of T cells. 

activation and differentiation could ultimately lead to 
hypergammaglobulinemia. Thus, the HIV genome 
may encode for its own T-cell mitogen, which would 
induce the amplification of virus replication in the 
host, with ultimate deleterious effects on the immune 
system. As such, Nef could be classified as a virulence 
factor for HIV. 
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