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Abstract

Formation of the costimulatory axis between the B7-2 and CD28 coreceptors is critical for T-cell
activation. Superantigens, Gram-positive bacterial virulence factors, cause toxic shock and sepsis
by hyperinducing inflammatory cytokines. We report a novel role for costimulatory receptors
CD28 and B7-2 as obligatory receptors for superantigens, rendering them therapeutic targets. We
show that by engaging not only CD28 but also its coligand B7-2 directly, superantigens potently
enhance the interaction between B7-2 and CD28, inducing thereby T-cell hyperactivation. Using a
conserved twelve amino-acid domain, superantigens engage both B7-2 and CD28 at their
homodimer interfaces, sites far removed from where these receptors interact, implying that
inflammatory signaling can be controlled through the receptor homodimer interfaces. Short B7-2
and CD28 dimer interface mimetic peptides bind diverse superantigens, prevent superantigen
binding to cell-surface B7-2 or CD28, attenuate inflammatory cytokine overexpression, and
protect mice from lethal superantigen challenge. Thus, superantigens induce a cytokine storm by
mediating not only the interaction between MHC-11 molecule and T-cell receptor but critically, by
promoting B7-2/CD28 coreceptor engagement, forcing the principal costimulatory axis to signal
excessively. Our findings highlight the B7/CD28 interaction as a bottleneck in signaling for
expression of inflammatory cytokines. B7-2 and CD28 homodimer interface mimetic peptides
prevent superantigen lethality by blocking the superantigen-host costimulatory receptor
interaction.

Licensed under a Creative Commons Attribution 4.0 International License which allows users including authors of articles to copy and
redistribute the material in any medium or format, in addition to remix, transform, and build upon the material for any purpose, even
commercially, as long as the author and original source are properly cited or credited.

Correspondence: Raymond Kaempfer, kaempfer@hebrew.edu.

To citethisarticle: Raymond Kaempfer, ef a/. Bacterial superantigen toxins induce a lethal cytokine storm by enhancing B7-2/CD28
costimulatory receptor engagement, a critical immune checkpoint. Receptor Clin Invest 2017; 4: e1500. doi: 10.14800/rci.1500.
Author Contributions

R.K., Z.R., R.L. and G.A. designed research, R.L., A.P., D.H., G.A. and Z.R. performed experiments, R.K., Z.R. and R.L. analyzed the
results.

Conflicting interests
The authors have declared that no conflict of interests exists.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kaempfer et al. Page 2

Keywords

bacterial superantigens; inflammatory cytokine storm; toxic shock; costimulatory receptors; B7-2;
B7-2 dimer interface peptides; CD28

Introduction

Superantigens from Staphylococcus aureus and Streptococcus pyogenes induce toxic shock
and sepsis by activating an immune response, orders of magnitude beyond that elicited by
ordinary antigens. Superantigens exploit the main axis of T-cell activation by binding
directly as intact proteins to most major histocompatibility class I1 (MHC-I1) and T-cell
receptor (TCR) molecules outside their antigen-binding domains, linking them and
bypassing restricted presentation of conventional antigens which typically activate <<1% of
T cells, thereby activating up to 20-30% of T cells [1-3]. The exaggerated inflammatory
response (“‘cytokine storm’) that results is harmful to the host.

Until recently, it was thought that this is the mechanism through which superantigens
hyperinduce an inflammatory response. However, in our search for superantigen antagonists,
we discovered that superantigens directly facilitate not one but two synaptic events between
antigen-presenting cell and T cell: (1) interaction of MHC-11 with TCR, and (2) interaction
between the primary costimulatory receptors B7-2 and CD28, potently enhancing formation
of the B7-2/CD28 costimulatory axis that is critical for T-cell activation. Indeed, preventing
the direct binding of a superantigen molecule to the B7-2 or CD28 costimulatory receptor,
with short peptide mimetics of the contact domains in any one of these three proteins,
suffices to protect from lethal toxic shock. Our finding is that engagement of B7-2 and
CD28 receptors can be regulated via their homodimer interfaces, a property exploited by the
superantigens to their advantage (Fig. 1).

A conserved domain in superantigens is essential for their function

Induction of human inflammatory cytokine gene expression by divergent superantigens is
inhibited by a short peptide that protects mice from their lethal effect [4. The peptide shows
homology to a p-strand-hinge-a-helix superantigen domain of 12 amino acids, remote from
the MHC-11 and TCR binding sites. This finding was surprising because it was believed
initially that the region of the superantigen molecule, in which this domain is located, is
dispensable for function. The broad family of superantigens exhibits high conservation
within this domain and despite sequence differences among diverse superantigens, shows
overall spatial conservation of the amino acid backbone [4]. Thus, although toxic shock
syndrome toxin-1 (TSST-1) shares only 6% overall sequence identity with staphylococcal
enterotoxin B (SEB), its p-strand/hinge/a-helix domain has a similar backbone fold (Fig. 2).

The conservation of the B-strand/hinge/a-helix domain and broad-spectrum protective
efficacy of peptide mimetics of this domain demonstrated that it exerts an essential function
in eliciting a cytokine storm and lethality, but the nature of this function remained

unknown [4]. We hypothesized that this domain, which is accessible (Fig. 2), might serve to
engage an as yet unknown receptor.
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CD28 is an obligatory receptor for superantigens

CD28 is the principal costimulatory receptor. CD28 has a critical function in regulating the
immune response by providing the second signal mandatory for T-cell activation [5-71,
Constitutively expressed on T cells as a homodimer, CD28 must interact with either of its
two B7 coreceptors in order to transduce the signal essential for an immediate T-cell
response [6-91. The coreceptor B7-2 (CD86) is expressed constitutively on the antigen-
presenting cell (APC) whereas B7-1 (CD80) is induced later in the immune response [9: 101,
The B7-2/CD28 interaction thus regulates early signaling by antigens [11: 121 Apart from its
B7 coreceptors needed for costimulation, CD28 was not thought to engage any other ligand.

A first hint in our search for a putative novel superantigen receptor was provided by the
finding that a peptide mimetic of the superantigen p-strand/hinge/a-helix domain (Fig. 2)
inhibited inflammatory cytokine gene expression in human peripheral blood mononuclear
cells (PBMC) in the absence of any superantigen, induced by anti-CD28/anti-CD3
monoclonal antibodies, which models the normal T cell-mediated immune response, or by
anti-CD28 alone, yet not by anti-CD3 alone [13]. We considered the intriguing possibility
that the peptide might compete with the anti-CD28 antibody for its binding site in CD28 and
by extension, that the intact superantigen molecule might bind directly to CD28. To test this
concept, we next screened a random phage display library for peptides that bind to CD28
and are displaced from CD28 by SEB. Indeed, such peptides could be recovered; they
strongly inhibited SEB-mediated induction of inflammatory cytokines in human PBMC and
protected mice from lethal SEB challenge [*3]. Confocal microscopy then showed that
labeled SEB colocalizes fully with CD28 expressed on the surface of CD28-transfected
cells, providing a strong indication that even in the absence of MHC-11 and TCR, the
superantigen will bind directly to the extracellular domain of the CD28 receptor [13]. Direct
binding experiments then documented that through its p-strand/hinge/a-helix domain, SEB
binds directly to CD28 [13],

We next sought to map the binding site for superantigen toxins within CD28. This proved a
difficult challenge 14, Since we knew that a peptide mimetic of the B-strand/hinge/a-helix
domain in SEB blocks cytokine gene expression in human PBMC induced by anti-CD28, we
mapped the epitope of this monoclonal antibody, speculating that it might be the site where
the SEB mimetic peptide binds, and by extension, holo-SEB. A peptide having the 9 amino-
acid CD28 epitope sequence indeed showed potent antagonist activity against SEB in human
PBMC [131, CD28 exhibits extensive homology with the related costimulatory receptor,
CTLA-4 []. The CD28 epitope aligned with a completely distinct sequence in CTLA-4 that
constitutes part of the CTLA-4 homodimer interface. Another portion of the composite
homodimer interface in CTLA-4 is located well over 100 amino acids upstream. Should the
CD28 dimer interface, which at the time had not yet been resolved, be involved in binding
SEB, we argued, then a peptide in CD28 having an 8 amino-acid sequence, located at the
corresponding site upstream yet totally distinct from the equivalent sequence in CTLA-4,
might also be able to antagonize SEB. This proved indeed to be the case [13]. Both of these
CD28 mimetic peptides bound superantigens, blocked cytokine gene induction in human
PBMC by superantigens, including by TSST-1, and protected mice from lethal superantigen
challenge [13. 151 Crystallographic analysis [16] confirmed our hunch that we had identified
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the CD28 dimer interface correctly; five peptides, spanning all dimer interface residues, each
proved a superantigen antagonist 131,

Thus, through the B-strand-hinge-a-helix domain essential for superantigen action [4],
superantigens engage CD28 directly at its homodimer interface [13]. Blocking access of a
superantigen to CD28, with peptide mimetics of the CD28 dimer interface or of the -
strand-hinge-a-helix superantigen domain, suffices to block signaling for overexpression of
inflammatory cytokines in human PBMC and to protect mice from lethal toxic

shock [4 13151 This work established that CD28 is not only a costimulatory receptor but in
a novel role, serves as an obligatory receptor for superantigens. Nonetheless, the mechanism
underlying the indispensable role of binding CD28 in superantigen signaling remained
elusive.

B7-2is an obligatory receptor for superantigens

The foregoing studies led us to ask whether the primary coligand of CD28, B7-2, might also
have a function in superantigen action. Once again, our peptide mimetic of the p-strand-
hinge-a-helix domain in superantigens proved useful. Induction of inflammatory cytokine
gene expression by anti-CD3 together with the soluble extracellular domain of B7-2, a
model for joint signaling through the TCR and B7-2/CD28 costimulatory pathway, was
inhibited by this peptide [17]. The observation that a superantigen mimetic peptide inhibits
signaling dependent on B7-2 could be explained, on one hand, by the direct interaction of
this peptide with CD28 that we had already demonstrated [13], resulting in attenuation of
CD28 signaling. Alternatively, however, the explanation might be that the peptide binds
B7-2 and thereby inhibits signaling through the B7-2/CD28 axis. We thus hypothesized that
through its p-strand-hinge-a-helix domain, the superantigen might engage B7-2 directly.

Our hunch was borne out by direct binding studies [17]. SEB bound selectively to the surface
of cells transfected to express B7-2. This indicated that even in the absence of its CD28,
MHC-II and TCR receptors, SEB binds directly to cell-surface B7-2. Indeed, SEB bound
soluble B7-2 extracellular domain protein when either was immobilized, as judged by direct
immunoassay or by surface plasmon resonance, and as the free proteins in solution, shown
by microscale thermophoresis. As for CD28, the superantigen binds to B7-2 with
micromolar affinity [17]. Mutation of two highly conserved residues in the p-strand/hinge/a.-
helix domain of SEB that are critical for binding of CD28 [13], abrogated binding of SEB to
cell-surface B7-2, demonstrating specificity. Direct binding analysis showed that soluble
B7-2 binds to the peptide mimetic of the B-strand-hinge-a.-helix domain. Thus, using the
same domain, the superantigen engages B7-2 and CD28.

To map the binding site for superantigen in B7-2, we created a set of short peptides from the
extracellular domain of this coreceptor. Only peptides that overlapped with residues in the
B7-2 crystallographic homodimer interface [°] were capable of inhibiting SEB-mediated
induction of inflammatory cytokines in PBMC, and of protecting mice from SEB lethality,
whereas peptides that fall outside the dimer interface failed to do so. The B7-2 dimer
interface mimetics bound diverse superantigens directly, with a Kp in the micromolar range,
demonstrating that we had mapped the dimer interface as the binding site [17]. The
hydrophilic B7-2 dimer interface [18] has no known role in costimulatory signaling and is
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well separated from the CD28 binding site. Whereas CD28 is a strong, covalent

homodimer [16], B7-2 forms only an extremely weak, noncovalent homodimer and exists
mostly as a monomer on the cell surface [12. 191, This renders the binding of superantigens
into the B7-2 dimer interface even more remarkable. Considering that B7-2 and CD28
function each as direct superantigen receptor and that the superantigen engages both through
its B-strand/hinge/a.-helix domain, at any given time a single superantigen molecule can bind
to only one of these two costimulatory ligands. Accordingly, two superantigen molecules are
needed to engage both CD28 and B7-2 (Fig. 1).

Once we had evidence that superantigens use the same domain - the p-strand/hinge/a.-helix
domain - to engage both CD28 and B7-2, we predicted that dimer interface mimetic peptides
derived from either receptor would compete with both intact cell-surface receptors for
superantigen, to inhibit binding of superantigen to either CD28 or B7-2. This turned out to
be indeed the case [17]. Thus, the superantigen not only uses its B-strand/hinge/a-helix
domain to engage either B7-2 or CD28 at their dimer interface but peptide mimetics of
either dimer interface possess dual antagonist activity, blocking binding of superantigen to
either receptor in a reciprocal manner.

In conclusion, to elicit an inflammatory cytokine response, SEB must engage not only CD28
but also its coligand B7-2, raising the question how these direct interactions promote strong
T-cell activation.

the superantigen strongly enhances the B7-2/CD28 interaction

A single superantigen molecule facilitates the MHC-I1/TCR interaction by binding
simultaneously to both receptors, linking them together [31. By contrast, our finding is that a
single superantigen molecule cannot bind both CD28 and B7-2 at the same time [17],
Nonetheless, we hypothesized that the binding of superantigen molecules to each B7-2 and
CD28 might enhance B7-2/CD28 receptor engagement. To examine this concept, we
expressed CD28 or B7-2 on the surface of transfected cells and studied the effect of SEB on
binding of soluble B7-2 and CD28, respectively. This strategy allowed us to measure the
B7-2/CD28 interaction in the absence of multiple ligand-receptor interactions that underlie
synapse formation between the antigen-presenting cell and the T cell, involving not only
MHC-II/TCR but also other costimulatory ligand pairs whose expression could change upon
SEB exposure, resulting in changes in synapse strength.

SEB strongly enhanced binding of B7-2 to cell-surface CD28, even at low concentrations.
Conversely, binding of CD28 to cell-surface B7-2 was stimulated by an order of magnitude
by SEB. Here, too, enhanced binding was detectable already at low SEB concentrations [17].
We next used flow cytometry to validate that SEB promotes B7-2/CD28 synapse formation
between cells that express B7-2 and CD28, respectively, in their native state on the cell
membrane. A splice variant of B7-2 unable to bind CD28 failed to support significant cell-
cell adhesion, demonstrating specificity. Even though flow cytometry will not distinguish a
synapse formed by a single intercellular B7-2/CD28 pair from one supported by multiple
pairs, rendering it less sensitive than binding of the soluble coreceptors, SEB had a
pronounced stimulatory effect on B7-2/CD28-mediated intercellular synapse formation,
observed already at low SEB concentrations [17]. These results provide a mechanism for why
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the superantigen must bind B7-2 and CD28 directly: this strongly upregulates the B7-2/
CD28 interaction, the primary costimulatory axis mandatory for T-cell activation (Fig. 1).

Conclusion

We have shown that through its p-strand/hinge/a.-helix domain, the superantigen binds not
only to the homodimer interface of CD28 but also to the homodimer interface of its
coligand, B7-2, and provide a molecular mechanism for how this dual binding achieves
excessive signaling for T-cell activation. Although the two receptor dimer interfaces are
remote from the domains where CD28 and B7-2 engage one another, by binding both dimer
interfaces, the superantigen potently enhances the interaction between B7-2 and CD28 (Fig.
1). Thus, superantigens directly facilitate not one but two events in the formation of the
immune synapse between antigen-presenting cell and T cell: interaction of MHC-I1 with
TCR, and interaction of B7-2 with CD28. These results reveal a hitherto unknown, novel
function for the superantigen: to promote formation of the B7-2/CD28 costimulatory axis,
critical for full T-cell activation. Binding of superantigen to each B7-2 and CD28 may be
accommodated as shown in Fig. 1, although conceivably, binding of the superantigen to only
one receptor within a given pair, rather than to both, may suffice for T cell hyperactivation,
as long as both are engaged within the immunological synapse, which contains multiple
copies of each of these receptors. We have shown that the superantigen enhances the
interaction between B7-2 and CD28 even without the need for engaging MHC-I1 and TCR.
To our knowledge, this is the first example whereby a pathogen-associated molecule, in this
case a bacterial superantigen toxin, hyperinduces cytokines by strongly enhancing formation
of the B7-2/CD28 costimulatory receptor axis.

We provide a novel, host-oriented therapeutic approach to block the indispensible interaction
of the superantigen with B7-2 and CD28 dimer interfaces, through short peptide mimetics of
the B7-2 dimer interface. Such peptides bind diverse superantigens, prevent binding of
superantigen to cell-surface B7-2 or CD28, inhibit superantigen-mediated induction of
inflammatory cytokines in human PBMC, and are effective antagonists /7 vivo, protecting
mice from lethal superantigen challenge [17],
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APC antigen-presenting cell

MHC-II major histocompatibility class Il molecule
PBMC peripheral blood mononuclear cells

SEB staphylococcal enterotoxin B

TCR T-cell receptor
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Figure 1. Superantigensinduce a cytokine storm by binding to B7-2 and CD28, enhancing
costimulatory axis formation

Two SEB molecules bind, through their accessible B-strand/hinge/a-helix domain (magenta
spheres), B7-2 and CD28 in their extracellular domains at the homodimer interfaces
(outlined in magenta), thereby potently enhancing B7-2/CD28 engagement and
inflammatory signaling. For clarity, simultaneous engagement of TCR and MHC-II
molecule by SEB and the second monomer in the CD28 dimer were omitted.
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Figure 2. The B-strand/hinge/a-helix superantigen domain: spatial conservation of the amino
acid backbone

In structures of SEB (3SEB.pdb) and TSST-1 (40HJ.pdb), backbone and side chains of the
B-strand/hinge/a-helix domain are depicted in magenta.
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