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Abstract

The constant battle between pathogen and host has led to substantial diversity and

adaptability of the host immune system. Pathogcns too, have evolved unique mechanisms

to evade their hosts. The production of superantigens is one of these mechanisms.

Superantigens are potent T cell mitogens that have the unique ability to bind

simultaneously to rnajor histocompatibility complex (MHC) class [I molecules and T cell

receptors (TCRs). The resulting uncontrolled activation of up b2Ao/o of all T cells and the

subsequent cytokirre release, can lead to fever, shock and death. Superantigens are not

processed intracellularly like conventional antigens but instead bind as intact proteins to

MHC class I molecules expressed on the surface of professional antigen presenting cells'

On thc hypothesis that the unique properties of superantigens may serve useful for vaccine

dclivery, several bacterial superantigens were selectively mutated at their TCR-binding site

with the ultimate goal of creating a safe, non-toxic carrier protein that could target antigen

presenting cells by binding to MHC class II.

Antigen presenting cells that expressed MHC class II were indeed targeted by the TCR-

binding-defrcient superantigens. Cellular internalisation of the superantigen into vesicles

was observed as early as 30 min. These superantigens were also shown to traffic to, and be

captured by, the lymph nodes of irnmunised mice. Using TCR-binding-deficient

superantigens as vaccine carrier proteins, enhanced antigenicity and immunogeniciry of the

conjugated MHC class l-restricted peptide antigen, GP33, was observed in a mouse model'

In vitra studies revealed up to 200-fold enhancement of antigenicity when GP33 was

conjugated to superantigen. Enhanced immunogenicity was also observed in vivo, with

il



conju_qates providing protcction against Lymphocytic choriomcningitis virus infection after

only a single irnmurrisation. These results indicate that rnodified superantigens are able to

sal-cly dclivcr pcptides lbr cross-presentation, and may servc as a novel mcchanism for

vaccinc delivcry.
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Chapter 1

Introduction

I.I BACTERIAL SUPERANTIGENS

1.1.1 Overview

Superantigens are potent T cell mitogens capable of stimulating up to 20o/o of all T cells.

Their potency is attributable to their ability to simultaneously bind major

histocornpatibility complex (lvtHc) class II molecules and T cell receptors (TCRs), thus

bridging antigen presenting cells (APCs) and T cells (Dellabona et al., 1990, Herman et al.,

1991, Seth et al., 1994). Superantigens are protease and tcmperature resistant proteins

(Balaban and Rasooly, 2000, Denny et al., 1971, Hoover et al., 1983) that unlike

conventional antigens are not processed, but bind outside of the peptide-binding cleft on

MHC class II (Dellabona et al., 1990, Fraser, 1989, Herman et al.. l99l). Direct contact

with TCRs also enable superantigens to bypass typical TCR:MHC and CD4:MHC class II

interactions, thus enabling the stimulation of both CD4+ and CD8+ T cells (Herrmann and

MacDonald, 1993).

The term "superantigen" was coined in 1989 when Kappler and Marrack discovered that

their mitogenic activity was a result of rnassive Vp-specific T cell proliferation (Kappler et

al., 1989). The first superantigen was, however, discovered some three decades earlierby

Bergdoll et al. for its potent emetic properties, and was named staphylococcal enterotoxin

A (SEA) (Bergdoll et al., 1959).

Superantigens are produced by a number of micro-organisms and viruses including

Yersinia pseudotuberculosis (Ito et al., 1995), Mycoplasma arthritidis (Cole, l99l) and

mouse mammary tumour virus (MacDonald et al., 1988). The superantigens that are best

characterised are produced by the gram-positive bacteria Staphylococcus aureus and

Streptococcus pyogenes. Therc are at least thirty staphylococcal and streptococcal

superantigens cunently known. The gencs for most of these reside on mobile elements,

allowing for horizontal genc transfer (Jarraud et al., 2001, Kuroda et al., 2001, Yarwood et



al-2fi02), This largp suptanttige-n family has ssguenc€ homology ranging from l5'907o

and ean be elassified into six genetic sCIbfamjlhs (figure l.l).

Figure 1.1 The superantigen family sf, S. aureers and S. pyogenes. Alignment of
streptoeoecat and staphy-loeoocal $rpcftmtigens based on aqino aeid sequaroe. Colours
indicate separate genetic subgroups (I-VD. (Figgre is adaped from Froft and Frasero

2003).
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1.1.2 Superantigens produced by Staphylococctrs aureus

The staphylococcal enterotoxins (SEs) and toxic shock syndrome toxin-l (TSST-I)

comprise the family of superantigens produced by S. aureus. There are currently 20 SEs

(including the three serologically distinct SEC subtypes) that range in size from 24-29 kDa.

The discovery of SEA (Bergdoll et al., 1959), SEB (Casman, 1960), SECI (Bergdoll et al.,

1965), SEC2 (Avena and Bergdoll, 1967), SEC3 (Reiser et al., 1984), SED (Casman et al.,

1967), SEE (Bergdoll et al., l97l), SEG (Munson et al., 1998), SEH (Ren et al., 1994), SEI

(Munson et al., 1998), SEJ (Zhang et al., 1998), SEK (Orwin et al., 2001), SEL (Fitzgerald

ct al., 2001), SEM (Jarraud et al., 2001), SEN (Janaud et al., 2001), SEO (Jarraud et al',

2001), SEP (Kuroda et al., 2001), SEQ (Orwin et al., 2002), SER (Omoe et al., 2003), and

SEU (Letertre et a1.,2003) began in the late 1950s and exploded from the mid 1990s with

the advances in genome sequencing. SEF does not exist due to a mistaken designation of

TSST-l (Bergdoll et al., l98l).

TSST-I is the clear outlier of the group. It was discovered in 1981 to be the causative

agent of tampon-associated toxic shock syndrome (Schlievert et al., l98l). TSST-l is the

smallest superantigen at 22 kDa, and unlike other superantigens has the ability to cross the

mucosa (Davis et al., 2003, Peterson et al., 2005).

The mitogenic potency of superantigens is usually described by their Pso value, the

concentration that stimulates a half-maximal T cell proliferative response. Mitogenic

potency varies between the staphylococcal superantigens, with SEA being the most potent

(P56 value : 0.1 pgiml).

1.1.3 Superantigens produced by Streptococcus pyogenes

The superantigens of S. pyogenes are a family of 23-27 kDa proteins that include the

streptococcal pyrogenic exotoxins (SPEs) Al-4 (Nelson et al., 1991, Weeks and Ferretti,

1986), C (Goshorn et al., 1988), G (Proft et al., 1999), H (Proft et al., 1999), [ (Proft et al.,

2001), J (Proft et al., 1999), K/L (Beres eta1.,2002, Proft et a1.,2003b), and M (Proft et

31., 2003b), the streptococcal superantigen (SSA) (Mollick et al., 1993), and the

streptococcal mitogenic exotoxins (SMEZs) I (Toyosaki et al., 1996), 2 (Proft et al., 1999)



and 3-24 (Proft et al., 2000). SPEB and SPEF (also known as mitogenic factor F)

(Toyosaki et al., 1996) were originally thought to be superantigens. However, SPEB is

now known to be a cysteine protease (Ohara-Nemoto et al., 1994), and SPEF a

streptococcal DNase (Gerlach et al., 2001 ).

Mitogenic potency varies widely within this family of streptococcal superantigens and

includes both the most potent (SMEZ-2) and least potent (SPEH) superantigens cunently

known. The Pso value of SMEZ-} is 0.02 pg/rnl, and the P56 value of SPEH is 50 pg/ml

(reviewed in Proft et al., 2005).

1.1.4 Structure of staphylococcal and streptococcal superantigens

The protein structures of eleven superantigens have been solved by crystallography. The

seven superantigens that have been crystallised from S. aureus include SEA (Schad et al.,

1995), SEB (Swaminathan ct al., l99Z), SEC2 (Papageorgiou et al., 1995), SEC3 (Chi et

a1.,2002), SED (Sundstrom et al., 1996), SEH (Hakansson et al., 2000) and TSST-I

(Prasad et al., 1993). The five superantigens from,L pyogenes that have been crystallised

include SPEA (Papageorgiou et al., 1999), SPEC (Roussel et al., 1997), SPEH (Arcus et

a1.,2000), SSA (Sundberg and Jardetzky, 1999) and SMEZ-? (Arcus et a1.,2000). Even

though sequence homology between superantigens can be very low (as low as l5%o), all

superantigens crystallised to date reveal a remarkable strucrural similarity. This common

architecture consists of two globular domains with a long, solvent-accessible cr-helix

spanning the centre (figure 1.2). Secondary sequence alignment reveals two common

PROSITE motifs. Signature l, Y-G-G-[LN]-T-x(4)-N (PS00277) is present in most

superantigens and corresponds to a portion of the p5 strand in the N+erminal domain

(figure 1.3). Signature 2, K-x(2)-[LIVF]-x(a)-pIVFl-D-x(3)-R-x(2)-L-x(5)-[LIV]-Y

(PS00278) is present in all superantigens and corresponds to the csntral a-helix in the C-

terminal domain (figure 1.3).
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Figure 1.2 Crystal structures of two streptococcal superantigens and two staphylococcal
superantigens. Alpha helices are depicted in red, beta strands in blue and loop regions in
grey. Ribbon diagrams were created using SwissPdbViewer with the coordinate files
IAN8 (SPEC), lET6 (SMEZ-2), IESF (SEA) and 2QIL (TSST-l) fron the PubMed
database.
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The amino tenninal domain consists of five B strands that form a concave B banel with a

hydrophobic core. A short a-helix (a3) is formed at one end of the barrel in all

superantigens except TSST-1. A flexible disulphide loop in many SEs and SPEA is found

between 94 and p5 (figure 1.4). The amino tenninal domain resembles an

oligosaccharide/oligonucleotide-binding fold (OB-fold) comrton to many other protein

superfamilies including staphylococcal nucleases, tissue inhibitor of rnetalloproteinase-like

proteins, Heme chaperones and nucleic acid-binding proteins (Arnesano et al., 2002,

Murzin, 1993, Theobald et a1., 2003, Williamson et al., 1994). These protein farnilies are

able to bind to DNA or carbohydrate moieties. However, no DNA or carbohydrate binding

is observed for superantigens, illustrating the flexibility of this superfold.

Front view Top view

\/
,l

Figure t.4 Ribbon diagram of the N-terminal domain of SEA. Inrage created in SwissPdb

Viewer using the coordinate file IESF. The strucftrre is illustrated in two positions - from
the front, and fronr the top of the structure looking down through the beta-barrel.

The carboxy+erminal domain consists of a four stranded antiparallel B-sheet (p6, 9, 10, l2)

flanked by the long central a-helix (a4). Three additional B-strands, plus the N-tenninal

tail contairring one or two short o-helices, are also considered part of the C-tenninal

domain (figure 1.5). This domain resernbles a B grasp motif common to the ubiquitin-like

and immunoglobulin-binding superfarnilies (Buchberger et al., 2001, Mitchell et al., 2000).
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Figure 1.5 Ribbon diagrarn of the C'-tenninal domain of SEA and SMEZ-2. hnage created

in SwissPdb Viewer usins the coordinate files I ESF (SEA) and I ET6 (SMEZ-2).

Structural and functional analyses have uncovered either one or trvo zinc-binding sites in

most superantigens (reviewed in Baker ancl Acharya, 2004). Zinc is typically tetrahedrally

coordinated. The prinrary binding site for zinc is located on the B-sheet in the C-tenninal

dornain (figure I .6). A cornrnon zinc-binding rnotif (H-X-D) is tbund at this site in genetic

subgroups II, IV, V and Vl. The third zinc-coordination ligand is supplied by a

neighbouring B-strand. The fourth ligand is typically fonned fiorn a residue in the p-chain

of MHC class II, as seen for SEA (Hudson et al., 1995). The zirrc-binding site in SEC and

SPEA is thought to be situated between the N- and C-tenninal dornains, though functional

consequences of this site have not been contirnred (Bakeret a|.,2004, Papageorgiou et al,,

1995). A second zinc-binding site has also been observed for SEC2 and SPEC. The

second zinc-binding site in SEC2 has only been observed with additional zinc and is found

close to the MllC class ll-binding site in the N-terrninal don'rain (Papageorgiou et al.,

2004). The second zinc-binding site in SPEC is located in the N-tenninal region of tlre

molecule. Residues I{35 and [:54 fi'om two adjacent molecules are required to coordinate

the zinc ion. thus causing the formation of homodimers (Roussel et al., 1997). SEB, SSA

and TSST-l have not shown any zinc-binding properties.
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Figure 1.6 Open-rendered ribbon diagram of three structurally aligned superantigens
showing the C-ternrinal p-sheet zinc-binding residues. Stnrctures were aligned using
SwissPdbViewer with the coordinate files IANS (SPEC), lET6 (SMEZ-2) and IESF
(SEA) from the PubMed database. Residues H167, H20l and D203 involved in zinc
coordination in SPEC align well with those used in SMEZ-? (H162,H202, D204) and SEA
(H187, H225,D227).

1.1.5 Superantigen interaction with MHC class II

Major histocompatibility complex (MHC) molecules, also known as the human leukocyte

antigens (HLA) in humans, are 60-65 kDa glycoproteins that present peptide antigens to T

cells. MHC class I is expressed on all nucleated cells in the body, while MHC class lI

expression is restricted to APCs, thymus epithelia cells and activated T cells (Janeway et

al., 2005).



MHC class I consists of an o-chain with three domains, and pz-microglobulin. The

variable peptide-binding region is formed by the or flnd a: domains. The constant

transmembrane domain that associates with pz-microglobulin is fonned by the a.r domain

(figure 1.7). MHC class Il consists of both an a-chain and a B-chain, each with a constant

transmembrane domain and a variable peptide-binding domain (figure 1.7). The variable

domains of both MHC class I and MHC class ll fold to form a peptide-binding cleft with a

B-sheet floor and a-helical walls. Variability is achieved with high polymorphisrn within

this central cavity, In humans, each cell has a double set of the six major HLAs, each with

as many as 20 alleles, providing further variability. There are therefore over 10,000

possible HLA types.

All superantigens bind to MHC class ll as intact proteins, outside of the peptide-binding

cleft. Co-crystal structures of superantigens complexed with HLA-DR have confirmed the

existence of several mechanisms by which superantigens bind to MHC class ll. Combined

with sequence and mutational analysis, superantigens can be grouped into one of three

MHC class ll-binding categories (table | .l): a) o-chain-binding, b) p-chain-binding and c)

superantigens that bind to both c- and p-chains.

MHC class I MIIC class II

Figure 1.7 A Schematic diagram of MHC molecules. MHC class I is a heterodimer
consisting of a transmembrane a-chain bound non-covalently to B2-rnicroglobulin (F:m).
The peptide-binding cleft is formed by the or ard oz domains. MHC class ll is a

heterodirner consisting of turo transmembrane subunits. Domain one from each subunit
folds to form a peptide-binding cleft very similar to MHC class l.

l0



Table 1.1 MHC class Il-binding modes of several superantigens.

Superantigen Organism Genetic Crystal
subgroup structure

MHC class II o/B

chqq lqdqg_
Zinc

binding

TSST-I

SEB

SEC2

SPEA

SSA

SEA

SED

SEH

SPEC

SMEZ-2

SPEH

S. aureus

S. auretts

S. aureus

S. pyogenes

S. pyogenes

S. aureus

S. aureus

S. aureus

S. pyogenes

S. pyogenes

S. pT,ogenes
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II

II
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Yes

Yes
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Yes
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Yes

Yes
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No
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Yes

No

Yes

Yes

Yes

Yes

Yes

Yes
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+l+

+l+
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a) AIpha-chain-binding superantigens

Superantigens that bind to the a-chain of MHC class II include SEB, SEC, SEG, SSA,

TSST-l and SPEA (reviewed in Baker et al.,2004,Lavoie et al., 1999, Petersson,2004,

Proft and Fraser, 2003). These superantigcns all fall into subgroups I and II of the

superantigen family, reflecting their commonality between sequence and function.

Structural analysis of SEB and TSST-l complexed with HLA-DR (Jardetzky et al., 1994,

Kinr et al., 1994) revealed an exposed hydrophobic loop in the N-terminal domain of the

superantigen that fits into a hydrophobic groove of the MHC class II ar domain. The

generic a-chain-binding site yields differences with regard to the orientation of the

superantigen. For example, SEB is observed to bind completely outside of the peptide-

binding cleft, while TSST-l sits on top of the cleft, making contact with part of the p-chain

and the bound peptide (figure 1.8). The population of MHC class II molecules bound by

SEB and TSST-I is unique. No competitive binding between these two superantigens

occurs, suggesting that the peptide influences the specificity of TSST-1.

ll



TSST-I/HLA-DRI SEB/HLA-DR4

Figure 1.8 Co-crystal structures of TSST-l and SEB bound to HLA-DR. TSST-l binds
towards the centre of the peptide-binding cleft. while SEB binds to the side, completely
away from the peptide-binding cleft. llLA-DR a-chains are depicted in light blue, B-
chains in magenta, peptides in red, and superantigens in blue. Top) View fronr the top of
the molecules, looking down onto peptide-binding cleft. Bottom) View from the front of
the molecules. Ribbon diagrams were created with SwissPdb Viewer using the coordinate
files kindly provided by Dr. D.C. Wiley (Harvard University, MA, USA) for TSST-
l/HLA-DRl. and lD5M from the PubMed database tbr SEBiHLA-DR4.

b) Beta-chain-binding superantigens

Superantigens that bind exclusively to the B-chain of MHC class II include SPEC, SPEG,

SPEFI, SPEI, SPEJ. SPEL, SPEM and SMIIZ (reviewed in Baker et al.. 2004, Lavoie et al.,

l2



1999, Petersson,2004, Proft and Fraser,2003). These superantigens are contained within

genetic subgroups lV and VI of the superantigen family. Binding to the p-chain is zinc-

dependent and typically involves three residues from the superantigen's C-terminal

domain, coordinated with one residue (H8l on HLA-DR) of MHC class II (figure 1.9).

The binding interface on the superantigen contains a number of negatively charged

residues that presurnably interact with the positively charged surface in the binding

interface of MHC class II (Arcus et al., 2000, Hakansson et al., 2000, Li et al.. 2001). A

unique feature of one of the B-chain-binding superantigens is the ability to fonn

hornodimers. SPEC has a dimerisation site positioned close to where the generic cr-chain-

binding site is located in o.-chain-binding superantigens (Li et al., 200l ). Dimer formation

buries 8.6% of the total surface area of the monomer, which is typical of many other

protein-protein interfaces. A second zinc-coordination site is located within the dimer

interface. though it does not appear to be essential for dimerisation (Roussel et al., 1997).

Figure 1.9 Co-crystal srructure of SPEC bound to HLA-DR2. Ribbon diagram was

created with SwissPdbViewer using the coordinate file IHQR. A) View from the front of
the structure. B) View front the top of the structure. The HLA-DR2 a-chain is depicted in
light blue, p-chain in magenta, peptide in red and superantigen in blue. The zinc ion is
depicted in grey, and the coordinating ligands are depicted in green.

B
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c) Atpha- and Beta-chain-binding superantigens

Some superantigens in genetic subgroup III of the superantigen family including SEA,

SEE and SED have been shown to have a dual MHC class ll-binding mode. Both the

generic u-chain-binding site and the zinc-dependent p-chain-binding site exist in these

superantigens. Possession of both binding sites enables these superantigens to cross-link

MHC class II (Hudson et al., 1995).

A modified version of SEA containing the D227 A substitution is unable to bind to the B-

chain of HLA-DRl (Petersson et al., 2002). The crystal structure of SEA D227A bound to

HLA-DRl (Petersson et al., 2002) shows similarity to the SEB-HLA-DRl complex, except

that it hasT}Vo less contact area between the molecules. The orientation of the C-terminal

domain of SEA D227A, away from the bound HLA-DRI molecule, reveals that one

molecule of SEA cannot bind at both a- and p-chain-binding sites to the same MHC class

II molccule (figure l.l0A). This implicates that one molecule of SEA must bind to two

MHC class II molecules, thus cross-linking MHC class II molecules as modelled in figure

Ll0B. The ability of superantigens to cross-link MHC class II on the surface of APCs can

result in a number of functional consequences discussed later section l.l.5e.

l4
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B

Figure l.l0 Co-crystal strucrure of SEA D227A bound to l-lLA-DRl. A) Ribbon diagram

created using the coordinate file lLO5. B) The MHCcr-superantigen-MHCB complex. The

coordinate file IHXY of SEH bound to the p-chain of HLA-DRI was used to model how
SEA may cross-link MHC class ll molecules. HLA-DR a-chain is depicted in light blue,

B-chain in magenta, peptide in red and superantigen in blue.

A second zinc-binding site found in SED enables this superantigen to fomr homodirners

(Sundstronr et al., 1996). Cornbined with the ability to bind both the a- and B-chain of

MHC class ll (Al-Daccak et al.. 1998), SED could potentially cross-link MHC class II in

three ways: l) MHCa-SED-MHCB, 2) MHCcI-SED-SED-MHCa, and 3) MHCP-SED-

SED-MHCB. An overview of the different modes of superantigen-MHC class lI

interaction is shown in fislrre L I l.

It has been observed in SEC2 and SPEA that there is an N-tenttinal zinc-binding site

situated in the cleft between the two domains. It has been suggested that this site could
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bind to H81 on the B-chain of MHC. This would enable MHC class II cross-linking in

these superantigens as well (Papageordiou et al.. | 999).

Figure l.ll A schematic diagram of the different MHC class Il-binding modes of
superantigens. The T cell is pictured above with TCR a-chains (orange) and TCR p-chains

(brown). The APC is picrured below with MHC class ll a-chains (light blue) and MHC
class II B-chains (rnagenta). Superantigens are depicted in blue and zinc ions as black
circles.

d) Superantigen affinity for MHC class II

The affinity of superantigens for MHC class ll molecules varies depending on which chain

the superantigen binds to. The Ko of the N-terminal generic u-chain-binding site of

superantigens is estirnated at -10-6 M (Kozono et al., 1995) and lies within the range of

typical TCR-peptide-MHC (TCR-pMHC) affinities. The C-tenninal zinc-dependent p-

chain-binding site is 10O-fold higher in affinity than the o-chain-binding site and falls in

the range of antibody-antigen interactions (Nilsson et al., 1999, Proft et al., 1999).

Superantigens like SEA that utilise both the a- and B-chain-binding sites have shown

further increases in af'finity when both binding sites are ligated simultaneously. For

example, the interaction between SEA and HLA-DR has a Kp of l0 pM for the ct-chain, a
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Kn of l00 nM for the p-chain, and a Kn of 13 nM when both o and B chains are bound

(Abrahmsen et al., 1995).

The affinity of superantigens for MHC class II is also modulated by the nature of the

peptide bound in the MHC peptide-binding cleft (reviewed in Baker et al., 2004).

Structural data shows that TSST-1, SEH and SPEC interact with the bound peptide. A

glutamine residue at position 120 (Q120) on SEH was shown to be involved with this

interaction. Ql20 is conserved at this site in many B-chain-binding superantigens,

suggesting that they will also interact with the bound peptide. The sequence of the peptide

is unlikely to greatly affect the binding of superantigens to MHC class [I, because

interaction is with the peptide backbone rather than the side chains. However, peptide side

chains can modulate affinitv.

Superantigens also have differential affinities for MHC class il haplotypes and alleles.

Most staphylococcal superantigens have been shown to preferentially bind HLA-DR, while

streptococcal superantigens prefened HLA-DQ Gmanishi et al., 1992, Uchiyama et al.,

1990). Allelic differences within each MHC haplotype are also observed to modulate

binding affinities (Herman et al., 1990. Llewelyn et a1.,2004). It is notable that exclusive

a-clrain-binding superantigens with a preference for HLA-DR should not be affected by

MHC allelic differences since there is only one HLA-DR o-chain allele. Also notable is

that exclusive p-chain-binding superantigens tend to prefer HLA-DQ. HLA-DQ has the

least number of B-chain alleles (25) compared with DP (62) and DR (122).

The murine MHC class [I homologues of HLA-DR and HLA-DQ are I-E and I-A. It has

been shown that superantigens bind with a lower affinity to murine MHC class II than to

human MHC class II (Sriskandan et al., 2001). This probably reflects that ,S. aLtreus and ,S.

pyogenes are primarily human pathogens, and superantigens have evolved to interact with

human rather than murine MHC class II.
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e) Biological consequences of MHC class II binding

There is little doubt that the existence of multiple binding sites and multiple modes of

MHC class II interaction leads to diversity through which superantigens can modulate

immune function. As a general mle, superantigens with higher affinity for MHC class II

are more potent T cell stimulators (Mollick et al., l99l). However, this is not always the

case, as seen with SEH, which has the highest affinity to MHC class II but is not the most

potent (Nilsson et al., 1999). The relationship between TCR affinity and superantigen

potency is also clearly important (Leder et al., 1998).

Supcrantigen ligation of MHC class II has recently been shown to cause the upregulation

of Toll-Like Receptor (TLR) 4 on the surface of human monocytes (Hopkins et al., 2005).

TLRs are involved in the activation of "danger signals". The upregulation of TLR-4 may

therefore act to condition APCs to hyper respond to pathogen associated molecular patterns

(PAMPS) (Rossi et al., 2004).

For sorne superantigens, the ability to cross-link MHC class II is also important for optimal

T cell activation. Mutation of either the a- or p-chain-binding residues in SEA results in

decreased T cell activation (Tiedemann and Frascr, 1996). Cross-linking MHC class II

also has important consequences for APC activation. Regulation of cell adhesion and

expression of inflammatory cytokines such as TNFa and IL-lp is observed upon

superantigcn-mediated MHC class II cross-linking (Mehindate et al., 1995, Tiedemann and

Fraser. 1996).

1.1.6 Superantigen interaction with TCR

The TCR resembles the Fab fragment of immunoglobulins, consisting of two

hetcrogeneous chains linkcd by a disulphide bond (figure l.l2). Both o- and B-chains each

contain a variable antigen recognition domain and a constant transmembrane domain.

Diversity in the variable domains of each chain occurs by somatic recombination of V, (D)

and J gene segments in much the same way as immunoglobulins (Garcia et al., 1996).

Within the variable domains there are three discrete regions of hypervariability known as

the complenrentary determining regions (CDRs). CDRI and CDR2 are encoded by V gene
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segments, while CDR3 is encoded by the V-J segments in the a-chain and V-D-J segments

in the p-chain. The CDR3 region is therefore the most variable due to junctional diversity

and is the region that typically contacts the peptide presented on MHC molecules. A

fourth region of hypervariability that does not appear to interact with either MHC class II

or the bound peptide in a normal MHC-peptide-TCR complex is known as HV4. HV4 is

gennline encoded and involved in superantigen interaction. The CD3 complex is

associated with the TCR and fonns an integral component for signal transduction

(reviewed in Janeway et al., 2005).

('.(-r'orn.
e 1/6

Figure l.l2 Schernatic representation of the T cell receptor. The TCR consists of two
heterogeneous chains, each containing a variable (V) and constant (C) domain. The

variable domains are involved in peptide-MHc recognition. The constant domains contain
the transmembrane regions and are involved in transducing activation signals through

association with the CD3 complex. TCRs normally exist in a TCR:CD3y6ez(:
arrangement.

Almost all superantigens bind exclusively to the TCR VB region of uB T cells. The TCR

binding site is situated on top of the shallow groove found between the N- and C-terminal

domains of the superantigen (Reviewed in Baker et al., 2004. Lavoie et al.. 1999. Petersson

et al.. 2004, Proft et al., 2005). While all superantigens interact with TCR within the same

region, a large degree of heterogeneity in response can be observed. Minor sequence
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differences within the TCR-binding site result in vast differences in Vp restriction. As

such, each superantigen exhibits a characteristic VB profile (table L2).

The two outliers in TCR interaction are TSST-l and SEH. Mutagenesis studies of TSST-l

show that binding to TCR Vp occurs mainly though the C-terminal domain, involving the

long central a-helix as well as the p7-p8 and c2-B9 loops (Earhart et al., 1998). Binding is

thus extended towards the back of the molecule rather than the top as seen with other

superantigens. SEH appears to have the most unique TCR-binding mode as it stimulates

human T cells in a Vc-dependent manner (Petersson et al., 2003). SEH sits over the top of

the MHC class II molecule, suggesting that it would block any direct contact between the

TCR and MHC class II. This implicates that it is the superantigen itself that interacts with

the Va-chain of the TCR (Petersson et al., 2003). It has been speculated that the disulphide

loop within SEFI is involved in TCR Va-binding (Petersson et al., 2004). No other

superantigen has yet to be observed to bind in a Va-specific manner.

There are currently five superantigens that have been co-crystallised with a TCR Vp-chain.

The resulting structures have revealed that there are at least three modes of TCR

interaction: a) conformational-dependent, b) conformational- and sequence-dependent and

c) predominantly sequence-dependent. Each mode of interaction has functional

consequences towards Vp specifi city.
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Table L2 TCR Vp speoificities of stap-hylscsccal and steptoeoecal superantigens

Superantigen Organism Lluman vpprofite*Genetie

subgroup
TsST-t

SEB

SECI

sEez

SEC3

StsG

SPEA

ssA

SEA

SED

SEE

SPEJ

S}EC

SPEG

SI\[EZ.I

SIvIEZ-2

SEI

SEK

STL

SEQ

SPEI

S}E}I

S. qtr,eus

'5. mtreus

S, aureus

S. aureus

S. sureus

E. aweus

S" pyogenes

S pyagenes

S, aureas

S. aureas

S, wrens

S. pyagene*

S. pyogenes

S. pyo,ganes

S. pyogenes

S. yy,a,genes

S. awews

S, aur,eus

S- awrsus

S. aureus

S. pyagenes

S. pyoganes

I
tI

tr

tr

II
tr

tr

II
m
u
m
m

rV

w
rv
ry
v
V

v
v
v
V[

2.1

1.1, 3-2,6.4, 15,1

3,2,6.416.9, 12, 15.1

12,13,14, 15, 17,24

5.1,17

3,12,13.1, 13.2,14 15

2,.1,12"2,14.!, 15.I

1.1,3, l5

l.l, 5.3" 6.3,, 6.:4, 6.9, V.3, i| .4, 9.1,'23.1

1.1, 5.3. 6.9, 7.4, 8.1, 12. I

5.1,5.3,6.4, 6.9,8.1

2.1

?.1.3,2,12,50 15,1

2.1. 4.1, 6.9, 9. 1,,12.3

2.1,L7.3,W_
4.1,8.1

1.1,5.1. 5.3.,23

5..1,5.2r6.7

5.1,5.2,6.7,I6,n

2.1,5.L,21.3

6.9,9.1,n1'8.1,22

,2,1,7.:3,9.1,23:,1

*Prinoiple TCR Vps arc underlined. (Tab-le adapted from Froft et aI., 2005)
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a) Conformation-dependent superantigens

Co-crystallisation of SEC2 and SEC3 with murine VB8.2 (figure l.l3) revealed identical

interactions between the two SEC alleles (Fields et al., 1996). The buried surface area

between SEC and Vp were consistent with those observed for antigen-antibody complexes,

but less than those observed for typical TCR-pMHC complexes. Residues from SEC that

interact with VB originate from both N- and C-terminal domains and include N-term -
N60, Y90, V9l, G102, KI03, Vl04 and Gl06; C-term - Gl9, T20, N23, Y26,F176 and

Q2l0 (figure l.l4). These residues mainly contact residues Y50, G5l, A52, G53, S54 and

T55 from the CDR2 loop of VB. The two CDRI residues N28 and N30, and the HV4

residue Q72, contact the flexible disulphide loop of SEC. Framework region 3 (K57 and

K66) also provides van der Waals interaction with SEC. Most of the strong hydrogen

bonds are formed between SEC and the CDR2 loop of Vp, but one is also found between

SEC and P70 of HV4. All hydrogen bonds involve the side chain atoms of SEC but the

backbone atoms of Vp. Binding therefore has greater dependence on the conformation of

main chain atoms rather than the sequence, allowing confonnation-dependent

superantigens a broader VB-specificity.

Mutagcnesis studies of SEC have shown three key residues involved in Vp-binding: N60,

Y90 and Q210. All form hydrogen bonds with VB and are conserved in all superantigens

that bind mVp8.2 (Leder et al., 1998).

Thc co-crystal structure of mVB8.2 and SEB (Li et al., 1998) showed little difference rn

TCR-superantigen interaction compared to the SEC alleles (hgure 1.13). All residues in

SEC that fbrm hydrogen bonds with TCR Vp are strictly conserved in SEB. Minor

differences included the involvement of framework region (FR) 2 (H47) in the Vp-SEB

complex. In addition, no contacts were made between SEB and CDRI. The regions of the

superantigens that showed differences in TCR contact were confined to the disulphide loop

that exhibits high sequencc variability and structural flexibility between superantigens. As

seen in the VB-SEC complcxes, all hydrogen bonds were from superantigen side chain

atoms to VB backbone atoms, except SEB Tl8-Vp K57, which was an additional side

chain-side chain hydrogen bond. Residues that were predicted to contact TCR Vp
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tlrerefore included Tl8, Gl9, L20,822, N23, Y26, N60, Y90, Ygl,Fl77 and E2l0 (figure

l.l4).

b) Conformation- and sequence-dependent superantigens

SPEA has recently been crystallised with mVB8.2 (Sundberg et a1.,2002a) (figurel.l3).

This structurc revealed the same core confbrmational interactions seen with Vp-SEC/SEB.

The three key hydrogen binding residues (N54, Y84 and Ql94 from SPEA) were

conserved in the V88.2-SPEA complex, as were several residues involved in the HV4iFR3

interface. The maior differences were found in the CDR2/FR3 regions of Vp. SPEA was

also shown to interact with the CDRI loop of Vp. SPEA residues Kl6, Nl7, Q19, N20,

E94 and Nl62 formed five additional hydrogen bonds with TCR VB. Several of these

were side chain-side chain interactions. SPEA residues involved in TCR binding are

shown in figure 1.14.

c) Sequence-dependent superantigens

The crystal structurc of SPEC complexed with human VB2.l (figure Ll3) revealed yet

anothcr mode of TCR interaction (Sundberg et al., 2002a). Like SEB, SEC and SPEA, the

binding rcgion still involved the cleft between the two superantigen domains. Howcver,

SPEC had an altered oricntation and a broader cleft, resulting in a larger buried surface

area, compatible to those seen in TCR-pMHC complexes. Interactions with the framework

regions were similar to other superantigens, except that SPEC extended more into the CDR

loop regions and formed numerous hydrogen bonds and van der Waals interactions with

both backbone and side chain atoms of Vp. SPEC has also been shown to make contact

with the more variable CDR3 loop of Vp, unlike the other superantigens co-crystallised.

The most important Vp-binding residues on SPEC are Yl5 and Rl8l that hydrogen bond

to the CDR2 region. These and other residues (T18, T20, R45, Y49, F75,Y76,L77,L78,

N79, E 178, T I 80 and I 199) involved in TCR binding are shown in figure l. 14.
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SEC3-mvp8.2 SEB-mVp8.2 SPEA-mVp8.2 sPEC-hvp2.l

Figure l.l3 Co-crystal structures of superantigens complexed with TCR VB. Ribbon
diagrams created with SwissPdbViewer using the coordinate files IJCK (SEC3), ISBB
(SEB), ILOY (SPEA), IKTK (SPEC). TCR Vp-chain is depicted in brown and

superantigen in blue.
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SEB

SPEA SPEC

Figure 1.14 Molecular surface structure of the TCR-binding site on four superantigens.
Residues predicted to bind to TCR VB are coloured. The rnost irnportant TCR-binding
residuss. as determined by nrutagenesis studies, are depicted in red. Structures were

created with SwissPdbViewer using the coordinate files ISTE (SEC2),3SEB (SEB),

IFNU (SPEA) and lANS (SPEC) from the PubMed database.

d) Affinity and biological consequences of the superantigen-TCR interaction

The binding affinity of superantigens to TCR is relatively low (Kp - l0-{-10-r' M;. but

comparable to TCR-pMHC interactions (Leder et al., 1998). It has been shown for typical

TCR-pMHC interactions that fast on/otT rates are required for serial engagement of

rnultiple TCRs. a mode of action ternred "serial triggering" (Valitutti et al., 1995). Too

high an affiniry could tlrerefore prevent serial triggering and reduce efficiency (Rabinowitz

et al., 1996, Valitutti et al., 1995). llowever, too low an affinity can lead to an antagonist

response, resulting in anergy. This suggests that an optimal level of atfinity is required for
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etficient T cell activation. Superantigen-TCR interactions fall within this range of optirnal

affinity, but differ from TCR-pMHC interactions in that they are more tolerant to

dift'erences in ligand affinity. Mutations that lower TCR-binding affinity do not appear to

result in antagonistic effects (Leder et al., 1998). Concomitant binding with MHC class II

must however also be considered, as overall binding affinity is further increased in the

ternary complex. This could explain why mutations that lower TCR-binding affinity are

not antagonistic. Superantigens are also tolerant to mutations that increase their affinity

for TCR. While increasing affinity also increases potency, this relationship is not

proportional, suggesting that superantigens have already evolved to bind with optimal

affinity to TCRs (Leder et al., 1998).

1.1.7 TcR-superantigen-MHC complex

The structure of TCR complexed to HLA-DRl and HA peptide (Hennecke et al., 2000),

shows that in a typical TCR-pMHC complex, CDRI and CDR2 from the Va-chain of TCR

contacts the N-terminal end of the peptide-binding cleft of HLA-DR. CDRI and CDR2

from the Vp-chain of TCR contacts the C-terminal end of the peptide-binding cleft of

HLA-DR. The more diverse CDR3 regions fronr both TCR chains interact with the bound

peptide. In this way, norrnal antigen presentation to T cells is MHC-restricted and relies

not only on the ability of a particular TCR to recognise the antigenic peptide, but also

requires recognition of the MHC molecule. A similar orientation is seen in the co-crystal

structure of the 2C TCR complexed with murine MHC class I and self peptide (figure

l.l s).

It is known that superantigens activate T cells without the classical MHC restriction, which

suggests they circumvent normal TCR-peptide-MHC binding mechanisms. As yet, a TCR-

superantigcn-MHC ternary complex has not been crystallised, but several models have

been built from existing TCR-superantigen and superantigen-MHC crystal structures.
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Figure l.l5 Backbone representation of a TCR-pMHC complex. MHC class I (lower

molecule). showing c,l, 2, 3 and p2m domains with a bound octomer peptide (Pl-P8). The

TCR sits above, with CDRs I and 2 of the c-chain in pink, CDRs I and 2 of the p-chain in
blue, CDRSs in yellow/green and HV4 in red (taken from Carcia et al.. 1996).

ln a model of TCR-SEB-MHC (Li et al.. 1998), SEB acts as a wedge between TCR and

MHC, preventing the usual contacts between TCR and pMHC (figure l.l6). The TCR is

also rotated approximately 40" about the horizontal axis, and the only contacts still

predicted to be nrade are between the TCR Vc CDR2 loop and the MHC class Il VB chain.

The model of TCR-TSST-I-MHC (Sundberg et al., 2002b) shows a similar SEB wedge-

like cornplex (figure l.l6). Less rotation of the TCR, however, allows for more contact

between the CDR3 loops of TCR Va/Vp chains and the B-chain of MHC class II.

The nrodel of TCR-SPEC-MHC (Sundberg et al., 2002b) shows the greatest separation of

TCR and MHC (figure l.16). SPEC sits as a bridge between the two molecules and

conrpletely prevents any TCR-MHC contacts. Rotation in both the horizontal and vertical

axis is also obserued.

Three models, three different modes of engagement, all resulting in highly efficient T cell

activation. Though there is no clear answer, one is led to question why superantigens have

evolved so many ways to achieve the same result.
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TCR-pMHC TCR-SEB-pMHC

TCR-TSST-l-pMHC TCR-SPEC-pMHC

Figure l.l6 Cornparison of the TCR-pMHC complex with rnodels of TCR-superantigen-
pMHC complexes. TCR a-chain is depicted in orange. TCR p-chain in red, MHC o-chain
in green, MHC B-chain in cyan, SEB in blue, TSST-l in grey-blue and SPEC in yellow.
(Figure was adapted frorn Sundberg et al., 2002b).

28



1.1.8 Influence of other receptors on superantigen-mediated immune responses

The major influence superantigens exeft on the immune system is the highly efficient

activation of T cells through ligation of MHC class II and TCR. The immunological

synapse, however, contains many other inrportant cell surface tnolecules (figure I . I 7 ), and

their influence has been investigated in relation to superantigen interaction. Unlike

conventional peptide antigens. the necessity of the accessory molecules, CD4 and CD8, are

not usually required for superantigen-mediated T cell activation. Consequently, both

CD4+ helper T cells and CD8+ cytotoxic T cells are equally stimulated (Avery et al., 1994,

Fleischer and Schrezenmeier. 1988. Herrnram et al., 1990, Matthes et al., 1988, Quaratino

et al., l99l ).

T cell

CD4OL cD2t{i
CTLA-4

CD8/
C'D4 TCR LFA-2

_/----
,/ B7.l/B

( c'D4o MH('class I/
MHC class Il

ICAM-l/ LFA-3

ICAM-2

APC

Figure l.l7 Schernatic representation of the immunological synapse. Signal I is generated

by the TCR-pMHC interaction, while signal 2 is generated by the costimulatory molecules

87, CD28, CD40 and CD40L. tf both signals are present, activation of the T cell ensues.

Binding of CTLA-4 to 87 ntolecules results in anergy of the T cell. Adhesion molecules

LFA and ICAM are not costinrulatory. but augment the effect of other signals.
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Greater influence of other cell surface molecules such as the adhesion or costimulatory

molecules are observed on superantigen-mediated T cell responses. Different APCs have

been shown to present superantigens to different degrees. Dendritic cells are the best

presenters, followed by monocytes, then B cells (Bhardwaj etal.,1992). Astrocytes on the

other hand are unable to mediate superantigen T cell stimulation even though they express

surface MHC class ll (Rott et a1., 1993). These diffsrences likely reflect thc importance of

costimulatory and adhesion molecule expression. Antibodies that block E7.1,87.2, CD28,

ICAM-1, or LFA-l are able to partially inhibit superantigen-mediated T cell responses.

Antibodies against CTLA-4, or transfection of L-cells with ICAM-I or LFA-3, can

augment superantigen-mediated T cell responses (Damle et al., 1993, Dohlsten et al.,

l99lb, Fischer et al., 1992, Gjorloff et al., 1992, Krummel et al., 1996). Superantigens

have been shown to upregulate surface expression of ICAM-I and VCAM-I on murine

cndothelial cells ir vfvo (Neumann et al., 1997). Superantigen-mediated upregulation of

surface costimulatory molecules B7.l and 87.2 has been observed on B cells in vitro

(Stohl et al., 1994) and on dendritic cells both in vitro and irr vlvo (Muraille et a1.,2002,

Rossi et al., 2004, Yoon et al., 2001).

Superantigens have also been shown to affect the immune system in a T cell-independent

manner. In a rabbit model, T cell deficiency generated by total inadiation and treatment

with cyclosporin A, was unable to providc protection from the lethal effects of TSST-l

(Dinges et al., 2003). Recently, superantigens have been observed to upregulate toll-like

receptor 4 expression on human monocytes, and to increase TNFa production (Hopkins et

al., 2005). These effects appear to be the result of MHC class II ligation.

MIIC class ll-independent responses have also been observed. ln vitroT cell proliferation

was still observed with lymphocytes from MHC class ll-deficient mice (Avery et al., 1994)

and when using MHC class Il-negative epidemral cells as APCs (Haffner et al., 1995).

This led son'lc to suggest that superantigens may also interact with MHC class I (Haffirer et

al., 1995, Stiles et al., 1993).

The interaction of superantigens with other novel receptors has also been suggested.

Injection of SEA into an air pouch in mice was shown to recruit a large proportion of

APCs including neutrophils, monocytes, macrophages and eosinophils. This cellular

recruitrnent was observed in SCID. nude and MHC class II knock-out rnice (Diener et al.,
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1998). In another study, SEB induced IL-6 production from MHC class ll-negative

macrophages and immunoprecipitated with several molecules ranging from 37-140 kDa in

size (Beharka et al., 1994).

1.1.9 Superantigens and disease

Superantigens are implicated in the pathogenesis of many diseases. However, clear

aetiology is found for only a few diseases. Reports of disease associations have in the past

been based on the presence of a bacterial strain known to produce superantigens. Others

have been implicated by a skewed VB profile in the patient. The broad immunomodulatory

capabilities of superantigens and the lack of suitable animal models have resulted in

difficulties asserting a causal relationship between superantigens and disease. The degree

of VB expansion, for example, is affected by dose, exposure route, frequency of exposure,

and prcsence of other microbial toxins. Therefore, absence of a skewed VB profile does

not always rule out a superantigen disease association (reviewed in Bernal et al., 1999).

a) Toxic shock syndrome

Toxic shock syndrome (TSS) is one of the few diseases that superantigens are known to

cause. Evidence for this includes the observation that anti-superantigen serum antibody

levels are increased in recovering individuals (Kanclerski et al., 1996, Proft et al., 2003a),

and that superantigens induce TSS-like symptoms in animal models (Bonventre et al.,

1993, Jupin et al., 1988). Toxic shock syndrome is a disease caused by both

staphylococcal and streptococcal superantigens, though streptococcal infection is usually

situated in deep tissue and has a higher mortality rate. It has been shown that the

symptoms of TSS are mediated primarily by TNFo and include fever, rash, hypotension,

multi-organ dysfunction and ultimately death (Bernal et al., 1999).

b) Staphylococcal food poisoning

Superantigens, being temperature and protease-rcsistant, are well adapted to act enterically.

The flexible N-terminal loop found in staphylococcal enterotoxins, SEA-SEH, has been

3l



irnplicated with causing enresis (Hovde et al., 1994). These superantigens are particularly

potent, with less than I pg producing nausea, vomiting and diarrhoea in humans (Evenson

et at., 1988). SEI, which lacks the N-terminal disulphide loop, has been shown to be less

toxic (Munson et al., 1998).

c) Kawasaki syndrome

Kawasaki syndrome is an acuts febrile illness resulting from multi-system vasculitis

(Leung et al., 1998). It is a relatively rare disease, but is recognised to be the leading cause

of acquired heart disease in children in the developed world. Cytokine production, an

increase in monocytes, and an increase in CD8 and CD4 T cells are observed in patients

(Leung et al., 1998). Although most cases do not respond to antibiotics, the involvement

of superantigens is irnplicated by the effectiveness of immunoglobulin therapy, isolation of

TSST-I and SPEC from some patients (Leung et al., 1998), and evidence of selective

VB2.l expansion in somc cases (Abe et al., 1992, Curtis et al., 1995, Yamashiro et al.,

1996).

d) Autoimmune diseases

Although still controversial, superantigens have been implicated in a number of

autoimmune diseases. It has been suggested that superantigens could break tolerance of

autoreactive T cell clones by activating T cells specific for self-antigen, and thus causing

autoimrnunity. Multiplc sclerosis (Racke et al., 1994, Schiffenbauer et al., 1993),

rheumatoid arthritis, rheumatic heart disease and psoriasis have all been associated with

superantigens (reviewed in Kotb, 1995).
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1.1.10 Therapeutic strategies for superantigen-mediated disease

Early diagnosis is important for the treatment of superantigen-mediated disease. Treatment

against staphylococcal or streptococcal infection by antibiotics has proven successful when

diagnosed early (Sriskandan et al., 1997). However, once symptoms have manifested,

toxins already disseminated through the body are unaffected by antibiotics. Treatment

using anti-cytokine therapy, inhibition of costimulatory signals, inhibition of superantigen

production and use of soluble MHC class II or TCR donrains have been investigated

(reviewed in Hong-Geller and Gupta, 2003). Intravenous immunoglobulin (IVIG) therapy

has shown the most promise and is currently used in the heatment of TSS, Kawasaki

syndrome and some autoimmune diseases. The mechanism of how IVIG works is unclear,

but it is thought that antibodies against superantigens and cytokines, or soluble HLA

prescnt in pooled Ig are able to neutralise the toxic effects of superantigens (Darenberg et

al., 2004, Kotb, 1995). Some beneficial effects have been observed with this treatment,

though randomised control trials are still lacking (Colsky, 2000, Kaul et al., 1999, Leung et

al., 1998, Rich, 1993).

A number of vaccination strategies have also been investigated for preventing infection

rather than treatment of disease. StaphVax was shown to induce high levels of serum

antibodies against the capsular polysaccharides of S. aureus and reduced the occurrence of

staphylococcal infections by 57% (Shinefield et aI.,2002).

Vaccines to boost immunity to superantigens have also been investigated in animals. Most

promising have been superantigens that havc a disrupted MHC class Il-binding site. When

these mutant superantigens were used in vaccination trials, they were able to protect both

mice and monkeys from a lethal dose of superantigen. Some cross reactivity was also

observcd between superantigens (reviewed in Hong-Geller and Gupta, 2003).
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I.2 ANTIGEN PROCESSING AND PRESENTATION

1.2.1 Overview

The imnrune system is a complex network of interdependent cells and organs evolved to

defend the body from foreign pathogens. The ability to distinguish "self" from "non-self

or altered-selfl' forms the core of an immune response. MHC class I and MHC class II

molecules arc an integral part of selflnon-self recognition and have specialised roles in

activating the adaptive immune system in the presence of foreign pathogens. MHC class I

moleculcs are expressed on all nucleated cells of the body and act to continually provide

samples of the internal environment of a cell. When things go astray, such as during

infection by intracellular bacteria or virus, bacterial and viral antigens will be displayed by

MHC class I on the cell surface for detection by the immune system. MHC class II

moleculcs are expressed on professional antigen presenting cells including DCs,

monocytes, macrophages and B cells. They arc also expressed on thymic epithelial cells

and activated human T cells (reviewed in Janeway et al., 2005). MHC class II molecules

are spccialised at providing samples of the external environment and therefore are good at

alerting the immunc system to extracellular pathogens. However, as with many processes

there are exccptions to the rule. MHC class I molecules have been observed to present

exogenous antigens and MHC class II molecules can also present endogenous antigens.

Understanding both classical and alternate antigen presentation pathways of both these

molecules is fundamental to understanding how to better combat pathogens through

vaccine technology.

1.2.2 Classical MHC class I antigen processing and presentation

MHC class I molecules classically present peptides derived from endogenous antigens.

Protein antigens are degraded to peptides primarily through cytosolic proteosomes.

Pcptides are then transported to the lumen of the endoplasmic reticulum (ER) via TAP,

where they form a complex with MHC class I heavy chain and pz-microglobulin (pzm).

These mature peptidc-MHc (pMHC) complexes enter the constitutive secretory pathway

to the cell surface (figurc l.l8).
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Figure l.l8 Overview of the classical MHC class I processing pathway. In this example

of a virus infected cell, viral DNA is translated, and ubiquitinated proteins are targeted to

the proteosome. The resulting peptides are transported across the ER membrane via TAP,
where they assemble with MHC class I heavy chain and B:m. Mature MHC class I
molecules are then transported to the cell surface.

35



a) Peptide generation

The proteosome is the main proteolytic system in the nucleus and cytosol of eukaryotic

cells. The proteosome consists of fotrr heptameric rings that form a hollow cylinder and

rnay be associated with up to two regulatory subunits (Kloetzel, 2001). The majority of

proteins are targeted for proteosornal degradation by ubiquitination (Goldberg, 2003, Grant

et al., 1995, Michalek et al., 1993). Proteins are often ubiquitinated at the end of their

natural life, but also when newly translated proteins are misfolded of mistranslated

(Deshaies, 1999, Schubert et a1.,2000, Yewdell,200l). Up to 80% of newly synthesised

proteins are degraded after translation, showing that a large pool of both new and old

proteins are available for MHC class I presentation (Reits et al., 2000b). Proteosomal

cleavage generatcs peptides of various lengths, which are often further modified by

peptidases in the cytosol and the ER lumen (Rock et al., 2004). The importance of

proteosomes in the MHC class I pathway are shown by the use of proteosome inhibitors

such as lactysistin. Lactysistin greatly reduces surface expression of MHC class I,

indicating that proteosomes are the rnain source of peptide supply (Cerundolo et al., 1997,

Rock et al.. 1994), However, there is not an absolute requirement for proteosomes,

suggesting that other methods for protein degradation do exist (Craiu et al., 1997, Mo et

al., 1999).

A distinct type of proteosome known as the immunoproteosome is found mainly in

professional APCs. Immunoproteosomes have special catalytic subunits that are

upregulatcd in response to IFN-1 (figure Ll9) (Gaczynska et al., 1993, Kloetzel and

Ossendorp, ?004). These subunits have distinct proteolytic activities that enhance the

production of peptides with basic and hydrophobic C+ermini. These are consistcnt with

types of peptides that bind with high affinity to MHC class I molecules (Rock et al.,1994).

MHC class I presentation is an inefficient process. It has been calculated that one peptide

from l0,000 degraded proteins is presented by MHC class I (Fruci et a1.,2003, Princiotta

ct a1.,2003, Yewdell et a1.,2001). The limiting step appears to be before TAP

translocation, but after proteosomal degradation, indicating that a large number of peptides

are lost in the cytosol. Indeed, the half-life of peptides in the cytosol is very short due to

complete degradation by peptidases (Reits et aI.,2003).
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F-igure l.l9 Schernatic diagrarn of a proteosome. The 265 proteosotne is responsible for
degrading polyubiquitinated proteins and is the major source of MHC class l-bindin-e

peptides. The 20S core consists of four heptarrreric rings. The inner B rings contain the six

active sites. lmmunoproteosonles are IFN-y-inducible and are predominant in APCs. The

six active sites are replaced by the lorv molecular weight proteins (LMP) 2, LMPT and

MECL-I. The l9S regulator units attach to both ends of the 20S core and confer the

binding and unfolding of ubiquitinated proteins.

b) TAP and peptide translocation

Peptides have to be transported fronr the cytosol to the ER lumen before they can associate

with nascent MltC class I molecules. This occurs through the transporter associated with

antigen processing (TAP). In TAP knock-out rnice or in cells treated with TAP inhibitors,

the surface expression of MHC class I is drastically reduced because peptides are required

to form stable MHC class I complexes (Fruh et al., 1995, Van Kaer et al.. 1992). TAP

consists of two transmembrane subunits, TAPI and TAP2, which are also upregulated

upon IFN-y stimulation (figure 1.20). The mechanism of peptide translocation through

TAP is ATP-dependent and involves a confornrational change of the peptide-TAP

complex. A pore is fomred to release the peptide into the ER lurnen (Reits et al.. 2000a).

TAP rnost efficiently ranslocates peptides of 8-16 arnino acids, corresponding to the size

of peptides nrost likely to bind to MHC class I (Panrer and Cressrvell, 1998). Ilowever.

peptides as large as 40 arnino acids are also able to be translocated, indicating that peptide

trimtning can occLrr in the ER (Pamer and Cresswell, 1998).

JI



c) Assembly of MHC class I complexes

Molecular chaperones including calnexin, calreticulin and tapasin, aid folding and

assembly of nascent MHC class I complexes (figure L20). Calnexin binds to newly

synthesised MHC class I heavy chain, and facilitates its proper folding and binding to p2rn.

However, calnexin appears to be dispensable (Sadasivan et al., 1995), indicating that some

redundancy exists with these molecules, perhaps due to presence of other compensatory

chaperones such as immunoglobulin heavy chain binding protein (BiP) in the ER (Nossner

and Parham, 1995). Subsequent to p2m association, calnexin is exchanged for calreticulin,

which forms a peptide-loading conrplex with ERp57, tapasin and TAP (Cresswell, 2000).

Tapasin appears to be a critical chaperone, as in its absence, association of MHC class I

with calreticulin and ERp57 is greatly reduced (Grandea et al., 2000). Without tapasin,

empty or misfolded MHC class I molecules generally never reach the cell surface, but are

translocated into the cytosol by Sec6lp, where they are degraded (Hughes et al., 1997,

Koopmann et al., 2000, Plenrper et al., 1997).

ER lumen
C'al rcticul in

"'l'@

Figure 1.20 Assembly of peptide-MHC class I complexes. Calnexin first associates with
the MHC class I a-chain (hearry chain). Upon association of MHC class I a-chain with

B:m, calnexin is exchanged for calreticulin. These nrolecules associate with ERp57,

tapasin and TAP to fomr a peptide-loading complex. Peptides translocated via T,A.P reach

MHC class I heterodimers tlrrough diffusion or via peptide-binding chaperones present in

the ER. Formation of mature pMHC complexes results in the dissociation of the peptide-

loading complex.
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1.2.3 Classical MHC class II antigen processing and presentation

MHC class II molecules typically present peptides derived from exogenous sources and

expression is restricted to professional APCs. Exogenous antigens are internalised by

APCs and degraded to peptides in lysosorne-like compartments. Newly assembled MHC

class II molecules are escorted from the ER by the invariant chain (li) to these antigen

processing compartments where they bind to antigenic peptides and are transported to the

cell surface.

a) Peptide generation

Exogenous antigens enter the endosomal pathway by a number of mechanisms including

macropinocytosis, receptor-mediated endocytosis and phagocytosis (Lanzavecchia, 1996).

Antigen uptakc is followed by unfolding, disulphide reduction and degradation by

proteinases optimally activatcd at low pH (reviewed in Honey and Rudensky, 2003,

Nakagawa and Rudensky, 1999, Riese and Chapman, 2000, Watts and Arnigorena, 2001).

This process generates peptides able to bind to MHC class II molecules. However, some

studics have shown that denatured, intact proteins are also able to bind to MHC class II

without prior degradation. Degradation must therefore be able to occur subsequent to

binding to MHC class IL In some cases intact proteins bound to MHC class II are

expressed on the surface (Arunachalam et al., 1998, Jensen, 1995, Watts, 1997).

b) MHC class II assembly and trafficking

MHC class II molecules associate with the single transmembrane invariant chain (Ii) in the

ER. Ii is critical for normal biosynthetic trafficking of MHC class [I as well as for

preventing binding of peptides destined for MHC class I. Ii exists as a trimer in thc ER

and binds three MHC class II molecules (rcviewed in Hiltbold and Roche, 2002). A small

portion of Ii known as CLIP (class ll-associated Ii peptide) occupies the peptide-binding

cleft ol MHC class [I. There are several isoforms of Ii, and alternate combinations are

thought to affect the trafficking of MHC class II (reviewed in Hiltbold and Roche, 2002).

Therc are a number of theories on how MHC-li complexes reach the lysosomes and it is
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likely that more than one pathway exists (figure L2l). Transport of MHC class tI directly

frorn the ER to the lysosomes (Benaroch et al., 1995, Davidson, 1999, Peters et al., l99l),

or transport to the plasma membrane followed by internalisation (Roche et al., 1993,

Wannerdam et al., 1996) have been observed. Most evidence, however, supports the main

trafficking pathway being the indirect traffic of MHC class I[ via early endosomes

(Brachet et al., 1999. Pond and Watts, 1999, Romagnoli et al., 1993). Upon reaching the

lysosomes, Ii begins to degrade in the C-tenninal to N-terminal direction with the help of a

series of proteases (reviewed in Villadangos et al., 1999, Watts,2004). Cleavage of the

luminal domain of Ii is followed by cleavage of the intramembrane portion by cathepsin S

and L, leaving only CLIP bound to MHC class [[ (Watts, 2004).

c) Formation of peptide-MHC class II complexes

The loading of antigenic peptides onto MHC class II molecules occurs in lysosomes where

antigenic peptides are generated and Ii is degraded. Special lysosomeso often termed MHC

class II compartments (MIICs), are where the majority of pMHC class II complexes are

formed. Essentially the same as any other lysosomes, MIICs are acidic and protease-rich,

but also contain high amounts of DM (Jensen et al., 1999). DM is a molecular chaperone

that catalyses the dissociation of weakly bound peptides, including CLIP, from the peptide-

binding cleft of MHC class II (reviewed in Alfonso and Karlsson, 2000, Busch and

Mellins, 1996). Higher affinity antigenic peptides are then able to bind to the MHC class

lI molecule. Another chaperone known as DO is found tightly associated with DM,

particularly in B cells (Liljedahl et al., 1996). The effects of DO association remain

unclear, but DO has been shown to modulate DM function in both a stimulatory and

inhibitory rnanner (Alfonso et al., 2003, Chen et a1.,2002).

The mechanism for transport of mature pMHC class II complexes to the cell surface is not

fully understood. Evidence of direct fusion of lysosornes with the plasma membrane has

been observed (Wubbolts et al., 1996), as well as transport to the plasma membrane via

carly endosomes (Amigorena et al., 1994, Pond and Watts, 1997, Turley et al., 2000)

(figure 1.21). A third, still unproven mechanism, could be the conversion of MIIC to

secretory lysosomes, which exit the cell via exocytosis (Hiltbold and Roche, 2002).
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Figure l.2l Overview of the MHC class Il processing and presentation pathways. Newly
synthesised MHC class II molecules enter the ER and associate with the invariant chain
(li). Ii-MHC complexes are transported through the golgi and trans golgi network (TGN)
into the endocytic pathu'ay. Transport to the antigen-processirtg compartlrlents may occur
directly to the lysosome ( I ), indirectly through the plasma membrane and endosome (2), or
indirectly through the endosome (3). Transport of mature pMHC complexes to the cell

surface may occur indirectly through endosomes (4), or through direct fusion with the

plasma rnembrane (5). Mature pMHC complexes can also recycle frorn the cell surface

and exchange peptides in the endosomes (6). Figure was adapted frorn Hiltbold and

Roche.2002.
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1.2.4 Pathogen evasion strategies

The co-existencc of pathogen and host has created evolutionary pressure on both the

pathogen to evade immune detection, and the host to combat infection. Some pathogens

evade immune detection by producing bacterial toxins, such as superantigens, that interact

with MHC class II and TCRs, These toxins presumably act to circumvent normal response

towards the pathogen itself by creating T cell anergy or by suppressing a Th2 response.

Many other pathogens also evade immune detection by targeting MHC rnolecules. These

pathogens interfere with normal MHC class I and MHC class [I processing and

presentation pathways in a number of ways, showing the importance of these molecules in

host immune response (reviewed in Alcarni and Koszinowski, 2000, Brodsky et al., 1999,

Hcwitt, 2003, Pieters, 2001).

a) Evasion of MHC class I presentation

Many viral pathogens target thc MHC class I pathway by developing strategies to interfere

at multiple stages in MHC class I maturation. Both herpes simplex virus (HSV) and

human cytomegalovirus (HCMV) inhibit peptide translocation into the ER lumen via TAP

interference. HSV produces a small cytosolic protein called ICP47 that competes with

other peptide antigens for binding to TAP (Ahn et al., 1996, Hill et al., 1995, Tomazin et

al., 1996). ICP47 differs from other peptides in that it binds TAP with l0- to 1000-fold

higher affinity. It is also not translocated into the ER lumen (Ahn et al.,1996, Gorbulev et

a1.,2001, Tomazin et al., 1996). The US6 integral membrane protein from HCMV

interferes with TAP in a different way. US6 has no direct effect on peptide binding, but

prevents ATP from binding to TAP, and thus prevents the conformational rearrangement

of TAP normally required to translocate pcptides (Hewitt et a1.,2001, Kyritsis et a1.,2001,

Lehner et al., 1997). Without functional TAP, stable, mature, pMHC class I complexes on

the cell surfbce are drasticallv reduccd.

HCMV also has four other proteins (US2, 3, I l, and l0) that affect MHC class I transport.

US2 and USI I interact with host Sec6lp in the ER causing retrograde transport of newly

synthesised MHC class I heavy chain back into the cytosol where it is rapidly degraded

(Wiertz et al., 1996a, Wiertz ct al., 1996b). US3 and USl0 inhibit or retards transport of
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mature pMIIC class I complexes from the ER to the cell surface by an as yet unknown

mechanism (Furman et al., 2002, Jones et al., 1996). The El9 protein from adenovirus

also acts toblock transport of mature pMHC class I complexes from the ER(Andersson et

al., 1985, Cox et al., 1991). El9 binds to MHC class I, and contains a retrieval motif found

in many resident ER proteins (Jackson et al., 1993). This retrieval motif is recognised by a

host protein known as COPI. COPI is found in the golgi apparatus and acts to transport

proteins back into the ER (Teasdale and Jackson, 1996). El9 can also bind to TAP,

preventing TAP-MHC class I association (Bennctt et al., 1999).

Oncc mature pMHC class I complexes reach the cell surface, viral proteins such as K3 and

K5 from Kaposi's sarcoma-associated herpes virus (KSHV), and Nef fronr human

immunodeficiency virus-l (HIV-I), are able to internalise these complexes and thus

removc them from the cell surface (Arora et al., 2002, Ishido et al., 2000). K3 and K5

intemalise MHC class I by clathrin-dependent endocytosis, and the pMHC class I

complexes are sorted into acidic endocytic compartments where they are degraded (Coscoy

and Ganem, 2000, Ishido et al., 2000). K3 and K5 have also been shown to down-regulate

ICAM-I andB7.2 from the cell surface (Coscoy and Ganem, 2001). In contrast, Nef

internaliscs MHC class I by a clathrin-independent process, and the pMHC class I

complexes are subsequently sequestered in the TGN (Greenberg et al., 1998, Schwartzet

al., 1996). Nef also down-regulates CD4 from the cell surface, though this occurs through

a clathrin-dependent process (Foti et al., 1997).

b) Evasion of MHC class II presentation

Both intracellular and extracctlular pathogens have developed strategies to interfere with

the MHC class II pathway, thus preventing a helper T cell response. This results in the

inhibition of antibody production against extracellular pathogens, or the prevention of CD4

T cell help for cytotoxic T lymphocyte (CTL) responses against intracellular pathogens.

Both lar:rinia spp. and Salntonella typhimuriurn have developed mechanisms to inject

proteins into host cells to promote their uptake into non-phagocytes, thus avoiding cells

that are able to cxpress MHC class II altogether (Comelis, 2000, Galan and Collmer,

| 999). S. typhimuriurn, for example, has been shown to produce a modulator of Rho that
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induces cytoskeletal changes in COS-l cells, causing membrane ruffling and

macropinocytosis (Hardt et al., 1998).

Pathogens like Mycobacteriurn luberculosis, Leishmania amazonensrs, HIV-l and human

papillorna virus (HPV) are able to inhibit endosomal acidification, thus impairing antigen

degradation and DM removal of CLIP (Andresson et al., 1995, Clemens and Horwitz,

1995, Lu ct al., 1998, Russell et al., 1996, Sturgill-Koszycki et al., 1994). In the case of

HIV-l and HPV, gene products Nef and E5, respectively, act by interfering with the proton

pump responsible for endosome acidification (Andresson et al., 1995, Lu et al., 1998). In

addition to inhibiting endosomal acidification, I. amazorxensis has also been observed to

cause internalisation and degradation of host MHC class [I (De Souza Leao et al., 1995).

An increased number of unstable MHC class II complexes have been observed on Coxiella

burnetii infected cells. The mechanism is as yet unknown, but infected cells have been

found to have swollen lysosomes with enhanced association between MHC class II and

DM (Lern et al., 1999).

Reduced levels of MHC class II, Ii and DM have been observed in Chlarnydia trachomatis

infected cells. This is thought to be due to missorting or enhanced degradation of these

molecules (Brodsky et al., 1999).

1.2.5 Alternate MHC class I presentation pathways

The restriction of MHC class I processing and presentation to endogenous antigens is

important to ensure that only infected cells become targets for CD8+ T cells. However,

without an alternate pathway for MHC class I presentation, many pathogens such as those

which evade classical class I pathways, would proceed undetected. In addition, priming of

naive CD8+ T cells gerrerally requires prescntation by professional APCs. Pathogens that

avoid infection of APCs could also go undetected. A process known as cross-presentation

or cross-priming helps to combat this problem by allowing some APCs to acquire antigens

from exogcnous sources and present them on MHC class I (reviewed in Ackerman and

Cresswell,2004, Heath et a1.,2004, Rock, 1996). Recent evidence indicates that only a

small subset of CD8+ dendritic cells (DCs) is capable of efficient cross-presentation (den

44



Haan et a1.,2000, Heath et a1.,2004, Pooley et a1.,2001). However, monocytes,

macrophages, B cells, keratinocytes, L cells and even CD4+ T cells have all been shown to

be able to cross-present antigens, at least ln vitro (Ackerrnan and Cresswell, 2004,

Kennedy et a1., 2005, Reis e Sousa and Germain, 1995, Ritchie et al., 2004).

Two major cross-presentation pathways that most likely co-exist have been described. The

first involves access of exogenous proteins to the classical class I pathway, and is known as

the phagosome-to-cytosol pathway (figure 1.22). The second pathway involving post-

golgi loading of MHC class I is typically known as the vacuolar pathway (ligure 1.22).

Although particulate antigens are presented more efficiently than soluble antigens -

suggesting that the phagocytic process enhances cross-presentation - most methods of

endocytosis can lead to cross-presentation (Ackerman and Cresswell, 2004, Harding, 1995,

Kovacsovics-Bankowski et al., I 993).

O
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Figure 1.22 The two major pathways of cross-presentation. l) Exogenous antigens are

endocytosed or phagocytosed and gain entry into the cytoplasm by some mechanism.

There, they are processed by classical MHC class I machinery and enter the classical MHC
class I pathway. 2) Exogenous antigens are internalised and processed by classical MHC
class II machinery in lysosome-like vacuoles. Peptides are then loaded onto nascent MHC
class I molecules or exchanged with peptides from recycling pMHC class I complexes.
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a) Phagosome-to-cytosol pathway

A large body of cvidence suggests that elficient cross-presentation requires the delivery of
antigens to the cytoplasm (Rock, 1996) (figure 1.22). Chloroquine is a chemical that

neutralises the low endosomal pH required to activate endosomal proteases. Failure of
chloroquine to inhibit MHC class I presentation of many exogenous antigens has been

observed, indicating that peptides are produced in non-lysosomal compartments
(Kovacsovics-Bankowski and Rock, 1995, Norbury et al., 1995, Reis e Sousa and

Germain, 1995, Rodriguez et al., 1999). Cross-presentation of many exogenous antigens

has also shown high sensitivity to proteosome inhibitors and brefeldin A as well as

dependence on TAP. Tlrese indicate that once access has been gained to the cytosol,

antigens subsequently enter the classical class I pathway (Huang et al, 1996. Kovacsovics-

Bankowski et al., 1995, Norbury et al., r995, Rodriguez et al.,1999, Sigal et al., 1999).

A numbcr of mechanisms have been identified by which exogenous proteins gain access to
the cytosol after internalisation. Transfer of proteins to the cytosol may occru through loss

of mcmbrane integrity, either through phagocytic overload or through pore forming toxins
(Brunt et al., 1990, Darji et al., 1995, Mazzaccaro et al., 1996, Rock, lgg6,Reis e Sousa
and Gernain 1995). Transfer of compounds to the cytosol without loss of membrane

integrity has also been shown (lsenman and Dice 1993, Kovacsovics-Bankowski and

Rock, 1995, Norbury et al., 1995). Recently, Houde et al and Guermonprezetal found
that during phagocytosis, part of the ER membrane fuses with the phagosome and transfers

rnany of its proteins, including TAP, tapasin, Sec6lp and empty MHC class I molecules, to

the phagosomes (figure I.23). Sec6lp could mediate retrograde translocation of
exogenous antigens into the cytosol for degradation by the proteosome. Peptides generated

through the proteosome could then re-entcr the phagosome and be loaded onto transferred

MHC class I molecules, or enter the classical MHC class I pathway (Guermonp rez et al.,

2003, Houde et al', 2003)' The transfer of ER proteins to endosomes may also play a role
in cross-prcsentation of soluble antigens (Ackerman et aI.,2003).

Neijssen et al have recently shown that direct transfer of peptides from the cytoplasm of
one cell into the cytoplasm of a neighbouring cell can occur through gap junctions
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(Ncijssen et al., 2005). This would provide another mechanisrn by which peptides may

gain entry to classical MHC class I presentation pathways.

b) Vacuolar pathway

The vacuolar pathway for cross-presentation is chloroquine-sensitive, proteosome-

independent and TAP-independent (Liu et al., 1995, Martinez-Kinader et al., lggl,
Schirmbeck et al., 1995). Peptides are generated by protease degradation within
endosomal/lysosomal vacuoles by classical MI{C class II processes. Peptide exchange can

thcn occur within endosomal compartments due to dissociation of peptides from recycling
pMHC complexes at low pH (De Bruijn et al., 1995, Gromme et al., 1999, Hochman et al.,

I 991) (figure 1.22).

Recently, Kleijmeer et al. found co-localisation of MHC class I and MHC class II in the

same endosomal compartments. It was determined that these MHC class I molecules were

recycling frorn the plasma membrane, as cycloheximide treatment did not affect the

amount of MHC class I molecules in the endosomes (Kleijmeer et aI.,2001).

The transfer of nascent MHC class I molecules from the ER membrane to phagosomes

during phagocytosis has also been observed (Guermonprez et a[., 2003, Houde et al., 2003)
(figure 1.23)' This would allow the direct loading of peptides onto newly synthesised

MHC class I molecules in the phagosome.

1.2.6 Alternate MHC class II presentation pathways

A well established pathway for the presentation of exogenous antigen on MHC class II is
the MHC class II recyclingpathway (figure l.2l). Mature pMHC class II molecules are

ablc to recycle from the plasma membrane to early endosomes. This allows for peptide

exchange within the endosome without the classical Ii or DM dependency (Pathak et al.,

2001, Pinet and Long, 1998, Reid and Watts, 1990). Recently, the importance of recycling
MHC class II molecules has also been observed for endogenous antigens. This process is

both proteosome- and TAP-dependent, typical for MHC class I, but not for MHC class II
presentation. It has been suggested that endogenous peptides generated by classical class I
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machinery may gain entry, via TAP, into early endosomes containing recycling pMHC
class II complexes. Indeed, TAP from the ER membrane has been observed to incorporate

into endocytic vesicles (Gagnon et a1.,2002, Guennonprez et al., 2003).

Figure 1.23 Model of ER-membrane donation. During phagocytosis a portion of the ER
membrane fuses with the phagosome. A number of EIi pioteins, including Sec6lp and
MryC class I complexes, are transferred to the phagosome. Exogenous lantigens may
undergo retrograde translocation into the cytosol to Ue degraded. Feptides cai then re-
enter the phagosome though transferred TAP and be loaded onto VIUC class I.
Alternatively, exogenous antigen may remain in the vacuole to be degraded after the
vacuole mafures into a lysosomal-like compartment, similar to that seen for MHC class II
antigen processing. Peptides generated within the vacuole may then be directly loaded
onto ER-donated nascent MHC class I complexes. Figure taken from Ackerman and
Cresswell, 2004.
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I.3 VACCINES

1.3.1 Overview

In the lSth century, Dr. Edward Jenner discovered one of the fundamental principles of
vaccination - the ability to use a relatively harmless foreign substance to induce an immune

response that protects against a harrnful discase. During the smallpox epidemic that caused

major fatalities throughout the world, Jenner noticed that milkmaids were often resistant to

the disease. They did, however, often catch a related, but far less pathogenic disease from

cows' called cowpox. By injecting a few drops of fluid from a cowpox sore into a healthy

boy, Jenner observed that the boy became protected from the more deadly smallpox

disease. The word "vaccine" was born, coming from the Latin word vaccinus meaning

"pertaining to cows". By the 20th century many vaccines were in use that bore no relation

to cows, including rabies, diphtheria, rubella and plague. Smallpox, however, remains the

only disease to have been completely eradicated through world-wide vaccination.

Vaccines take advantage of the body's natural adaptive immune response ro eliminate
pathogens. The adaptive immune system, however, can take more than a week to learn

how to hght off an unfarniliar microbe. This is sometimes too slow, allowing the pathogen

to cause significant morbidity and mortality. Prophylactic vaccines mimic the process of a
naturally occurring infection, providing receptor affinity maturation and memory, without
actually causing the disease. When the immunised person encounters the real pathogen,

the immune system is ready and trained in how to fight off the infection. Therapeutic

vaccines are bascd on the same principles, but act to treat disease rather than prevent it.

They are used to boost a natural immune response, or in some cases reactivate it.

There are many different vaccinc strategies, each with a number of advantages and

disadvantages. The most important characteristics of a vaccine include a high safety
profile in all population groups and the ability to elicit a high level of long-lived protection.

It should also ideally be manufacturable in large scale and at low cost, and be free tiom
strict storage requirements. Moreover, it is desirable if it can be administered without a

needle' together with other vaccines ancl without need of multiple doses (Levine and
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Table 1.3 Comparison of different vaccine approaches

Vaccine Tvne Disease Advantages Disadvantages
Live, attenuated
vaccines

Measles, mumps,
rubella, polio,
yellow fever

Strong immune
response, often life-
long immunity with
I or 2 doses

Possibility of
microbe mutating
back to its virulent
form, requires cold
storase.

Inactivated or killed
vaccines

Cholera, influenza,
hepatitis A, plague,
polio, rabies

Safer and more
stable than live
vaccines, more
easily stored and
transported

Weaker immune
response, often
requires multiple
doses

Toxoid vaccines Diphtheria, tetanus Targets bacterial toxi S

Subunit vaccines Hepatitis B,
pertussis,
pneumonia

Targeted to very
specific parts of the
microbe, fewer
antigens so fewer
adverse reactions

Identi$ing the best
antigens can be
difficult and time
consuming, lower
irnmune response,
mainly B cell
responses

Conjugate vaccines Haemophilus
influenza type B

Boosts immune
responses to weakly
immunogenic
antiaens

May be negatively
affected by previous
exposure to the
carrier protein

DNA vaccines HIV, malaria,
influenza, hepatitis
B, cancer (in
cxperimental stases)

Relatively stable,
cheap, can generate
bothBandTcell
responses

Possible
incorporation into
host genome, still in
experimental stages

Recombinant vector
vaccines

In experimental
stages

Closely mimics
natural infection,
strong response

Possible adverse
reactions to vector,
still in experimental
stages

Sztein, 2004)' Many licensed vaccines today have one or more of these characteristics, but

none have all. A comparison of different vaccine strategies can be found in table 1.3.

1.3.2 Live, attenuated, inactivated and killed vaccines

The first vaccines were live, attenuated, inactivated or killed pathogens. Not all pathogens

have a milder cross-reactive form like that discovered by Jenner for smallpox, so most live
vaccines in use today contain attenuated organisms. Live, attenuated vaccines contain a

version of the living microbe that has been weakened in some way, either by in vitro
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passaging through one or more cell types or by genetically knocking out key pathogenic

genes (reviewed in Ellis, 1999). Live, attenuated vaccines are the closest thing to an actual

infcction and therefore elicit strong and usually life-long T cell and B cell irnmune

responses. The downside of these vaccines is the safety risk due to the nature of all living
things to change and evolve. Live vaccines have the potential to mutate back to their

original form or potentially to a more virulent form, and may be transmittable, Another

disadvantage is that live vaccines often have to be stored cold, which may not be possible

in devcloping nations. Despite these disadvantages, live vaccines have shown success

against a number of diseases, including polio, measles, mumps and rubella.

Inactivated or killed vaccines are a way around some of the issues of safety and storage.

Pathogens inactivated or killed by heat, radiation and chemicals can no longer replicate,

transmit to others, or revert to their pathogenic form. These vaccines however stimulate a
weaker, mainly antibody-mediated response, and often require multiple booster shots. The
L'' cholerae vaccine is an example of a well-tolerated, inactivated, whole-cell vaccine in
current use (Clemens et al., 1990).

1.3.3 Subunit vaccines

Subunit vaccines dispense with the cntire pathogen all together. These vaccines use the

specific parts of the pathogen that the imrnune system will recognise. They often contain
wholc proteins or a number of proteins, but can also be reduced down to the smaller
peptide level. The level of specificity generated by subunit vaccines reduces the chance of
adverse reactions, but the induced immune response is often weaker. Subunit vaccines
generally elicit humoral responses, but in some cases can also elicit CTL responses with
the help of adjuvants (Levine and Sztein, 2004). One major problem with subunit vaccines

is finding the right antigen that is strong enough to elicit protection. Increasing

technological advances in the area of genomics has, however, made it easier to identifo
novel antisens.

The first protein-based subunit vaccines relied on

excess viral protein shed from liver cells of chronic

containing the hepatitis B surface anrigen (HBsAg)

a natural source of antigen such as

hepatitis B patients. Purified plasma

from these patients was successfully
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used as a vaccine against hepatitis B (reviewed in Ellis, 1999). Use of human plasma has

now largely been replaced by recombinant protein expressed in baker's yeast,

Saccharomyces cerevisiae (Valenzuela et al., l9g2).

Toxoid vaccines are used when thc toxin produced by the pathogen is the main cause of the

illness. Toxins can be detoxified by chemicals such as formalin and glutaraldehyde.

Antibodies generated by toxoid vaccines act to prevent or ameliorate symptoms caused by
the toxin. A classic example of a toxoid vaccine is tetanus toxoid.

Peptide based vaccines have been made possible by the ability to map specific B cell and T
cell epitopes capable of eliciting immunc responses. These short peptide epitopes (8-20

amino acids) are easily manufacturable by organic peptide synthesis methods and are cost-

effective (Celis, 2002). Use of specific epitopes also provides a high level of safety and

less antigenic competition. However, peptide antigens are rapiclly degraded and poorly
taken up and processed by APCs. Their inherent lack of immunogenicity necessitates the

requirement of high peptide concentrations, strong a-djuvants, or conjugation to carrier
protcins.

1.3.4 Conjugate vaccines

Conjugate vaccines are a way of nraking non- or weakly-immunogenic antigens more

imtnunogenic. For example, many pathogenic bacteria are encapsulated by a

polysaccharide coat, thus disguising their more immunogenic proteins and protecting them

from protease attack (Reviewed in Ada and Isaacs, 2003). This makes immune recognition

difficult, especially for the immature immune systems of infants and young children or the

immunocompromised. Polysaccharide vaccines on their own are available, but tend to
elicit T cell-independent B cell responses, resulting in little Ig class switching and lack of
irnmunological memory and affinity maturation. In 1929 Avery and Goebel first showed

that conjugatiorr of a bacterial polysaccharide to a carrier protein enhanced the

immunogenicity of thc polysaccharide. The superiority of polysaccharide conjugate

vaccines can be shown by the high success rate of the first liccnsed conjugate vaccine for
Haernophilus influenza type B (Hib). Other currently licensecl conjugate vaccines include

tlrose against Streplococcus pneumoniae, Neisseria meningidills and Salmonella typhi
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(reviewed in Ada and Isaacs, 2003, Finn, 2004). Four main carrier proteins have been used

in conjugate vaccines, including diphtheria toxoid, tetanus toxoid, CRMl97 (a non-toxic

modified version of diphtheria toxin), and a complex outer-membrane protein (OMp)

mixture fi'om Nersseria meningilrdrs (reviewed in Ada and Isaacs, 2003, Finn, 2004). It is
largely assumed that conjugate vaccines work because the carrier protein provides T cell

epitopes to an otherwise T cell-independent polysaccharide, thus inducing a strong helper

T cell response needed for memory.

1.3.5 DNA vaccines

DNA vaccines makc use of naked plasmid DNA. Plasmids are constructed to contain a

gene encoding the target antigen, and a promoter and terminator (reviewed in Liu, 2003).

This is a promising new approach that is able to generate both B cell and T cell immune

responses. These simple, circular rings of DNA are able to directly enter mammalian cells

and be translated into proteins by host machinery. These proteins can then access the

conventional MHC presentation pathways to stimulate immune responses.

Muscle cells have been shown to most effectively take up plasmid DNA and produce

protein (Wolff et al., 1990). However, being non-immune cells, they lack the usual
requirement of costimulatory molecule expression. Targeting DNA vaccines to ApCs

would be ideal, although protein produced by non-imrnune cells could also be cross-

presented (Corr et al.,1999, Ulmer et al.. 1996).

One drawback of DNA vaccines is the safety issue rogarding the possible insertion of
foreign DNA into the host genome. Clinical trials for a number of human diseases

including HIV, malaria and influenza have demonstrated safety in humans, but the potency

of DNA vaccines were largely disappointing (Le et al., 2000, MacGregor et al., 199g,

Ugen et al., 1998, Wang et al., 2001). New approaches for delivering or formulating DNA
vaccines are currently under evaluation to irnprove their potency. Some of these include
mucosal injectors (Lundholm et al., 1999), encapsulation into microparticles (Roy et al.,

1999), use of viral vectors (Wack and Rappuoli, 2005) and co-expression of immune

modulators (Kim et al., 2001).
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1.3.6 Adjuvants

Adjuvants are agents that can provoke immune responses to antigens. Adjuvants such as

mineral compounds, oil emulsions, liposomes and microspheres, work by creating a depot

of antigen at the site of injection - prolonging the release and interaction of antigens with
APCs. Alternatively, adjuvants containing bacterial products such as lipopolysaccharide

(LPS) and muramyl dipeptide (MDP) can function by non-specifically stimulating the

innate immune systenr (reviewed in Gupta and Siber, 1995).

Mineral compounds such as aluminium phosphate, aluminium hydroxide and calcium
phosphate have all been used to precipitate human vaccines (reviewed in Gupta et al.,

1995)' These adjuvants form a depot at thc site of injection that results in slow release of
the vaccine. Due to their particulate nature, they are also taken up by APCs. Aluminium
adjtrvants are routinely used in many childhood vaccincs such as the diphtheria, tetanus

and pcrtussis vaccines (reviewed in Aprile and Wardlaw, | 966).

Oil emulsions have long been used in animal models. The most well known are complete

Freund's adjuvant (CFA), which consists of paraffin oil mixed with killed Mycobacteria,
and incomplete Freund's adjuvant (lFA), which consists of only the water-in-oil emulsion.

Both create an atttigen depot allowing for slow release of the vaccine (Freund, 1956). The

immunogenicity of influenza and poliomyelitis vaccines has been enhanced through
emulsion with IFA, in humans (Hilleman., 1966, salk and Salk, rg77). However, due to

the discovery of oil-induced neoplasms and Arlacel-A (emulsiffing agent in IFA) induced

carcinogcnesis in rnice, the use of IFA in humans was discontinued (Murray et al., 1972,

Potter and Boyce, 1962). A new oil-in-water emulsion, named MF-59, containing non-

ionic block co-polymer surfactants has reccntly been approvecl for use in humans. MF-59
does not appear to act by forming an antigen depot, but both humoral and cellular immune
responses have been enhanced with its use (Ott et al., 1995).

Immunostimulating agents such as LPS, MDP and Quil A have been tested as vaccine

adjuvants. LPS is a cell wall component of gram-negative bacteria that has been shown to
producc high adjuvanticity (Johnson et al., 1956). The lipid A region of LpS contains most
of the immunostimulatory properties and can activate APCs (Rietschel ct al., l9g2).
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However, LPS and lipid A both show high toxicity and are therefore unable to be used in
humans (Gupta et al., 1993). The same is true for MDP, the minimal structure required for
the adjuvant properties of CFA (Gupta et al., 1993). The use of CFA in humans has been

banned due to the high toxicity of MDP. Quil A is the purified component of saponin and

has been used as an adjuvant in a number of veterinary vaccines (Dalsgaard, lgl|,Gupta
et al', 1993)' Quil A, however, has not been approved in humans due to its side effects of
haemolysis and local inflammation (Gupta et al., 1993).

1.3.7 New approaches for generating CTL responses

Live vaccines arc one of the best ways to generate strong CTL responses as they are able to

mimic the real infection and gain entry to the endogenous MHC class I presentation

pathway' Risks associated with live vaccines, however, have stimulated research for new

approaches to elicit cellular immune responses, One of the rnajor bottlenecks in generating

effective CTL vaccines without the use of live vectors is the need to deliver exogenous

antigen to the endogenous MHC presentation pathway. IJowever, this cross-presentation

process is achieved naturally by some immune cells (described in chapter 1.2). Various
means of targeting these cells, or gaining direct entry into the cytoplasm of these cells,

have been investigated, including thc use of liposomes, microspheres, virus-like particles
(VLPs), heat-shock proteins and bacterial toxins. Many of these approaches have shown
promise in the generation of both humoral and cellular immune responses.

a) Liposomes and microspheres

It was first observed by Bangham and colleagues that phospholipids and other polar

amphiphiles that formed closed, concentric bilayer membranes (liposomes) when exposed

to cxcess water could be used for drug delivery (Bangham et al., 1965). During liposome
fomration, water and solutes become trapped within the membrane. Drugs or solutes

trapped within liposomes are released slowly at the site of injection and have therefore
proved useful for drug delivery. More importantly, liposomes were also shown to be

internalised into cells due to their hydrophobicity (Nair et al., l99Z). These properties are

also useful for antigen delivery, and a number of protein and peptide antigens trapped in
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liposomes or coupled to liposomal membranes have been investigated for their ability to
stimulate imnruue respoltses (reviewed in Felncrova et al., 2004, Gregoriadis, l9g0).

Microspheres are biodegradable polymers based on lactic and glycolic acid that have been

safely used in humans for a few decades as drug delivery vehicles (Monis et al., 1994,

Shive and Anderson, 1997). A water-oil emulsion technique is generally used for
microencapsulatiott of substances into microspheres. Microspheres act by creating a depot

of the encapsulated substance and release can be controlled by selecting polymers with

different rates of hydrolysis (Cohen et al.. l99l). More recerrtly, peptide and protein

antigens have been encapsulated into microspheres and assessed as vaccine delivery agenrs

(Aguado, 1992, Eldridge et al., 1991, Esparzaand,Kissel, lgg2). Microspheres themselves

are non-immunogenic, and while they are efficiently taken up by APCs due to their

particulate nature and can access the cross-presentation pathway (Raychaudhuri and Rock,

1998, Tabata and lkada, 1988), the CTL responses generated have been weak (Audran et

al., 2003, Boisgerault et al., 2005, Men et al., 1997, Nixon et al., 1996). potent and

protective CTL responses have however been generated when used in conjunction with

other novel vaccine approaches such as VLps (Boisgerault et al., 2005).

b) Virus-like particles

VLPs structurally rnimic the viral capsid, but lack the entire viral genome and therefore

lack the associated risk of a viral infection. The intrinsic ability of viral coat proteins to

self assemble and incorporate expression plasmids has led to the investigation of a delivery

system for DNA vaccines (Dclcharnbre et al., 1989, French et al., 1990, Gheysen et al.,

1989). Alternatively, short peptide antigens have been genetically or chemically fused to

the surface loops of VLPs to investigate their use as subunit vaccine carriers. These

vaccines have shown promising results (Garcea and Gissrnann, 2004, Lechmann et al.,

2001, Paliard et al.,2000, Schirmbeck et al., 1996). Over 30 differont viruses have been

used to produce VLPs, but the best characterised are derived from papilloma and

polyomavirus (reviewed in Noad and Roy, 2003). VLPs are highly immunogenic and have

been shown to interact with both murine and human DCs to upregulate costimulatory

molecule expression and cytokine secretion (Lenz et al., 2001, Rudolf et al., 2001,

Warfield et al', 2003). The effects on APCs appear to be TlR-mediated (Tsunetsugu-
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Yokota et al., 2003). Being particulate in nature, VLPs can be internalised by APCs and

have shown to be released into the cytoplasm (Charpilienne et al., 2001). However, both

TAP-dependent and independent pathways of MHC class I presentation have been

observcd (Ruedl et a|.,2002).

c) Heat-shock proteins

Heat-shock proteins (l{SPs) are resident molecular chaperones that can bind a diverse

range of molecules including peptides (Ang et al., 1991, Lakey et al., l9g7). HSp 70 and

90 are major componcnts of the cytosol, while gp96 is a major component of the ER lumen

(Lindquist and Craig, l98S). All three are constitutively expressed, but are upregulated by

IFN-y, heat-shock and other stresses observed during infection. The role of these HSps is

to assist in protein folding as well as facilitating the transport of peptides to other MHC

class I pathway components (Gething and Sambrook, 1992, Hartl, 1996, Rothman, 1989).

Their ability to act as carrier proteins for antigen delivery was discovered when

preparations from inadiated tumour cells were shown to protect mice from subsequent

tumour challenge. HSPs were later identified as the active immunogenic component of the

tumour cell lysates (Palladino et al., 1987, Srivastava and Das, 1984, Ullrich et al., 1986).

More recently, HSPs were shown to bc intErnalised by receptor-mediated endocytosis and

to stimulate APCs to upregulate costimulatory molecule and cytokine expression.

Interaction with CDgl as well as TLRs 2 and 4 have been observed (Basu et a1.,2001,

Binder et al., 2000a, Binder et al., 2000b, Vabulas et al.,2002). Conjugation or fusion of a
number of peptide antigens to HSPs have been shown to be effective against tumours and

viral infections in mice (Lin et aI.,2003, Neefe eta1.,2004, Pack et aI.,2005, SenGupta et

al.,2004).

d) Toxin-mediated vaccines

Toxins are unique proteins that are often produced by a pathogen to subvert the host's

immune system. Many toxins possess mechanisms that enable them to gain entry into the

cytoplasm of host cells to exert their toxic effects. [n most cases, these toxins are

internalised via some form of receptor-mediated endocytosis, then translocated to the

cytoplasm through the vesicular membrane (Wiedlocha, 1998). Examples of toxins
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gaining entry into cells in this way include anthrax toxin, Bordetella pertusis adenylate

cyclase toxin (CyaA), ricin and shigella toxin (Wiedlocha, 1998). Conjugation of peptide

antigens to some of these toxins has been investigated as a means to improve vaccine

delivery, and so far have shown some promising results.

The anthrax toxin produced by Bacillus anthracis is composed of three proteins known as

the lethal factor (LF), edema factor (EF) and protective antigen (PA) (Klimpel et al., lggZ).

PA binds to LF or EF on the cell surface and is subsequently endocytosed (Friedlander,

1986). Following endosomal acidification, PA is able to mediate translocation of LF or EF

to the cytosol (Hanna et al., | 993, Hanna et al., 1994). The amino-terminal domain of LF

lacks lethality, and has been fused to a number of CTL epitopes (Ballard et al., 1996,

Ballard et al., 1998a, Doling et al., 1999, Goletz etal.,1997). In the presence of pA, the

LF-epitope fusion protein is transported to the cytosol and processed by classical MHC

class I machinery (Goletz et al., 1997). Fusion to the MHC class l-restricted epitopes from

ovalbumin, L. monocytogenes or Lymphocytic choriomeningitis virus (LCMV), was able

to generate specific CTL responses both in in vitro and in vivo murine models (Ballard et

aI.,1996, Ballard et al., 1998b, Doling et al., 1999).

The adenylate cyclase toxin (CyaA) from Bordetella pertusis interacts with a variety of
eukaryotic cells, but has highest affinity for myeloid phagocytic cells expressing the

cDl lb/cDl8 receptor (Guermonprez et al., 2001, Guermonprez et al., 2002). cyaA
inserts into the plasma membrane of these cells and its catalytic domain is directly
translocated to the cytoplasm (Guermonprez et al., 1999). CyaA can be detoxified by

genetic insertion of peptide sequences into the catalytic domain. Vaccination with

recombinant peptide-fusion toxins in mice was shown to induce CTL responses against

ovalbumin, LCMV and melanoma epitopes in a proteosome and TAP-dependent manner

(Dadaglio et al., 2003, Fayolle et al.,1999, Fayolle et al., 2001, Guermonprez et al., 1999,

Osicka et a1.,2000, Saron et al., 1997).

The non-toxic B subunit of Shigella toxin derived from Shigella dysenteriae interacts with

the host cell glycolipid Gb3, leading to internalisation and transportation to the cytosol via

the golgi apparatus and ER (Johannes and Goud, 1998). Fusion of defined MHC class I-
restricted epitopes from influenza virus, mouse mastocytoma, melanoma and ovalbumin to

the B subunit of Shigella toxin has been shown to elicit specific CTL responses in mouse
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models (Haicheur et a1., 2000, Haioheur et aI.,2AA3, tee et al., 1998, Noakes el aI., lggg).

Dependenc€ on proteosomes and rdP has been observed (Haicheur etal.., 2000).

Superantigens ploduced by Stophylocacel$ aareus have been investigated for their use as.

therapeutie anti-oanser vaccines. A oompletely differ€nt meaha1ism from the fore

mentioned toxin-mediated v,aecines was utill'sed by these superantigen vaccines, making

use of their ability to potenfly stimulate hoth CD4+ and CDB+ T cells, Ey firsion of
suBerantirgens (SEA or SEB) to anti-tumcur antibsdies, superantigen-stimulated CTLg

were targeted to the tumoui site, and potent dnti"turnour recponses have been observed in

mice (Dohl$en et al.n l99la, Kominsky et a1.,2001, Litton et al.n 1999, Rosendahl et al.,

1998). Superantigen mutants deficient in IvIHC class II binding, dernonstrated anti-tumour

responses in mice similar to that of wild-t1pe superantigens, but witho-ut the side effects of
q(ces'sive systunio immrme activation usually aesoqiated with super.autigens (Hansson et

al,, 1997, Ragnarsson et al., 2001). The safety profile of these superantigen nrutante in

hunnans remains to be assesse.d.
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1.4 AIlV[Sl

The aim of this investigation was to assess the potential of usi[g bacterial superantigens as

vaecine delivery vehicles. This was based sn the hypothes-is that the MIIC elasstr-binding

properties of srrperantigens would enable them to effioiently tafget antigen presenting cells,

Safettrr issuos of exsessive T cell mitogenicity and toxicity were addressed by the

identifioation amd mutation of TC-R-binding residues of SEA in a similarw&! :&B had been

done for SMEZ-2 and SPEC. Mutant superrrnligens were analysed for their interaction

with APCs and their imrnunocrodrl'atory offects. Conjugation ofmutant nrpewmaiggus to a

MHC class I-rEshicted peptide., G?33, was then investigated for the ability to enhanoe

crn'ss-presentation and generate e ective CTt reqponses in a mouse rnodel.
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Chapter 2
Materials, and Methods

IUATERIALS

2.L MOLECULAR BIOLOGY REAGENTS

All ehemica-l reagents were supplied by BDrr (.UIe rtofess stherwise stated.

2.1.L Counmon buffers

Phosphate-buffered Saline (PBS): 120 ml\d NaCU 2.7 nTNIKCV l0 rnlvl phosphate salts,

pH7,4

0.5% Bovine serum alburnin/ 0.1% NaN3l PBS

40 mbt Tris.acetate/2 mM EDTA

89 mM Tris.borate/ 89 mM boric acid/ 2 !nlv{ EDTA

10 nril4 Tris.HCl, pIL 7 .4l I mM EI,-TA

FA,CS buffeE:

TAE:

TBE:

f.E:

2.I,2 DNA

(a) Reagents

6x DNA loading dye: 30o/s glyceroU 0.250/o bromophenol bluel 0.259/o

xylem cyanol/ TBE

lOx FCR buffer: I00 mrlvtr Tris.IIef, pH 9/ 500 rnNI KCLI ldlo triton X
PlasmidprepeolirtionA: 25 ml\d Tris"HCl, pHB/ 50 mM glucose/ l0 rnlvl

E-DTA

Ptasmid prep so'lutio-n E: 0"2 M NaOIV 170 SDS

Flasmid prep solutiou C: 3 M Potassium acetale./ Il.s:Vaglacial acetic acid
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(b) Plasmids

pBlueScript (pBS) KS:

pGEX-2T:

pGeX-3C:

pET32a3C:

The pB$ plasmid features, a trae prorroter upstrearn of the

lacZ gerre fragrnent e.ucoding p-galaotosidase. Tbe lacZ gene

ftagment is intemrpted by the multiplo cloning site (MCS)

allowing fon blue/white selection in basteria strains

containing laeZLNIIS on all F' episome. Tbis plasmid also,

bahrres ampicillin resistance (Strafagene, USA).

The pGEX-ZT plasnrid is an opression plasnnid that featuros

fihe gene 
"ossrling 

glutathione S;transferaso (GST) upstxeam

of the MCS. A 2T proreol tic eleavage site is situated

between GST and the MCS. This plasmid also f,catrres

ampicillin resistance (Pharrnacia USA).

A modified vorsion of pGEX-2T with the 2T trypsin

cleavage site replaced by a 3C protease cleavage site.

A rnsdified version of pET32a (Novagsn, USA) with the 2T

trypsin eleavage site replace-d by a 3C protease cleavage site

b-y Dr Rie.s Langley (University of Aucklan4 New Zealand).
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(c) Synthetic oligonucleotides

Table 2.1 Primers used for site directed mutagenesis of the SEA gene. Custom made

oligonucleotides were purchased from Invitrogen (usA) or Sigma (Australia).

Gene amplified Primer name Primer sequonce (5'-3')

SEA T2IA
SEA T2lA.Fwd GGAGCAGCTTTAGGCAATCTTAA

SEA T2lA.Rev AGCTGCTCCCTGCAATTCAGAC

SEA N25A
N25A SEA fw TTAGGCGCTCTTAAACAAATCTATGAT
N25A SEA rev TTTAAGAGCGCCTAAAGCTGTTCCC

SEA N25C
N25C SEA fu TTAGGCTGCCTTAAACAAATCTATGAT
N25C SEA rcv TTTAAGGCAGCCTAAAGCTGTTCCC

sEA Q28A
SEA Q28A.Fwd CTT ATA{GCAATCTATTATTACAATGAAAA
SEA Q28A.Rev AGATTGCTTTAAGATTGCCTAIAAGC

SEA K37A
SEA K37A.Fwd GCTGCAACTG fuqJAATAAAGAGAGT
SEA K37A. Rev CAGTTGCAGCTTTTTCATTGTAATAAT

SEA W63A
SEA W63A.fi^/ TCGGCGTATAACGATTTATTAGTAG

SEA W63A.rev GTTATACGCCGAATGATCTGTAAA

SEA Y64A
Y64A.fiv SEA CGTGGGCTAACGATTTATTAGTAGAT
Y64A.rev SEA ATCGTTAGCCCACGAATGATCTGTAAA

SEA Y94A
Y94A.fw SEA TA TGGTGCTCAATGTGCG GGTGG
Y94A.rev SEA CATTGAGCACCATAATAAGCACC

SEA Y94D
Y94D.fw SEA TATGGTGATCAATGTGCGGGTGG
Y94D.rev SEA CATTGATCACCATAATAAGCA CC

sEA QgsA
Q95A.fiv SEA GTTATGCATGTG CGGGTGGTAC

Q95A.rev SEA GTACCACCCGCACATGCATAAC

SEA NIO2A
Nl02A.fw SEA CACCAGCCAAAACAGCTTGTATG
NlO2A.rev SEA CATACAAGCTGTTTTGGCTGGTG

SEA KIO3 A
Kl03A.fw SEA CAAACGCAACAGCTTGTATGTATGG
Kl03A.rev SEA CCATACATA CAAGCTGTTGCGTTTG

SEA FI75A
Fl75A.fw SEA GATGTTGCTGATGGGAAGGTTCAG
Fl75A.rev SEA CCATCAGCAACATCAGAGTTATATAA

SEA Y2O5A
Y205A.fw SEA GGACAGGCTTCAAATACACTATTAAG
Y205A.rev SEA TTTGAAGCCTGTCCTTGAGCACC
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2.1.3 Proteins

(a) Reagents

CM buffer l: l0 mM Sodium phosphate, pH 6

CM buffer 2: 50 mM Sodium phosphate, pH 6.8

Coomassie stain: 0.06% Coomassie brilliant blue R-250/

50% EthanoV 75% Acetic acid

Coomassie destain: ZlyoEthanoll 8vo Acetic acid

GSHbuffer l: 25mMTris.HCl, pH7.4/50mMNaCV

I mM EDTA

GSH buffer 2: 25 mM Tris.HCl, pH 7.4/500 mM NaCl/

I mM EDTA

GSH buffer 3: 25 mM Tris.HCl, pH 8/ I mM EDTA/ 5 mM

GSH reduced

Immunostaining Buffer: pBS/ 0.5% bovine serum albumin/ 0.1%

NaN:/ 5% normal mouse serum/ 5% rabbit Ig

MCAC-O: 20 mM Tris.HCl, pH7.9/0.5 M NaCV

l0% glycerol

MCAC- l0: 20 mM Tris.HCl, pH 7 .9/ 0.5 M NaClr

l0% glycerol/ 10 mM irnidazole

MCAC-60: 20 mM Tris.HCl, pH7.910.5 M NaCl/

l0% glyceroV 60 mM imidazole

MCAC-1000: 20 mM Tris.HCl, pH7.910.5 M NaCl/

10% glycerol/ I M imidazole

MCAC-EDTA: 20 mM Tris.HCl, pH 7 .9/0.5 M NaCV

10% glyceroY 0.1 M EDTA

SDS-PAGE loading Buffer (non-reducing): 125 mM Tris.HCl, pH 6.g/ 4.1% sDS/

lxl}* %o bromophenol blue/ 20Yo glycerol

SDS-PAGE loading Buffer (Reducing): t25 mM Tris.HCl, pH 6.8/ 4.1% sDS/

lxl04% bromophenol blue/ 20Yo glycerol/

0.3 M 2-mercaptoethanol (2-ME)

SDS-PAGE gel solution A: 30o/o acrylamide/ 0.g% bisacrylamide
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SDS-PAGE gel solution B:

SDS-PAGE gel solution C:

SDS Running Buffer:

TBS/T:

1.5 M Tris.HCl, pH 8.8/ 0.4% SDS

0.5 M Tris.HCl, pH 6.8/ 0.4% SDS

25 mM Tris/ 250 mM glycine/ 0.1% SDS

100 mM Tris.HCl, pH7.4l 137 mM NaCV

2 mM KCV 0.05% Tween 20

(b) Antibodies

Anti-CD3 anti-mouse T cell marker (BD Pharmingen, USA)

Anti-CD | 0: anti-human granulocyte marker (Serotec, UK)

Anti-CDllc: anti-mouse DC marker purified from culture supernatant of the

N4l8 clone

Anti-CD14: anti-human monocyte marker (Serotec, UK)

Anti-CDl9: anti-human B cell marker (Serotec, UK)

Anti-CD25: anti-mouse IL-2R from PC6l clone (Dr. Thomas Backstrom.

Malaghan Institute, New Zealand).

Anti-HLA-DR: anti-human MHC class II DR allele (BD pharmingen, usA)
Anti-l-A/l-E: anti-mouse MHC class II (BD Pharmingen, USA)

Anti-SMEZ: affinity-purifiedrabbitanti-SMEZ-l and2immunoglobulins

(c) Superantigen mutant genes

The following SMEZ-2 mutants werc designed and created by Dr. Thomas Proft and Miss

Vanessa Handley (University of Auckland, New Zealand\:

SMEZ-2M0: W75L.KI82Q.D42N(TCR-binding-deficientmutant0)

sMEZ-2 Ml: w7sl-.Kl82Q.D42c(TCR-binding-deficientmutant 1)

sMEZ-2M2: Yl8A.w75L.Kl82Q.D42c(TcR-binding-deficientmutant2)

SMEZ-? MHC-: T62c.H202.D204 (MHC class Il-binding-deficient mutant)

SMEZ-2MFICTCR-: YI8A.D42C.H202A.D204A (MHC class II and TCR-binding-

deficient mutant).
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The fotrlowing SPEC mutanB were designed amd created bJ Dr. Melissa Nieholson

(U,niversify of Aucklanid, New Zoa_land):

sFEc WTeys: c27s.N79c (wr-likE sPEc vrtrh intef,.rxal cysteine replaced and

extornal cysteine added.

SPECTCR; YI5C.C27S.N79C (Partial TCR korock-out with idernal oysteine

remsved .and 2 exterqil ;cy,sleine, residuos incotporated).

SPEC SD: YlsC residues [.20 + linker + 90-208 (Partial TCR-bindiog-

doficient mutant corrsisting of, thE C.termiual F-Bfasp domaiu

withsut dimerisation site).

SPEC'NilXC-: HI67A.-D201A..D203A.OflICclasstr-binding-de.ficientmutant).

(d) Feptides

Peptides urere dissolv-ad in 0.1%.170 acetic acid at l0mg/ml.

GP33: KAVH\IFATC is the I kDa ionturodqndnant epitop-e fipm thE LCMV
glyoop-roteiu l, consfut'utg nt amino acids 33-41. Synthesised by SiSpA

(A.ustralia).

cGF3.}; CKAVY.NFATT'vI is: a moiftfied versio:r of the LCMV glycoprotein 33-utl

with an additionrtl eysteine at its N=tErminal end. Synthesised. by Chiron

Mimotopes ruSA).
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L2 BACTEruAL CIJTTTIRE REAGENTS

2.2.1 iltedia

LB agar p,lates: l% baeto-typlone: (oxoid, uKy 05% y€est Extraot

(O.xoid, UK)/ l%NaCA l.St/a baeh-agar (3D, USA)

Luria-Bertarri broth (rts): l% bacto-ryptone (oxoid, UKy 0.s% yeast exfioot

(Oxoid, UK)/ l% NaCl

Tenificbroth(TB): 1,18% peptone (oxoid TJKI 2.3;;ETl least exfiaor

(Oxoid, UKI 0;9,4o/o KzHPOy' 0.zz%KHzPOl A.4%

g!Ycero'l

Tryptono-phoephatemediwu (TP): 2% b-aoto..ffitone ,(Oxoid, UK)/ 1.59-" yeast extraet

(Oxoi4 UKy 0.8% NaCV 02% gfueos;el A2P/t

Na2I{PO# 0.17+ KHzPO+

2,2,2 Setectf,ve anfitiotics

All antibioties were purchased from Sigsra (U,SA).

Ampieillin: Used at a final conoentration of 50 pglml

Chloramphenicol: Used at a final osncentratioa of 30 Fg/ml
Kanarr y-cin: Used at a finalooncm,tratiou of t5 Fg{nnl

Tetraeyeline: Used at a final souoenEation of l0 pg/fnl
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223 Bacterial strains

DHSu Eschertehia e-olir strain with genotype F- O80/aeZIvIlSL, (IacTYA-

argf) Ul69 reeAl endAl hsdR.lT (rt, rn*) phaA supB44 tht-l
gtrA96 relAl l- (ATCC, USA).

XL-l Blue:. Escheriehia coti shaiu wift genotype recAl end*l gr$95 thv-l

hsdRl7 supEM rel/.l lrc lF' proAB lacfZLMlS Thl0 (Tet)l

(ATCC, USA).

4E494(DE3)ptysS-: Eseher:ickta coli strain with genotSp Lara'leu7697\lae./Y74

AphoAFwII p,fMR AnalFS F'flwc*(aeg)pral r.mp::kan

(DE3)pI,ysS (CmR) (.Novagen, USA).

2.2A Buffers for preparaftion of, go 
-.petent eolls

TFB]L' 100 m[4 RtCll tCI m[4 Cafjbt 50 EM L{gCU 3t} mM p-oxassirmr acekrte/

l.5olo glyeerol, adjusted to pH 5.8 with 0.2 M acetic acid,

TFBII: l0 mh{ MOPS pH77 l0 mMRbCl/ ZS mh/t CaClzt 15% gly.oerol
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e3.L Bufi{ors

l0x erythrocyte lysis buffon

23,2 Media

Dtrv[EM:

EtrvIEIU:

RFMI:

EUKARIf,OTIC CEIIL CUI.TURE REAGEMS

8% NII4CU 8.4% NaHCOt/ 3.7% EDTA

Dulbecoots- ilIodified Eagle N[edium (Invifiogen, New

Zealand), made up according to manufacturer's instnrctisns

ieud supplemented with 5,0 U/ml penieillin,2 nM glutanine,

50 pglml sh€ptomyoinaild 110 pg/ml sodium:p56pa1s.

,Eagle's M,ininum Essential lvtredium (Invitrogpn, New

Zealand), made up according to manufachrer's instnrstions

tmtl supplenrented with 50 U/,ml penicil,lin, 2 nnM gLukndne

and 50 pgAnt str,eptorovcin

Roswol,l Fark Memorlal trnstitute rnedium flnvifogen, New

Zealand), rnade up according to manufactrrer's insfruc. tionsr

and supplemented with 50 U,/ml penicillin, 2 mM glutamine,

50 pgl'ml suqptomyein,and 110 pg/ml sodium pyruvate.
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2.5.3 Adilltional culture f€4gents

2-ME: 5*10'5 M 2-nrercaptoethanol was added to all RPMI aud

DX\4EM media used formurjnEcelle and cell lines.

Foetal salf sEnun(FCS); FCS (Inviftogen, New Zealand) was heat inaetivated for I h

at 65'C, then added to RPMI, DMEM, or EMEM il 5-l0Va,

G418: Geneticin (Invitrogen, New Zealand) was used at 0.5 mglml

for selection of GP33 transfected cell lines.

GM.CSF: Cranulocyte-macrophage eolony ,stirnulating faetor was

coillectcd ftom X63,GMCSF sefl supernatant and used at a

l:4 dilution for the generation of bone marrow-de.rived

dendritio cells (BMDCs).

'fiM'CSF Recombinant g$uruloeyte-macrophage colony stimulating

faetor (Biosouree International, USA) used at I ng/ml forthe

generatiot of BMDGs.

X'-2: eyto-kiue ueEd to maintain SEI cells and T cell lines. Used at

20 Ulml.

IFN-T: Cytrokine uped to activate THP-I cells (ProSpec-Tany

TechnoGeno, Israel)

Tr5rps'in'EDTA: Used to dotac.h ad,horent cells fr,orn culttrne flasks (Xnvitrogen,

New Zealand).
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2.3A CelI lines

Bl6.gp33:

EL-4:

LG.2:

LL=LCMV:

MC57G:

SEI:

TI{F-Ir

X63-GM-CSF:

Murine molanoma transfected with the GP33 LCI\'fV mini gene was

a kind gift frotn Dr. F. Ronchese (Malaghan Institute, New Zeatand).

Cultrued in DMEM withlo/oFcS,2-ME, and G418.

Mtrine thynom4 H-2b haplotlrye. Cultruod in FJ[4I widr l07o

FCS and 2-ME"

An Epstein$arr virus-nansf,srmed human B lpaphoblastoid cell

line hourozygous tur HLA-DRI (DRBI*0101) (ATCC, USA).

Cu:ttured in RPMI with l0% FeS.

Lewis lung caro,inoma sell line transfeuted with the GP33 r,-CMV

miqi gene wa6 a kind gift ftom Dr. F. Rmchese (Malaghan Institute;

New Zealand). Cultured in DMEM with 5% FCS, 2-ME and G418.

Muriuo C57BL/6-derived nrothytcholanthrene,induced fi brosarooma

cell line provided by Dr. H. Pircher (University Clinics of Freiburg,

Geffiiury). Cultured in DMEM with l0% FCS.

IL-2 depeqdsnt ulurine T eell hytr,idoma. Culnued in RJMI with

l0% FCS asdIL-z.

Humar! rnonocytic sell line derived ftom peripheral blood of a

patient with acute monocytic leukaemia. Cultured in RPMI wift

1"0% FCS,z-ME and l0 mM IIEPES.

Murine melanoma producing GM-CSF. Cultr.red ia DMEM w,ith

1,07o FCS, z-ME aud I mglml G418. C4l8 wa$ only used during

maintenance stage.
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HE:

CS7EL{6:,

3 18:

MO-USE STRAINS

I{-Zb miee 5-8 weeks old were purchased ftom the animal rosources unit

(University sf Aucklan4 New Zealand) or bred in house under

conveutional animal housrng condi;tions.

transgenic rnouge sfraitr that expresses the LCMV gp33 eptop€ as a

fiansgone. Sfain has beeo bretl on a C57BL/6 backgptrnd (Eht 1998).

Animals were housed at tre U;liversity Clinics of Freiberg's SPF facility

(Gemany)"

transgenic mouse s"tiafu in whieh ovet 80% of all CDIS+ T eells a-re speelfic

for the LCMV p33 epitope. Strain was br,ed ou a C57BL/6 background, ftr

house ufder co.nveiltiondl m'imat houstng conditions.
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METI{ODS

METHODS FORDNAWORK

e.5.1 DNA extraction ftom bacteria (?lasm'id prep)

tsacterial pellet ftom a 1.5 ml ovunight oulture in LB msdia containing antibiotios was

resuspended in 200 gl plasmid p,rqr. solution A Bac,t€ria wer€ lysed by the addition of 200

pl fteshly prryaned plasmid prep solufion B and incubated o:r iee. for 5 min Plaemid prop

solution C (200 pl) was then added to precipitate eellular debuis and chromosomal DNA"

The precipitate was p-elleted at 16,00 g for l0 qu4. ,Cla,rif,red lysate was transferred to a

new tube, and plasmid DNApreeipitatedwith isoproprurol"

2.5.2 DNA purifi'cation

(a) Ethanol precipitation ot DNA

DNA was precipitated by addition of 2 volumes of ethano-l and incrrbated for l0 min at RT.

DNA was pelleted at 16,000 g for l0 min and resrispendod iu ddIIaO or TE. For

precipitationof DNA in low salt bufrbrs,0.3 M sodium acetate was addedpriorto ethansl.

(b) Isopropanol preoipitation of DN-{

To preeipitate DNA in a small volume, 6A% fu/v) isopropanol was added to the sitmple and

ineubated fbr 10 min at RT. DNA was,pelleted at 16,000 g for l0 min and resuspended in

ddHz0 orTE.
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(c) Removing RNA from DNA preparations

RNA was depleted from DNA preparations by adding 2 pglml RNAse, then incubating at

37"C for 30 min.

(d) Phenol/chloroform purification

To purifo DNA, I 00% (v/v) phenol/chloroform mixture ( I : I ) was added to the sample, and

vortexed for l0 s, then centrifuged at 16,000 g for2 min. Aqueous phase was transferred

to a new tube and precipitated with ethanol or isopropanol.

(e) Alkaline/ethidium purification

To prepare DNA for sequencing, 0.2 M NaOH and 0.2 mM EDTA were added to the

sample and thcn incubated at 37"C for 30 min. Ethidium bromide (0.35 mg/ml) and 2.5 M

amntonium acetate were subsequently added and mixed well, This was followed by

phenol/ch loro form purification and ethanol precipitation steps.

(f) DNA purification from agarose gels

The desired DNA fragment was cut out under UV-ethidium bromide visualisation from an

.agarose gel. DNA was purified from the gcl using the UltraClean l5 DNA purification kit

(MO BIO laboratories, USA) according to manufacturer's instructions.

(g) Direct purification of DNA from PCR amplifications

PCR reactions were purified with the Wizard PCR preps kit (Promega, USA) according to

manufacturer's instructions.
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2.5.3 DNA analysis and manipulation

(a) Agarose gel electrophoresis

DNA was mixed with lx DNA loading dye and loaded into a l%o agarose gel in TAE. Gel

was electrophoresed at 100 V for approximately 30 min. Gel was stained with 5 pglml

ethidium bromide for l5 min at RT. DNA was visualised under UV fluorescence.

(b) Restriction enzyme digests

Restriction enzymes (lnvitrogen, USA) were used with supplied buffers according to

manufacfurer's instructions. Reactions were carried out for I h at 37"C. Where

enzymes/buffers were incompatible, a single digest was performed, and DNA was purified

by phenol/chloroform and ethanol precipitation. Subsequent digests could then be

performed. Total volume of enzymes added were no more than l}Vo of final reaction

volume.

(c) Ligations

Insert DNA was ligated to linearised vector by mixing I part vector to 3 to 5 parts insert

DNA and I pl T4 ligase (lnvitrogen, USA), with supplied reaction buffer, in a total volume

of l0 pl. Reaction was incubated overnight at RT.

(d) Polymerase chain reaction (PCR)

PCRs were performed using a DNA thermal cycler 480 (Perkin Elmer Cetus, USA).

Reactions included I U Taq polymerase, lx PCR buffer, 2.5 mM MgCl2, 50 pM of each

dNTP, 100 nM of each primer and 25-50 ng template DNA. Reactions were overlaid with

one drop of mineral oil. Twenty cycles of I min denaturation at 94oC, I min annealing at

75



50"C to 55"C, and 45 s amplification at 72oC, was followed by a final extension step at

72"C for 7 min.

(e) T-tailing pBlueScript for cloning PCR fragments

Taq polymerase naturally adds poly-adenosines to the ends of PCR products. This feature

offers a simple means for cloning PCR fragments into vectors by addition of poly-

thymines to the cloning vector. The vcctor pBS (l pg) was digested for I h at 37"C with

l0 U EcoRV. Taq polymerase (l U), lx taq buffer,2.5 mM MgCl2 and I mM dTTP was

then added and incubated at 72"C for 30 min. T-tailed vector was purified by

phenol/chloroflonn and ethanol precipitation, and resuspended at l0-50 ng/ml in TE.

(f) Site-directed mutagenesis by overlap PCR

Site-directed DNA nucleotide substitutions were generated by a two-step PCR method (Ho

et al., 1989) using pGEX utility primers (5'-TCAGAGGTTTTCACCGTC-3' and

5'ACCATCCTCCAAAATCGG-3') and sets of mismatched overlapping primers. The

first amplification involved two parallel PCRs. One reaction contained the upsheam

pGEX utility primer (complemcntary to the negative strand) and the downstream primer

containing the specific mutation. The other reaction contained the primer overlapping at

the same specific mutation site (complementary to the negative strand) and the downstream

pGEX utility primer. The second amplification produced the full gens sequence by using

gel purified first-step PCR products as template DNA and the two pGEX utility primers.

List of primers can be found in table 2.1. An annealing temperafure of 50oC was used for

all primers.

(g) Single colony PCR

Single colony PCR was used for the rapid screening of transfected colonies. Bacterial

colonies were picked directly from an LB agar plate and transferred into a 50 pl PCR

reaction mix containing the upstream pGEX utility primer and the complementary mutant

primer.
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2.5.4 Transformation

(a) Preparation of chemically competent cells

LB broth (2 ml) containing 20 mM MgzSOq and l0 mM KCI was inoculated with the

desired E. coli strain and incubated on a shaker overnight at 37"C. One ml of the overnight

culture was added to 100 ml LB broth containing 20 mM Mg2SO+ and l0 mM KCl, and

incubated on a shaker at 37oC until an OD between ABSooon, 0.3 and 0.4 was reached.

Bacteria were pelleted at 1000 g for 5 min at 4oC. The pellet was gently resuspended in 60

ml ice cold TFBI and incubated on ice for l0 min, then centrifuged at 1000 g for 5 min at

4oC. The pellet was gently resuspended in 4 ml ice cold TFBII, and then aliquoted at 100

pl, and stored at -80"C.

(b) Transformation of chemically competent cells

Chemically competent bacteria (100 pl) were thawed on ice, and then incubated with l0 pl

of ligation mix or I pl of plasmid DNA for l0 min at 4oC. Bacteria were heat shocked at

42"C for 45 s, then immediately placed on ice. LB broth (0.5 ml) was added and incubated

at37"C for 30 min. Bacteria were pelleted at 1500 g for 5 min and then resuspended in

100 pl LB broth. For blue/white selection of the pBS vector, 40 mM IPTG and 0.8% X-gal

wcre added before plating. Bacteria were plated onto LB agar plates containing the

appropriate antibiotics and incubated overnight at 37"C. Due to the difficulty in

transforming AD494(DE3)pLysS cells, ligation mix was first transformed into DH5u.

Plasmid DNA was then extracted from a small overnight culture, and purified plasmid

DNA was used to transform chemically competent AD4g4(DE3)pLysS bacteria.
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2.6 METHODS FOR PROTEIN WORK

2,6.1 Protein expression from recombinant bacteria

LB broth ( 100 ml) containing the appropriate antibiotics were inoculated with bacteria

carrying the gene of interest. Cells were incubated overnight on a Bioline shaker

(Alphatech, Australia) at 180 rpm at 37'C. The overnight culture was added to I L of the

appropriate medium containing antibiotics, and incubated while shaking for l-1.5 h at

37'C, The culture was cooled to the induction temperature before addition of 0,1 mM

IPTG (Kramel Biotech, UK). Bacteria were incubated at the induction temperature for 4-5

h with constant shaking. Bacteria was pelleted at 4000 g for 20 min, and then frozen at

-20oC ovemight.

2.6.2 Protein purification

Frozen bacterial pellets were resuspended (10% w/v) in the appropriate lysis buffer (GSH

buffer ll l% tritonX for the pGEX system, or MCAC-O for pET system) with 0.1 mM

PMSF. Bacteria were lysed by sonication using the Misonix XL20l5 sonicator (power

level 6, 75% pulsar, 2 min, on ice). Cell debris was pelleted by centrifugation at 8000 g,

4oC for l0 min, and lysate was retained for protein purification by GSH or Ni2* affinity

chromatography.

(a) Preparation of glutathione or iminodiacetic acid sepharose

One hundred g of sepharose 4B-CL (Sigrna, USA) was washed with ddH2O using a

sintered glass funnel, and suctioned dry. The sepharose was resuspended in 100 ml35o/o

diglycidyl ether/ 0.3 M NaOH/ 100 mg sodium borohydride and rocked gently overnight at

RT. The sepharose was washed thoroughly with ddH:O and resuspend in either I0 mg/ml

glutathione (GSH) rcduced/ 50 mM NaPOa pH 6.8, or 50 mM NaPOa pH 8/ inrinodiacetic

acid (IDA). For GSH sepharose, the pH was readjusted after addition of GSH. For IDA

sepharose, nitrogen was bubbled through the sepharose suspension. The sepharose was
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(b)

rocked gently overnight at 37oC before washing thoroughly with ddH2O, and stored at 4oC

in30% ethanol.

GSH affinity chromatography

GSH affinity chromatography was used with the pGEX expression system that produced

recombinant proteins as a fusion with GST. A GSH sepharose column was equilibrated

with l0 column volumes (CV) of GSH buffer I before cell lysate was passed through. The

colunrn was then washed with l0 CV of GSH buffer 2 and the fusion protein eluted with

GSH buffer 3. The fusion protein was cleaved with either 0.2 pg/ml TPCK-trypsin at 37oC

for l-2 h (for pGEX-2T vector), or with 5 trrg/ml 3C protease and 1.5 mM DTT (for pGEX-

3C vector) overnight at 4"C.

(c) CM cation exchange chromatography

Superantigens were separated from GST by CM fast flow chromatography. A CM

sepharose column (Amersham Biosciences, Sweden) was equilibrated with l0 CV of CM

buffer l. Cleaved fusion protein dialysed overnight into CM buffer 1 was passed over the

column and washed with l0 CV of CM buffer l. Purified superantigen was eluted with

CM buffer 2.

(d) HS HPLC cation exchange chromatography

Superantigens were alternatively separated from GST by a Poros HS column (PerSeptive

Biosystems, USA). Fusion proteins were dialysed into CM buffer I overnight at 4oC and

L5 mM DTT was added. The BIOCAD Sprint high performance liquid cluomatography

(HPLC) system (PerSeptive Biosystems, USA) was run at l0 ml/min. The column was

equilibrated and washed with l0 CV of CM buffer l, and the superantigen was eluted with

a pH gradient ending with 100% CM buffer 2.
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(e) Ni2* affinity chromatography

Ni'- affinity chromatography was used with the pET expression system that produced

recombinant proteins as a fusion with thioredoxin. An IDA sepharose column was charged

with 5 CV of 100 mM NiSO+, and then equilibrated with l0 CV of MCAC-O buffer. Cell

lysate was passed over the column, and the column was then washed with l0 CV of

MCAC-10 buffer. Fusion protein was eluted with MCAC-60 buffer. Ten CVs of MCAC-

EDTA were used to regenerate the column after each run. The eluted fusion protein was

cleaved with 5 pg/ml 3C protease and L5 mM DTT overnight at 4"C, Cleaved protein was

dialysed into MCAC-0 buffer and re-run over IDA column to remove thioredoxin.

(0 Polymyxin B

To remove LPS contamination, purified superantigens were run over a 100 pl polymyxin B

sepharose (Sigma, USA) column. Altematively,21rylml polymyxin B sulphate (Sigma,

USA) was added to the mcdia during experimental procedures.

2.6.3 Protein manipulations and analysis

(a) Sodium dodecyl sulphate polyacrylamide gel electrophoresis

One-dimensional discontinuous gel electrophoresis was conducted on 12.5o/o acrylamide

minigels, using a Hoefer SE 250 mini-vertical gel electrophoresis unit (Amersham

Bioscicnces, USA). For a single running gel,2.l ml solution A, 1.25 nrl solution B and 1.6

ml MQHzO were mixed. Polymerisation was catalysed by adding 4 pl TEMED and 30 pl

l0% APS, and the gel was immediately poured into the Hoefer SE 245 dual gel caster unit

(Amersharn Biosciences, USA). The gel was overlaid with a layer of water-saturated

butanol to level the surface. Butanol was removed after the gel had set, and a stacker gel

containing 0.25 rnl solution A, 0.415 rnl solution C, 1.0 ml MQ HzO, 20 pl l0% APS, and

1.65 pl TEMED was prepared. The stacking gel was poured onto the running gel and a

comb was inserted.
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(b) Electrophoresis of proteins under reducing and non-reducing conditions

Protein samples were mixed with an equal volume of 2x SDS-PAGE loading buffer

(reducing or non-reducing) and incubated at 95oC for 3 rnin. Samples were loaded onto a

polyacrylamide gel and run at 20 mA (100-200 V) in SDS-PAGE running buffer until the

loading buffer was no longer visible.

(c) Coomassie Blue staining of SDS-PAGE gels

Proteins were visualised after SDS-PAGE by staining gel for 30 min with Coomassie stain,

then destaining with Coomassie destain.

(d) Iodination of proteins

To l0 pl of lOx PBS,0.5 mCi't5I lArnersham Pharmacia Biotech, UK) and 20 pg of

protcin was added in a total volume of 25 pl. Five pl of freshly prepared I mgiml

Chloramine T was added, mixed well, and incubated for exactly I min at RT. Five pl of

freshly prepared 5 mg/ml sodium-metabisulphite was added, followed by 15 pl PBS/ l%

FCS. Free l25l was removed by passing the protein through a I ml G25 sephadex column

equilibrated with PBS/ l% FCS. Iodinated proteins were collected in 100 pl fractions, and

I pl of each fraction was measured using a Cobra II gamma counter (Packard, USA) to test

for the presence of iodinated protein. Positive fractions were pooled.

(e) Fluorescent labelling of proteins

NHS-FITC (Molecular Probes, USA) was added to protein at a molar ratio of 40:l and

rotatcd at RT for 1.5 h in the dark. NH4CI (50 mM) was added to stop the reaction, and

rotation continued for a further 20 min at RT. Unbound FITC was removed by passage

through a G25 sephadex column equilibrated with PBS. Fluorescently labelled proteins

were stored at 4"C. Cy3 and Cy5 reactive dyes (Amersham Pharmacia Biotech, UK) were

conjugated to proteins in accordance to manufacturer's instructions.
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', 1 CELL CULTURE METHODS

2.7.1 Production of GM-CSF

The murine GM-CSF producing cell line, X63-GM-CSF, was cultured in DMEM complete

with 2-ME. Cells were cultured with I mg/ml G4l8 to maintain the transgene. After

scale-up, G4l8 was removed and cells were cultured until exhaustion. Supernatant was

collected, filtered, and tested against rGM-CSF for its ability to generate BMDCs (as

visualised by flow cytometry analysis using the DC marker, aCDllc-FITC). Typically,

supernatant was used at a ratio of l:4 with DMEIW 2-ME.

2.7.2 Generation of murine dendritic cells

Dendritic cells were derived from the bone marrow of C56BL/6 mice as described by

lnaba et al (lnaba et al.,1992). Femurs and tibias were collected from C57BL/6 mice, and

bone marrow was extracted by forcing through media with a syringe and a 23 gauge

needle. A single cell suspension was made by repetitive passage through an 18 gauge

needle using a l0 ml syringe. Cells were washed in media and resuspended in DMEM/ 2-

ME supplemented with I ng/ml rGM-CSF or X63-GM-CSF supernatant. Cells were

cultured at I x 106 cells/ml in six well plates at 37oC and l0% COz. Non-adherent cells

were removed and media containing GM-CSF was replaced, every two days. Semi-

adherent cells were used as DCs on day six.

2.7.3 Activation of THP-I cells

THP-I cells were activated by culturing at 0.5 x 106 cells/ml in the presence of 200 U/ml

of IFN-y for two days.
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2.8 EXPERIMENTAL PROCEDURES

2.8.1 Conjugation of peptides to proteins

(a) Conjugation by oxidation

Three hundred nmol (30 pl of l0 rnM) of synthetic peptide was mixed with 30 nmol (150

pl of 0.2 rnM) of purified superantigen and 200 mM Tris.HCl, pH8; 2 pM CuSO+ in a final

volume of 200 pl. Conjugation via oxidation and disulphide bond formation proceeded

ovemight at RT. Free peptide was removed by size exclusion chromatography using a I

ml G25-fine sephadex column (Amersham Biosciences, Sweden) equilibrated with 200

mM Tris.HCl, pH 8; 2 pM CuSO+. Further removal of peptide was done with two buffer

exchanges through a 5 kDa cut-off, 0.5 ml Vivaspin concentrator (Vivascience, Germany).

(b) Conjugation via chemical cross-linkers

Synthetic peptide was alternatively conjugated to protein using the irreversible chemical

cross-linker Sulfo-ln-maleirnidobenzoyl-N-hydroxysuccinimide ester (SMBS) (Pierce,

USA). Chicken egg ovalbumin (Sigma, USA) was dissolved at l0 mg/ml in conjugation

buffer (0.83 M sodium phosphate, pH 7.2/ 0.9 M NaCl/ 0.I M EDTA). SMBS was

dissolved at 2 mg/ml in conjugation buffer and 100 pl was immediately mixed with 200 trtl

of ovalbumin. Reaction was left to proceed for I h at RT. Excess SMBS was removed by

seven buffer exchanges through a 5 kDa cut-off, 0.5 ml Vivaspin concentrator. Half of the

purified Ovalbumin-SMBs was mixed with 500 pg (50 pl) of synthetic peptide (approx.

l:10 molar ratio) and 200 pl conjugation buffer for 2 h at RT. Free peptide was removed

by seven buffer exchanges as described above. Conjugation of peptide to superantigen

using SMBS was done in a similar manner, with SMEZ-2 M0 first being dialyzed into

conjugation buffer.
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2.8.2 Superantigen interaction studies

(a) Analysis of leukocyte binding

Whole human blood (l ml) was washed once with PBS and then incubated with l0 ml lx

erythrocyte lysis buffer for 5 min. Cells were washed with PBS and then resuspend in I ml

FACS buffer. For each sample, 100 pl of cells were incubated for 20 min at 4"C with I

pM superantigen-FlTC and 5 pl of one of the following antibodies (Serotec, UK): CD3-PE

(T cells); CDl0-PE (granulocytes), CD14-PE (monocytes), CDl9-PE (B cells). Cells were

washed trvice with PBS, fixed with 4Yo paraformaldyhyde at 37"C for 5 min, washed once

with PBS, and then resuspended in 0.5 ml FACS buffer. Cells were analysed by flow

cytometry on a FACScan flow cytometer (BD Biosciences, UK) using CellQuest software.

(b) Analysis of binding to LG-2 or THP-I cells

LG-2 or lFN-y-activated THP-l cells were washed once with PBS and then resuspended in

FACS bufl'er at lxl06 cclls/ml. Cells (100 pl) were incubated for 20 min on ice with I pM

of FITC conjugated protein. Cells were washed twice with PBS and resuspended in 0.5 ml

FACS buffer. For cornpetition assays, cells were pre-incubated for l0 min on ice with

unconjugated protein prior to incubation with FlTC-labelled superantigen. Cells were

analyscd by flow cytometry on a FACScan flow cytometcr (BD Biosciences, UK) using

CellQuest software.

(c) Neutralisation of superantigen binding to LG-2 cells

SMEZ-? MI-FITC (2 nM) was pre-incubated with different concentrations of human

serum for 30 min at RT. LG-2 cells (lxlOs) were then added for 20 min at 4oC. Cells

were washed twice with PBS and resuspended in 0.5 ml FACS buffer. Cells were analysed

by flow cytometry on a FACScan flow cytometer (BD Biosciences, UK) using CellQuest

software.
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(d) Cellular localisation of superantigens using fluorescence microscopy

LG-2 cclls and IFN-y-activated THP-l cells were stained with SMEZ-2 MI-FITC as

described above (2.8.2b). Cells were then resuspended in media and incubated at 37oC for

different time intervals. Cells were washed twice with PBS, fixed with 4%

parafonnaldehyde (5 min, 37"C) and mounted onto poly-L-lysine coated glass slides with

prolong gold antifade reagent with DAPI (Molecular Probes, USA). Images were captured

on a Nikon E600 fluorescence microscope.

(e) Cellular localisation of superantigens using confocal microscopy

BMDCs were incubated in immunostaining buffer for l5 min at 4"C with biotinylated anti-

mousc I-A/I-E and SMEZ-2 Ml-CyS. DCs were then washed twice with PBS and

incubated for l0 min at 4"C with strepavidin-Cy3 (Amersham Pharmacia Biotech, UK).

DCs were washed twice in PBS and either left on ice, or incubated in media at 37oC for 30

min. DCs were then incubated with anti-mouse CDllc-FITC for 15 min at 4oC. DCs

were washed with PBS, fixed with 4o/o paraformaldehyde for 5 min at 37"C, and then

washed once with PBS. DCs were then incubated for I h on poly-L-lysine coated glass

slides and mounted with fluorescent mounting media (DAKO, Germany). Images were

captured on a Leica TC SP2 confocal microscope.

2.8.3 Functional effects of superantigens on dendritic cells

C57BL/6 mice were injected i.v. with 50 pg of LPS or superantigen in a total volume of

200 pl. Spleens were removed after t h and a single cell suspension was made by forcing

the tissue through a wire mesh. RBCs were lysed by incubating with l0 ml lx erythrocyte

lysis buffer for 5 min at 4oC. Remaining spleenocytes were co-stained with anti-mouse

CDllc-FITC and biotinylated anti-mouse I-A/I-E, CD80, CD86, or CD40, for 20 min at

4oC, then washed and stained with strepavidin-cychrome for l0 min at 4"C. Cells were

analysed by flow cytometry on a FACScan flow cytometer (BD Biosciences, UK) using

CellQuest software.
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2.8.4 In vivo trafficking of superantigens

Superantigens were radioactively labelled with 125[ by the Chloramine T method as

described in section 2.6.3d. Approxirnately I pg/mouse (l pCi) of 'ttl-superantigen was

injected into C17BL16 mice by various routes (intraperiotoneal, intravenous,

subcutaneous). Blood, kidney, liver, lung, lymph nodes and spleen were collecled 24 h

later. Organs were weighed and their radioactivity measured with a CobraII autogamma

counter (Packard, USA). The amount of radioactivity was norrnalised with respect to

organ weight.

2.8.5 In vitro proliferation assflys

(a) Mouse

Lymph node and spleen cells from mice were prepared by forcing tissue through a

sterilised wire mesh. Cells were washed twice in RPMI and resuspended at 3.5xl06iml in

RPMV 2-ME. Cells (3.5x105/well) were added into flat bottomed 96 well plates together

with titrated antigen in a total volume of 200 pl. Each antigen concentration was setup in

triplicate. Plates were incubated at 37oC in 5%o COz,and 1.25 pCi 3H-thymidine/ml was

added on day three of culture. Cells were harvested 16 h later onto printed fibreglass

filtermats (Wallac, Finland), using a Mach III 96 well harvester (Tomtec, USA).

Filtennats were left to dry and then sealed in sample bags (Wallac, Finland) containing

Betaplate scintillation fluid (Wallac, Finland). Radioactivity was measured using a Wallac

Jet 1450 Microbeta Trilux liquid scintillation counter (Wallac, Finland). Proliferation was

analysed as incorporation of 3H-thymidine into the cell genome during replication.

Human

Peripheral blood mononuclear cells (PBMCs) from human volunteers were separated from

whole blood by density centrifugation. Ficoll (Amersham Biosciences, Sweden) was

gently layered with an equal volume of whole blood in l5 ml Falcon tubes. Centrifugation

at 1700 rpm for 25 min at RT was perfonned in a GS-6R centrifuge (Beckman, USA). The

(b)
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interface between the clear Ficoll layer and the upper yellow plasma layer, containing the

PBMCs, was transferred to a fresh tube. PBMCs were washed twice with PBS and

resuspended at lx106 cells/ml in RPML PBMCs were added at lxl0s cells/well to titrated

superantigens in flat-bottomed 96 well plates. Plates were incubated at 37oC in 5o/o COz

for three days befiore measuring proliferation by 3H+hymidine incorporation, as done for

murine proliferation assays.

2.8.6 In vitro CTL assay

A single cell suspension from pooled lymph nodes and spleens of 318 tg mice was

prepared by forcing the tissues through a wire mesh. Cells were washed twice in RPMI

and resuspended at 2x106/ml in RPMI/ 2-ME. Cells were added at 4 x 106 cells/well into

24 well plates together with titrated antigen. Cells were incubated at37oC,5% COz. Cells

wcre split (if required) on day three and 20 U/ml IL-2 was added to all wells. On day five,

cells were washed twice and resuspended at the required E:T ratio in RPMV 2-ME. Target

cells (EL-4s) were prepared by resuspending at lxl05 cells/ml and plating 5ml/well in 6

well plates. Cells were incubated overnight at 37oC with LlipCilml 'H-thymidine. GP33

(l pM) was added to half of the cells for 3 h, then cells were washed twice and

resuspended at lxl0s cells/ml. Target cells at I x lOsiwell (either GP33 +ve or GP33 -ve)

were added to effector cells in 96 well round-bottom plates. After incubation at 37'C for 3

h, cells were harvested onto fibreglass filtermats, and radioactivity was measured as

described in murine proliferation assays. The percentage of specific lysis was calculated

using the following equation:

% Specific Lysis: (S-E)/S x 100

Where S : spontaneous release without effector cells, and E : experimental release in the

presence of effector cells (in CPM).
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2,8.7 In vivo CTL assay

C57BL]6 mice were immunised subcutaneously in the left flank with antigen in a total

volume of 100-200 pl. Where incomplete Freund's adjuvant (tFA) was used (Sigma,

USA), emulsification was performed using a 3-way stop-cork (Baxter, USA). Seven days

after immunisation, mice were injected intravenously with 200 pl of carboxyfluorescein

diacetate succinimidyl ester (CFSE)-labelled target cells (see below). Blood was analyzed

by flow cytometry one day later for loss of target cells. Percent specific lysis was

calculated using the following equation:

% specific lysis: (C-TYC x 100

Whcre C : the number of control CFSEI. cells, and T : the number of GP33-presenting

specific target CFSEhi cells.

(a) Preparation of target cells

Target cells were prepared frorn the spleenocytes of naive C57BL16 or H8 mice after RBC

lysis. Control C57BL/6 spleenocytes were resuspended at 2xl0i cells/ml and incubated

with 0.5 pM CFSE, while GP33-presenting specific target spleenocytes from H8 mice

were incubated with 5 pM CFSE for l0 min at 37"C. FCS was added to SYo, and cells

were washed three times with PBS and resuspended at 108 cells/ml in PBS. Control and

target cells were mixed at a l: I ratio. Where H8 mice were not available, C57BL|6

spleenocytes at I x 107 cells/ml were incubated with I fM GP33 for 3 h at37oC prior to

CFSE incubation.

2.8.8 Depletion of CD25+ T cells

C57BL/6 mice were injected i.p. with 100 pg of anti-mouse CD25 antibody in a total

volume of 100 pl. Mice were used three days later when CD25+ cells were no-longer

detectable by flow cytometry.
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2.8.9 Tumour challenge model

C57BL/6 mice were immunised subcutaneously in the teft flank with antigen in a total

volume of 100-200 pl. Seven days later,2xl05 Bl6.gp33 or 5xl0s LL-LCMV tumour cells

were injected subcutaneously in the opposing flank. Tumour gtowth was monitored every

two to three days. Mice were recorded to have a tumour when tumour diameter reached 5

mm. Mice were euthanized when the tumour diameter reached 16 mm.

2.8.10 Viral challenge model

C57BL!6 mice were immunised subcutaneously in the flank with PBS or antigen

emulsified in IFA as done in tumour challenge model. Mice were challenged

intravenously ten days later with 200 pfu LCMV (WE3 strain). Virus titre in the spleen

was detemrined four days later by a standard plaque assay'

(a) Plaque assay

The plaque assay was performed as described by Battegay et al (Battegay et al., l99l).

Spleens of infected mice were homogcnised and then centrifuged at 1000 g for 20 min at

4"C. Supernatant was diluted in glass test tubes with DMEIW 2% FCS. 200 pl of each

dilution was plated in 24-well plates. MC57G cells were added to each well at 1.6 x l0s

cellsiwell and incubated for 3 h at 37'C. Further absorption of the virus was prevented by

adding 300 pl of EMEM containing l0% FCS and l%o methylcellulose. After 48 h

incubation at 37"C" rnedia was relnoved and 4% formaldehyde was added to fix the cells'

Cells were then permeabilised with 0.5% triton X-100 for 30 min at RT. Non-specific

binding of antibody was prevented by blocking with PBS/ l0% FCS for I h at RT.

Immunolabelling using the VL4 anti-LCMV monoclonal antibody was performed for I h

at RT. Plates were washed five tirnes with PBS and incubated with anti-rat peroxidase for

I h at RT. Plates were washed five times with PBS and o-phenylenediamine substrate was

added at I mg/ml. Once colour change was complete, plates were washed in ddHzO, and

plaques were visually counted.
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Ngmber of plaque-forming units (pft) per gram of spleen was saleulated using the

following, equation:

Pfulg:PxDxVu/V.o/rn

Wihere P = the number of plaques counted, D : diluiion f,actorn Vo: Voluure spleen w,as

originally suspended l[, V* : V'oluure of spleen supematant added per well, and m = mass

of spleen in grams.
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Chapter 3

Identification and analysis of TCR and MHC class ll-binding residues of SPEC'

SMEZ-2 and SEA

3.1 INTRODUCTION

The creation of safe and non-toxic superantigen mutants was essential to the viability of

using superantigens in a vaccine. It is known that superantigen toxiciry is mainly T cell-

mediated. Potent T cell mitogenicity is initiated by the bridging of TCR and MHC class II'

T cell mitogenicity can therefore be dramatically reduced by mutation of residues involved

i1 binding to either TCR or MHC class IL On the hypothesis that a superantigen's ability

to bind to MHC class II may be used as a tool to enhance vaccine delivery, the TCR-

binding site was chosen to be knocked-out to create a safe and non-toxic superantigen.

Three superantigens, SPEC, SMEZ-} and SEA were investigated and described in this

thcsis. Thcse superantigens provided thrce distinct modes of binding or cross-linking

MHC class II molecules on the surface of APCs. SPEC has the ability to form dimers,

creating MHC:SPEC:SPEC:MHC complexes. SMEZ-2 forms a single MHC:SMEZ-2

interaction, and SEA with a dual MHC class Il-binding capacity is able to form

MHC: SEA: MHC complexes.

SPEC predominantly stimulates Vp2 T cells and has a Pso value of 100 fglml (Bernal et al',

1999). Key residues involved in TCR and MHC class II binding had previously been

identified, and knock-out mutants were produced by Dr. Melissa Nicholson (University of

Auckland, New Zealand), Yl5 and RlSl were the key residues involved in TCR binding.

Residues L77 and F75 were also involved, but to a lesser degree. Residues Hl67,H20l

and D203 coordinated a zinc ion required for MHC class II binding. A mutant containing

the MHC class Il-binding domain, but only half the TCR-binding domain was also

produced. This rnutant was expressed as a monomer and was unable to cross-link MHC

class II on APCs,

SMEZ-/ is the most potent superantigen currently known, with a Pso value of 20 fglml

(proft et al., 1999). SMEZ-2 stimulates VB4 and VB8 T cells and binds in a zinc-

dependent manner to MHC class II. Rcsidues involved in TCR and MHC class II binding
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had been previously identiflred and created by Dr. Thomas Proft and Miss Vanessa Handley

(University of Auckland, New Zealand). Key residues involved in TCR binding include

Yl8, D42, W75 and K182. These residues map closely to those identified on SPEC.

Similarly, H162,H202 and D204 are involved in coordinating the zinc ion at the MHC

class ll-binding site.

SEA is the most potent staphylococcal enterotoxin, with a P5e value of 100 fglml (Chu et

al., 1966). SEA stimulates T cells with a wide range of Vp specificities including VP l, 5,

6,7,g and 23. SEA has also been reported to stimulate VB 3, 10, I I and 17 T cells (Soos

et al., 1995). To date, a complete TCR knock-out mutant of SEA has not been created, and

mutational analysis of TCR-binding residues was investigated herein. SEA shares 27%

sequence homology with SEB and SEC (Betley and Mekalanos, 1988) and 80-90%

homology with SE- D, E, H and I. To predict TCR-binding residues within the SEA

protein, the crystal structure of SEA was modelled onto crystal structures of SEC and SEB

using SwissPdb Viewer. Surface exposed residues that mapped closely to known TCR-

binding residues on SEC or SEB were the initial focus for mutational analysis' Residues

directed towards the TCR-binding interface were also targeted at a later stage. One key

TCR residue (N25A) and two minor residues (Y3ID.Y32D) had been previously identified

and cloned by othcr members of Professor John Fraser's lab (The University of Auckland,

New Zealand). SEA can interact with the B-chain of MHC class II in a zinc-dependent

manner. Residues involved in the coordination of the zinc ion include H187, H225 and

D227. SEA also interacts with the o-chain of MHC class II via residues F47 and L48.
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3.2 RESULTS

3.2.1 Cloning and expression of superanfigen rnutants

Psint rnutatiors w,or€,introduced into the superantigen gene by site-direeted mutageaesis

using pGEX utility primers and sets of, mismatctred ov,edapping primers in a two'step

ov.erlap PCR. Frimers used to ereate SEA mutants can be found iu table 2.1. PCR

products were gel pruified and cloned into the pGEX vector using the resfiction enzylqes

EsoRI and BamIXI. Sequenoe ibtsgrity of al;l clones was confirmed befsre expression of

recombiriant fusion proteins in DH5s E. eolt. Bxpression tsmperatwes and approximate

purified protein yield fur SEA mutants are ehown in Able 3.1. S.EA Y64A produced

insoluble protein Under the pGEX system and was therefore subcloned into the pET32a3C

vector. This mutant was expressed in AD4g4(DE3)pLysS E' coli.

A description, the expression system use{ and the approximate yield of the purified SPEC

or SIvIEZ-2 proteins are shown in table 3.2 and table 3.3, respectively.
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Table 3.1 Expression and yield of SEA and its mutants

SEA mutation Expression
vector

Expression
temperature ("C)

Approximate
vield (me/L)

WT pGEX-27 28 6

T2IA pGEX-3C 28 6

N254' pCEX-3C 28 )
o28A oGEX-3C 28 4

K37A oGEX-3C 28
1J

Y64A pET32a3C 30
aJ

Y94A nGEX-3C 28 6

NIO2A oGEX-3C 28 4

KIO3A pGEX-3C 28 4

FI75A nGEX-3C 28 4

Y2O5A pGEX-27 28 4

N25A.Y64.4 pGEX-3C 28 4

N25A.Y94A nGEX-3C 28 4

Y64A.Y94A pGEX-3C 28 3

Y94A.FI75A pGEX-3C 28 4

Y94A.Y2O5A oGEX-3C 28 4

N25A.Y3ID.Y32D oGEX-27 28 4

N25A.Y64A.Y94A nGEX-3C 28 J

N25A.Y94A.FI75A pGEX-3C 28 4

N25A.Y94A.Y2O5A nGEX-3C 28 J

N25A.Y3I D.Y32D.Y94A oGEX-27 28 4

N25A.Y94A.F I 75A.Y205A nGEX-3C 28 2

N25A.Y3 I D.Y32D.Y94A.F I 75A pGEX-27 28 4

N25A.Y3 I D.Y32D.Y94A.F I 75C nGEX-3C 28 4

N25A.Y3 I D.Y32D.Y94A.Y2O5A pGEX-27 28 3
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Table 3.2 Description, expression and yield of SPEC and its mutants

Name Point mutations involved
and description

Expression
vector

Expression
temperature

(.c)

Approximate
yield

(mplL of culture)

WT Nil
Wild-tvpe

pGEX-27 37 10

WTcys C275.N79C
Internal cysteine removed
and external cysteine
incomorated

pGEX-3C 37 l0

TCK Yl5C.C27S.N79C
Partial TCR knock-out with
internal cysteine removed
and two external cysteine
residues incorporated

pGEX-3C 28 8

SD YI5C
Partial TCR knock-out,
C-terminal domain onlv

pGEX-3C 28 8

MHC' Hl67A.D20lA.D203A
MHC knock-out

pGEX-3C 30 J

Table 3.3 Description, expression and yield of SMEZ-} and its mutants

Name Point mutations involved
and description

Expression
system

Expression
temperature

("c)

Approximate
yield

(me/L of culture)

WT Nil
Wild+vpe

pGEX-27 28 l0

MO D42N.W75L.Kl82Q
TCR knock-out

pGEX-27 28 l0

MI D42C.W7sL.Kl82Q
TCR knock-out with
cvsteine for coniusation

pGEX-3C 28 l0

M2 Yl8A.D42C.W75L.Kl82Q
TCR knock-out with
cvsteine for coniueation

pGEX-3C 28 8

MHC' T62C.H202A.D204A
MHC knock-out with
cvsteine for coniugation

pGEX-27 28 8

MHCTCR' Y I 8A. D42C .H202 4.D204 A
MHC and TCR knock-out
with cysteine for
coniugation

pGEX-27 28 8
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a) Purification of recombinant superantigens using the pGEX system

The pGEX system expresses the desired protein as a fusion with the 26V,Da glutathione S-

transferase (GST) at its N-terminus. The GST gene is under the control of the tac promoter

which is inducible by IPTG. Protein expression was induced during the log-phase of

growth, for 3 to 4 h at 28 to 37oC. Figure 3.1 shows the expression of SMEZ-2 Ml as an

example of a superantigen expressed using the pGEX system.
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Figure 3.1 SDS-PAGE analysis of SMEZ-2 Ml expression using the pGEX system. Lane

l,*benchmark molecular weight marker. Lane 2, uninduced bacteria. Lane 3, induced

bacteria after I h. Lane 4, induced bacteria after 3 h. Lane 5, bacterial lysate. Lane 6,

bacterial pellet after lysis.

The fusiol protein was purified from the bacterial lysate by affinity chromatography using

GSH sepharose. Cleavage of the purified fusion protein by trypsin or 3C protease

digestion was used for the pGEX-2T or pGEX-3C expression systems, respectively.

Cation exchange chromatography (either CM sepharose or poros HS) was used to purify

the superantigen from GST. GST, with a lower pI, was present in the flow-through of the

cation exchange column. An increasing pH gradient was used to elute superantigens that

bound to the column. Typical purifications of superantigens using the pGEX system are

shown in figure 3.2. SEA ra1 slower than GST and SMEZ-Z on a SDS-PAGE gel due to

its higher molecular weight (figure 3.2A). SMEZ-2 and SPEC have similar molecular
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weight, and visualisation of SPEC on

(figure 3.28).
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BA

I(t

- - - 18'9ilr-,

25

_=_t:E''+

Figure 3.2 Purification of superantigens expressed using the pGEX system. Two-step

puiification using GSI-I affinity chromatography and cation exchange chromatography

analysed by t2.56/" SDS-PAGE. A) Purificarion of SEA WT. Lane l, flow-tluough from

GSH column. Lane 2, elution from GSH column. Lane 3, fusion protein after cleavage.

Lane 4, flow-through from cation exchange column. Lane 5, elution from cation exchange

column. B) Purification of SMEZ-2 Ml. Lane l, benchmark molecular weight marker.

Larre 2, flow-through from GSH column. Lane 3, elution from GSH column. Lane 4,

fusion protein after ileavage. Lane 5, flow-through from cation exchange column. Lane 6,

elution from cation exchange column.

b) Purification of recombinant superantigens using the pET system

The pET expression system produces desired protein as a thioredoxin fusion and is widely

used for production of large quantities of protein. It is an RNA polyrnerase expression

system containing the lac repressor and operator genes as well as the T7 viral promoter.

For transcription to proceed, IPTG is added to displace the repressor from the lac operator'

IPTG also activates the gene encoding T7 polymerase expressed in the chromosome of the

host cell, AD494(DE3)pLysS. T7 RNA polymerase is selective for the T7 promoter and

transcription is kept under tight control. AD494(DE3)pLysS is a thioredoxin reductase-

deficient strain and contains the plysS plasmid encoding T7 lysozyme. Solubility and
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stability of target genes are enhanced by thcse properties. Thioredoxin is also thought to

increase solubility by aiding protein folding (LaVallie et al., 1993)'

SEA Y64A was insoluble using the pGEX system, and was therefore cloned into

pET32a3C and transformed into AD494(DE3)pLysS. Protein expression was induced for

4 h at 30'C. The fusion protein was purified using IDA sepharose, and eluted by

increasing imidazole concentrations. The 3C protease cleavage site introduced into the

vector by Dr. Ries Langley (The University of Auckland, New Zealand) allowed for

subsequent cleavage with 3C protease. Separation of thioredoxin from the superantigen

was achieved by passage of the cleaved fusion protein over IDA sepharose, and collecting

the superantigen prescnt in the flow-through. Figure 3.3 shows the expression and

purification of SEA Y64A using thc pET system.
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Figure 3.3 Expression and purification of SEA Y64A using the pET system. Proteins

weie analysed by 12.5% SDS-PAGE. A) Lane l, benchmark molecular weight marker.

Lane 2, bacteriai lysate. Lane 3, flow-through from first passage through IDA column'

Lane 4, elution of fusion protein. B) Lane l, benchmark molecular weight marker' Lane

2, fusion protein after cleivage. C) Lane l, benchmark molecular weight marker. Lane 2,

flow through from passage of cleaved protein through IDA column.
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3.2.2 Mitogenicity of superantigens and their mutants on human PBMCs

Proliferation assays using peripheral blood mononuclear cells (PBMCs) from human

donors were used to assess the mitogenicity of superantigens. The concentration at which

half the maximal proliferation was generated (the Pso value) was used to determine the

potency of superantigens and their mutants. Due to the wide range of Vp T cells

stimulated by SEA, combined with the differences in Vp T cells that individual donors

possess, variability in human T cell proliferation with SEA WT was observed (figure 3.4)'

ln most cases, the P-so value remained similar but the P'u* was variable. In this

experimental setup, SEA WT had a Pso value of approximately 0.5 pdml (figure 3'4)'

Single point mutations in SEA created by overlap PCR were tested in the same manner,

and reduction in P-u* and Pso values are listed in table 3.4. Mutations that reduced

proliferation by at least 20% were combined and retested. The P*u* and Pso values for

these combined mutants can be found in table 3.5. The most important amino acids

involved in TCR binding were identified to be N25, Y94 and F175. The SEA mutant that

showed the lowest proliferative activity on human PBMCs contained five amino acid

changes, N25A.Y3lD.Y32D.Y94A.FI75A. Although residual proliferation was still

observed at high concentrations, proliferation was reduced by at least 10000-fold in all

donors tested (figure 3.4).
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Table 3.4 Pso and reduction in Pmax values of single point mutations of SEA

Amino acid changes P<n (ne/ml) 7o reduction in Pmax from SEA WT

WT 0.0005

T21A 0.0005 0

N25A 4 40

028S 0.04 0

Q28A 0.0002 0

K37A 0.0001 -18

w63A 0.025 t7

Y64A 0.02 >20

Y94D 0.07 37

Y94A l0 50

o95A 0.0004 0

FI75A 0,2 30

Y2O5A 0.03 >20

NIO2A 0.006 0

KIO3A 0.006 0

Table 3.5 PsO and Pr* values of combined point mutations of SEA

Amino acid changes Pso (ns/ml) 7o reduction in P,n"* from SEA'lUT

WT 0.0005

N25A.Y64A 0.0006 27

N25A.Y94A 0.3 >50

Y64A.Y94A 0.002 l0
Y94A.FI75A 0.008 38

Y94A.Y2O5A 0.0005 t7

N25A.Y31D.Y32D 5 >25

N25A.Y64A.Y94A 0.09 55

N25A.Y94A.FI75A ) >33

N25A.Y94A.Y205A 0.8 >50

N25A.Y94A.F I 75A.Y205A >10 >61

N25A.Y3I D.Y32D.Y94A >10 >56

N25A.Y3 I D .Y 32D.Y 9 4A.F I 75A. >10 >83

N254.Y3 I D.Y32D.Y94A.Y2O5A >10 >67
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SPEC WT was less potent than SEA WT, with a Pso value of 4 pg/ml (figure 3.5). SPEC

WTcys had a similar P5s value to SPEC WT, indicating that the removal of the internal

cysteine and addition of an external cysteine did not aflect the overall structure orbinding

afTinity of SpEC. Both SPEC Yl5C murants (SPEC TCR- and SPEC SD) had a reduction

in activity by approximately 750-fold compared to SPEC WT. with estimated Pso values of

2 ng/ml and 5 nglml, respectively (figure 3.5). SPEC SD does not contain the N-terminal

domain that includes the dimerisation site. and therefore can no longer cross-link MHC

class II on the surface of APCs. However, proliferation of SPEC SD and SPEC TCR- was

similar, showing that MHC class II cross-linking had marginal effects on proliferation after

the TcR-binding site had been partially knocked-out. The MHC class Il-binding-deficient

mutant did not cornpletely abrogate the proliferative capacity of SPEC, but had an

estimated P5s value of 5 ng/ml, similar to the partial TCR knock-out mutants (figure 3.5).
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Figure 3.5 In yilro stimulation of human PBMCs with SPEC. Proliferation was

determined by measuring 3H-thymidine incorporation three days post-stimulation. Results

are mean CPM t SD of triplicate measurements and are representative of 3 individual

experiments with different donors.
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SMEZ-LWT, with a P50 value of 0.1 pg/ml, was 40-fold more potent than SPEC WT and

s-fold more potent than sEA WT in these assays. The MHC class ll-binding-deficient

mutant (SMEZ-2 MHC') had a Pso value of 0.4 nglml, showing significant, but not

complete reduction of proliferation (figure 3.6). The proliferative responses of the TCR-

binding-deficienr mutant (sMEZ-2 Ml) and the combined MHC class ll- and TCR-

binding-deficient mutant (SMEZ-} MHCTCR) were both at background levels (figure

3.6). The alternative TCR-binding-deficient mutant, SMEZ-2 M2. had a Ps. value of

approximately l ng/ml.
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Figure 3.6 In vi/ru stimularion of human PBMCs with SMEZ-2. Proliferation was

determined by measuring 
3H-thymidine incorporation three days post-stimulation. Results

are mean CpM t SD of triplicate measurements and are representative of 3 individual

experiments with different donors.
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3.2.3 Activity of superantigens and their mutants on murine lymphocytes

The model chosen to test superantigen-rnediated vaccine delivery was murine-based, and

therefore the activity of modified superantigens was also assessed with murine

lymphocytes. Different strains of mice arc also known to respond to superantigens with

different levels of potency. Superantigens were therefore tested on both C57BL/6 and 318

tg mice. A single ccll suspension was created from pooled murine lymph node and spleen

cells and incubated with superantigens, as done for human PBMCs. Proliferation was

determined by measuring 3H-thymidine incorporation three days later. Superantigens were

less potent on murine lymphocytes than on human lymphocytes, and higher superantigen

concentrations were required to generate a proliferative response'

The Pso value of SEA WT inC57BL16 mice was I ng/rnl, a 2000-fold reduction in potency

when compared with the proliferation of human PBMCs. Proliferation with the cysteine

mutant SEA QuinC (N25A.Y3lD,Y32D.Y94A.Fl75C) was near background levels (figure

3.7). The same residues were mutated in SEA QuinC as in the SEA mutant that showed

the greatest reduction of proliferation of human PBMCs. However, SEA QuinC contained

Fl75C instead of Fl75A. ln 318 tg mice, the proliferative rcsponse of SEA was further

reduced. Only residual response to SEA WT and background response to SEA QuinC was

observed (figure 3.7).

The proliferative activity of SPEC mutants was low with both C57BL|6 and 318 tg murine

cells (figure 3.8). As with SEA, proliferative activity was greater with the C57BL|6 strain.

SPEC WTcys and SPEC SD had higher activity than SPEC WT, suggesting that mutations

involved altered binding affinity to murine MHC class II or TCR. The largest response

was seen with SPEC SD, with a Pso value of 400 nglml (figure 3.8).

The Pso value of SMEZ-} WT was I ng/ml with cells from C57BL/6 mice (figure 3'9). No

proliferation was observed with the TCR-binding-deficient mutant SMEZ-? Ml at any of

the concentrations tested (figure 3.9). SMEZ-? WT was less active on cells from 318 tg

rlice, with a P56 value of 400 ng/ml. Proliferation was at background levels with all other

mutants tested (figure 3.9).
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3.3 $UMMARY

SEA, SpEC and SMEZ-2.arcpart of the large superantigon family that share the ability to

bind to both TCR and MIIC class Il. Similaritie-s and differenegs exist in their TCR Vp

stirnulatiou profiles and the method by which they bind to MHC class II. This is reflocted

b,y the position of residues involved in these processes. A number of mutatisns have been

used to, abrogato binding to these siles, with the ultirnate goal of creating a'safe and non-

toxic vaccine delivery vehiolc. The level of potency varied for eaoh mutant superantigen,

but was at a mininn'umn reduced -b-y,a factorof 103 o-n hnrnan PtsMCs.

In similarity to ostabl,ished literature, the hiemrchy of superantigen potency with human

eells repr,oduced in this the-sis was SMEZ-2 > SEA > S?EC. Mutations in both the TCR

aud M1IC class Il-binding sites reduced proliferation dramatically. Superanti$€ns were far

less potent on murine oells than sn human cells, with a differelce in Pso valuee of at least

2000-told.

108



Crhapter 4

Invesfigation of the mechanism-of-acdon of superlntlgen-mediated vaccine deHvery

4.1 S'$TRODUCTION

Superantigens bind ts |vffne class II moleoules that are expressed ou professional APCs

including B oells, ruocr,ophage,s and dsrdritic cells. Superantigens therefore provide a

means o,f direotly targeting:coiijugatod antigenic peptides to these APCs. It is also known

that superantigon$ have immunomodulatory properties such as De manrration and

upregulation of TLR.4" 'Thic chapter charastedsee aspect$ of srrperantigen action at th€

eellular level, as well as in viva,to determine the rrechanism by whioh superantigens may

e'nhance vhscine drlivery.
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4.2 RESULTS

4.2.1 Superantigen binding to human cells in vitro

Analysis of superantigen interaction at the cellular level is important in understanding how

superantigens may modulate the immune system and deliver antigens to APCs' To

investigate this, FITC conjugated superantigens were incubated with human leukocytes,

and their interactions were detected by flow cytometry and fluorescence microscopy.

a) Human whole blood interactions

Whole blood from human donors was incubated with FITC conjugated superantigens and

cell surface markers for 20 min on ice. Anti-CD antibodies were used to visualise different

cell populations, and anti-HLA-DR was used to assess MHC class II expression. Cell

populations were analysed by flow cytometry after lysis of red blood cells' As shown in

figure 4.1, SMEZ-2Ml binds strongly to two distinct cell populations - CD19+ B cells

and CDl4+ monocytes. Binding corresponds well to the high levels of MHC class II

expressed on thc surface of these cells. SMEZ-Z Ml does not bind to the remaining

lyrnphocyte population (mainly T cells) because SMEZ-} Ml has mutations in the TCR-

binding site. SMEZ-} Ml also appears to bind weakly to the CDIO+ granulocyte

population even though this population does not express MHC class lI. This observation is

not likely to be due to the internalisation of SMEZ-2 M1, as incubation was performed on

ice. lt is possible that SMEZ-} Ml may bind to an alternative cell surface molecule on

granulocytes. Respective antibody isotype controls were only performed for MHC class [I

staining, and did not show any specific binding.
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b) LG-2 cell interactions

To further investigate the binding properties of superantigens to B cells, the interaction of

superantigens with the LG-2 cell line was investigated. LC-2 cells are Epstein-barr vints

(EBV)-transformed human B cells, homozygous for HLA-DRl. LG-2 cells express high

levels of HLA-DR, and strong binding of superantigens to these cells can be observed

(figure 4.2). Figure 4.3A shows that specific binding of SMEZ-2 M I can be blocked with

unlabelled SMEZ-2 WT. Binding also appears to be MHC class II specific. as competition

of SMEZ-2 Ml-FITC with unlabelled SMEZ-? MHCTCR- did not occur and SMEZ-2

MHCTCR--FITC was unable to bind to LG-2 cells. In addition, pre-incubation of SMEZ-2

Ml-FITC with soluble MHC class II was also able to inhibit binding to LG-2 cells (figure

4.38). A low level of binding was observed with the control proteirr ovalburnin-FlTC

(figure 4.3A).

Binding of other superantigen mutants, SEA QuinC-FITC and SPEC WTcys-FITC to LG-2

cells was also evident. Conrpetition was observed when co-itrcubating with their

respective WT unlabelled superantigens, showing the interaction was specific (figure

4.3C).
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Figure 4.2 MHC class ll expression and superantigen binding on LG-2 cells. Anti-HLA-
DR-FITC or SMEZ-2 Ml-FITC was incubated with lxl01 LG-2 cells for 20 min at 4"C.

Cells were then washed and analysed by flow cytonretry.
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Visualisation of the interaction between SMEZ-2 Ml and LG-2 cells using fluorescence

microscopy is shown in figure 4.4. Bright cell surface staining was observed after 20 min

incubation at 4oC with uHLA-DR-FITC or SMEZ-2 Ml-FITC. Staining remained on the

cell surface after further incubation at 37"C.

Figure 4.4 SMEZ-2 Ml binrting of LG-2 cells imaged on a Nikon 8600 fluorescence

*[ror.op.. A) LG-2 cells incubated with aHLA-DR-FITC for 20 min at 4"C. B) LG-2

cells incubated with aHLA-DR-FITC for 20 min at 4"C, washed, then incubated at 37oC in

media for 20 h. C) LG-2 cells incubated with I pM SMEZ-2 Ml-FITC for 20 rnin at 4oC.

D) LG-2 cells incubated with I pM SMEZ-2 Ml-FITC for 20 min at 4oC, washed. then

incubated at 37oC in media for 20 h.
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Superantigens were next assessed for binding to LG-2 cells in the presence of human

serum. Concerns about the neutralising activity that human serum may have on

superantigen binding were based on the fact that human serum can inhibit superantigen-

mediated human lymphocyte proliferation in vitro (Proft et al., 2003a). It is assumed that

the neutralising activity is due to natural immunity to superantigens generated during past

int'ections with S. pyogenes or S. aureus. Specific antibodies present in human serum may

inhibit binding of superantigens to immune cells and therefore prevent T cell proliferation.

Inhibition of superantigen binding to MHC class II was investigated by pre-incubating

FITC conjugated SMEZ-} Ml with human serum prior to incubation with LG-2 cells. A

lower concentration of SMEZ-2 MI-FITC (2 nM) was used in these experiments to enable

serum antibodies to be rate-limiting. This concentration of SMEZ-2 correlated with

amounts used in neutralisation assays (Proft et al., 2003a). Serum from donor I had low

levels of neutralising antibodies, while donor 2 had high levels, as determined by the

ability of 5o/o of their serum to neutralis e a SMEZ-Z WT-mediated proliferative response in

vitro (personal communication with Miss Lily Yang, University of Auckland, New

Zealand). Figure 4.5 shows that neither high neutralising or low neutralising serum

prevented SMEZ-2 Ml from binding to LG-2 cells even at the high percentages of serun'l

used. purified polyclonal rabbit antibodies against SMEZ-} also failed to inhibit binding.

At high concentrations, presence of rabbit antibodies appeared to increase SMEZ-2 Ml

binding, likely through formation of antigen-antibody complexes'
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Figure 4.5 Neutralisation of SMEZ-2 Ml binding to LG-2 cells. A) cating of live LG-2

cells. B and c) Hurnan serum was pre-incubated for 30 min at RT with 2 nM of SMEZ-2

Ml-F1TC. Subsequently, lxl05 Ld-2 cells were added and incubated for 20 min at 4oC.

B) Segl fiom donor I that did not neutralise SMEZ-2 WT proliferation of human PBMCs

when used at 5,)/o. C) Serurn from donor 2 that contpletely neutralised SMEZ-2 WT

proliferation of human PBMCs rvhen used at 5.o/i'. D) Anti-SMEZ polyclonal rabbit lg pre-

incubated for 30 min at the indicated molar ratios with I pM SMEZ-2 MI-FITC'

Subsequently. lxl6s LG-2 cetls were added tbr 20 min at 4oC. lnset bar graphs depict

rnean fluorescence as a percentage of SMEZ-2 Ml-FITC without Serum'

io'

t ir"

D

l0'

RI

E 150

! rrxt

c )l)

7; (l

9 r in
d

:100
E )t,tzll

ll6



c) TIIP-I eell lnteractious

THp.I cells are a rnonocytic cell lile derivod ftom the peripheral blo-od sf an asute'

rronocytic leukaer,ria patienl Un er normal propagation sonditions TFIP-I colls expr'ess

only low levels of MHC class tI on their cell surfaee, and o.oly weak binding of SMEZ-2

lyll is observed. Upon stir,rulation with IFN-1, MHC class II expressiou is uplegulated and

binding sf SMEZ-Z Ml increases (figure '[.6A). B'inding of SMEZ-2 Ml appears to be

specific to IvIHC elass II as binrding can be blocked with excess unlabelled SMEZ-2 WT,

but not with exoess unlabelled SMEZ-2 MI{CTCR ({lgure 4.68). No or low binding was

observed with the control, FITC conjugated proteins SMEZ-2 MHCTCK aud ovalburlin

(figure 4.68). Both $EA Quinc and SPEC WTcys were also able to bind to THP'I cells

specifically (frgure 4.6C). Overall binding intensity of superantigens to THP-I cells w.as

weaker,than that seen with LG-2 cells, most likely refleeting their lower MHC class II

expression lerrcls.

Visualisation of the interaction between SMEZ-Z Ml and THP-I cells using fluorescence

micloscopy:is shown in figure 4.7. Internalisation of SMEZ-2 Ml was obsenred as early

as 30 min after incubation at 37"C, and by 2 h, all SMEZ, Mt had been internalised'
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Figure 4.6 Flow cytometry analysis of MHC class Il expression and superantigen binding

on TI-lp-l cells. A) AnIi-HLA-DR-FITC or SMEZ-2 Ml-Flrc was incubated with lxl05

THp-l cells for 20 rnin at 4oC. Cells were then washed and analysed by flow cytometry'

B and C) I UM of FlTC-conjugated protein was incubated with lxl0r THP-l cells for20

min at 4"C. Pre-incubation of unlabelled superantigen with THP-t cells occurred at a l0:l
molar ratio where indicated.
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Figure 4.7 SMEZ-2 Ml binding of lFN-y-activated THP-l cells imaged on a Nikon E600

fluorescence microscope. THP-l cells were incubated with I ptM SMEZ-2 Ml-FITC for

20 min at 4oC befbre washing and incubating at 37oC in media fbr 0 (A),30 (B), or 120

rnin (C).

4.2.2 Superantigen binding to murine cells fir vitro

Whole blood taken from CSTBL]6 mice vvas incubated with superantigen-FITC conjugates

to analyse the ability of superantigens to target tnurine MHC class Il-expressing cells

(figure 4.8). MHC class ll-positive cells accounted for 20% of cells in the blood. Of

these. S0ozir also co-labelled with SMEZ-2 Ml but not for SMEZ-2 MHCTCR' SPEC

WTcys, or SEA QuinC. suggestirlg that only SMEZ-2 Ml was able to bind to tlrurine

MF{C class Il. A slight skewing of the dot plot was observed with tlre anti-MHC class ll

antibociy and SMEZ-2 Ml co-labelled sample. suggestirrg that the anti-MHC class II

antibody may be interfering with the binding of the superantigen or vice versa' Mouse

blood was co-incubated with superantigens and anti-CD3 to ensure that the anti-MHC class

II antibotly was not inlribiting the binding of SMEZ-2 MFICTCR, SPI:C WTcys" and SEA

QuinC to murine cells. A srnall population (4%) were targeted by SPEC WTcys, but

binding of other stlperantigens remained unchanged'
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Figure 4.S MHC class I expression and superantigen binding to murine blood cells. Anti-

MHC class II-PE (I-A/I-E) or anti-CD3-cychrome, and superantigen-FlTC were incubated

with blood cells from C57BL!6 mice for 20 min at 4"C. Cells were then washed and

analysed by flow cytometry. Cetls were gated on the live population (Rl) as shown in the

first panel.
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DCs are specialised APCs capable of efficient priming of naive T cells. They express

MHC class Il on the cell surface and are therefore also a target for superantigens. DCs

represent only a srnall population in the blood. and therefore DCs generated from tnurine

bone nranow (rnBMDC) were used. Bone nrarrow frotn C57BL16 rnice was cultured in

the presence of GM-CSF and generated DCs were used on day six of culture when

approximat ely 45oto of cells were cd I lc positive by flow cytometry' Direct visualisation of

superantigen bilcling and uptake by 11BMDCs was investigated by cortfocal microscopy'

Figure 4.9 shows SMEZ-2 Ml co-localised witlr MHC class ll on the cell surface of

rnBMDCs. lnternalisation of both SMEZ-2 Ml and MHC class ll occurred after 30 min

incubation at 37"C. SMEZ-2 Ml appeared to remain in intracellular vesicles up to

approximately t h (experirnental endpoilt), though the signal was largely degraded by this

stage and very few cells remained SMEZ-2 M I pgsitive (data not shown)'

Figure 4.9 Superarlrigen binding and intemalisatiorr by mBMDCls. Bone tnarrow-derived

denclritic cells frorn CSZSLIO mice were imaged on a Leica TC SP2 confbcal microscope'

A) lrnage after l5 min incubation with CDllc-FITC. SMEZ-2 Ml-cy5 and anti-l-All-E at

4"C. B) lrnage after further 30 tnin incubation at 37oC"
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4.2.3 Superantigen-mediated regulation of costimulatory molecule expression

Superantigens have been shown to enhance the function of DCs both in vitro and in vivo'

To investigate the influence of SMEZ-2 WT and SMEZ-2 Ml on the maturation of

rnBMDCs in vivo,antigens were injected i.v' in PBS, and spleens were removed t h later

and co-stained for CDllc and costimulatory molecules. CDllc+ DCs accounted for

approximat ely 4Yo of spleenocytes. Cell surface expression of MHC class [I, B7 'l' 87 '2

and cD40 on spleenic DCs increased from PBS control with LPS and SMEZ-2 WT (figure

4.10). However, SMEZ-? Ml only showed upregulation of CD40'
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Figure 4.10 Costimulatory molecule expression on C57BL/6 spleenic DCs in response to

in vivoadministration of bacterial antigens. C57BL/6 mice were injected i'v. with 50 prg of

bacterial antigen. Spleens were removed t h post-injection and co-stained with CDI lc-

FITC and anti-l-A/i-E, anti-CD80, anti-CD86, or anti-CD40, and analysed by flow

cytometry. cells were gated on the DC population (cDl lc positive) and percentage

increase in rn"un fluorescence from the PBS control was calculated. Results shown are an

average of two mice.
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4.2.4 In viva trafficking studies

To investigate the trafficking of superantigens in vivo, superantigens were radioactively

labelled with rzsl by the Chloramine T method. C57BL/6 mice were injected with I pCi of

superantigen (approx I pg) via various routes. Organs were collected}  h later, weighed

and measured for radioactivity on a Cobra II autogamma counter' Figure 4'l I shows the

radioactivity of various organs, normalised by organ weight, after superantigen injection

via three alternate routes. The control protein in this experiment was the MHC class II-

binding-deficient mutant SPEC MHC-, and figure 4.1lB expresses results as a percentage

of this control protein. SMEZ-} WT was captured in the lymph nodes and spleen when

injected via subcutaneous and intravenous routes, while SPEC WT was not' Neither

superantigen was captured in any of the olgans collected, when injected via the

inhaperitoneal route. In a separate experiment, capfure in the lyrnph nodes was seen with

SMEZ-2 Ml and SMEZ-} WT when injected subcutaneously, but was not observed after

intravenous injection (figure 4.12). In all cases, MHC class ll-binding-deficient mutants

were not captured by any organs, suggesting that MHC class II binding was required for

capture in the lymPh nodes'
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Figure 4.ll In viuo trafficking of superantigens after. subcutaneous' intravenous and

intraperitoneal injection. Radioictively-tuU"lted superantigens were injected via indicated

routes and organs were measured for radioactivity 24 h later' Column A presents data as

mean CPM per gram of organ. Column B presents data as a pefcentage of the control

protein, SPEb fr,rHC . Results shown are an average of two mice'
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4.3 SUMMARY

The rnechanism by which superantigens may deliver and improve the antigenicity of

conjugated antigens has been investigated in this chapter. While it is established that

superantigens bridge MHC class II and TCR, it is not known to what extent mutations in

the TCR-binding site would affect superantigen properties. The obvious reduction of T

cell proliferation, shown in chapter threc. was one of the major effects' In this chapter' cell

binding assays revealed that the TCR-binding-deficient mutant SMEZ-? Ml interacted

with both B cell and monocyte populations, but not T cell populations from human blood'

The interaction with B cells and monocytes was related to the high MHC class II

expression observed on these cells. However, the MHC class tl-negative granulocyte

population also showed low level SMEZ-2 Ml binding'

Investigation using the human LG-2 B cell line showed that binding was MHC class II-

specific and inhibited by soluble MHC class II. Using both the LG-2 and THP-l cell lines,

no binding was observed with IMEZ-| MHCTCK and only minimal binding with the

control protein ovalbumin. Binding of other superantigen mutants, SEA QuinC and SPEC

WTcys, to both ccll lines was also observed as expected. Binding to MHC class Il-positive

murine cells ln vilro was also observed for SMEZ'2 Ml. However, minimal to no binding

of SEA QuinC or SPEC WTcys to murine cells was observcd.

Direct visualisation of superantigen binding and uptake was investigated through the use of

fluorescence and confocal microscopy. SMEZ-} Ml bound strongly to LG-2 cells and

remained on the surface for at least 20 h-post 37oC incubation. Internalisation of SMEZ-2

M I into vesicles was observed after 30 min incubation at 37"C in both lFN-Y-activated

THP-I cells and mBMDCs. Co-localisation of MHC class II and SMEZ-2 Ml was

observed in mBMDCs, clearly indicating that uptake of the superantigen was mediated

through MHC class II.

Tlre effect of superantigen-mediated DC maturation in vivo showcd that both LPS and

SMEZ-ZWT injection led to the maturation of DCs as observed by the strong upregulation

of cell surface costimulatory and MHC class II molecules' However, only CD40 showed

t26



an increas6 in cett surface expression with the SMEZ-2 Ml mutant confinrting p.ast

literattue that T cetl activation is required fsr DC mafiuatioo.

In vtvo experirnents Showed fiafficfting and capture of SMEZ-Z to the lymph npdes after

subeutaneous injectiou. This effect was TCR-independent and MItrC class lX-dependent as

ohsor\aed by the aapture sf SMEZ-2 Ml, but not SndEZ'2 MHC-, by the tlmpl nodes'

SF,EC WT was not observed to traffis to the lymph nodes, No evidence of caphrle by other

orgads,in the mouse was observed.
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ChaPter 5

Investigation of superantigen-mediated vaccine delivery using the LCMV system

5.I INTRODUCTION

Lymphocytic choriomeningitis virus (LCMV) belongs to the RNA arenavirus family' The

natural hosts of LCMV are rodents, but the virus can be transmitted to humans via contact

with animals or their excretions. Symptoms of LCMV infection in humans tend to be mild

and influen za-like,but can progress to a secondary characteristic "meningitis" phase with

headaches, stiff neck, nausea and vomiting (Johnson, 2005)'

In mice, the course of LCMV infection depends on virus strain, mouse age and genotype'

as well as the route of inoculation. Clinical signs of natural infection are minimal, but can

include runting, chronic wasting, vasculitis and lymphocytic infiltration- Acute infection

causes necrotising hepatitis and lymphoid depletion. The pathology of the wE strain of

LCMV described in this thesis is associated with inflammatory infiltrates of CTLs and

lethal immunopathology of the liver (Lukashevich et al., 2003).

LC.MV is a well studied virus in mice. Amino acids 33-41 from glycoprotein 1 of LCMV

represent one of the known immunodorninant epitopes' The nine amino acid peptide

(KAVyNFATC) known as GP33 is of classical length for a MHC class I-restricted

epitope, and has anchor residues for the Db molecule. GP33 contains a cysteine residue at

its C-terminus that was ideal for conjugation to the modifred superantigens via disulphide

bonds. A modified version of GP33 (CKA'\TTNFATM) with an engineered cysteine at its

N-terminus was also tested.

In this chapter, superantigen-GP33 conjugates were assessed for their ability to enhance

GP33-specific immune rosponses in mice.
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5"2 RESTJLTS

5.;2.1 Conjugation of GF33 to proteins

Two differe-nt methods of conjugation of G?33 to superantigen protein were assessed for

simplicity and efficiency- Direct conjugation by oxidation reaction required the

engineai4g of fr,ee sulphydryJ groups sn both peptide and sUperantigen' Conjugation

usiug the chemioal cross-'linker sulfo-m-maleimidobenzoyl-N-hydroxysuccinirnide ester

(SIV[BS) required sne ftBe zulphydryl group or the CP33 peptide'

a) Direct conjugntion by oxldation reaction

Conjugation of GF33 to superantigens by disulphide bond formation was aolieved by

raisins the pH of the reaction usiug a Tris buffer sootaining Cur* to catalyse oxi&tion' A

l0:l molar $oncfirfiition of GP33::superanti,g@ was required to achieve oonjugation

efficieney greater than 9O%. Free peptide was remoled by siZe exclusion chrolnatography

and buffer exchauge throlgh a 5 tfla cu.t-sf,f eoncen6ator, The purified conjugate

contained superantigen and peptide at a l:[ molar ratio. Howevqr, a smal.l proportion of

suporantigen monomorc and dimers reinai{ed after conjugationr as observed by SDS'

pAGS (figrlr,e S.I)" No differenoe in thE eorj'ugation efficiency was observed between the

Gterrninal orN.tsrminal cysteine versions of GP33'
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Figure 5.1 Conlugation of GP33 to SMEZ-I Ml by oxidation. Proteins were analysed by

12.5% SDS-PAGE. Lane l, benchmark pre-stained molecular weight marker' Lane 2'

SMEZ-2 Ml-GP33 under reducing condiiions. Lane 3, SMEZ-7 Ml-GP33 under non-

reducing conditions.

b) Conjugation using chemical cross-linkers

sulfo-nr-maleimidobenzoyl-N-hydroxysuccinimide ester (SMBS) is a water soluble, bi-

functional chemical cross-linker. SMBS contains an NHS-ester group that reacts with

amine groups on the desired protein forming amide bonds. The opposing end of the SMBS

molecule contains a maleimide group that can react with a free sulphydryl group to form a

stable. irreversible thioester bond. To exclude the possibility of direct conjugation of the

superantigen to GP33 via disulphide bonds, the TCR-binding-deficient superantigen,

ilMEZ-2 M0 was used instead of SMEZ-2M|, because it does not contain an exposed

cysteine. Figure 5.2 shows the conjugation of SMEZ-} M0 and ovalbumin to GP33 using

SMBS. Conjugation appeared to be complete with this method, as no evidence of

monomers was observed. However, due to multiple purification steps, overall recovery of

the purified conjugate (<507o) was lower than that obtained by the oxidation method' An

accurate determination of the ratio of peptide conjugated to protein by this method was

difficult. as the amount of cross-linker, and hence peptide, conjugated to the protein could
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not be completely controlled. For simplicity, a protein:peptide ratio of l:l was assumed

for subsequent experiments'

I I ! v'-';-;-;--' -:--------

SMEZ-2M0-3MH-9PJ8B fI

Figure 5.2 Conjugation of GP33 to SMEZ-} M0 or ovalbumin using the chemical cross-

linker SMBS. Conjugates were analysed by 1'2.5% SDS-PAGE under non-reducing

conditions. Lane l, SUSZ-Z M0. Lane 2,SMEZ-2M0-SMBS-GP33. Lane 3, ovalbumin'

Lane 4, ovalbumin-SMBs-GP33.

5.2.2 In vilro proliferation assays using cells from 318 tg mice

GP33 and purificd superantigen-GP33 conjugates were analysed for their ability to

stimulate 3 l8 tg murine T cells in vitro. 318 tg mice express the transgenic TCR Va2A/B8

specific for the glycoprotein epitope 33-41 of LCMV (GP33) on approximately 80% of all

CDg+ T cells. Using this model, differences in antigenicity of the original and modified

versions of GP33, as well as batch differences, were assessed' GP33 batches 5' 6 and 7

were the modified version of the GP33 epitope, possessing an additional N-terminal

cysteine and a cysteine to methionine replacement at the C-terminus (cGP33)' GP33 batch

8 was the original GP33 epitopc (GP33). Only minor differences in antigenicity were

observed between the original and the modified GP33 peptides, as both batch 5 and 8 had a

P56 value of approximately 200 nM (figure 5.3). However, differences in antigenicity were

observed between different batches of cGP33. Batch 6 and 7 were lO-fold less antigenic
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than batch 5 (figure 5.3). Differences between batches were most likely due to differences

in the purity or solubility of the peptide. The original GP33 epitope with the C-terminal

cysteine (batch 8) was used in subsequent proliferation assays.
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Figure 5.3 Antigenicity of the original and modified version of GP33' Pooled spleen and

fyiph node celli non",i | 8 tg micJ were incubated with titrated peptide. cGP33 #5, 6,7 =

CKAVYNFATM. Gp33 #t: KAVYNFATC. Proliferation was assessed by measuring
.il;y*id;r,. in*rporation after three days incubation. Results shown are the mean cPM

+ SD of triplicate wells.

Spleen and lymph node celts from 318 tg mice were stimulated with superantigen-GP33

conjugates. superantigen and GP33 mixed together but not conjugated (superantigen *

GP33), or GP33 alone. Proliferative responses three days later were analysed by 'H-

thymidine incorporation. Proliferative responses were enhanced with all superantigen-

GP33 conjugates tested compared to GP33 atone (figures 5.4, 5'5 and 5'6)' The

proliferative response to superantigen plus unconjugated GP33 was the same as with GP33

alone (figures 5.4. 5.5 and 5.6), showing that physical conjugation was required for

enhanced antigenicity. GP33 alone and superantigen plus unconjugated GP33 had a Pso

value of approximately 200 nM in all experiments (figures 5'4.5'5 and 5'6)' Conjugation
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of Gp33 to both SEA and SpEc conjugates enhanced antigenicity by approximately l0-

fold. sEA Quinc-GP33 had a Pso value of 20 nM (figure 5'4), while sPEc wTcys-GP33

and sPEC SD-GP33 had Pso values of 20 nM and l0 nM. respectively (figure 5'5)'

SMEZ-ZMI-GP33 showed the greatest enhancement of antigenicity with a Pso value of I

nM, 200-fold more antigenic than peptide alone (figure 5.6). Unexpectedly, the combined

MHC class II and TCR-binding-deficient mutant conjugated to GP33' enhanced

antigenicity almost to the same level as SMEZ-2 M l, with a Pso value of 3 nM (tigure 5'6)'
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Figure 5.4 Antigenicity of sEA Quinc-GP33 conjugates in vitro' Pooled spleen and

f'ip1, node cells- from 318 qg mice were incubated with titrated antigens' Proliferation

was assesseO Uy ,.n"uru.i"g '"ff-tf,Vmidine incorporation after three days incubation with

antigen. Results shown are the mean cPM t SD oftriplicate wells.
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5.2.3 In vitro CTL assays

To ensure that proliferation of superantigcn-GP33 conjugates resulted in activation rather

than tolerisation, T cells on day five of culture were analysed for CTL activity in a 3 h

JAM assay. The JAM assay is an in vitro CTL assay originally developed by Matzinger

tlrat uses 'H-labelled target cells. Only SMEZ-} MI,-GP33 conjugates were further

analysed, as this modified superantigen represented the most promising vaccine candidate

in proliferation experiments. Pooled lymph node and spleen cells from 318 tg mice were

cultured for five days with titrated antigens GP33, SMEZ-} Ml plus unconjugated GP33 or

SMEZ-? Ml-GP33. The resulting CTL effector cells were tested for theirability to lyse

'H-labellcd target EL-4 cells, loaded or not loaded with GP33, after 3 h incubation. As

shown in figurc 5.7, CTL activity was developed by SMEZ-Z M1-GP33 conjugates at

concentrations as low as 0.01 nM. GP33-negative EL-4 cells were not lysed, showing that

the response was specific. Lysis of GP33-positive EL-4 cells at an effector:target ratio of

l0:l wasuptoS0%. Over20Yo lysiswasstillobservedataneffector:targetratioof l:l
(figure 5.7L). In comparison, GP33 alone or SMEZ-? Ml plus unconjugated GP33, were

unable to generate effector CTLs at this concentration (figure 5.7A). At least I nM of

GP33 alone was required to generate functional CTLs showing that superantigen

conjugation enhanced the antigenicity of GP33 by 100-fold (figurc 5.7B). This is in

agreement with results from proliferation assays. CTL responses were, however, more

sensitive than proliferative responses. Concentrations required to generate functional

CTLs were approxirnately three orders of magnitude lower than those required to stimulate

proliferation.
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To determine whether superantigens were merely providing carrier epitopes, SMEZ-2 M I -

GP33 conjugates were compared with the carrier protein, ovalbumin conjugated to GP33.

Ovalbumin is a -45 kDa protein that is often used as a carrier protein in peptide vaccines

(De Ceaurriz et al., | 987. Gilbert et al., 1994, Hu and Test, 2004, Rainard, 1992, Zoller and

Andrighetto. 1987). In this case, conjugation was done using the chemical cross-linker

SMBS, as ovalbumin did not contain an exposed cysteine. As an appropriate control, the

TCR-binding-deficient mutant of SMEZ-Z without an exposed cysteine residue

(W75L.D42N.Rl82Q), known as SMEZ-2 M0 was also conjugated to GP33 via SMBS.

The ovalbumin-SMBS-GP33 conjugate enhanced the GP33-specific response lO-fold,

indicating that a simple carrier effect was provided in vitro by non-superantigenic proteins

(figure 5.8). However, this did not fully account for the 100-fold increase observed when

the peptide was conjugated to SMEZ-2 M0 using the same cross-linker. lmportantly, the

method of conjugation, irreversible via SMBS or reversible via disulphide bond formation.

showed no difference in antigenicity (figure 5.8).
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Figure 5.8 In vilro CTL assay showing the effect of a non-superantigenic carrier protein
and method of conjugation on carrier-enhanced antigenicity. Solid lines indicate lysis of
specific targets (GP33-positive EL-4). Dashed lines indicate lysis of control targets
(GP33-negative EL-4s). Measurements were taken ar an E:T ratio of | 0: l.
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To establish if MHC class II binding was essential for the enhanced generation of CTLs,

SMEZ-? MHCTCR- was conjugated to GP33 and assessed for its ability to generate

functional CTLs in a 3 h JAM assay. As in proliferation assays. SMEZ-2 MHCTCR--

GP33 functioned just as well as SMEZ-2 Ml-GP33, indicating that MHC class II binding

may not represent the method by which the antigenicity of GP33 is enhanced in vilro in

this CTL tg system (figure 5.9). Both SMEZ-2 mutants enhanced antigenicity by 1O0-fold

over peptide alone. Interassay variation in the absolute concentration required to generate

CTLs was l0-fold higher in this experiment. However, this was uniform over all antigens,

including GP33 alone, and thus was attributed to variation in the proportion of tg T cells

found across mice used in each experiment.
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Figure 5.9 MHC class II binding was not essential for superantigen-mediated enhancement
of GP33-specific antigenicity in vitro. CTLs were generated with titrated antigen with
cells from 318 tg mice. CTL activity was measured in a 3 h JAM assay. Solid lines
indicate lysis of specific targets (GP33 loaded EL-4s). Dashed lines indicate lysis of
control targets (EL-4s). Measurements were taken at an E:T ratio of l0: I .
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5.2.4 In vivo CTL assays

To determine in vivo CTL responses to superantigen conjugates, C57BL/6 mice were

immunised once with antigen. Seven days later, two populations of differentially CFSE-

labelled spleenocytes from naive C57BL/6 mice were injected intravenously as targets.

One population was loaded with GP33 and represented specific target cells, while the

GP33-negative population represented control target cells. Alternatively, where indicated,

spleenocytes from H8 mice were used for the specific target cell population. The H8 tg
mouse expresses the GP33 transgene. Spleenocytes from these mice represent natural

targets for GP33-specific CTLs, but were not always available. Target cells remaining in

the blood of immunised mice one day after injection were measured by flow cytometry.

Specific lysis was calculated as the percentage loss of the GP33-presenting target cell

population compared to the control population. Figure 5.10 represents a typical flow
cytometry histogram plot observed in mice immunised with l0 nmol SMEZ-2 Ml-GP33 or

PBS emulsified with IFA. Specific lysis occurred in SMEZ-2 Ml-GP33-immunised mice

as seen by the selective loss of the GP33-positive, CFSEhi population, but not the Gp33-

negative, CFSEI" control population. No lysis was observed in PBS-immunised mice. A
large difference was observed between using H8 spleenocytes and C57BL/6 spleenocytes

loaded externally with GP33 as target cells. Lysis reached almost 100% when using H8

spleenocytes, but only 30-60% with externally loaded spleenocytes. The more efficient

lysis of the GP33-expressing H8 targets was attributed to the higher density of MHC class

I-GP33 complexes on the surface of the H8 cells.
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Figure 5.10 In viuo CTL assay showing dilfcrcnce in lysis of GP33-specific targets. A and
B) C57BL/6 ntice immunised with PBS emulsificd with IFA. C and D) C57BL/6 mice
immunised with l0 nmol SMEZ-2 Ml-Gp33 emulsified with IFA. A and c) Hg
splcenocytcs wcrc uscd as specific targcts (CFSEhi), and C578L/6 spleenocytes were used
as control targets (CFSE"'). B and D) C57BLi6 spleenocytcs loaded with GP33 were used
ul t!:,c]fi. targcts (CFSE''), and C57BL/6 splccnocytes werc used as control targets
(cF-sE'").

Adjuvants suclr as CFA or IFA are usually required to generate CTL responses when

irnmunising with peptidcs in vivo. To dctermine if superantigcn conjugation could replacc

tlre necd for an adjuvant. C57BL/6 mice r.vcre immuniscd subcutancously with a single

injection of SMEZ-2 Ml-GP33 with or without IFA. Figure 5.ll shows 90% Iysis of
spccific targets (H8 splecnocytcs) in ,-iyo when imntunising with l0 nmol Ml-Gp33

emulsified with IFA. In contrast, a maximum of only 25% lysis was achieved in the

abscncc of IFA.
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Figure 5.11 IFA was required to generate CTL responses in vivo. C57BL/6 mice were
immunised with antigen emulsifred with or without IFA. Target cells were injected at day
seven post-immunisation and blood was analysed one day later for target cell lysis. Target
c_ells were spleenocytes from H8 mice. Control target cells were spleenocytei from naive
C57BL/6 mice. Results shown iue an average of two mice.

IFA was required to maximise CTL responses to superantigen conjugat*s in vivo.

Therefore, all further immunisations were performed using antigen emulsified with IFA.

To determine if the superantigen-GP33 conjugates were able to enhance in vivo CTL
responses compared to peptide alone, a dose titration of both antigens emulsified with IFA
was used to immunise C57BL/6 mice. Enhanced CTL responses were observed with

SMEZ-2 MI-GP33, compared to GP33 alone and SMEZ-2 Ml plus unconjugated GP33

(figure 5.12). Specific lysis ranged from 30-40Yo for SMEZ-2 Ml-GP33 immunisations,

while ranging from l0-20%o for GP33 alone and SMEZ-2 Ml plus unconjugated GP33

immunisation (figure 5. l2).
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Figure 5.12 In viva CTL assay showing dose titration of GP33 alone. SMEZ-2 M l-GP33.
and SMEZ-2 M I + GP33. C57BL/6 mice were immunised with antigen emulsified with
IFA. Target cells were injected at day seven post-immunisation. Blood was analysed one

day later for target cell lysis. Target cells were spleenocytes flom naive C57BL/6 mice
loaded with GP33 peptide. Control target cells were spleenocytes from naive C57BL/6
mice. Results shown are an average of two mice, representative of 4 separate experiments.

Results from in vllro assays suggested that MHC class II binding of the superantigen was

not required for generating CTL responses, because no difference in enhancement of

GP33-specific antigenicity was observed between SMEZ-? MI-GP33 and SMEZ-2

MHCTCR--GP33 (Figure 5.9). To determine if this was also true in vivo, C57BL/6 mice

were immunised with either SMEZ-2 Ml-GP33 or SMEZ-2 MHCTCR--GP33, and lysis of

GP33-specific target cells was analysed in an in vivo CTL assay. The immunisation of

mice with a 3 nmol dose of SMEZ-Z M l-GP33 was able to induce lysis of 25Yo of target

cells. In comparison, the same concentration of SMEZ-2 MHCTCR--GP33 only induced

lysis of SVo of target cells (figure 5.13). These preliminary findings suggested that MHC

cfass II binding was important for presentation of peptide in vivo.
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Figure 5.13 MHC class II binding was important for enhanced immunogenicity of
superantigen-GP33 conjugates in vit,o. C57BL/6 mice were imrnunised with aniigen
cnrulsified with IFA. Target cells were injectcd at day seven post-immunisation and blood
was analysed onc day later for target cell lysis. Target cells were spleenocytes from naive
C57BL|6 mice loaded with GP33 peptide. Control target cells were spllcnocytes from
naivc C57BL/6 mice. Results shown are an average of t*o mice, representative of 2
scparate experiments.

Functional T cells are an obvious requirement for ccllular vaccines. Unfortunately,

superantigens are known for their ability to induce apoptosis or anergy of T cells

subsequcnt to non-specific T cell proliferation. However, the bridging of MHC class II
and TCR is required for this response and therefore anergy should not occur with the TCR-

binding-deficient nrutant SMEZ-2 M1. Literature suggcsts that T ccll anergy may be

mcdiated by a T ccll subset known as regulatory T cells. These are CD4 and CD25

positivc cells that produce powerful immunosuppressivc cytokines when activated. To

confirm that regulatory T cells were not being activated by the superantigen and negatively

aft-ccting SMEZ-2 Ml-GP33 conjugate responses in vivo, mice were depleted of all CD25-
positive T cells prior to immunisation. Prcliminary findings in an ir vivo CTL assay
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performed seven days after immunisation showed

depleted mice, as would be expected if these cells

and causing immunosuppression (Figure 5.14).

no improvement in response in CD25-

were being activated by SMEZ-2 Ml

'A 40
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rtr'g 30
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S20
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MI-GP33

a-CD25 +
3 nmol

SMEZ-? MI-GP33

Fi8ule 5.14 Regulatory T cells did not negatively affect the immunogenicity of SMEZ-2
Ml-GP33 in vivo. C57BL/6 mice were depleted of regulatory T cells bV i.p.injection of
100 pg anti-CD25 three days prior to immunisation with antigen emuisified *irn 1p.e.

]arget cells were injec.ted at day seven post-immunisation and blood was analysed one day
later for target cell lysis. Target cells were spleenocytes from naive C57BL/6 mice loaded
with GP33 peptide. Control target cells were spleenocytes from naive C57BL/6 mice.
Results shown are an average of two mice, representative of 2 separate experiments.

To investigate if conjugation of GP33 to SMEZ-2 Ml could improve memory responses,

C57BL/6 mice were immunised once with 3 nmol of antigen and the CTL response was

analysed at delayed intervals. As seen previously, the trend of enhanced immunogenicity

was observed with mice immunised with SMEZ-I Ml-GP33 compared to Gp33 alone.

CTL responses were maintained at approximately 60Yo lysis for SMEZ-2 Ml-Gp33, and

approximately 40Yo lysis forGP33 alone, up to day l3 (figure 5.15). In mice immunised

with SMEZ-2 Ml-GP33, cytolytic activity (-25% lysis) was still observed at day Zl and

was nraintained until day 34 (figure 5.15). In comparison, no cytolytic activity was

observed fronr day 2l in mice immunised with Gp33 alone (figure 5.l5).
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Figure 5.15 Enharrced mentory response with SMEZ-2 MI-GP33 conjugates in vivo.
C57BL/6 mice were immunised with 3 nmol of either GP33 or SMEZ-I MI-GP33
emulsified with IFA. Target cells were injected at indicated time points and blood was
analysed one day later for target cell lysis. Target cells were spleenocytes from naive
C57BL|6 mice loaded with GP33 peptide. Control target cclls were spieenocytes from
naive C578L/6 mice.

5.2.5 In yiya tumour protection studies

To investigatc whether superantigen conjugates could elicit a protective response against

disease in vivo, an established LCMV tumour model was used. Mice immunised with a

single dose of antigen emulsified with IFA were challenged scparately with two different

tumour cell lines expressing the GP33 epitope. Tumour growth was subsequently

analysed.
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a) Protection against LL-LCMV tumour cells

LL-LCMV is a Lewis lung carcinoma cell line transfected with a minigene encoding the

LCMV glycoprotein amino acids 33-41 (GP33). This cell line has been shown to express

high levels of MHC class I, but has a weak ability to stimulate Gp33 specific cytotoxic T
cells (Rawson ct al., 2000). LL-LCMV cells induce growth of solid tumours when injected

subcutaneously into C57BL|6 mice, but are also able to induce growth of solid tumours in
318 tg mice expressing GP33-specific TCRs (Hermans et al., 1998). This suggests either
that the density of GP33 on the tumour cell surface is insufficient, or that the tumour cells

lack the ability to activatc the ApCs needed to provide costimulatory signals.

C57BL|6 mice were intmunised subcutaneously with a single dose of antigen emulsified
with IFA. Seven days after immunisation, 5x105 LL-LCMV tumour cells were injected

subcutaneously in the flank opposing the immunisation site and tumour groMh was

monitored. Figure 5.16 and 5.17 represent duplicate experiments performed in animals

acquired from two different sources. Clear differences in the ability of both Gp33 and

SMEZ-2 M1-GP33 to generate a protective response were observed. In figure 5.16 mice

immunised with I nmol of SMEZ-2 Ml-GP33 were completely protected from tumour
growth until day 33. Mice immunisecl with 100 nmol GP33 alone also provided moderate

protection in these animals, with delayed onset and slower rate of tumour growth.

In separate, contrasting experiments, no protection was provided by Gp33 or superantigen

conjugates (figure 5.17). The variation between successful and unsuccessful immunisation
was ultimately attributed to major variations in the mouse colonies used. Tests revealed

that the mouse colony in which protection was achieved was infected with mouse hepatitis

virus (MHV). On clearance of MHV from the animal housing unit, a new "clean" colony
resulted in consistently negative results (no protection).
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b) Protection against Bl6.gp33 tumour cells

816.gp33 is an aggressive murine melanoma transfected with the LCMV-GP33aI minigene

under the control of the actin promoter. Bl6.gp33 cells express GP33 on the cell surface

and are efficiently lysed ir vitro by specific CTLs, even though they have been shown to

have low surface MHC class I expression (Rawson et a1.,2000).

C57BL!6 mice were immunised subcutaneously with a single dose of antigen emulsified

with IFA. Seven days after immunisation, 2x105 Bl6.gp33 tumour cells were injected

subcutaneously into the flank opposing the immunisation site. Tumour gtowth was

monitored every two to three days. Mean tumour size and percentage of mice remaining

tumour free are shown in figure 5.18. The rate of tumour growth was comparable between

all groups, but onset of tumour growth was delayed by immunisation with GP33 or

superantigen conjugates. Immunisation with I nmol SMEZ-Z Ml-GP33 was able to delay

onset of tumour growth by 23 days compared to control mice immunised with PBS. Mice

immunised with 100 nmol GP33 alone were able to delay onset of tumour growth by 44

days compared to control mice. SMEZ-} MI-GP33 and GP33 alone goups had 40% and

75o/o of mice remaining tumour free at the experimental end point, respectively. These

studies were, however, performed in mice potentially infected with MHV.
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c) AddreosiugMEV infecfion issues

Differences. in the abilrty of, superantigen oonjugates to protect against tunour ohallenge

were observed in the previous, experimenB. Mioe that came from a source that was later

sho,wn to earry a mouse hepatitis vinrs infestion appeared to have greater p.rotoction from

tu,nrour challenge aftor innnunisation with both GP33 alone and SNTEZ-Z MI-GP33

eorjugates. To aa-alyse these driffurences in uttro, pioliferation assavs wore performed

using cells from the spleen and llaph nodes of either MHV-positive or lv[llV.negative

318 tg mice (figute 5.19J. Largc differenccs d betw,een infected and

uninfected mice. While a -100-fold ,increase in antigenieity was otserved when

comparing S\EZ-Z MI-GP33 and GP33 alone in both mice, ashift was obce.rved between

1411t/-positive aod MfV-negative miee for the samE antigen (figure 5.19). Lymphocytes

frsur MHV;positive mice appear,ed to respond !0, the antrge.ns at 30-fold lowcr

conoentations (ffSre 5.19). This migfot explain why oonjugatoswore protective in MHV-

positive mice but not protective in Mlfv-negatlve miae at the concEntration used in tumour

challenge assays.
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by measuiing 3Hdyrnidini incorporation aftet threc days incubation with antigen.

Results shown are the meau CPM + SD of trlplicate wells.
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52.6In yipo viral protection studies

A second in vtvo protection a$say w usod tq test S!.@Z:2 M1-GP33 conjugates" These

studies were done at the University cliniss of Freiburg in an SPF facility. C57BU6 mice'

were vaccinated subcutaneously wlth arrtigen e.mulsified with IFA and challenged ten days

later with 200 pft LCMV (WE3 srain). Virus,titre io the splecn was etelrnined fuur days

later by a standard plaque assay. Represented in figure 5.20 is the dose tifration of a single

irmmunisation with either GP33 alone or SMEZ-2Iff[-GP33. Cornplete proteofion from

viral infection was observed in mics immunised with l0 nmol of the Sl-vffiZ'2 MI-GP33

eoujugate, coqpared to only partiat proteetion in miee imrnuuised with 10 umol of peptide

alone. At 3 nmol, protection provided by SMEZ-2 MI-GP33 wa$ reduced, but still

lowered the viral titre by 4 logs compared to control. At t nnol viral tite was redueed by

approximately I log. In comparison, proteetion was completely lost with 3 nnrol aud I

umol of peptide alune. Csntrol immunieatioi of SMEZ-?MI and unconjugated GP33, sr

SkIEZ-2 Ml alone offored no proteetiou agains,t viral infection (figure 5.20).
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5.3 SUMMARY

Conjugation of GP33 to superantigens was a straightforward and efficient process.

Conjugation by oxidation produced the highest yield of conjugate, though would be

potentially less stable in alternate environments due to the reversible disulphide bond. No

difference was seen between methods of conjugation in respect to their ability to enhance

antigenicity of GP33 inviffo.

In vitro assays showed enhancement of GP33-specific T cell proliferation when GP33 was

conjugated to superantigen. This level of enhanced antigenicity was mirrored in the iz

vitro CTL assays. SMEZ-} Ml-GP33 proved to be the most effective conjugate, showing

an enhancement of over 100-fold. SEA, SPEC and ovalbumin conjugates all showed

enhancement of approximately l0-fold compared to peptide alone.

Physical conjugation was required for enhanced antigenicity in vitro and in vivo,

suggesting the superantigen was acting as a vehicle for delivery rather than an adjuvant.

This was reflected by the absolute requirement for immunising with IFA in vivo.

MHC class II binding was important for in vivo delivery of peptide antigens, but did not

appear to be important for enhancement in vitro.

In vivo studies further indicated that a single immunisation with the SMEZ-2 M1-GP33

conjugate was able to enhance CTL responses and confer protection against viral infection.

Results from firmour protection studies were, however, highly variable. Near complete

protection occurred at very low concentrations of conjugate in some assays, and no

protection in others. Non-specific infection of mice with MHV was a possible cause for

this variability and was shown to lower the concentration required to generate proliferative

responses in vitro.
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Chapter 6
Discussion

6.1 OVERYIEW

Superantigens are potent stimulators of the adaptive immune system. This effect is largely

dependent on the superantigen's ability to bridge TCR and MHC class II molecules. The

experimental data presented in this thesis reiterates this fact by showing that mutagenesis

of residues involved with TCR or MHC class II binding resulted in the drastically reduced

ability of these superantigens to stimulate murine and human T cells.

The hypothesis that superantigens may enhance delivery of attached antigenic peptides to

APCs by binding to MHC class [I was investigated. This was done by using TCR-binding-

deficient superantigens as vaccine carrier molecules, observing their ability to enhance the

antigenicity and immunogenicity of conjugated peptides.

The process of cross-presentation that directs exogenously delivered antigen to the

endogenous processing pathway requires as a first step the effective entry of antigen into

an APC. Binding and internalisation of the TCR-binding-deficient superantigen, SMEZ-2

Ml, into both human and murine APCs could be observed in vitro. SMEZ-? Ml was also

shown to be captured predominantly by the lymph nodes of mice after subcutaneous

injection in vivo. Lymph nodes are the primary sites at which naive T cells encounter

antigens and become activated, and also where the major subset of DCs capable of cross-

presenting cellular antigens is found.

Superantigens are known to be stimulators of the innate immune system. ln particular,

superantigens have the ability to maturate DCs in vitro and in vivo (Muraille et al., 2002,

Yoon et al., 2001). However, results from this thesis indicate that the TCR-binding-

deficient mutant of SMEZ-2 has little or no effect on the maturation of murine DCs, in line

with past literature that showed dependence on T cell activation for this effect (Muraille et

a1.,2002, Yoon et al., 2001).

t57



Usrng a orouqe rnodel, conjugation of SMEZ-2 L4l to the MIIC e.lacs l-rsguic{d peptide
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6.2 DONOR, SPECIES AI\D STRAIN.SPECIFIC DIFFERENCES IN T CELL

MITOGEMCITY OF SUPERANTIGENS

The proliferative activity of wild-type and genetically modified superantigens was assessed

in vitro on both human and murine lymphocytes. Because of the large Vp TCR profile

targeted by SEA WT, it was diffrcult to assess single residues involved in TCR binding.

Mutation of single residues often only resulted in minor differences in T cell proliferation

as responses were likely masked by proliferating T cells with different Vp-chains.

Variability in the response of human PBMCs from different donors further complicated

matters due to the differences in the Vp profile of each individual. ln contrast, both SPEC

WT and SMEZ-2 WT, target T cells with a more limited VB profile and donor differences

were not as apparent. Comparison of P5q values of wild-type superantigens with those

stated in literature showed a lower level of potency by all superantigens described in this

thesis (table 6.1). Pso values were five times higher than those found in literature for

SMEZ-2 WT and SEA WT and forty times higher for SPEC WT. Methods used for

producing and purifuing superantigens, reagents used, culture well dimensions, or number

of PBMCs used, may account for differences observed.

T cell proliferation was reduced in response to all TCR-binding-deficient or MHC class II-

binding-deficient superantigens, in corroboration with the requirement for the bridging of

these two molecules for T cell mitogenicity. It was not surprising to find that the SPEC

TCR-binding-deficient mutants described in this thesis were still active at high

concentrations on human PBMCs, as only one of the two major TCR-binding residues was

mutated in these superantigens. One unexpected finding was that SPEC MHC- and SMEZ-
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Table 6.1 Comparison of superantigen potency on human PBMCs

Superantigen Pso values observed in

literature* (pg/ml)

Pso values observed in this

thesis (pe/rnl)

Difference in

potency

SEA WT 0.1 0.5 5-fold

SPEC WT 0.1 4 40-fold

SMEZ-2 WT 0.02 0.1 5-fold

* Reviewed by Proft et al., 2005.



2 MHC- also induced proliferation at high concentations. Residues involved in zinc-

coordination with MHC class II were mutated in these superantigens, which would be

expected to completely abolish their ability to bind to MHC class II. The observed residual

activity of these mutants could be explained by the existence of an as yet unidentified

alternate MHC class U-binding site on the superantigen or by the interaction of

superantigens with other receptors on APCs. However, the more likely explanations would

be that a small proportion of these modified superantigens are still able to bind sufficient

zinc ions to form a complex with MHC class II, or that at high concentrations, SPEC

MHC'and SMEZ-2 MHC- can bind strongly enough to TCRs alone to mediate activation

of T cells. T cell stimulation in absence of MHC class II binding is known to occur, for

example, when antibodies directed against CD3 or VB TCRs are used (Takahama et al.,

1994).

Another unexpected result was the proliferation of human PBMCs observed at high

concentrations of SMEZ-? M2. SMEZ-} M2 is a TCR-binding-deficient superantigen

containing the same mutations found in SMEZ-2 Ml, which showed background

proliferation at similar concentrations. However, SMEZ-2 M2 contains an additional

mutation, Yl8A. Yl8A was included in SMEZ-2M2 because it had been shown to reduce

T cell proliferation as a single mutant. This increase in proliferative activity could not be

explained by donor differences or inter-assay variability, as this response was observed in

multiple experiments and with different donor PBMCs. One possible explanation is that

the addition of Yl8A resulted in compensation for other mutations, thereby slightly

increasing TCR affinity. Importantly, SMEZ-? Ml and SMEZ-? MHCTCR, the two

superantigens used in the majority of experiments described in this thesis were consistently

at background levels in proliferation assays.

Large differences in T cell proliferative responses to superantigens were observed between

species. Superantigens were less potent on murine T cells than on human T cells, as shown

by the greater than 2000-fold difference in Pso values (table 6.2). This reduction in

superantigenicity in mice has been shown by other groups (Sriskandan et al., 2001), and

can be partly explained by the lower binding affrnity of superantigens to murine MHC

class [I. Lower affinity binding of superantigens to murine TCRs is also likely to be

involved in reduced potency. Activity of all TCR-binding-deficient and MHC class II-

binding-deficient superantigens were at background or near background levels with murine
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cells at all concentrations tested. The one exception was SPEC SD which caused

proliferation of murine T cells at concenhations lower than SPEC WT. This was

unexpected and suggested that removal of the N-terminal domain increased affinity of

SPEC to murine MHC class II or TCR.

Large differences in superantigen potency were also observed between different mouse

strains from the same genetic background. All superantigens were less potent on cells

from 318 tg mice than on cells from C57BL/6 mice. In some cases, proliferation of T cells

from 318 tg mice was near background levels even in response to wild-type superantigens.

C57BL/6 and 318 tg mice are both H-2b, so a decrease in binding affinity to MHC class II

is unlikely to explain the differences in superantigen potency, although peptides bound to

MHC class II are also known to affect binding affrnity (reviewed in Baker et al., 2004).

The high proportion of transgenic VB8 TCRs present on over 80% of T cells in 318 tg mice

may better explain this difference. It is possible that SEA, SPEC and SMEZ-2 are unable

to bind with optimal affinity to the transgenic mVpS TCR. It is also possible that the

proportion or frrnction of immune cells in these mice may be altered due to the transgene.

Table 6.2 Comparison of superantigen potency on murine and human lymphocytes

Superantigen Mouse

(P5e value - pglml)

Human

(P56 value - pg/ml)

Difference in

potency

SEA WT 1000 0.5 2000-fold

SPEC WT Inactive 4 ND

SMEZ-2 WT 1000 0.1 10000-fold

*ND-Not determined
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6.3 EFFECTS OF TCR-BTNDING.DEFICIENT ST]PERANTIGENS ON A}ITIGEN

PRESENTING CELLS

Professional APCs include B cells, monocytes, macrophages and DCs. All professional

APCs express MHC class II molecules on their surface and therefore represent the target

cell population for superantigen-mediated vaccine delivery. Targeting professional APCs

is an important aspect of generating CTL responses against exogenous antigens as it has

been shown that only professional APCs are capable of cross-presentation (reviewed in

Ackerman and Cresswell, 2004). APCs, in particular dendritic cells, also express higher

levels of costimulatory molecules, thereby representing a population of immune cells most

suitable for stimulating naive T cell responses. The ability of modified superantigens to

target human APCs was confirmed by flow cytometry and fluorescence microscopy.

Analysis of whole human blood staining with SMEZ-2 MI-FITC revealed binding to two

major blood cell populations - B cells and monocytes. Superantigen binding corresponded

well to high levels of HLA-DR expressed on the surface of these cells. Unexpectedly,

modest binding of SMEZ-Z Ml to the granulocyte population was also observed even

though this cell population did not express HLA-DR. This finding could indicate that

SMEZ-? Ml may be binding to an alternative receptor expressed on the surface of

granulocytes. ln support of this theory, Diener et al have observed recruitment of

granulocytes mediated by SEB in SCID, nude and MHC class ll-deficient mice, suggesting

the possible involvement of other receptors (Diener et al., 1998). Other groups have also

proposed alternate receptors for superantigen binding (Beharkaet al., 1994, Cantor et al.,

1993, Dohlstenet al., l99lb, Herrmann et al., 1991, Zilber et al., 2000), although to date,

superantigen binding to receptors other than MHC class [I and TCR have not been

confirmed.

The binding of modified superantigens to human MHC class II was further confirmed

using a human B cell line (LG-2) and a human monocyte cell line (THP-I). LG-2 cells

express high levels of HLA-DRI. Strong binding of mutant superantigens, SMEZ-2 Ml,

SPEC WTcys and SEA QuinC to LG-2 cells was observed. Binding was shown to be

specific, as unlabelled WT superantigens were able to compete for binding with FITC-

labelled mutant superantigens. Importantly, binding of SMEZ-2 Ml could also be blocked

with soluble HLA-DRI. The lack of binding by the MHC class ll-TCR-deficient
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superantigen,SMEZ-2 MHCTCR', also indicated that superantigens bind directly to MHC

class II molecules expressed on the surface of LG-Z cells. Similar observations were made

for superantigen binding to IFN-y-activated THP-I cells. In comparison with LG-2 cells

however, fluorescence intensity was lower with THP-I cells, indicating that less

superantigen was binding to THP-I cells. This can be directly attributed to the lower

surface expression of HLA-DR on the surface of these cells.

The binding of modified superantigens to murine MHC class II was assessed by using

whole blood from C57BL/6 mice. MHC class II was expressed at high levels on 20Yo of

cells. As seen with human cells, SMEZ-2 Ml but not SMEZ-2 MHCTCK, bound to MHC

class ll-positive cells, indicating that SMEZ-2Ml can indeed target murine MHC class II.

Neither SPEC WTcys nor SEA QuinC were able to bind strongly to any murine blood

cells, suggesting differences in their MHC class Il-binding sites.

From these initial studies it was clear that selective mutation of SMEZ-2 in the TCR-

binding site did not inhibit its ability to bind to both human and murine MHC class [I.

However, with the aim of using these modified superantigens for vaccine delivery, it was

important to elucidate how they would gain access to the cross-presentation pathways.

Using fluorescence microscopy, cellular trafficking of the superantigen in vitro was

visualised. Fluorescently labelled SilIEZ-? Ml was found bound to the surface of both

THP-I cells and mBMDCs at 4C. Co-localisation of SMEZ-2 Ml and MHC class II on

the surface of mBMDCs further confirmed the targeting of these molecules by the

superantigen. Transfer of cells to 37oC resulted in the internalisation of both SMEZ-2 Ml

and MHC class II into vesicles within the cell. This suggested that entry into the APC may

be gained by an MHC class ll-recycling pathway. It has been observed by others that

endosomes containing recycled MHC class II also contain MHC class I molecules

(Kleijmeer et al., 2001), thus providing a possible mechanism by which peptides attached

to superantigens may have access to MHC class I presentation molecules. ln conhast,

internalisation of SMEZ-2 Ml into human B-lymphoblastoid LG-2 cells was not observed,

even though B cells are known to recycle MHC class II. However, internalisation of HLA-

DR molecules was also not observed, suggesting that either LG-2 cells were incapable of

recycling MHC class [I under these conditions or that the proportion of recycled MHC

class I[ was too low to be detected.
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Another possible mechanism of superantigen intemalisation is the natural ability of

monocytes, macrophages and DCs to endocytose antigens. In support of MHC class II-

independent intemalisation, the MHC class ll-TCR-binding-deficient mutant of SMEZ-2

(SMEZ-2 MHCTCK) was also able to be internalised by THP-I cells when incubated at

37'C in culture. Corresponding with this, GP33 conjugates of SMEZ-2 MHCTCK were

similarly effective in generating in vitro CTL responses as SMEZ-} Ml conjugates.

However, the ability of MHC class tl-independent superantigen delivery is likely to only

be significant when the extracellular concentration is high, such as in culture. While the

natural ability of certain APC populations to endocytose antigens may be an important

factor in superantigen-mediated vaccine delivery, MHC class II binding is likely to be

essential for APC targeting prior to internalisation in vivo.

The observation of superantigen internalisation into vesicles and the absence of

cytoplasmic staining for the intemalised SMEZ-2 Ml, suggests a vacuolar pathway of

cross-presentation. The acidic and reducing nature of these vesicles would promote

reversal of disulphide bond formation and dissociation of the attached peptide from the

superantigen, perrritting direct loading of these peptides onto MHC class I present in the

vesicles. However, the method of conjugation by either reversible disulphide bond or

irreversible maleimide bond, did not affect the conjugate's ability to generate effector T

cells lz vitro. lt is likely that proteases and peptidases present in these vesicles were just as

efficient in cleaving the attached peptide from the superantigen. While the vacuolar

pathway of cross-presentation seems likely, it cannot be excluded that the dissociation of

the attached peptide from the superantigen could occur prior to entry into the cytoplasm.

In vivo traffrcking studies using radioactively-labelled superantigens revealed that both

SMEZ-Z WT and SMEZ-2 Ml were captured in the lymph nodes of mice after

subcutaneous injection. The ability of superantigens to reach the lymph nodes and be

retained there is a valuable aspect of superantigen-mediated vaccine delivery because the

lymph nodes are key immune organs. Capture in the lymph nodes is likety a consequence

of the binding and internalisation of SMEZ-2 by APCs. In support of this assumption,

MHC class ll-binding-deficient superantigens were not captured in the lymph nodes. DCs

found in the skin traffic to the lymph nodes after being triggered by inflammatory signals

or antigens. However, homeostatic trafficking is also known to occur and thought to play a

tolerising role. No tolerance has so far been observed when using SlNlE,Z-2 Ml, suggesting
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that SMEZ-} Ml may be able to target APCs as well as activate them. However these

concems will need to be further addressed. SPEC WTcys, a superantigen that has close

homology to SMEZ-2, was not captured in the lymph nodes of immunised mice.

However, SPEC did not efficiently stimulate murine T cells, nor was SPEC WTcys able to

bind strongly to murine MHC class l[-positive cells. These findings support the idea that

MHC class II binding is responsible for capture and retention of superantigens in the

lymph nodes of immunised mice.

Modulation of APC function can further act to enhance vaccination efficiency by providing

adjuvanrlike signals. DCs are potent APCs with an extraordinary capacity for initiating

primary immune responses (reviewed in Steinman, l99l) and therefore represent the prime

target for vaccines. DCs were shown to be l0 to 50-fold more potent than monocytes or B

cells in inducing superantigen-mediated T cell responses (Bhardwaj et al,, 1992).

Superantigens have also been observed to activate and maturate DCs in vivo (Muraille et

al., 2002, Yoon et al., 2001). Systemic administration of SEB into mice caused the

migration of immature spleenic DCs from the marginal zone to the periarterial lymphatic

sheath of the spleen within 6 h (Yoon et al., 2001). During migration DCs matured, as

witnessed by the upregulation of surface CD40, CD80 and CD86 expression (Yoon et al.,

2001). This phenomenon was not observed for B cells or macrophages (Yoon et al., 2001).

DC maturation in vivo was not observed in MHC class II knock-out or RAG mice,

indicating that T cell stimulation was a prerequisite for DC maturation (Muraille et al.,

2002). Because the superantigen mutants used as vaccine delivery candidates in this thesis

were defective in TCR binding, DC activation and maturation was not expected.

Intravenous injection of SMEZ-2 Ml into mice showed no increase in MHC class II, 87.l

or 87.2 expression in contrast to injection with the positive controls, LPS and SMEZ-?

WT, which stimulated high increases of costimulatory molecule expression on DCs. This

is in support of current literature that T cell activation appears to be a prerequisite for

superantigen-mediated DC maturation. However, it cannot be excluded that SMEZ-2 Ml

may have a direct affect on the APC it engages rather than a broad systemic effect, or that

T cell-independent effects on APCs such as the upregulation of TLR-4, recruitment of

neutrophils and induction of cyokine production may occur (Hopkins et al., 2005, Diener

1998, Dinges 2003). lndeed, a small increase in CD40 expression was observed after

SMEZ-2 Ml injection which may be indicative of a degree of maturation.
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6.4 NEUTRALISATION OF SUPERANTIGEN BINDING

The use of protein carriers such as diphtheria toxoid or tetanus toxoid has greatly improved

the immunogenicity of polysaccharide vaccines in humans, including those against

Streptococcus pneumoniae and Haemophilus inJluenza type b (Hib). Enhanced

immunogenicity of these conjugate vaccines was thought to be due to the supply of CD4 T

cell epitopes provided by the carrier to an otherwise T cell-independent polysaccharide. It

was therefore proposed that priming with the carrier protein would further enbance

responses to the conjugate vaccine. lndeed, priming with the carrier protein, both in

humans and rodents, was shown to be beneficial in many cases, though this was largely

dependent on the timing of vaccinations (Anderson, 1983, Baringlon et al., 1994,

Schneerson et al., 1980). However, in some humans, suppression of the immune response

was observed that correlated to the presence of pre-existing carrier-specific antibodies

(Barington et al., 1993). Furthermore, thepresence of maternal antibodies was shown to

lower protective responses to Hib-tetanus toxoid conjugates in vaccinated infants

(Barington et al., 1994). Researchers therefore concluded that a T cell, but not a B cell

response to the carrier was beneficial for the immune response to a conjugate. These

findings had important implications for using superantigen conjugate vaccines in humans.

Although no existing immunisation programs involve the use of superantigens, nahually

occurring streptococcal and staphylococcal infections may predispose individuals to

superantigens. Neuhalising anti-superantigen antibodies may therefore exist in humans

and may prevent the effective use of superantigens as vaccine conjugates in the clinic.

Indeed, anti-superantigen antibodies have been found in human serum and were shown to

neutralise superantigen-mediated T cell mitogenicity in vitro (Proft et a1., 2003a). The use

of IVIG for the treatment of staphylococcal and streptococcal toxic shock syndrome also

suggests the neutralising activity of anti-superantigen antibodies in vivo. Neutralisation of

T cell proliferation by antibodies ir vitro has been shown to correlate directly to the

inhibition of superantigen binding to MHC class II in the case of SEA and TSST-I

(Bonventre et al., 1988, Mahana, 1999).

The ability of human senrm to inhibit the binding of SMEZ-2 Ml to HLA-DR was

analysed. Inhibition of SMEZ-2 Ml binding to LG-2 cells was not detected with up to

50% of human serum, even though 5% serum from the same donor was able to neutralise
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SMEZ-2 WT-mediated proliferation of human PBMCs. In addition, binding of SMEZ-2

Ml to LG-2 cells was not blocked by pre-incubation with high concenfiations of

polyclonal anti-SMEZ rabbit Ig. These results suggested that unlike some superantigens,

there may be no dominant B cell epitopes at the MHC class ll-binding site of SMEZ-2 and

neutralisation of SMEZ-2 WT-mediated T cell proliferation seen in vitro was likely due to

antibodies btocking the TCR-binding site. The slight increase in superantigen binding to

LG-2 cells observed with increasing polyclonal antibody concenhation likely reflects the

formation of antibody-superantigen complexes on the surface of these cells.

These results confirm that the presence of neutalising antibodies in human serum is

unlikely to negatively affect the binding of SMEZ-2 Ml to MHC class II and therefore

APCs. Whether neutralising antibodies will affect SEA and SPEC binding to MHC class

lI remains to be investigated.
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6.5 DO TCR.BINDING-DEFICIENT SUPERANTIGENS INDUCE T CELL

TOLERANCE?

Tolerance is the specific immunological unresponsiveness required to prevent

autoreactivity. Cenkal T cell tolerance occurs in the thlmus where developing T cells that

bind too strongly to self-pMHC complexes are deleted by apoptosis. Tolerance can also be

induced in the periphery due to lack of adequate costimulatory signals or through

immunosupression by regulatory T cells. The result is generally clonal anergy, where T

cells become functionally unresponsive and undergo limited blastogenesis but do not

produce IL-2.

T cell tolerance is an undesired response for any collular vaccine, with the exception of

vaccines for autoimmune diseases. Superantigens are known to induce T cell tolerance by

both apoptosis and anergy, subsequent to non-spscific T cell activation. However, because

SMEZ-? Ml is unable to non-specificalty stimulate T cells, tolerance was not expected.

Anergy is thought to be conholled by a subset of CD4+ and CD25+ T cells known as

regulatory T cells. When activated, regulatory T cells secrete a number of

immunosuppressive cytokines, including IL-10 and TGFp. The effect of T cell anergy on

superantigen conjugates was analysed in vivo by depleting mice of regulatory T cells prior

to immunisation. The immune response to SMEZ-? MI-GP33 conjugates was not

improved in regulatory T cell-depleted mice. This suggested that T cells were not being

anergised by SMEZ-2 Ml or at least that anergy, if mediated by regulatory T cells, had no

significant functional consequences for vaccine delivery.
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6.6 AI\TIGENICITY AI\D IMMUNOGENICITY OF SUPERAI{TIGEN

CONJUGATES IN MOUSE MODELS

There are currently only four conjugate vaccines licensed for use in humans.

Polysaccharides from the coat of Haemophilus influenza type B, Streptococcus

pneumoniae, Neisseria meningiditis and. Salmonella typhi have been conjugated to carrier

proteins such as tetanus toxoid, diphtheria toxoid, Neisseria meningitidis complex outer-

membrane proteins and CRMI97. These conjugates have shown enhanced efficacy in

producing antibody responses. The general view is that carrier proteins work by supplying

T cell epitopes to otherwise T cell-independent antigens (Barington et al., 1993). Although

not experimentatly addressed in this thesis, the same mechanisms may also apply for

superantigens. It is likely that superantigens themselves will supply additional T cell

epitopes to the conjugate vaccine, thus stimulating CD4 T cells and providing T cell help

known to be important for long lasting cellular immunity. While this effect is likely to be

of importance, the main focus of this thesis was to assess if the MHC class II binding

property of superantigens would enable them to better target APCs, and thus lower the

amount of antigen required to generate protective CTL responses.

A well defined murine model of viral immunity, the Lymphocytic choriomeningitis virus

(LCMV), was used to examine this hypothesis. LCMV has a known MHC class I-

restricted immunodominant epitope from its glycoprotein. This epitope consists of nine

amino acids and is known as GP33. GP33 naturally contains a cysteine residue at its C-

terminus that was ideal for disulphide bond conjugation. A modified, ten amino acid

version of GP33 containing a cysteine to methionine mutation at its C-terminus and an

additional cysteine residue at its N{erminus was also tested. Both peptides showed no

difference in their ability to stimulate 318 tg murine T cells in vitro, nor were any

differences observed in their ability to be conjugated to superantigens. Differences were,

however, observed between different batches of the same peptide, indicating that purity

and solubility of the peptide plays a role in its antigenicity.

The antigenicity of superantigen-GP33 conjugates were assessed using spleen and lymph

node cells from 318 tg mice in proliferation and CTL assays in vitro. All superantigens

tested enhanced the antigenicity of the conjugated peptide, GP33. Enhancement was not
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observed when superantigen and GP33 were added as an unconjugated mixture, suggesting

that superantigens were acting as targeting vehicles rather than a bystander adjuvant.

However, the possibility that superantigens may also provide adjuvant signals specifically

to the cell targeted for antigen delivery was not excluded. lndeed, equal enhancement of

antigenicity in vitro was observed when GP33 was conjugated to the MHC class II-TCR-

binding-deficient SMEZ-Z, suggesting that the superantigen enhanced antigenicity

independently of MHC class II binding. It is likely that targeting APCs via MHC class II

binding was not essential in vitro because in culture all cells and antigens are in close

contact with each other. Due to this confined localisation, uptake and processing of

antigens by APCs may be just as efficient whether antigens are bound to the surface of

these cells or not. Targeting of APCs via MHC class II binding is likely to be more

important in vivo where the extracellular concentration of the conjugate will be much

lower due to diffi:sion. Indeed, no MHC class ll-independent enhancement of antigenicity

was observed when using SMEZ-?MHCTCR- conjugates in vivo.

In vitro CTL assays were also conducted using the control protein, ovalbumin, conjugated

to GP33 via an irreversible chemical cross-linker (SMBS). Ovalbumin-SMBS-GP33

conjugates moderately enhanced the GP33-specific response by l0-fold, indicating that a

carrier effect was provided in vitro by non-superantigenic proteins. A similar lO-fold

enhancement in antigenicity was also observed with SPEC and SEA conjugates, further

suggesting that MHC class II binding was not essential for enhanced antigenicity in vitro

and that superantigens were also providing carrier function. However, the carrier effect

could not fully account for the 100-fold increase observed when GP33 was conjugated to

SMEZ-2, indicating a possible uniqueness of SMEZ-2 over other carrier proteins,

including SPEC and SEA. It remains to be addressed whether an enhanced response of

SPEC and SEA conjugates over ovalbumin conjugates would be observed in vivo due to

their ability to bind to MHC class II. However, the reduced ability of SPEC and SEA to

bind to murine MHC class II suggests a different model system, perhaps with human MHC

class I[, may be required to better test the effects of these superantigens.

The effect of superantigen conjugation on GP33-specific antigenicity and immunogenicity

was less prominent in vivo than in vitro, but nevertheless promising given that

superantigens bind poorly to murine MHC class II. Generation of CTL responses in mice

in vivo required emulsion with the adjuvant lFA. In vtvo CTL assays showed enhancement
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of specific lysis of injected target cells when comparing SMEZ-2 MI-GP33 vaccinated

mice to GP33 vaccinated mice. In accordance with in vitro assays, enhanced

immunogenicity was not observed when superantigen and GP33 were injected together as

an unconjugated mixture. Notably, although MHC class II binding was not critical in

vitro,itwas clearly important in vivo as mice vaccinated with GP33 conjugated to SMEZ-2

MHCTCR did not show any enhanced CTL response over peptide alone. This supports

the original premise that superantigens can deliver antigen to APCs via MHC class II

binding.

Immunological memory is the basis of immunisation, therefore it was important to assess if
superantigen conjugates generated a sustained immune response. In vivo CTL responses

were still evident in SMEZ-2 MI-GP33 immunised mice up to day 34 (experimental end-

point), though they were weaker than responses observed at earlier time points. More

importantly, the memory responses in SMEZ-2 MI-GP33 immunised mice were superior

to mice immunised with GP33 alone (which did not show specific lysis of target cells from

day 2l onwards). As with all in vivo studies described in this thesis, immune responses

were the result of a single injection of antigen. It is possible that improved memory

responses could be achieved using a prime-boost regime.

Conflicting results were observed in in viyo tumour protection studies. Challenge of

SMEZ-2 M1-GP33 immunised mice with two different tumour cell lines tansfected with

the GP33 minigene resulted in delayed onset of tumow growth or decrease in mean tumour

size. A number of mice were completely protected from tumour growth with a I nmol

dose of SMEZ-? Ml-GP33. In the tumour protection study using LL-LCMV tumour cells,

protection was better in mice immunised with I nmol of conjugate than with 100 nmol of

GP33 alone. However, in some experiments no protection was observed with either I

nmol of SMEZ-} MI-GP33 or 100 nmol GP33. It was later discovered that the high level

of tumour protection achieved through vaccination had occurred in mice taken from a

source that had a mouse hepatitis virus (MHV) infection in their colonies. Although it was

not possible to confinn whether mice used were actually infected at the time of the

experiment, subsequent tumour protection experiments with tested MHV-negative mice

did not show protection when immunised with either the conjugate or GP33 alone.
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MHV is extremely contagious and not uncommon in mouse facilities. Adult

immunocompetent mice rarely show any clinical signs of infection and the virus is usually

cleared naturally. Nevertheless, MHV infection has a number of consequences in mice

including immune modulation, changes in liver enzyme levels and changes in peripheral

blood. The reason why MHV-infected mice were able to respond better to vaccination

likely resides in the immunostimulatory capacity of MHV. Like most viruses, MHV is a

potent stimulator of interferon, and a relationship between circulating interferon levels and

immune modulation to an unrelated antigen has been shown (Coutelier et al., 1991,

Virelizier and Gresser, 1978, Virelizier et al., 1976). Both immunodepression and

immunostimulation has been observed, dependent on the time of infection with MHV and

the time of immunisation with the unrelated antigen (Virelizier et al., 1976). Increased

immune responses to the unrelated antigen were observed with concomitant immunisation

and infection (Coutelier et al., l99l). It is also conceivable that MHV infection resulted in

the stimulation of CD4+ T cells, thus providing a by-stander helper T cell effect, or that

cross-reactive CD8+ T cells were activated. An altemative explanation could be the direct

effect of MHV on tumour cells or the tumour cell environment. Many groups have

reported that the contamination of tumour cell lines with MHV resulted in an altered

response when these cells were injected into mice (Akimaru et al., 1981, Braunsteiner and

Friend, 1954, Fox et al., 1977, Nicklas et al., 1993). However, these ln vivo experiments

were performed in nude mice and therefore MHV infection had a more severe

pathogenesis. Mice used in experiments described in this thesis presented no visible

symptoms of MHV infection.

To analyse the possible interference of MHV infection, an in vitro proliferation assay using

lymph node and spleen cells from either MHV-positive or MHV-negative 318 tg mice was

performed. Differences in the ability of these cells to respond to both GP33 alone and

SMEZ-2 Ml-GP33 conjugates were observed. Lymphocytes from infected mice were able

to respond to the same degree with 3O-fold less antigen. This increase in immune cell

responsiveness could explain why infected mice were able to better protect against tumour

challenge - because GP33-specific response to the vaccine was amplified by the unrelated

viral infection. It remains likely that higher concentrations of superantigen-GP33

conjugates or GP33 would also be able to provide protection against tumour challenge in

MHV-negative mice.
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6.7 CONCLUSIONS

Superantigens axe a family of structurally conserved bacterial toxins evolved to interact

with arguably two of the most important molecules of the adaptive immune system - MHC

class II and the TCR. The ensuing proliferation of a large number of non-specific T cells

and the release of inflammatory cytokines can cause a number of severe diseases and can

result in death. Mutation of superantigens at either the MHC class [I or TCR-binding sites

can prevent non-specific T cell over-stimulation.

The results presented in this thesis indicate that TCR-binding-deficient superantigens can

target APCs by binding to MHC class II. Exploiting this property of superantigens for

vaccine delivery can enhance protection against subsequent infection by improving cross-

presentation of an attached peptide antigen, thereby enhancing generation of specific CTL

responses. Furthermore, superantigens bind with higher affrnity to human MHC class II

than murine MHC class Il. It is hypothesised that immune responses to attached antigens

would be stronger and more effective in humans, further promoting the ability of TCR-

binding-deficient superantigens to act as novel vaccine delivery molecules for human

vaccines.
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6.8 FUTUR"E DIRECTIONS

Safety is of the greatest importance when producing vaccines. Superantigens are toxins

and therefore further assessment of safety is required. It has been shown that mutating

residues in the superantigen involved in TCR binding reduces its ability to non-specifically

stimulate T cells, and therefore should eliminate most of its toxicity. However any residual

TCR binding or T cell-independent toxicity still needs to be fully addressed. Commercial

assessment of the safety profile of SMEZ-2 Ml is currently being conducted by IPC

Firefly (Aushalia).

The mechanism of superantigen-mediated vaccine delivery is another avenue that should

be further addressed. It is has been shown that superantigens have the ability to target

human APCs by binding to MHC class II, and that internalisation of these antigens follows

soon after by certain populations of APCs. Results described in this thesis implicate that

cross-presentation would likely occur through a vacuolar pathway, but this still requires

confirmation. Whether the attached antigen remains in vacuoles or is transported into the

cytoplasm by some mechanism is yet to be addressed. Whether presentation is mediated

by recycling MHC class I molecules or de novo MHC class I is also left to question.

Some aspects of superantigen-mediated APC maturation have been addressed and appear

to be largely T cell-dependent. However, superantigen-mediated T cell-independent

effects are known to occur, and the effects of TCR-binding-deficient superantigens on

APCs in relation to vaccine enhancement should be further studied.

Clear differences were seen in the ability of different superantigens to enhance vaccine

delivery. The TCR-binding-deficient mutant, SMEZ-2 Ml, was clearly a more potent

vaccine carrier than the TCR-binding-deficient mutants of SEA and SPEC. Whether this is

due to additional immunostimulatory properties, stronger CD4 T cell epitopes, or residual

TCR binding, still needs to be analysed. These aspects provide further possibilities for the

development of superantigen-mediated vaccines. It would be important to identi$ if the

superiority of SMEZ-2 Ml over SPEC or SEA mutants also occurs in vivo, though this

would require a model involving human MHC class II, as SPEC and SEA do not appear to

bind effectively to murine MHC class II. The use of HLA-DR transgenic mice could help

overcome this problem.
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ln regards to SMEZ-2 Ml-mediated vaccines, there is broad scope for funher development

and testing. This could include the use of alternate antigens for different disease models,

conjugation of protein antigens, or conjugation of multiple peptide antigens including

helper T cell epitopes. Using a human or humanised mouse model would provide a better

assessment of the effectiveness of superantigen-mediated vaccines under the consideration

that superantigens bind with higher affinity to human MHC class II. To date, only a single

subcutaneous dose of the conjugate has been employed and further improvements may also

be achieved using a prime-boost regime.

Superantigen-mediated vaccines may be better suited for the generation of humoral

immune responses. This is currently under investigation and showing substantially more

potency. It would be of interest to test how well superantigen-mediated vaccines perforrn

compared to other conjugate vaccines that are already licensed for use in humans.

t76



Bibliography

Abe J, Kotzin BL, Jujo K, Melish ME, Glode MP, Kohsaka T, et al. Selective expansion of
T cells expressing T-cell receptor variable regions V beta 2 and V beta 8 in Kawasaki
disease. Proc Natl Acad Sci USA 1992;89(9):4066-70.

Abrahmsen L, Dohlsten M, Segren S, Bjork P, Jonsson E, Kalland T. Characterization of
two distinct MHC class II binding sites in the superantigen staphylococcal enterotoxin A.
EMBO J I 995; 14( I 3):2978-86.

Ackerman AL, Cresswell P. Cellular mechanisms goveming cross-presentation of
exogenous antigen s. Nat Immun ol 2004;5 (7 ) : 67 8-84.

Ackerman AL, Kyritsis C, Tampe R, Cresswell P. Early phagosomes in dendritic cells
form a cellular compartment sufficient for cross presentation of exogenous antigens. Proc

Natl Acad Sci USA 2003;100(22):12889-94.

Ada G, lsaacs D. Carbohydrate-protein conjugate vaccines. Clin Microbiol Infect
2003;9(2):79-85.

Aguado MT. Future approaches to vaccine development: single-dose vaccines using
controlled-release delivery systems. Vaccine I 993 ; I I (5): 596-7.

Ahn K, Meyer TH, Uebel S, Sempe P, Djaballah H, Yang Y, et al. Molecular mechanism
and species specificity of TAP inhibition by herpes simplex virus ICP47. EMBO J

1996;15(13):3247-55.

Akimaru K, Stuhlmiller GM, Seigler HF. Influence of mouse hepatitis virus on the growth
of human melanoma in the peritoneal cavity of the athymic mouse. J Surg Oncol
198 t;17(4):327-39.

Alcami A, Koszinowski UH. Viral mechanisms of immune evasion. Immunol Today
2000;21(9):447-55.

Al-Daccak R, Mehindate K, Damdoumi F, Etongue-Mayer P, Nilsson H, Antonsson P, et
al. Staphylococcal enterotoxin D is a promiscuous superantigen offering multiple modes of
interactions with the MHC class II receptors. J Immunol 1998;160(l):225-32.

Alfonso C, Karlsson L. Nonclassical MHC class II molecules. Annu Rev Immunol
2000;18:l13-42.

Alfonso C, Williams GS, Han JO, Westberg JA, Winqvist O, Karlsson L. Analysis of H2-
O influence on antigen presentation by B cells. J Immunol 2003;17I(5):2331-7.

Amigorena S, Drake JR, Webster P, Mellman I. Transient accumulation of new class II
MHC molecules in a novel endocytic compartment in B lymphocytes. Nature
| 99 4 ;3 69 (647 6) : | | 3 -20 .

177



Anderson P. Antibody responses to Haemophilus influenzaetype b and diphtheria toxin
induced by conjugates of oligosaccharides of the type b capsule with the nontoxic protein
CRMI 97. Infect Immun I 983 ;39( l):233-8.

Andersson M, Paabo S, Nilsson T, Peterson PA. Impaired intracellular hansport of class I
MHC antigens as a possible means for adenoviruses to evade immune surveillance. Cell
1985;43(l):215-22.

Andresson T, Sparkowski J, Goldstein DJ, Schlegel R. Vacuolar H(+)-ATPase mutants

hansform cells and define a binding site for the papillomavirus E5 oncoprotein. J Biol
Chem 199 5 ;27 0(12): 6830-7.

Ang D, Liberek K, Skowyra D,Zylicz M, Georgopoulos C. Biological role and regulation
of the universally conserved heat shock proteins. J Biol Chem 199l;266(36):24233-6.

Aprile MA, Wardlaw AC. Aluminium compounds as adjuvants for vaccines and toxoids in
man: a review. Can J Public Health 1966;57(8):343-60.

Arcus VL, Proft T, Sigrell JA, Baker HM, Fraser JD, Baker EN. Conservation and

variation in superantigen structure and activity highlighted by the three-dimensional
structures of two new superantigens from Streptococcus pyogenes. J Mol Biol
2000;299(l): I 57-68.

Arnesano F, Banci L, Barker PD, Bertini I, Rosato A, Su XC, et al. Solution struchre and

characterization of the heme chaperone CcmE. Biochemistry 2002;41(46):13587-94.

Arora VK, Fredericksen BL, Garcia W. Nef: agent of cell subversion. Microbes Infect
2002;4(2):189-99.

Arunachalam B, Pan M, Cresswell P. Intracellular formation and cell surface expression of
a complex of an intact lysosomal protein and MHC class II molecules. J Immunol
I 998; I 60( I 2):5797-806.

Audran R, Peter K, Dannull J, Men Y, Scandella E, Groettrup M, et al. Encapsulation of
peptides in biodegradable microspheres prolongs their MHC class-I presentation by
dendritic cells and macrophages in vitro. Vaccine 2003;2|(ll-12):1250-5.

Avena RM, Bergdoll MS. Purification and some physicochemical properties of enterotoxin
C, Staphylococcus aureus strain 36 I . Biochemistry 1967 ;6(5):1 47 4-80.

Avery AC, Markowitz JS, Grusby MJ, GlimcherLH, Cantor H. Activation of T cells by
superantigen in class ll-negative mice. J Immunol 1994;153(l l):4853-61.

Baker MD, Acharya KR. Superantigens: structure-function relationships. tnt J Med
Microbiol 2004;293 (7 -8) : 529 -37 .

Baker MD, Gendlina I, Collins CM, Acharya KR. Crystal structure of a dimeric form of
streptococcal pyrogenic exotoxin A (SpeAl). Protein Sci 2004;13(9):2285-90.

Balaban N, Rasooly A. Staphylococcal enterotoxins. Int J Food Microbiol2000;61(1):l-
10.

178



Ballard JD, Collier RJ, Starnbach MN. Anthrax toxin-mediated delivery of a cytotoxic T-
cell epitope in vivo. Proc Natl Acad Sci USA 1996;93(22):125314.

Ballard JD, Collier RJ, Starnbach MN. Anthrax toxin as a molecular tool for stimulation of
cytotoxic T lymphocytes: disulfide-linked epitopes, multiple injections, and role of CD4(+)
cells. Infect Immun I 998a;66(l 0):4696-9.

Ballard JD, Doling AM, Beauregard K, Collier RJ, Starnbach MN. Anthrax toxin-mediated
delivery in vivo and in vitro of a cytotoxic T-lymphocyte epitope from ovalbumin. Infect
Immun I 998b;66(2):6 I 5-9.

Bangham AD, Standish MM, Miller N. Cation permeability of phospholipid model
membranes: effect of narcotics. Nature 1965;208(17):1295-7 .

Barington T, Gyhrs A, Kristensen K, Heilmann C. Opposite effects of actively and

passively acquired immunity to the carrier on responses of human infants to a
Haemophilus influenzae type b conjugate vaccine. Infect Immun 1994;62(l):9-14.

Barington T, Skettrup M, Juul L, Heilmann C. Non-epitope-specific suppression of the

antibody response to Haemophilus influenzae We b conjugate vaccines by
preimmunization with vaccine components. Infect Irnmun 1993 ;6 | (2):432-8.

Basu S, Binder RI, Ramalingam T, Srivastava PK. CDgl is a common receptor for heat

shock proteins W96, hsp90, hsp70, and calreticulin. Immunity 2001;14(3):303-13.

Battegay M, Cooper S, Althage A, Banziger J, Hengartner H, Zinkenoagel RM.

Quantification of lymphocytic choriomeningitis virus with an immunological focus assay

in24- or 96-well plates. J Virol Methods l99I;33(l-2):191-8.

Beharka AA, Armstrong fW, Iandolo JJ, Chapes SK. Binding and activation of major
histocompatibility complex class Il-deficient macrophages by staphylococcal exotoxins.
Infect Immun 1994;62(9):3907- I 5.

Benaroch P, Yilla M, Raposo G, Ito K, Miwa K, Geuze HJ, et al. How MHC class II
molecules reach the endocytic pathway. EMBO J 1995;14(l):37'49.

Bennett EM, Bennink JR, Yewdell JW, Brodsky FM. Cutting edge: adenovirus El9 has

two mechanisms for affecting class I MHC expression. J Immunol 1999;162(9):5049-52.

Beres SB, Sylva GL, Barbian KD, Lei B, Hoff JS, Mammarella ND, et al. Genome
sequence of a serotype M3 strain of group A Streptococcus: phage-encoded toxins, the
high-virulence phenotype, and clone emergence. Proc Natl Acad Sci USA
2002;99 (1 5) : I 0078-83.

Bergdoll MS, Borja CR, Avena RM. Identification of a new enterotoxin as enterotoxin C. J

Bacteriol I 965;90(5): I 48 l-5.

Bergdoll MS, Borja CR, Robbins RN, Weiss KF. Identification of enterotoxin E. Infect
Immun 197 | ;4(5):593 -5.

t79



Bergdoll MS, Crass BA, Reiser RF, Robbins RN, Davis JP. A new staphylococcal
enterotoxin, enterotoxin F, associated with toxic-shock-syndrome Staphylococcus aureus

isolates. Lancet 198 l; l(8228): l0l7-21.

Bergdoll MS, Sugiyama H, Dack GM. Staphylococcal enterotoxin. I. Purification. Arch
Biochem Biophys I 959;85:62-9.

Bernal A, Proft T, Fraser JD, Posnett DN. Superantigens in human disease. J Clin Immunol
1999; l9(3): r49-s7.

Betley MJ, Mekalanos JJ. Nucleotide sequence of the type A staphylococcal enterotoxin
gene. J Bacteriol I 988; I 70( I ) :34-41.

Bhardwaj N, Friedman SM, Cole BC, Nisanian AJ. Dendritic cells are potent antigen-
presenting cells for microbial superantigens. J Exp Med 1992;175(l):267-73.

Binder RI, Anderson KM, Basu S, Srivastava PK. Cutting edge: heat shock protein gp96

induces maturation and migration of CDI lc+ cells in vivo. J Immunol
2000a; I 65( I I ):6029-35.

Binder RJ, Han DK, Srivastava PK. CDgl: a receptor for heat shock protein gp96. Nat
lmmunol 2000b; I (2): I 5 I -5.

Boisgerault F, Rueda P, Sun CM, Hervas-Stubbs S, Rojas M, Leclerc C. Cross-priming of
T cell responses by synthetic microspheres carrying a CD8+ T cell epitope requires an

adjuvant signal. J lmmunol 2005 ;17 4(6):3 432-9 .

Bonventre PF, Heeg H, Cullen C, Lian CJ. Toxicity of recombinant toxic shock syndrome
toxin I and mutant toxins produced by Staphylococcus aureus in a rabbit infection model
of toxic shock syndrome. Infect Immun 1993;61(3):793-9.

Bonventre PF, Thompson MR, Adinolfi LE, Gillis ZA, Parsonnet J. Neutralization of toxic
shock syndrome toxin-l by monoclonal antibodies in vitro and in vivo. Infect Immun
1 988;56(l):1 35-41.

Brachet V, Pehau-Arnaudet G, Desaymard C, Raposo G, Amigorena S. Early endosomes

are required for major histocompatiblity complex class II transport to peptide-loading
compartments. Mol Biol Cell I 999; I 0(9): 289 L -904.

Braunsteiner H, Friend C. Viral hepatitis associated with transplantable mouse leukemia. I.
Acute hepatic manifestations following treatment with urethane or methylformamide. J

Exp Med 1954; 100(6):665-7 4.

Brodsky FM, Lem L, Solache A, Bennett EM. Human pathogen subversion of antigen
presentation. Immunol Rev 1999; 168: 199-215.

Brunt LM, Portnoy DA, Unanue ER. Presentation of Listeria monocytogenes to CD8+ T
cells requires secretion of hemolysin and intracellular bacterial growth. J Immunol
1990;145(l l):3540-6.

180



Buchberger A, Howard MJ, Proctor M, Bycroft M. The UBX domain: a widespread
ubiquitin-like module. J Mol Biol 2001;307(l):17-24.

Busch R, Mellins ED. Developing and shedding inhibitions: how MHC class II molecules
reach maturity. Curr Opin Immunol 1996;8(l):51-8.

Cantor H, Crump AL, Raman VK, Liu H, Markowitz JS, Grusby MJ, et al.

Immunoregulatory effects of superantigens: interactions of staphylococcal enterotoxins
with host MHC and non-MHC products. Immunol Rev 1993;131:27-42.

Casman EP. Further serological studies of staphylococcal enterotoxin. J Bacteriol
1960;79:849-56.

Casman EP, Bennett RW, Dorsey AE, Issa JA. Identification of a fourth staphylococcal
enterotoxin, enterotoxin D. J B acteri ol | 9 67 ;9 4(6) : | 87 5 -82.

Celis E. Getting peptide vaccines to work:just a matter of quality control? J Clin lnvest
2002;r l0(12):1765-8.

Cerundolo V, Benham A, Braud V, Mukhedee S, Gould K, Macino B, et al. The
proteasome-specific inhibitor lactacystin blocks presentation of cytotoxic T lymphocyte
epitopes in human and murine cells. Eur J Immunol 1997;27(l):33641.

Charpilienne A, Nejmeddine M, Berois M, Parez N, Neumann E, Hewat E, et al.

Individual rotavirus-like particles containing 120 molecules of fluorescent protein are

visible in living cells. J Biol Chem 2001;276(31):29361-7.

Chen X, Laur O, Kambayashi T, Li S, Bray RA, Weber DA, et al. Regulated expression of
human histocompatibility leukocyte antigen (HLA)-DO during antigen-dependent and

antigen-independent phases of B cell development. J Exp Med 2002;195(8):1053-62.

Chi YI, Sadler I, Jablonski LM, Callantine SD, Deobald CF, Stauffacher CV, et al. Zinc-
mediated dimerization and its effect on activity and conformation of staphylococcal
enterotoxin Upe C.J Biol Chem 2002;277(25):22839-46.

Chu FS, Thadhani Il Schantz EJ, Bergdoll MS. Purification and characterization of
staphylococcal enterotoxin A. Biochemistry I 966; 5( I 0) : 328 l -9.

Clemens DL, Horwitz MA. Characterization of the Mycobacterium tuberculosis
phagosome and evidence that phagosomal maturation is inhibited. J Exp Med
1995;l8l(l):257-70.

Clemens JD, Sack DA, Harris JR, Van Loon F, Chakraborty J, Ahmed F, et al. Field trial
of oral cholera vaccines in Bangladesh: results from three-year follow-up. Lancet
1990;335(8684):27a4.

Cohen S, Yoshioka T, Lucarelli M, Hwang LH, Langer R. Controlled delivery systems for
proteins based on poly(lactic/glycolic acid) microspheres. Pharm Res l99l;8(6):713-20.

Cole BC. The immunobiology of Mycoplasma arthritidis and its superantigen MAM. Ctrn
Top Microbiol Immunol l99l;17 4:l 07- I 9.

l8l



] Colsky AS. lnFavenous immunoglobulin in autoimmune and inflammatory dermatoses. A
review of proposed mechanisms of action and therapeutic applications. Dermatol Clin
2000;I8(3):447 -57 , ix.

Cornelis GR. Type III secretion: a bacterial device for close combat with cells of their
eukaryotic host. Philos Trans R Soc Lond B Biol Sci 2000;355(1397):681-93.

Corr M, von Damm A, Lee DJ, Tighe H. In vivo priming by DNA injection occrus
predominantly by antigen transfer. J Immunol 1999;163(9):4721-7.

Coscoy L, Ganem D. Kaposi's sarcoma-associated herpesvirus encodes two proteins that
block cell surface display of MHC class I chains by enhancing their endocytosis. Proc Natl
Acad Sci USA 2000;97(14):8051-6.

Coscoy L, Ganem D. A viral protein that selectively downregulates ICAM-I and B7-2 and
modulates T cell costimulation. J Clin Invest 2001;107(12):1599-606.

Coutelier JP, van der Logt JT, Heessen FW. IgG subclass distribution of primary and
secondary immune responses concomitant with viral infection. J Immunol
l99l;147(4):1383-6.

Cox JH, Bennink JR, Yewdell JW. Retention of adenovirus El9 glycoprotein in the
endoplasmic reticulum is essential to its ability to block antigen presentation. J Exp Med
|99I;l74(6):t 629-37 .

Craiu A, Akopian T, Goldberg A, Rock KL. Two distinct proteolytic processes in the
generation of a major histocompatibility complex class I-presented peptide. Proc Natl Acad
Sci USA 1997 ;94(20): I 0850-5.

Cresswell P. Intracellular surveillance: controlling the assembly of MHC class I-peptide
complexes. Traffic 2000; I (4):30 l -5.

Curtis N, Zheng R, Lamb JR, Levin M. Evidence for a superantigen mediated process in
Kawasaki disease. Arch Dis Child 1995;72(4):308-11.

Dadaglio G, Morel S, Bauche C, Moukrim Z, Lemonnier FA, Van Den Eynde BJ, et al.

Recombinant adenylate cyclase toxin of Bordetella pertussis induces cytotoxic T
lymphocyte responses against HLA*0201-restricted melanoma epitopes. Int Immunol
2003;15(12):1423-30.

Dalsgaard K. Saponin adjuvants. 3. Isolation of a substance from Quillaja saponaria
Molina with adjuvant activity in food-and-mouth disease vaccines. Arch Gesamte
Virusforsch 197 4 ;44(3) :243 -5 4.

Damle NK, KlussmanK,Leytze G, Linsley PS. Proliferation of human T lymphocytes
induced with superantigens is not dependent on costimulation by the CD28 counter-
receptor 87. J Immunol 1993;150(3):726-35.

r82



Darenberg J, Soderquist B, Normark BH, Norrby-Teglund A. Differences in potency of
intravenous polyspecifi c immunoglobulin G against streptococcal and staphylococcal
superantigens: implications for therapy of toxic shock syndrome. Clin Infect Dis
200a;38(6):836-42.

Darji A, Chakraborty T, Wehland J, Weiss S. Listeriolysin generates a route for the
presentation of exogenous antigens by major histocompatibility complex class I. Eur J
Immunol 1995 ;25 (lO):2967 -7 | .

Davidson HW. Direct transport of newly synthesized HLA-DR from the trans-Golgi
network to major histocompatibility complex class II containing compartments (MIICS)
demonstrated using a novel fyrosine-sulfated chimera. J Biol Chem 1999;274(38):27315-
22.

Davis CC, Kremer MJ, Schlievert PM, Squier CA, Penetration of toxic shock syndrome
toxin-l across porcine vaginal mucosa ex vivo: permeabilrty characteristics, toxin
distribution, and tissue damage. Am J Obstet Gynecol2003;189(6):1785-91.

De Bruijn ML, Jackson MR, Peterson PA. Phagocyte-induced antigen-specific activation
of unprimed CD8+ T cells in vitro. Eur J Immunol1995;25(5):1274-85.

De Ceaurriz J, Ducos P, Micillino JC, Gaudin R, Cavelier C. Guinea pig pulmonary
response to sensitization by five preformed monoisocyanate-ovalbumin conjugates.
Toxicology 1 987;43( l ):93- 1 0 L

De Souza Leao S, Lang T, Prina E, Hellio R, Antoine JC. Intracellular Leishmania
amazonensis amastigotes internalize and degrade MHC class II molecules of their host
cells. J Cell Sci 1995;108 ( Pt l0):3219-31.

Delchambre M, Gheysen D, Thines D, Thiriart C, Jacobs E, Verdin E, et al. The GAG
precursor of simian immunodeficiency virus assembles into virus-like particles. EMBO J
1989;8(9):2653-60.

Dellabona P, Peccoud J, Kappler J, Marrack P, Benoist C, Mathis D. Superantigens
interact with MHC class II molecules outside of the antigen groove. Cell 1990;62(6): I I 15-

2t.

den Haan JM, Lehar SM, Bevan MJ. CD8(+) but not CD8(-) dendritic cells cross-prime
cytotoxic T cells in vivo. J Exp Med 2000;192(12):1685-96.

Denny CB, Humber fY, Bohrer CW. Effect of toxin concentration on the heat inactivafion
of staphylococcal enterotoxin A in beef bouillon and in phosphate buffer. Appl Microbiol
I97I:21(6):1064-6.

Deshaies RJ. SCF and Cullin/Ring H2-based ubiquitin ligases. Annu Rev Cell Dev Biol
1999:15:435-67.

Diener K, Tessier P, Fraser J, Kontgen F, McColl SR. Induction of acute inflammation in
vivo by staphylococcal superantigens I: Leukocyte recruitment occurs independently of T
lymphocytes and major histocompatibilify complex Class II molecules. Lab Invest
1998;78(6):647-56.

183



Dinges MM, Gregerson DS, Tripp TJ, McCormick JK, Schlievert PM. Effects of total
body inadiation and cyclosporin a on the lethality of toxic shock syndrome toxin-l in a
rabbit model of toxic shock syndrome. J Infect Dis 2003; I 88(8): I 142-5 .

Dohlsten M, Hedlund G, Akerblom E, Lando PA, Kalland T. Monoclonal antibody-
targeted superantigens: a different class of anti-tumor agents. Proc Natl Acad Sci USA
I 991a;88(20):9287 -91 .

Dohlsten M, Hedlund G, Lando PA, Trowsdale J, Altmann D, Patarroyo M, et al. Role of
the adhesion molecule ICAM-l (CD54) in staphylococcal enterotoxin-mediated
cytotoxicity. Eur J lmmunol l99lb;21(l): 131-5.

Doling AM, Ballard JD, Shen H, Krishna KM, Ahmed & Collier RI, et al. Cytotoxic T-
lymphocyte epitopes fused to anthrax toxin induce protective antiviral immunity. Infect
Immun 1,999 ;67 (7 ):3290 -6.

Earhart CA, Mitchell DT, Murray DL, Pinheiro DM, Matsumura M, Schlievert PM, et al.

Structures of five mutants of toxic shock syndrome toxin-1 with reduced biological
activity. B iochemistry | 998 :37 (20) :7 | 9 4 -202.

Eldridge JH, Staas JK, Meulbroek JA, McGhee JR, Tice TR, Gilley RM. Biodegradable

microspheres as a vaccine delivery system. Mol Immunol l99l;28(3):287-94.

Ellis RW. New technologies for making vaccines. Vaccine 1999;17(13-14):1596-604.

Esparza I, Kissel T. Parameters affecting the immunogenicity of microencapsulated tetanus

toxoid. Vaccine I 992; l0(l 0):7 14-20.

Evenson ML, Hinds MW, Bernstein RS, Bergdoll MS. Estimation of human dose of
staphylococcal enterotoxin A from a large outbreak of staphylococcal food poisoning
involving chocolate milk. Int J Food Microbiol 1988;7(4):31 I -6.

Fayolle C, Ladant D, Karimova G, Ullmann A, Leclerc C. Therapy of murine tumors with
recombinant Bordetella pertussis adenylate cyclase carrying a cytotoxic T cell epitope. J

Immunol 1999 ;l 62(7 ):4 | 57 -62.

Fayolle C, Osickova A, Osicka R, Henry T, Rojas MJ, Saron MF, et al. Delivery of
multiple epitopes by recombinant detoxifred adenylate cyclase of Bordetella pertussis

induces protective antiviral immunity. J Virol 2001;75(16):7330-8.

Felnerova D, Viret JF, Gluck R, Moser C. Liposomes and virosomes as delivery systems

for antigens, nucleic acids and drugs. Curr Opin Biotechnol200a;15(6):518-29.

Fields BA, Malchiodi EL, Li H, Ysern X, Stauffacher CV, Schlievert PM, et al. Crystal
structure of a T-cell receptor beta-chain complexed with a superantigen. Nature
I 996;384(6605): I 88-92.

Finn A. Bacterial polysaccharide-protein conjugate vaccines. Br Med Bull 2004;70: l-14.

184



Fischer H, Gjorloff A, Hedlund G, Hedman H, Lundgren E, Kalland T, et al. Stimulation
of human naive and memory T helper cells with bacterial superantigen. Naive
CD4+45RA+ T cells require a costimulatory signal mediated through the LFA-I/ICAM-l
pathway. J Immunol 1992;148(7): I 993-8.

Fitzgerald JR, Monday SR, Foster TJ, Bohach GA, Hartigan PJ, Meaney WJ, et al.

Characterization of a putative pathogenicity island from bovine Staphylococcus aureus

encoding multiple superantigens. J Bacteriol 2001 ;l 83(1):63-70.

Fleischer B, Schrezenmeier H. T cell stimulation by staphylococcal enterotoxins. Clonally
variable response and requirement for major histocompatibility complex class II molecules

on accessory or target cells. J Exp Med 1988;167(5):1697-707.

Foti M, Mangasarian A, Piguet V, Lew DP, Krause KH, Trono D, et al. Nef-mediated
clathrin-coated pit formation. J Cell Biol 1997;139(l):37-47.

Fox JG, Murphy JC, Igras VE. Adverse effects of mouse hepatitis virus on ascites

myeloma passage in the BALB/eJ mouse. Lab Anim Sci 1977;27(2):173'9.

Fraser JD. High-affinity binding of staphylococcal enterotoxins A and B to HLA-DR.
Nature I 989;339(6221):221 -3.

French TJ, Marshall JJ, Roy P. Assembly of double-shelled, viruslike particles of
bluetongue virus by the simultaneous expression of four structural proteins. J Virol
1990 ;64(12) : 5695 -700.

Freund J. The mode of action of immunologic adjuvants. Bibl Tuberc 1956(10):130-48.

Friedlander AM. Macrophages are sensitive to anthrax lethal toxin through an acid-
dependent process. J Biol Chem 1986;261(16):7123-6.

Fruci D, Lauvau G, Saveanu L, Amicosante M, Butler RH, Polack A, et al. Quantiffing
recruitment of cytosolic peptides for HLA class I presentation: impact of TAP transport. J

Immunol 2003 ; I 70(6):2977 -84.

Fruh K, Ahn K, Djaballah H, Sempe P, van Endert PM, Tampe R" et al. A viral inhibitor of
peptide transporters for antigen presentation. Nahre 1995.,375(6530):415-8.

Furman MH, Dey N, Tortorella D, Ploegh HL. The human cytomegalovirus USl0 gene

product delays trafficking of major histocompatibility complex class I molecules. J Virol
2002;76(22): l 1753-6.

Gaczynska M, Rock KL, Goldberg AL. Gamma-interferon and expression of MHC genes

regulate peptide hydrolysis by proteasomes. Nature I 993 ;3 65 ( 6443):264-7 .

Gagnon E, Duclos S, Rondeau C, Chevet E, Cameron PH, Steele-Mortimer O, et al.

Endoplasmic reticulum-mediated phagocytosis is a mechanism of entry into macrophages.

Cell 2002; I l0( l): I l9-3 1.

Galan JE, Collmer A. Type III secretion machines: bacterial devices for protein delivery
into host cells. Science 1999;284(5418): 1322-8.

185



Garcea RL, Gissmann L. Virus-like particles as vaccines and vessels for the delivery of
small molecules. Curr Opin Biotechnol 2004; 1 5(6):5 I 3-7.

Garcia KC, Degano M, Stanfield RL, Brunmark A, Jackson MR, Peterson PA, et al. An
alphabeta T cell receptor structwe at2.5 A and its orientation in the TCR-MHC complex.

Science 199 6;27 4(5285):209 - 19 .

Gerlach D, Schmidt KH, Fleischer B. Basic streptococcal superantigens (SPE)VSMEZ or
SPEC) are responsible for the mitogenic activity of the so-called mitogenic factor (N[F).

FEMS Immunol Med Microbiol 2001 ;30(3):209-16.

Gething MJ, Sambrook J. Protein folding in the cell. Nature 1992;355(6355):33-45.

Gheysen D, Jacobs E, de Foresta F, Thiriart C, Francotte M, Thines D, et al. Assembly and

release of HIV-l precursor Pr55gag virus-like particles from recombinant baculovirus-
infected insect cells. Cell 1989;59(l):103-12.

Gilbert FB, Poutrel B, Sutra L. Immunogenicity in cows of Staphylococcus aureus type 5

capsular polysaccharide-ovalbumin conjugate. Vaccine | 99 4;12(4):3 69'7 4.

Gjorloff A, Hedlund G, Kalland T, Sansom D, Fischer H, Trowsdale J, et al. The LFA-3
adhesion pathway is differently utilized by superantigen-activated human CD4+ T-cell
subsets. Scand J Immunol 1992;36(2'):243-50.

Goldberg AL. Protein degradation and protection against misfolded or damaged proteins.

Nature 2003 ;426(6968) : 895 -9.

Goletz TJ, Klimpel KR, Arora N, Leppla SH, Keith JM, Berzofsky JA. Targeting HIV
proteins to the major histocompatibility complex class I processing pathway with a novel
gpl20-anthrax toxin fusion protein. Proc Natl Acad Sci USA 1997;94(22):12059-64.

Gorbulev S, Abele R, Tampe R. Allosteric crosstalk between peptide-binding, tansport,
and ATP hydrolysis of the ABC transporter TAP. Proc Natl Acad Sci USA
2001;98(7):3732-7 .

Goshorn SC, Bohach GA, Schlievert PM. Cloning and characterization of the gene, speC,

for pyrogenic exotoxin fype C from Streptococcus pyogenes. Mol Gen Genet
1988;212(l):66-70.

Grandea AG, 3rd, Golovina TN, Hamilton SE, Sriram V, Spies T, Brutkiewicz RR, et al.

Impaired assembly yet normal hafficking of MHC class I molecules in Tapasin mutant
mice. Immuniry 2000; I 3(2):213-22.

Grant EP, Michalek MT, Goldberg AL, Rock KL. Rate of antigen degradation by the
ubiquitin-proteasome pathway influences MHC class I presentation. J Immunol
1995; I 55(8):3750-8.

Greenberg ME, lafrate AJ, Skowronski J. The SH3 domain-binding surface and an acidic
motif in HIV-l Nef regulate trafficking of class I MHC complexes. EMBO J

1998;17(10):2777-89.

186



Gregoriadis G. Immunological adjuvants: a role for liposomes. Immunol Today
1990;l l(3):89-97.

Gromme M, Uytdehaag FG, Janssen H, Calafat J, van Binnendijk RS, Kenter MJ, et al.

Recycling MHC class I molecules and endosomal peptide loading. Proc Natl Acad Sci
USA 1999;96(1 8): 10326-3 l.

Guermonprez P, Fayolle C, Rojas MJ, Rescigno M, Ladant D, Leclerc C. In vivo receptor-
mediated delivery of a recombinant invasive bacterial toxoid to CDI lc + CD8 alpha -
CDl lbhigh dendritic cells. Eur J Immunol 2002;32(l l):3071-81.

Guermonprez P, KhelefN, Blouin E, Rieu P, Ricciardi-Castagnoli P, Guiso N, et al. The
adenylate cyclase toxin of Bordetella pertussis binds to target cells via the alpha(M)beta(2)
integrin (CDl lb/CDl8). J Exp Med 2001;193(9):1035-44.

Guermonprez P, Ladant D, Karimova G, Ullmann A, Leclerc C. Direct delivery of the
Bordetella pertussis adenylate cyclase toxin to the MHC class I antigen presentation
pathway. J Immunol 1999;162(4): I 9 I 0-6.

Guermonprez P, Saveanu L, Kleijmeer M, Davoust J, Van Endert P, Amigorena S. ER-
phagosome fusion defines an MHC class I cross-presentation compartment in dendritic
cells. Nature 2003 ;425(6956):397 -402.

Gupta RK, Relyveld EH, Lindblad EB, Bizzini B, Ben-Efraim S, Gupta CK. Adjuvants-a
balance between toxicity and adjuvanticity. Vaccine 1993;l l(3):293-306.

Gupta RK, Rost BE, Relyveld E, Siber GR. Adjuvant properties of aluminum and calcium
compounds. Pharm Biotechnol 1995 ;6:229 -48.

Gupta RK, Siber GR. Adjuvants for human vaccines--current status, problems and future
prospects. Vaccine I 995; I 3( la):D63-7 6.

Haffirer AC, Zepter K, Elmets CA. Major histocompatibility complex class I molecule
serves as a ligand for presentation ofthe superantigen staphylococcal enterotoxin B to T
cells. Proc Natl Acad Sci USA 1996;93(7):3037-42.

Haicheur N, Benchetrit F, Amessou M, Leclerc C, Falguieres T, Fayolle C, et al. The B
subunit of Shiga toxin coupled to full-size antigenic protein elicits humoral and cell-
mediated immune responses associated with a Thl-dominant polarization. Int Immunol
2003;15(10):1 161-71.

Haicheur N, Bismuth E, Bosset S, Adotevi O, Warnier G, Lacabanne V, et al. The B
subunit of Shiga toxin fused to a tumor antigen elicits CTL and targets dendritic cells to
allow MHC class I-restricted presentation of peptides derived from exogenous antigens. J
Immunol 2000; I 65(6):330 I -8.

Hakansson M, Petersson K, Nilsson H, Forsberg G, Bjork P, Antonsson P, et al. The
crystal structure of staphylococcal enterotoxin H: implications for binding properties to
MHC class II and TcR molecules. J Mol Biol 2000;302(3):527-37.

187



Hanna PC, Acosta D, Collier RJ. On the role of macrophages in anthrax. Proc Natl Acad
Sci USA I 993;90(2 l): 10198-201.

Hanna PC, Kruskal BA, Ezekowitz RA, Bloom BR, Collier RJ. Role of macrophage
oxidative burst in the action of anthrax lethal toxin. Mol Med 1994;l(1):7-18.

Hansson J, Ohlsson L, Persson R, Andersson G, IlbackNG, Litton MJ, et al. Genetically
engineered superantigens as tolerable antitumor agents. Proc Natl Acad Sci USA
1997;94(6):2489-94.

Harding CV. Phagocytic processing of antigens for presentation by MHC molecules.
Trends Cell Biol 1995;5(3):105-9.

Hardt WD, Chen LM, Schuebel KE, Bustelo XR, Galan JE. S. typhimurium encodes an

activator of Rho GTPases that induces membrane ruffling and nuclear responses in host

cells. Cell I 998;93(5):8 I 5-26.

Hartl FU. Molecular chaperones in cellularprotein folding. Nature 1996;381(6583):571-9.

Heath WR, Belz GT, Behrens GM, Smith CM, Forehan SP, Parish [A, et al. Cross-
presentation, dendritic cell subsets, and the generation of immunity to cellular antigens.

lmmunol Rev 2004; I 99:9-26.

Hennecke J, Carfi A, Wiley DC. Stnrcture of a covalently stabilized complex of a human

alphabeta T-cell receptor, influenza HA peptide and MHC class II molecule, HLA-DRI.
EMBO J 2000; I 9(2 r):5611-24.

Herman A, Croteau G, Sekaly RP, Kappler J, Marrack P, HLA-DR alleles differ in their
ability to present staphylococcal enterotoxins to T cells. J Exp Med 199O;172(3):709-17.

Herman A, Kappler JW, Marrack P, Pullen AM. Superantigens: mechanism of T-cell
stimulation and role in immune responses. Annu Rev Immunol 199l;9:745-72.

Herrmann T, MacDonald HR. The CD8 T cell response to staphylococcal enterotoxins.
Semin Immunol I 993 ;5(1):33-9.

Herrmann T, Maryanski JL, Romero P, Fleischer B, MacDonald HR. Activation of MHC
class l-restricted CD8+ CTL by microbial T cell mitogens. Dependence upon MHC class II
expression of the target cells and V beta usage of the responder T cells. J Immunol
1990;144(4): I l8l-6.

Herrrnann T, Romero P, Sartoris S, Paiola F, Accolla RS, Maryanski JL, et al.
Staphylococcal enterotoxin-dependent lysis of MHC class II negative target cells by
cytolytic T lymphocytes. J Immunol l99l;146(8):2504-12.

Hewitt EW. The MHC class I antigen presentation pathway: strategies for viral immune
evasion. Immunology 2003;1 1 0(2): 1 63-9.

Hewitt EW, Gupta SS, Lehner PJ. The human cytomegalovirus gene product US6 inhibits
ATP binding by TAP. EMBO J 2001;20(3):387-96.

188



Hill A, Jugovic P, York I, Russ G, Bennink J, Yewdell J, et al. Herpes simplex virus turns
off the TAP to evade host immunity. Narure 1995;375(6530):41l-5.

Hilleman MR. Critical appraisal of emulsified oil adjuvants applied to viral vaccines. Prog
Med Virol 1966;8: l3 1-82.

Hiltbold EM, Roche PA. Trafficking of MHC class II molecules in the late secretory
pathway. Curr Opin Immunol 2002;1 4(l): 30-5.

Ho SN, Hunt HD, Horton RM, Pullen JK, Pease LR. Site-directed mutagenesis by overlap
extension using the polymerase chain reaction. Gene 1989;77(l):51-9.

Hochman JH, Jiang H, Matyus L, Edidin M, Pernis B. Endocytosis and dissociation of
class I MHC molecules labeled with fluorescent beta-2 microglobulin. J Immunol
1991 ; 146(6):1862-7 .

Honey K, Rudensky AY. Lysosomal cysteine proteases regulate antigen presentation. Nat
Rev Immunol 2003 ;3 (6):47 2-82.

Hong-Geller E, Gupta G. Therapeutic approaches to superantigen-based diseases: a review.
J Mol Recognit 2003;16(2):91-101.

Hoover DG, Tatini SR, Maltais JB. Characterization of staphylococci. Appl Environ
Microbiol I 983 ;46(3): 649 -60.

Hopkins PA, Fraser JD, Pridmore AC, Russell HH, Read RC, Sriskandan S. Superantigen
recognition by HLA class II on monocytes up-regulates toll-like receptor 4 and enhances
proinflammatory responses to endotoxin. Blood 2005.

Hornstein A, Salzberg S, Pluznik DH. Conelation between LPS-induced mitogenic and
virogenic activities in mouse spleen cell cultures. Exp Hematol 1982;10(2):178-86.

Houde M, Bertholet S, Gagnon E, Brunet S, Goyette G, Laplante A, et al. Phagosomes are

competent organelles for anti gen cross-presentation. Nature 2003 ;425 (69 5 6) : 402 - 6.

Hovde CJ, Man JC, Hoffoiann ML, Hackett SP, Chi YI, Crum KK, et al. Investigation of
the role of the disulphide bond in the activity and structure of staphylococcal enterotoxin
C l. Mol Microbiol 1994; I 3(5): 897 -909.

Hu Y, Test ST. Functional differences in IgG anti-polysaccharide antibodies elicited by
immunization of mice with C3d versus ovalbumin conjugates of pneumococcal serotype
I 4 capsular polysaccharide. Vaccine 20A 4;23 (l) :21 -8.

Huang AY, Bruce AT, Pardoll DM, Levitsky HI. In vivo cross-priming of MHC class I-
restricted antigens requires the TAP transporter. Immunity 1996;4(4):349-55.

Hudson KR, Tiedemam RE, Urban RG, Lowe SC, Shominger JL, Fraser JD.
Staphylococcal enterotoxin A has two cooperative binding sites on major
histocompatibility complex class II. J Exp Med 1995;182(3):7ll-20.

189



Hughes EA, Hammond C, Cresswell P. Misfolded major histocompatibility complex class

I heavy chains are translocated into the cytoplasm and degraded by the proteasome. Proc
Natl Acad Sci USA 1997;94(5):1896-901.

lmanishi K, Igarashi H, Uchiyama T. Relative abilities of distinct isotypes of human major
histocompatibility complex class II molecules to bind streptococcal pyrogenic exotoxin
types A and B. Infect Immun 1992;60(12):5025-9.

Isenman LD, Dice JF. Selective release of peptides from lysosomes. J Biol Chem
| 99 3 ;268 (3 2) :23 8 5 6 -9 .

Ishido S, Wang C, Lee BS, Cohen GB, Jung JU. Downregulation of major
histocompatibility complex class I molecules by Kaposi's sarcoma-associated herpesvirus
K3 and K5 proteins. J Virol 2000;74(ll):5300-9.

Ito Y, Abe J, Yoshino K, Takeda T, Kohsaka T. Sequence analysis of the gene for a novel
superantigen produced by Yersinia pseudotuberculosis and expression of the recombinant
protein. J Immunol 1995;l5a(l l):5896-906.

Jackson MR" Nilsson T, Peterson PA. Retrieval of transmembrane proteins to the
endoplasmic reticulum. J Cell Biol 1993;l2l(2):317-33.

Janeway C, Travers P, Walport M, Shlomchik M. Immunobiology : the immune system in
health and disease. 6th ed ed. New York: Garland Science; 2005.

Jardetzky TS, Brown JH, Gorga JC, Stenr LJ, Urban RG, Chi YI, et al. Three-dimensional
structure of a human class [I histocompatibility molecule complexed with superantigen.
Nature 1994;368(647 3):7 I 1 -8.

Jarraud S, Peyrat MA, Lim A, Tristan A, Bes M, Mougel C, et al. egc, a highly prevalent
operon of enterotoxin gene, forms a putative nursery of superantigens in Staphylococcus
aureus. J Immunol 2001 ; 166(l):669-77 .

Jensen PE. Antigen unfolding and disulfide reduction in antigen presenting cells. Semin
Immunol 1995;7(6):3 47 -53.

Jensen PE, Weber DA, Thayer WP, Westerman LE, Dao CT. Peptide exchange in MHC
molecules. Immunol Rev I 999; I 72:229-38.

Johannes L, Goud B. Surfrng on a retrograde wave: how does Shiga toxin reach the
endoplasmic reticulum? Trends Cell Biol 1 998; 8(4): I 58-62.

Johnson AG, Gaines S, Landy M. Studies on the O antigen of Salmonella typhosa. V.
Enhancement of antibody response to protein antigens by the purified lipopolysaccharide. J
Exp Med 195 6;1 03(2):225 -46.

Johnson D. Lymphocytic Choriomeningitis fWebsite]. New York: E Medicine;2005

[updated 2005; cited 2005 9 June]. Available from:
http ://www. emedicine.com/med/topic I 3 50.htm.

190



Jones TR, Wiertz EJ, Sun L, Fish KN, Nelson JA, Ploegh HL. Human cytomegalovirus
US3 impairs transport and maturation of major histocompatibility complex class I heavy

chains. Proc Natl Acad Sci USA 1996;93(21):l1327-33.

Jupin C, Anderson S, Damais C, Alouf JE, Parant M. Toxic shock syndrome toxin I as an

inducer of human tumor necrosis factors and gamma interferon. J Exp Med
1988;167(3):752-6t.

Kanclerski K, Soderquist B, Kjellgren M, Holmberg H, Mollby R. Serum antibody
response to Staphylococcus aureus enterotoxins and TSST-I in patients with septicaemia. J

Med Microbiol I 996;4ap'l:17 l-7 .

Kappler J, Kotzin B, Henon L, Gelfand EW, Bigler RD, Boylston A, et al. V beta-specific
stimulation of human T cells by staphylococcal toxins. Science 1989;244(4906):811-3.

Kaul R, McGeer A, Norrby-Teglund A, Kotb M, Schwartz B, O'Rourke K, et al.
Intravenous immunoglobulin therapy for streptococcal toxic shock syndrome--a
comparative observational study. The Canadian Sfieptococcal Study Group. Clin Infect Dis
1999;28(4):800-7.

Kennedy R, Undale AH, Kieper WC, Block MS, Pease LR, Celis E. Direct cross-priming
by th lymphocytes generates memory cytotoxic T cell responses. J Immunol
2005;17 4(7):3967 -77 .

Kim J, Urban RG, Strominger JL, Wiley DC. Toxic shock syndrome toxin-l complexed
with a class II major histocompatibility molecule HLA-DRI. Science
| 994;266(5 I 92) : I 87 0 -4.

Kim JJ, Yang JS, Manson KH, Weiner DB. Modulation of antigen-specific cellular
immune responses to DNA vaccination in rhesus macaques through the use of IL-2, IFN-
gamma, or [L-4 gene adjuvants. Vaccine 2001;19(17-19\:2496-505.

Kleijmeer MJ, Escola JM, UytdeHaag FG, Jakobson E, Griffith JM, Osterhaus AD, et al.

Antigen loading of MHC class I molecules in the endocytic tract. Traffrc 2001;2(2):124-
37.

Klimpel KR, Molloy SS, Thomas G, Leppla SH. Anthrax toxin protective antigen is
activated by a cell surface protease with the sequence specificity and catalytic properties of
turin. Proc Natl Acad Sci USA 1992;89(21):10277-81.

Kloetzel PM. Antigen processing by the proteasome. Nat Rev Mol Cell Biol
2001;2(3): 179-87 .

Kloetzel PM, Ossendorp F.Proteasome and peptidase function in MHC-class-I-mediated
antigen presentation. Curr Opin Immunol 2004; I 6( I ):76-8 I .

Kominsky SL, Torres BA, Hobeika AC, Lake FA, Johnson HM. Superantigen enhanced
protection against a weak tumor-specific melanoma antigen: implications for prophylactic
vaccination against cancer. Int J Cancer 2001;94(6):834-41.

l9l



Koopmann JO, Albring J, Huter E, Bulbuc N, Spee P, Neefies J, et al. Export of antigenic
peptides from the endoplasmic reticulum intersects with retrograde protein translocation
through the Sec6lp channel. Immunity 2000;13(1):ll7-27.

Kotb M. Bacterial pyrogenic exotoxins as superantigens. Clin Microbiol Rev
1995;8(3):4lr-26.

Kovacsovics-Bankowski M, Clark K, Benacerraf B, Rock KL. Efficient major
histocompatibility complex class I presentation of exogenous antigen upon phagocytosis
by macrophages. Proc Natl Acad Sci USA 1993;90(l l):4942-6.

Kovacsovics-Bankowski M, Rock KI. A phagosome-to-cytosol pathway for exogenous
antigens presented on MHC class I molecules. Science 1995;267(5195):243-6.

Kozono H, Parker D, White J, Marrack P, Kappler J. Multiple binding sites for bacterial
superantigens on soluble class II MHC molecules.Immunity 1995;3(2):187-96.

Krummel MF, Sullivan TJ, Allison JP. Superantigen responses and co-stimulation: CD28
and CTLA-4 have opposing effects on T cell expansion in vitro and in vivo. Int Immunol
1996;8(4):5 19-23.

Kuroda M, Ohta T, Uchiyama I, Baba T, Yuzawa H, Kobayashi I, et al. Whole genome

sequencing of meticillin-resistant Staphylococcus aureus. Lancet 2001;357(9264):1225-40.

Kyritsis C, Gorbulev S, Hutschenreiter S, Pawlitschko K, Abele R, Tampe R. Molecular
mechanism and structural aspects of transporter associated with antigen processing

inhibition by the cytomegalovirus protein US6. J Biol Chem 2001;276(51):48031-9.

Lakey EI! Margoliash E, Pierce SK. Identification of a peptide binding protein that plays a
role in antigen presentation. Proc Natl Acad Sci USA 1987;84(6):1659-63.

Lanzavecchia A. Mechanisms of antigen uptake for presentation. Curr Opin Immunol
1996;8(3):3 48-s4.

LaVallie ER" DiBlasio EA, Kovacic S, Grant KL, Schendel PF, McCoy JM. A thioredoxin
gene fusion expression system that circumvents inclusion body formation in the E. coli
cytoplasm. Biotechnology (N Y) 1993;l l(2):187-93.

Lavoie PM, Thibodeau J, Erard F, Sekaly RP. Understanding the mechanism of action of
bacterial superantigens from a decade of research. Immunol Rev 1999;168:257-69.

Le TP, Coonan KM, Hedsnom RC, Charoenvit Y, Sedegah M, Epstein JE, et al. Safety,
tolerability and humoral immune responses after intramuscular administration of a malaria
DNA vaccine to healthy adult volunteers. Vaccine 2000; l8(18):1893-901 .

Lechmann M, Murata K, Satoi J, Vergalla J, Baumert TF, Liang TJ. Hepatitis C virus-like
particles induce virus-specific humoral and cellular immune responses in mice. Hepatology
2001;34(2):417-23.

t92



Leder L, Llera A, Lavoie PM, Lebedeva MI, Li H, Sekaly RP, et al. A mutational analysis
of the binding of staphylococcal enterotoxins B and C3 to the T cell receptor beta chain
and major histocompatibility complex class IL J Exp Med 1998;187(6):823-33.

Lee RS, Tartour E, van der Bruggen P, Vantomme Vn Joyeux I, Goud B, et al. Major
histocompatibility complex class I presentation of exogenous soluble tumor antigen fused
to the B-fragment of Shiga toxin. Eur J lmmunol 1998;28(9):2726-37.

Lehner PJ, Karttunen IT, Wilkinson GW, Cresswell P. The human cytomegalovirus US6
glycoprotein inhibits transporter associated with antigen processing-dependent peptide
translocation. Proc Natl Acad Sci USA 1997;'9aOI:6904-9.

Lem L, Riethof DA, Scidmore-Carlson M, Griffiths GM, Hackstadt T, Brodsky FM.
Enhanced interaction of HLA-DM with HLA-DR in enlarged vacuoles of hereditary and

infectious lysosomal diseases. J Immunol 19 99 ; | 62(l): 523 -32.

LenzP, Day PM, Pang YY, Frye SA, Jensen PN, Lowy DR, et al. Papillomaviruslike
particles induce acute activation of dendritic cells. J Immunol 2001;166(9):5346-55.

Letertre C, Perelle S, Dilasser F, Fach P. Identification of a new putative enterotoxin SEU
encoded by the egc cluster of Staphylococcus aureus. J Appl Microbiol 2003;95(l):38-43.

Leung DY, Schlievert PM, Meissner HC. The immunopathogenesis and management of
Kawasaki syndrome. Arthritis Rheum I 998 ;4 I (9): | 538-47 .

Levine MM, Sztein MB. Vaccine development strategies for improving immunization: the
role of modern immunology. Nat lmmunol 2004;5(5):460-4.

Li H, Llera A, Mariuzza RA. Structure-function studies of T-cell receptor-superantigen
interactions. Immunol Rev I 998; I 63:17 7 -86.

Li Y, Li H, Dimasi N, McCormick JK, Martin R, Schuck P, et al. Crystal structure of a
superantigen bound to the high-affrnity, zinc-dependent site on MHC class II. Immunity
2001;1a(1):93-104.

Liljedahl M, Kuwana T, Fung-Leung WP, Jackson MR, Peterson PA, Karlsson L. HLA-
DO is a lysosomal resident which requires association with IILA-DM for efftcient
intracellular transport. EMBO J I 996; I 5( I 8):4817 -24.

Lin CT, Hung CF, Juang J, He L, Lin KY, Kim TW, et al. Boosting with recombinant
vaccinia increases HPV-16 E7-Specific T cell precursor frequencies and antitumor effects
of HPV-16 E7-expressing Sindbis virus replicon particles. Mol Ther 2003;8(4):559-66.

Lindquist S, Craig EA. The heat-shock proteins. Annu Rev Genet 1988;22:631-77.

Litton MJ, Dohlsten M, Rosendahl A, Ohlsson L, Sogaard M, Andersson J, et al. The
distinct role of CD4+ and CD8+ T-cells during the anti-tumour effects of targeted
superantigens. Br J Cancer 1999;81(2):359-66.

Liu MA. DNA vaccines: a review. J Intern Med 2003;253(4):402-10.

193



Liu T, Zhou X, Orvell C, Lederer E, Ljunggren HG, Jondal M. Hearinactivated Sendai

virus can enter multiple MHC class I processing pathways and generate cytotoxic T
lymphocyte responses in vivo. J Immunol 1995;l5aQ):3L47-55.

Llewelyn M, Sriskandan S, Peakman M, Ambrozak DR, Douek DC, Kwok WW, et al.

HLA class II polymorphisms determine responses to bacterial superantigens. J Immunol
2004;172(3):1719-26.

Lu X, Yu H, Liu SH, Brodsky FM, Peterlin BM. lnteractions between HIVI Nef and

vacuolar ATPase facilitate the internalization of CD4. Immunity 1998;8(5):647-56.

Lukashevich IS, Tikhonov I, Rodas ID,ZapataJC, Yang Y, Djavani M, et al. Arenavirus-
mediated liver pathology: acute lymphocytic choriomeningitis virus infection of rhesus

macaques is characterized by high-level interleukin-6 expression and hepatocyte
proliferation. J Virol 2003 ;7 7 (3):17 27 -37 .

Lundholm P, Asakura Y, Hinkula J, Lucht E, Wahren B. Induction of mucosal IgA by a

novel jet delivery technique for HIV-I DNA. Vaccine 1999;17(15'16):203642'

MacDonald HR, Schneider R, Lees RII Howe RC, Acha-Orbea H, Festenstein H, et al. T-
cell receptor V beta use predicts reactivity and tolerance to Mlsa-encoded antigens. Nature
1988;332(6159):40-5.

MacGregor RR, Boyer JD, Ugen KE, Lacy KE, Gluckman SJ, Bagarazzi ML, et al. First
human trial of a DNA-based vaccine for treatment of human immunodeficiency virus type

I infection: safety and host response. J Infect Dis 1998;178(l):92-100.

Mahana W. Mapping of staphylococcal enterotoxin A functional binding sites and

presentation by monoclonal antibodies and fusion proteins. Infect Immun
t999;67 (4):1 894-900.

Martinez-Kinader B, Lipford GB, Wagner H, Heeg K. Sensitization of MHC class I-
restricted T cells to exogenous proteins: evidence for an alternative class I-restricted
antigen presentation pathway. Immunology I 995 ;86(2): 287 -95.

Matthes M, Schrezenmeier H, Homfeld J, Fleischer S, Malissen B, Kirchner H, et al.
Clonal analysis of human T cell activation by the Mycoplasma arthritidis mitogen (MAS).
Eur J Immunol 1988;18(ll):1733-7.

Mazzaccaro RI, Gedde M, Jensen ER, van Santen HM, Ploegh HL, Rock KL, et al. Major
histocompatibility class I presentation of soluble antigen facilitated by Mycobacterium
tuberculosis infection. Proc Natl Acad Sci USA 1996;93(21):l1786-9L

Mehindate K Thibodeau J, Dohlsten M, Kalland T, Sekaly RP, Mourad W. Cross-linking
of major histocompatibility complex class II molecules by staphylococcal enterotoxin A
superantigen is a requirement for inflammatory cytokine gene expression. J Exp Med
I 995; I 82(5):1573-7 .

Men Y, Tamber H, Audran R, Gander B, Corradin G. Induction of a cytotoxic T
lymphocyte response by immunization with a malaria specific CTL peptide entrapped in
biodegradable polymer microspheres. Vaccine 1997 :I 5 (I2- I 3) : I 405 - I 2.

194



Michalek MT, Grant EP, Gramm C, Goldberg AL, Rock KL. A role for the ubiquitin-
dependent proteolytic pathway in MHC class l-restricted antigen presentation. Nature
I 993 ;3 63 (6 429):5 52-4.

Mitchell DT, Levitt DG, Schlievert PM, Ohlendorf DH. Structural evidence for the

evolution of pyrogenic toxin superantigens. J Mol Evol2000;51(6):520-31.

Mo XY, Cascio P, Lemerise K, Goldberg AL, Rock K. Distinct proteolytic processes

generate the C and N termini of MHC class l-binding peptides. J Immunol
1999;163(l l):5851-9.

Mollick JA, Chintagumpala M, Cook RG, Rich RR. Staphylococcal exotoxin activation of
T cells. Role of exotoxin-MHC class II binding affrnity and class II isotype. J Immunol
r99r;146(2):463-8.

Mollick JA, Miller GG, Musser JM, Cook RG, Grossman D, Rich RR. A novel
superantigen isolated from pathogenic strains of Streptococcus pyogenes with
aminoterminal homology to staphylococcal enterotoxins B and C. J Clin Invest
1993;92(2):710-9.

Morris W, SteinhoffMC, Russell PK. Potential of polymer microencapsulation technology
for vaccine innovation. Vaccine 1994;12(l):5-l l.

Munson SH, Tremaine MT, Betley MJ, Welch RA. Identification and characterization of
staphylococcal enterotoxin types G and I from Staphylococcus aureus. Infect Immun
1998;66(7):3337 -48.

Muraille E, De TrezC, Pajak B, Brait M, Urbain J, Leo O. T cell-dependent maturation of
dendritic cells in response to bacterial superantigens. J Immunol2002;168(9):4352-6O.

Murray R, Cohen P, Hardegree MC. Mineral oil adjuvants: biological and chemical
studies. Ann Allergy 1972;30(3):146-51.

Murzin AG. OB(oligonucleotide/oligosaccharide binding)-fold: common structural and
functional solution for non-homologous sequences. EMBO J 1993;12(3):861-7 .

Nair S, Zhou X, Huang L, Rouse BT. Class I restricted CTL recognition of a soluble
protein delivered by liposomes containing lipophilic polylysines. J Immunol Methods
1992;152(2):237-43.

Nakagawa TY, Rudensky AY. The role of lysosomal proteinases in MHC class II-
mediated antigen processing and presentation. Immunol Rev 19991'172:12l-9.

Neefe JR, Chu NR, Mizzen L. CoVal fusions: a therapeutic vaccine platform using heat

shock proteins to treat chronic viral infection and cancer. Dev Biol (Basel) 20041,116:193-

200; discussion 229-36.

Neijssen J, Herberts C, Drijflrout JW, Reits E, Janssen L, Neefies J. Cross-presentation by
intercellular peptide transfer through gap junctions. Nature 200 5 ;43 4(7 02 9) : 8 3 - 8.

195



Nelson K, Schlievert PM, Selander RK, Musser JM. Characterization and clonal
distribution of four alleles of the speA gene encoding pyrogenic exotoxin A (scarlet fever
toxin) in Streptococcus pyogenes. J Exp Med 199l;174(5):1271-4.

Neumann B, Engelhardt B, Wagner H, Holzmann B. lnduction of acute inflammatory lung
injury by staphylococcal enterotoxin B. J Immunol 1997;158(4):1862-7L

Nicklas W, Kraft V, Meyer B. Contamination of transplantable tumors, cell lines, and

monoclonal antibodies with rodent viruses. Lab Anim Sci 1993;43(4):296-300.

Nilsson H, Bjork P, Dohlsten M, Antonsson P. Staphylococcal enterotoxin H displays

unique MHC class ll-binding properties. J Immunol 1999;163(12):6686-93.

Nixon DF, Hioe C, Chen PD, Bian Z, Kuebler P, Li ML, et al. Synthetic peptides

entrapped in microparticles can elicit cytotoxic T cell activity. Vaccine 1996;14(16):1523-
30.

Noad R, Roy P. Virus-like particles as immunogens. Trends Microbiol 2003;l l(9):$844.

Noakes KL, Teisserenc HT, Lord JM, Dunbar PR, Cerundolo V, Roberts LM. Exploiting
retrograde hansport of Shiga-like toxin I for the delivery of exogenous antigens into the

MHC class I presentation pathway. FEBS Lett 1999;453(l-2):95-9.

Norbury CC, Hewlett LJ, Prescott AR, Shastri N, Watts C. Class I MHC presentation of
exogenous soluble antigen via macropinocytosis in bone marrow macrophages. Immunity
1995;3(6):783-91.

Nossner E, Parham P. Species-specific differences in chaperone interaction of human and
mouse major histocompatibility complex class I molecules. J Exp Med 1995;181(1):327-
3t.

Ohara-Nemoto Y, Sasaki M, Kaneko M, Nemoto T, Ota M. Cysteine protease activity of
streptococcal pyrogenic exotoxin B. Can J Microbiol 1994;a0(l l):930-6.

Omoe K, Hu DL, Takahashi-Omoe H, Nakane A, Shinagawa K. Identification and

characterization of a new staphylococcal enterotoxin-related putative toxin encoded by two
kinds of plasmids. Infect lmmun 2003;71(10):6088-94.

Onvin PM, Leung DY, Donahue HL, Novick RP, Schlievert PM. Biochemical and
biological properties of Staphylococcal enterotoxin K. Infect Immun 2001;69(l):360-6.

Orwin PM, Leung DY, Tripp TJ, Bohach GA, Earhart CA, Ohlendorf DH, et al.

Characterization of a novel staphylococcal enterotoxin-like superantigen, a member of the
group V subfamily of pyrogenic toxins. Biochemistry 2002;4L(47):14033-40.

Osicka R, Osickova A, Basar T, GuermonprezP, Rojas M, Leclerc C, et al. Delivery of
CD8(+; T-cell epitopes into major histocompatibility complex class I antigen presentation
pathway by Bordetella pertussis adenylate cyclase: delineation of cell invasive structures
and permissive insertion sites. Infect Immun 2000;68(l):247-56.

196



Ott G, Barchfeld GL, Chernoff D, Radhakrishnan Ro van Hoogevest P, Van Nest G. MF59.
Design and evaluation of a safe and potent adjuvant for human vaccines, Pharm Biotechnol
1995;6:277-96.

Pack CD, Kumaraguru U, Suvas S, Rouse BT. Heat-shock protein 70 acts as an effective
adjuvant in neonatal mice and confers protection against challenge with Herpes Simplex
Virus. Vaccine 2005 ;23 (27):3 526 -3 4.

Paliard X, Liu Y, Wagner R, Wolf H, Baenziger J, Walker CM. Priming of stong, broad,

and long-lived HIV type I p55gag-specific CD8+ cytotoxic T cells after administration of
a virus-like particle vaccine in rhesus macaques. AIDS Res Hum Retroviruses
2000; l6(3):273-82.

Palladino MA, Jr., Srivastava PK, Oettgen HF, Deleo AB. Expression of a shared tumor-
specific antigen by two chemically induced BALB/c sarcomas. Cancer Res

1987;47 (19):507 4-9 .

Pamer E, Cresswell P. Mechanisms of MHC class l--restricted antigen processing. Annu
Rev Immunol I 998; I 6:323-58.

Papageorgiou AC, Acharya K\ Shapiro R, Passalacqua EF, Brehm RD, Tranter HS.

Crystal structure of the superantigen enterotoxin C2 from Staphylococcus aureus reveals a

zinc-binding site. Stmcture 1 995 ;3 (8) : 7 69 -7 9 .

Papageorgiou AC, Baker MD, Mcleod JD, Goda SK, Manzotti CN, Sansom DM, et al.

Identification of a secondary zinc-binding site in staphylococcal enterotoxin C2.

Implications for superantigen recognition. J Biol Chem 2004;279(2):1297-303.

Papageorgiou AC, Collins CM, Gutman DM, Kline JB, O'Brien SM, Tranter HS, et al.

Stnrctural basis for the recognition ofsuperantigen streptococcal pyrogenic exotoxin A
(SpeAl) by MHC class II molecules and T-cell receptors. EMBO J 1999:'18(l):9-21-

Pathak SS, Lich JD, Blum JS. Cutting edge: editing of recycling class Il:peptide complexes

by HLA-DM. J Immunol 2001 ; 167 (2):632-5.

Peters PJ, Nee{es JJ, Oorschot V, Ploegh HL, Geuze HJ. Segregation of MHC class II
molecules from MHC class I molecules in the Golgi complex for transport to lysosomal

compartments. Nature 199 | ;3 49 (63 | l):669 -7 6.

Peterson ML, Ault K, Kremer MJ, Klingelhutz AJ, Davis CC, Squier CA, et al. The innate
immune system is activated by stimulation of vaginal epithelial cells with Staphylococcus
aureus and toxic shock syndrome toxin l. Infect Immun 2005;73():21'64-74.

Petersson K, Forsberg G, Walse B. Interplay between superantigens and immunoreceptors.
Scand J Immunol 2004;59G):345-55.

Petersson K, Hakansson M, Nilsson H, Forsberg G, Svensson LA, Liljas A, et al. Crystal
structure of a superantigen bound to MHC class I[ displays zinc and peptide dependence.

EMBO J 2001 ;20(1 3):3306- I 2.

r97



Petersson K, Pettersson H, Skartved NJ, Walse B, Forsberg G. Staphylococcal enterotoxin
H induces V alpha-specific expansion of T cells. J Immunol 2003;170(8):4148-54.

Petersson K, Thunnissen M, Forsberg G, Walse B. Crystal structure of a SEA variant in
complex with MHC class II reveals the ability of SEA to crosslink MHC molecules.

Structure (Camb) 2002;lO(12): | 619-26.

Pieters J. Evasion of host cell defense mechanisms by pathogenic bacteria. Curr Opin
Immunol 200 I ; 13( l) :37 -44.

Pinet VM, Long EO. Peptide loading onto recycling HLA-DR molecules occurs in early
endosomes. Eur J Immunol 1998;28(3):799-804.

Plemper RK, Bohmler S, Bordallo J, Sommer T, Wolf DH. Mutant analysis links the

translocon and BiP to retrograde protein transport for ER degradation. Nature
I 997;388(6645):89 I -5.

Pond L, Watts C. Characterization of transport of newly assembled, T cell-stimulatory
MHC class Il-peptide complexes from MHC class II compartments to the cell surface. J

Immunol 1997 ;l 59(2):543-53.

Pond L, Watts C. Functional early endosomes are required for maturation of major
histocompatibility complex class II molecules in human B lymphoblastoid cells. J Biol
Chem 1999 ;27 4(25) : I 8049-54.

Pooley JL, Heath WR, Shortman K. Cutting edge: intravenous soluble antigen is presented

to CD4 T cells by CD8- dendritic cells, but cross-presented to CD8 T cells by CD8+
dendritic cells. J Immunol 200 I ; I 66(9):5327 -30.

Potter M, Boyce CR. Induction of plasma-cell neoplasms in strain BALB/c mice with
mineral oil and mineral oil adjuvants. Nature 1962;193:1086-7.

Prasad GS, Earhart CA, Murray DL, Novick RP, Schlievert PM, Ohlendorf DH. Structure

of toxic shock syndrome toxin 1. Biochemistry 1993;32(50):13761-6.

Princiotta MF, Finzi D, Qian SB, Gibbs J, Schuchmann S, Buttgereit F, et al. Quantitating
protein synthesis, degradation, and endogenous antigen processing. Immunity
2003; l8(3):343-54.

Proft T, Arcus VL, Handley V, Baker EN, Fraser JD. lmmunological and biochemical
characterization of streptococcal pyrogenic exotoxins I and J (SPE-I and SPE-I) from
Streptococcus pyogenes. J Immunol 2001;166(l l):671l-9.

Proft T, Fraser JD. Bacterial superantigens. Clin Exp lmmunol2003;133(3):299-306'

Proft T, Moffatt SL, Berkahn CJ, Fraser JD. Identification and characterization of novel
superantigens from Sheptococcus pyogenes. J Exp Med 1999;189(l):89-102.

Proft T, Moffatt SL, Weller KD, Paterson A, Martin D, Fraser JD. The streptococcal
superantigen SMEZ exhibits wide allelic variation, mosaic structure, and significant
antigenic variation. J Exp Med 2000;191(10):1765-76.

198



Proft T, Schrage B, Fraser J. Superantigens-microbial toxins that target the immune
system. In: Proft T, editor. Microbial Toxins molecular and cellular biology. Norfolk:
Horizon Bioscience; 2005.

Proft T, Sriskandan S, Yang L, Fraser JD. Superantigens and sfteptococcal toxic shock

syndrome. Emerg lnfect Dis 2003a;9(10):l2l l-8.

Proft T, Webb PD, Handley V, Fraser JD. Two novel superantigens found in both group A
and group C Streptococcus. Infect Immun 2003b;71(3):1361-9.

Quaratino S, Murison G, Knyba RE, Verhoef A, Londei M. Human CD4- CD8- alpha

beta+ T cells express a functional T cell receptor and can be activated by superantigens. J

Immunol 199 | ;147 (10):33 I 9-23.

Rabinowitz JD, Beeson C, Lyons DS, Davis MM, McConnell HM. Kinetic discrimination
in T-cell activation. Proc Natl Acad Sci USA 1996;93(a):1401-5.

Racke MK, Quigley L, Cannella B, Raine CS, McFarlin DE, Scott DE. Superantigen

modulation of experimental allergic encephalomyelitis: activation of anergy determines

outcome. J Immunol l99al52(4):205 I -9.

Ragnarsson L, Stromberg T, Wijdenes J, Totterman TH, Weigelt C. Multiple myeloma
cells are killed by syndecan-1-directed superantigen-activated T cells. Cancer Immunol
Immunother 200 I ; 50(7):3 82-90.

Rainard P. Isotype antibody response in cows to Streptococcus agalactiae group B
polysaccharide-ovalbumin conj ugate. J C I in Microbiol | 992;30 (7 ): I 8 5 6-62.

Rawson P, Hermans IF, Huck SP, Roberts JM, Pircher H, Ronchese F. Immunotherapy
with dendritic cells and tumor major histocompatibility complex class l-derived peptides

requires a high density of antigen on hrmor cells. Cancer Res 2000;60(16):4493-8.

Raychaudhuri S, Rock KL. Fully mobilizing host defense: building better vaccines. Nat
Biotechnol 1998; 16(l l): 1025-3 l.

Reid PA, Watts C. Cycling of cell-surface MHC glycoproteins through primaquine-
sensi tive inhacellular compartments. N ature 199 0 :3 46(6285) :65 5 -7 .

Reis e Sousa C, Gernain RN. Major histocompatibility complex class I presentation of
peptides derived from soluble exogenous antigen by a subset of cells engaged in
phagocytosis. J Exp Med 1995;182(3):8al-51.

Reiser RF, Robbins RN, Noleto AL, Khoe GP, Bergdoll MS. Identification, purification,
and some physicochemical properties of staphylococcal enterotoxin C3. tnfect lmmun
1984;45(3):625-30.

Reits E, Griekspoor A, Neijssen J, Groothuis T, Jalink K, van Veelen P, et al. Peptide
diffusion, protection, and degradation in nuclear and cytoplasmic compartrnents before
antigen presentation by MHC class I. Immunity 2003;18(l):97-108.

199



Reits EA, Griekspoor AC, Neefies J. How does TAP pump peptides? insights from DNA
repair and traffic ATPases. Immunol Today 2000a;21(12):598-600.

Reits EA, Vos JC, Gromme M, Neefies J. The major substrates for TAP in vivo are derived
from newly synthesized proteins. Nature 2000b;404( 67 7 9):7 7 4-8.

Ren K, Bannan JD, Pancholi V, Cheung AL, Robbins JC, Fischetti VA, et al.

Characterization and biological properties of a new staphylococcal exotoxin. J Exp Med
I 994;1 80(5):1675-83.

Rich RR. lntravenous IgG: supertherapy for superantigens? J Clin Invest 1993:91(2):378.

Riese RJ, Chapman HA. Cathepsins and compartmentalization in antigen presentation.

Ctrr Opin Immunol 2000; l2(l): I 07- I 3.

Rietschel ET, Wollenweber tIW, Zahringer U, Luderitz O. Lipid A, the lipid component of
bacterial lipopolysaccharides: relation of chemical structure to biological activity. Klin
Wochenschr I 982;60( I 4):7 05-9.

Ritchie DS, Yang J, Hermans IF, Ronchese F. B-Lymphocytes activated by CD40 ligand
induce an antigen-specific anti-tumour immune response by direct and indirect activation
of CD8(+) T-cells. Scand J Immunol 2004;60(6):543-51.

Roche PA, Teletski CL, Stang E, Bakke O, Long EO. Cell surface HlA-DR-invariant
chain complexes are targeted to endosomes by rapid internalization. Proc Natl Acad Sci

USA I 993;90(l 8):858 1-5.

Rock KL. A new foreigu policy: MHC class I molecules monitor the outside world.
Immunol Today 1996;17 (3):l3l-7.

Rock KL, Gramm C, Rothstein L, Clark K, Stein R, Dick L, et al. Inhibitors of the
proteasome block the degradation of most cell proteins and the generation of peptides
presented on MHC class I molecules. Cell1994;78(5):761-71.

Rock KL, York IA, Goldberg AL. Post-proteasomal antigen processing for major
histocompatibility complex class I presentation. Nat Immunol 2004;5(7):670-7.

Rodriguez A, Regnault A, Kleijmeer M, Ricciardi-Castagnoli P, Amigorena S. Selective
transport of internalized antigens to the cytosol for MHC class I presentation in dendritic
cells.[see comment]. Nat Cell Biol 1999;l(6):362-8.

Romagnoli P, Layet C, Yewdell J, Bakke O, Germain RN. Relationship between invariant
chain expression and major histocompatibility complex class II transport into early and late

endocytic compartments. J Exp Med 1993;177(3):583-96.

Rosendahl A, Kristensson K, Hansson J, Ohlsson L, Kalland T, Dohlsten M. Repeated

treatment with antibody-targeted superantigens strongly inhibits hrmor growth. Int J
Cancer 1998;7 6(2):27 4-83 .

200



Rossi RJ, Mtualimohan G, Maxwell JR, Vella AT. Staphylococcal enterotoxins condition
cells of the innate immune system for Toll-like receptor 4 stimulation. Int Immunol
2004;t6(12): I 75 1-60.

Rothman JE. Polypeptide chain binding proteins: catalysts of protein folding and related
processes in cells. Cell 1989;59(4):591-601.

Rott O, Tontsch U, Fleischer B. Dissociation of antigen-presenting capacity of astocytes
for peptide-antigens versus superantigens. J Immunol 1993;150( I ):87-95.

Roussel A, Anderson BF, Baker HM, Fraser JD, Baker EN. Crystal structure of the

streptococcal superantigen SPE-C: dimerization and zinc binding suggest a novel mode of
interaction with MHC class II molecules. Nat Struct Biol 1997;4(8):635-43.

Roy K, Mao HQ, Huang SK, Leong KW. Oral gene delivery with chitosan--DNA
nanoparticles generates immunologic protection in a murine model of peanut allergy. Nat
Med 1999;5($:387-91.

Rudolf MP, Fausch SC, Da Silva DM, Kast WM. Human dendritic cells are activated by
chimeric human papillomavirus type-16 virus-like particles and induce epitope-specific
human T cell responses in vitro. J Immunol200l;166(10):5917-24.

Ruedl C, Storni T, Lechner F, Bachi T, Bachmann MF. Cross-presentation of virusJike
particles by skin-derived CD8(-) dendritic cells: a dispensable role for TAP. Eur J
Immunol 2002;32(3):8 I 8-25.

Russell DG, Dant J, Shrgill-Koszycki S. Mycobacterium avium- and Mycobacterium
tuberculosis-containing vacuoles are dynamic, fusion-competent vesicles that are

accessible to glycosphingolipids from the host cell plasmalemma. J Immunol
| 99 6 ;r 5 6 (r 2) : 47 6 4 -7 3 .

Sadasivan BK, Cariappa A, Waneck GL, Cresswell P. Assembly, peptide loading, and
transport of MHC class I molecules in a calnexin-negative cell line. Cold Spring Harb
Symp Quant Biol 1995;60:267-75.

Salk J, Salk D. Control of influenza and poliomyelitis with killed virus vaccines. Science

| 97 7 ;r 9 5 (428 r):83 4 -47 .

Saron MF, Fayolle C, Sebo P, Ladant D, Ullmann A, Leclerc C. Anti-viral protection
conferred by recombinant adenylate cyclase toxins from Bordetella pertussis carrying a
CD8+ T cell epitope from lymphocytic choriomeningitis virus. Proc Natl Acad Sci USA
1997;94(7):3314-9.

Schad EM, Zaitseval,Zaitsev Mrl, Dohlsten M, Kalland T, Schlievert PM, et al. Crystal
structure of the superantigen staphylococcal enterotoxin tyrpe A. EMBO J

I 995 ; I 4( I 4):3292-30r.

Schiffenbauer J, Johnson HM, Butfiloski EJ, Wegrzyn L, Soos JM. Staphylococcal
enterotoxins can reactivate experimental allergic encephalomyelitis. Proc Natl Acad Sci
USA 1993;90(l 8):85a3-6.

201



Schirmbeck R, Bohm W, Reimann J. Virus-like particles induce MHC class I-restricted T-
cell responses. Lessons learned from the hepatitis B small surface antigen. Intervirology
1996;39(l-2):I I1-9.

Schirmbeck R, Melber K, Reimann J. Hepatitis B virus small surface antigen particles are

processed in a novel endosomal pathway for major histocompatibility complex class I-
restricted epitope presentation. Eur J Immunol 1995;25(4):1063-70.

Schlievert PM, Shands KN, Dan BB, Schmid GP, Nishimura RD. Identification and

charccteization of an exotoxin from Staphylococcus alueus associated with toxic-shock
syndrome. J Infect Dis 1981;la3(4):509-16.

Schneerson R, Barrera O, Sutton A, Robbins JB. Preparation, characterization, and

immunogenicity of Haemophilus influenzae type b polysaccharide-protein conjugates. J

Exp Med I 980; I 52(2):361-7 6.

Schubert U, Anton LC, Gibbs J, Norbury CC, Yewdell JW, Bennink JR. Rapid degradation

of a large fraction of newly synthesized proteins by proteasomes. Nature
2 000 ;404(6 7 7 9) :7 7 0 -4.

Schwartz O, Marechal V, Le Gall S, Lemonnier F, Heard JM. Endocytosis of major
histocompatibility complex class I molecules is induced by the HIV-l Nef protein. Nat
Med 1996;2(3):338-42.

SenGupta D, Norris PJ, Suscovich TJ, Hassan-Zahraee M, Moffett HF, Trocha A, et al.

Heat shock protein-mediated cross-presentation of exogenous HIV antigen on HLA class I
and class IL J Immunol2004;173(3):1987-93.

Seth A, Stern LJ, Ottenhoff TH, Engel [, Owen MJ, Lamb JR, et al. Binary and ternary
complexes between T-cell receptor, class II MHC and superantigen in vitro. Nature
r99a369(6478):324-7.

Shinefield H, Black S, Fattom A, Horwith G, Rasgon S, Ordonez J, et al. Use of a
Staphylococcus aureus conjugate vaccine in patients receiving hemodialysis. N Engl J Med
2002;346(7):49r-6.

Shive MS, Anderson JM. Biodegradation and biocompatibility of PLA and PLGA
microspheres. Adv Drug Deliv Rev 1997;28(l):5-24.

Sigal LJ, Crotty S, Andino R, Rock KL. Cytotoxic T-cell immunity to virus-infected non-
haematopoietic cells requires presentation of exogenous antigen. Nature
1 999;398(67 22):7 7 -80.

Soos IM, Hobeika AC, Butfiloski EJ, Schiffenbauer J, Johnson HM. Accelerated induction
of experimental allergic encephalomyelitis in PL/J mice by a non-V beta 8-specific
superantigen. Proc Natl Acad Sci USA 1995;92(13):6082-6.

Sriskandan S, McKee A, Hall L, Cohen J. Comparative effects of clindamycin and
ampicillin on superantigenic activity of Streptococcus pyogenes. J Antimicrob Chemother
1997 ;40(2):27 5-7 .

202



Sriskandan S, Unnikrishnan M, Krausz T, Dewchand H, Van Noorden S, Cohen J, et al'
Enhanced susceptibility to superantigen-associated streptococcal sepsis in human
leukocyte antigen-DQ hansgenic mice. J Infect Dis 2001;184(2):166-73.

Srivastava PK, Das MR. The serologically unique cell surface antigen of Zajdela ascitic
hepatoma is also its tumor-associated hansplantation antigen. Int J Cancer 1984;33(3):417-
22.

Steinman RM. The dendritic cell system and its role in immunogenicity. Annu Rev

Immunol 199 1 ;9 :27 | -96.

Stohl W, Elliott JE, Linsley PS. Human T cell-dependent B cell differentiation induced by
staphylococcal superantigens. J lmmunol 1 994; I 53( I ) :I L7 -27 .

Sturgill-Koszycki S, Schlesinger PH, Chakraborty P, Haddix PL, Collins HL, Fok AK, et

al. Lack of acidification in Mycobacterium phagosomes produced by exclusion of the

vesicular proton-ATPase. Scienc e I99 4;263(5 I 47):678-8 I .

Sundberg E, Jardetzky TS. Structural basis for HLA-DQ binding by the streptococcal
superantigen SSA. Nat Struct Biol 1999;6(2):123-9.

Sundberg EJ, Li H, Llera AS, McCormick JK Tormo J, Schlievert PM, et al. Structures of
two streptococcal superantigens bound to TCR beta chains reveal diversity in the

architecture of T cell signaling complexes. Structure (Camb) 2002a;10(5):687-99.

Sundberg EJ, Li Y,Mariuzza RA. So many ways of getting in tle way: diversity in the

molecular architecture of superantigen-dependent T-cell signaling complexes. Cun Opin
lmmunol 2002b ;l a0) :3 6 -44.

Sundstrom M, Abrahmsen L, Antonsson P, Mehindate K, Mourad W, Dohlsten M. The

crystal structure of staphylococcal enterotoxin type D reveals Zn2+-mediated
homodimerization. EMBO J 199 6;1 5 (24):6832-40.

Swaminathan S, Furey W, Pletcher J, Sax M. Crystal structure of staphylococcal
enterotoxin B, a superantigen. Nature 1992;359(6398): 80 I -6.

Tabata Y, Ikada Y. Macrophage phagocytosis of biodegradable microspheres composed of
L-lactic acid/glycolic acid homo- and copolymers. J Biomed Mater Res 1988;22(10):837-
58.

Takahama Y, Suzuki H,Katz KS, Grusby MJ, Singer A. Positive selection of CD4+ T cells
by TCR ligation without aggregation even in the absence of MHC. Nature
199 4;37 I (6492):67 -7 0.

Teasdale RD, Jackson MR. Signal-mediated sorting of membrane proteins between the
endoplasmic reticulum and the golgi apparatus. Annu Rev Cell Dev Biol 1996;12:27-54.

Theobald DL, Mitton-Fry RM, Wuttke DS. Nucleic acid recoguition by OB-fold proteins.
Annu Rev Biophys Biomol Struct 2003;32:l 15-33.

203



Tiedemann RE, Fraser JD. Cross-linking of MHC class II molecules by staphylococcal
enterotoxin A is essential for antigen-presenting cell and T cell activation. J Immunol
I 996; I 57(9):3958-66.

Tomazin R, Hill AB, Jugovic P, York I, van Endert P, Ploegh HL, et al. Stable binding of
the helpes simplex virus ICP47 protein to the peptide binding site of TAP. EMBO J
1996; I 5( I 3):3256-66.

Toyosaki T, Yoshioka T, Tsuruta Y, Yutsudo T, Iwasaki M, Suzuki R. Definition of the

mitogenic factor (MF) as a novel streptococcal superantigen that is different from
streptococcal pyrogenic exotoxins A, B, and C. Eur J Immunol 1996;26(Il):2693-701.

Tsunetsugu-Yokota Y, Morikawa Y, Isogai M, Kawana-Tachikawa A, Odawara T,
Nakamura T, et al. Yeast-derived human immunodeficiency virus type I p55(gag) virus-
like particles activate dendritic cells (DCs) and induce perforin expression in Gag-specific
CD8(+) T cells by cross-presentation of DCs. J Virol 2003;77(I9):10250-9.

Turley SJ, Inaba K, Garrett WS, Ebersold M, Unternaehrer J, Steinman RM, et al.

Transport of peptide-MHC class II complexes in developing dendritic cells. Science

2000 ;28 8(5 465):522-7 .

Uchiyama T, Saito S,Inoko H, Yan XJ,Imanishi K, Araake M, et al. Relative activities of
distinct isoqpes of murine and human major histocompatibility complex class II molecules
in binding toxic shock syndrome toxin I and determination of CD antigens expressed on T
cells generated upon stimulation by the toxin. Infect Immun 1990;58(12):3877-82.

Ugen KE, Nyland SB, Boyer JD, Vidal C, Lera L, Rasheid S, et al. DNA vaccination with
HfV-l expressing constructs elicits immune responses in humans. Vaccine
1998;16(19):1818-21.

Ullrich SJ, Robinson EA, Law LW, Willingham M, Appella E. A mouse tumor-specific
transplantation antigen is a heat shock-related protein. Proc Natl Acad Sci USA
1986;83(10):3121-5.

Ulmer JB, Deck RR, Yawman A, Friedman A, Dewitt C, Martinez D, et al. DNA vaccines
for bacteria and viruses. Adv Exp Med Biol 1996;397:49-53.

Vabulas RM, Wagner H, Schild H. Heat shock proteins as ligands of toll-like receptors.

Cun Top Microbiol Immunol 2002;270:169-84.

Valenzuela P, Medina A, Rutter WJ, Ammerer G, Halt BD. Synthesis and assembly of
hepatitis B virus surface antigen particles in yeast. Nature 1982;298(5872):347-50.

Valitutti S, Muller S, Cella M, Padovan E,Laruavecchia A. Serial triggering of many T-
cell receptors by a few peptide-MHc complexes. Nature 1995;375(6527):148-51.

Van Kaer L, Ashton-Rickardt PG, Ploegh HL, Tonegawa S. TAPI mutant mice are

deficient in antigen presentation, surface class I molecules, and CD4-8+ T cells. Cell
1992;7 I(7):r205-14.

204



Villadangos JA, Bryant RA, Deussing J, Driessen C, Lennon-Dumenil AM, Riese RI, et al.

Proteases involved in MHC class II antigen presentation. knmunol Rev 1999;172:109-20.

Virelizier JL, Gresser L Role of interferon in the pathogenesis of viral diseases of mice as

demonstrated by the use of anti-interferon serum. V. Protective role in mouse hepatitis
virus type 3 infection of susceptible and resistant strains of mice. J Immunol
1 978;1 20(5):16 16-9.

Virelizier JL, Virelizier AM, Allison AC. The role of circulating interferon in the
modifications of immune responsiveness by mouse hepatitis virus (MHV-3). J Immunol
1976;117(I:7a8-53.

Wack A, Rappuoli R. Vaccinology at the beginning of the 2lst century. Cun Opin
Immunol2005.

Wang R, Epstein J, Baraceros FM, Gorak EJ, Charoenvit Y, Carucci DJ, et al. Induction of
CD4(+) T cell-dependent CD8(+) type I responses in humans by a malaria DNA vaccine.
Proc Natl Acad Sci USA 2001;98(19):10817-22.

Warfield KL, Bosio CM, Welcher BC, Deal EM, Mohamadzadeh M, Schmaljohn A, et al.

Ebola virus-like particles protect from lethal Ebola virus infection. Proc Natl Acad Sci
USA 2003; I 00(26): I s889-94.

Warmerdam PA, Long EO, Roche PA. Isoforms of the invariant chain regulate transport of
MHC class II molecules to antigen processing compartments. J Cell Biol 1996;133(2):281-
91.

Watts C. Capture and processing of exogenous antigens for presentation on MHC
molecules. Annu Rev Immunol 1997;15:821-50.

Watts C. The exogenous pathway for antigen presentation on major histocompatibility
complex class II and CDI molecules. Nat [mmunol2004;5(7):685-92.

I Watts C, Amigorena S. Phagocytosis and antigen presentation. Semin Immunol
' Z00l ; l3(6):373-9.

Weeks CR, Ferretti JJ. Nucleotide sequence of the type A streptococcal exotoxin
(erythrogenic toxin) gene from Streptococcus pyogenes bacteriophageTlZ. lnfect Immun
1986;52(l):r44-50.

Wiedlocha A. Novel protein toxin-based strategy for development of cytotoxic T
lymphocyte vacc ines. Archi vum Immunologiae et Therapiae Experimentalis
1998;46(6):341-6.

Wiertz EJ, Jones TR, Sun L, Bogyo M, Geuze HJ, Ploegh HL. The human
cytomegalovirus USI I gene product dislocates MHC class I heavy chains from the
endoplasmic reticulum to the cytosol. Cell 1996a;8a$):769-79.

Wiertz EJ, Tortorella D, Bogyo M, Yu J, Mothes W, Jones TR, et al. Sec6l-mediated
transfer of a membrane protein from the endoplasmic reticulum to the proteasome for
destruction. Nature I 996b;384(6608):432-8.

205



Williamson RA, Martorell G, Can MD, Murphy G, Docherty AJ, Freedman RB, et al.
Solution structure of the active domain of tissue inhibitor of metalloproteinases-2. A new

member of the OB fold protein family. Biochemistry 99a33Q9):l1745-59.

Wolff JA, Malone RW, Williams P, Chong W, Acsadi G, Jani A, et al. Direct gene transfer
into mouse muscle in vivo. Science 1990;247(4949 Pt 1):1465-8.

Wubbolts R, Fernandez-Borja M, Oomen L, Verwoerd D, Janssen H, Calafat J, et al.

Direct vesicular transport of MHC class II molecules from lysosomal structures to the cell
surface. J Cell Biol 1996;135(3):6ll-22.

Yamashiro Y, Nagata S, Oguchi S, Shimizu T. Selective increase of V beta 2+ T cells in
the small intestinal mucosa in Kawasaki disease. Pediatr Res 1996;39(2):264-6.

Yarwood JM, McCormick JK, Paustian ML, Orwin PM, Kapur V, Schlievert PM.
Characterization and expression analysis of Staphylococcus aureus pathogenicity island 3.

Implications for the evolution of staphylococcal pathogenicity islands. J Biol Chem
2002;27 7 (r5): I 3 I 3 8-47.

Yewdell JW. Not such a dismal science: the economics of protein synthesis, folding,
degradation and antigen processing. Trends Cell Biol200l;l l(7):294-7.

Yoon S, Bae KL, Shin JY, Yoo HJ, Lee ffW, Baek SY, et al. Analysis of the in vivo
dendritic cell response to the bacterial superantigen staphylococcal enterotoxin B in the
mouse spleen. Histol Histopathol 200 I ; I 6(4) :I 149 -59.

Zhang S, Iandolo JJ, Stewart GC. The enterotoxin D plasmid of Staphylococcus aureus

encodes a second enterotoxin determinant (sej). FEMS Microbiol Lett 1998;168(2):227-33.

Zilber MT, Gregory S, Mallone R, Deaglio S, Malavasi F, Charon D, et al. CD38
expressed on human monocytes: a coaccessory molecule in the superantigen-induced
proliferation. Proc Natl Acad Sci USA 2000;97(6):2840-5.

Zoller M, Andrighetto G. Hyperreactivity of adult BALB/c mice tolerized at birth with
TNP-ovalbumin. Immunobiology I 98 7 ; I 7 6(I -2) :l 25 - 43

206


	NEW-coversheet.pdf
	 
	http://researchspace.auckland.ac.nz
	ResearchSpace@Auckland
	Copyright Statement
	General copyright and disclaimer






