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ABSTRACT;

MHC class II molecules acquire proteolytically generated antigenic peptides 

intracellularly and display them on the surface of antigen presenting cells to 

CD4+ T-cells. Indirect evidence exists that heat shock protein (HSP) molecular 

chaperones, conserved proteins with indiscriminate peptide binding and 

ATPase-coupled peptide release properties, participate in the processing and/or 

presentation of MHC class II associated peptides. HSPs may act as peptide 

stabilisers, translocators or factors for the rapid loading of peptide onto empty 

MHC class II ap dimers. Here, the functional involvement of HSP molecular 

chaperones in antigen processing and the nature of antigen-chaperone 

interaction is investigated. Overexpression of both hsp60 and hsc73 resulted in 

enhancement of antigen processing and presentation capacity without affecting 

cell surface MHC class II expression. Subcellular localisation of hsp60 is 

outside its physiological mitochondrial site only in hsp60 overexpressing cells, 

whereas hsc73 co-compartmentalises with MHC class II molecules in 

untransfected and hsc73 overexpressing cells. Both chaperones were shown to 

interact with antigen internalised by APCs in vivo in an ATP sensitive manner. 

The interaction of hsc73 with antigen is disrupted by the hsc73 binding reagent 

15 , deoxyspergualin, whereas hsp60/antigen interaction is unaffected. 

Functionally, this reagent disrupts the ability of both hsc73 overexpressing 

cells and untransfected 97.2 cells to process and present antigen. Hsp60 

overexpression was also shown to result in the rescue of an endogenous epitope 

from an exclusively intracellular antigen, and a mutant version of hsp60 

predicted to lack ATPase function was shown to have a marginal impact on 

APC function when expressed as a transgene compared to the ATPase 

competent wild type hsp60. These results indicate that HSP molecular 

chaperones participate in antigen processing function, with hsc73 possessing 

characteristics which make it the most likely physiological candidate for such 

functions.
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I. I n t r o d u c t i o n :

1. Functions o f  the Immune  
system:

The mammalian immune system is highly evolved to enable the defence of the 

body against pathogens such as viruses, bacteria and protozoans, as well as 

against the development of neoplasia. Cells that carry out immune responses 

are derived from bone marrow, and fall into the myeloid (e.g. macrophages, 

dendritic cells, neutrophils) and lymphoid (e.g. T, B and NK cells) categories. 

The immune response can be classed into innate immunity and adaptive 

immunity. Innate immunity is effected by phagocytic cells (e.g. macrophages 

and neutrophils) which directly eliminate pathogens by engulfing and 

destroying them. The complement system also falls into the innate immune 

response, where a multicomponent cascade of serum proteins combine to 

disrupt the membrane integrity of bacteria and cause lysis, or facilitate their 

uptake by phagocytes via specific receptors (Roitt 1997).

The hallmarks of the adaptive or acquired immune response are specificity, 

discrimination of self and non-self, and the ability to retain memory for future 

infections. This itself can be broken down into two arms - humoral immunity 

and cellular immunity - mediated by B and T lymphocytes respectively. B cells 

synthesize immunoglobulin antibodies which have individual, clonally distinct 

specificities for foreign molecules, or antigens. Recognition of antigen by 

surface antibody on B cells leads to clonal expansion, and secretion of 

antibody. Secreted antibody can effect various functions, e.g. neutralisation of 

antigens such as bacterial toxins, opsonisation of pathogens for uptake by
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phagocytes, and activation of the complement cascade for lysis of antibody- 

bound bacteria (Janeway & Travers, 1994)

Whereas antibodies can recognise free intact antigen, the T-cell receptor (TCR) 

on the surface of T cells can only recognise antigen which has been degraded to 

peptides and presented in a complex with molecules of the major 

histocompatibility complex (MHC) - a phenomenon known as MHC restriction 

(Doherty & Zinkernagel 1979). MHC molecules fall into classes I and II, which 

primarily present antigens sourced endogenously and exogenously, 

respectively. All nucleated cells display MHC class I molecules on their 

surface, which reflects the need to carry out effective surveillance of all cell 

types for the presence of intracellular foreign proteins indicative of virally 

infected or neoplastic cells. Only certain specialised cells, known as antigen 

presenting cells (APCs) display MHC class II molecules. These are dendritic 

cells, macrophages and B cells. These cells occupy strategic immunological 

niches where they are likely to come into contact with exogenous antigens. 

Amongst others, the niches that these cells occupy are (a) in tissues where 

antigen is first likely to be present, (b) where antigen becomes concentrated by 

the lymphatic draining system, or (c) in the case of macrophages, sites of 

inflammation following chemotaxis.

The presentation of antigens to T cells results in their clonal expansion and 

activation to effect a number of functional outcomes. The activation of naive T 

cells, however, requires costimulatory signals additional to the recognition of 

MHC-peptide complexes by TCR. Co stimulatory molecules (e.g. B7.1 and 

B7.2, recognised by the T cell expressed CD28 molecule) are also restricted in 

expression to professional APCs. The absence of costimulation leads to anergy 

in T cells, a state of unresponsiveness characterised by the inability to produce
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interleukin-2 (IL-2), even upon subsequent rechallenge in the presence of 

costimulation (Lamb 1983).

Antigens presented in the context of MHC class I molecules are recognised by 

CD8+ T cells, which have cytotoxic effector function and lyse virally infected 

or neoplastic target cells displaying foreign peptides. Activation of the other 

major subset of T cells, which are CD4''', is MHC class II restricted, and these 

cells may differentiate into two classes of "helper" T (Th) cells upon activation. 

Thl subset cells produce interferon-y (IFNy) which activates macrophages, 

causing the upregulation of expression of MHC class I, class II and the antigen 

processing machinery. Thl cells can also mediate cell death by the expression 

of the Fas-ligand, which interacts with the Fas molecule expressed on the 

surface of target cells to cause activation of programmed cell death, or 

apoptosis. Th2 cells, in contrast, produce cytokines such as IL-4, IL-5 and EL

IO, which stimulate B-cells to secrete antibodies, and thereby assist the humoral 

arm of the immune system.
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2. The MHC class II  antigen 
processing pathway:

2.1. Uptake and delivery of antigens to MHC class 
II compartments by Antigen Presenting Cells:

Professional antigen presenting cells possess specialised mechanisms for 

efficient antigen uptake. Receptor-mediated endocytosis, macropinocytosis and 

phagocytosis allow different types of APC to capture antigen, and determine to 

an extent the efficiency of subsequent processing and presentation of antigens 

by these cells.

2.1.1. Immunoglobulin mediated uptake o f antigen by B cells:

B cells can acquire antigen by virtue of specific recognition by membrane 

bound immunoglobulin. Antigen presentation by antigen specific B-cells is 

typically lO^-lO'  ̂ fold more efficient than by non-specific B cells, which 

acquire antigen by fluid phase endocytosis (Lanzavecchia 1985, Rock 1984). 

The improved efficiency of antigen presentation is likely to be due not only to 

increased antigen capture by specific antibody. The transmembrane Ig (mIg) 

molecule is associated with the disulphide linked Igo/Igp heterodimer to form 

the complete B-cell receptor (BCR). These accessory molecules contain 

immune receptor tyrosine activation motifs (ITAMs) in their C-terminii, and 

crosslinking of the BCR causes these to become phosphorylated (Reth 1992). 

Mutagenesis of the transmembrane region of mIgM which abolish association 

with Iga/Igp result in loss of much of the signalling function of the BCR as well 

as much of the endocytic capacity of the cell (Parikh 1992, Grupp 1995),
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without affecting ceil surface expression of mIgM (Grupp 1993). Signal 

transduction downstream of Igo/Igp ITAMs may also be crucial in sorting the 

internalised antigen to the correct compartments for antigen processing. 

Experiments using chimaeric FcyRU fusion proteins with Iga/IgP indicate that 

the subunits are sufficient to direct immune receptor complexes captured by the 

Fc receptor portion to class II loading compartments, although in the case of 

FcyRII/Iga fusion, MHC class II loading occurs in a rapid, cyclohexamide- 

insensitive manner indicating that this combination may target to recycling 

endocytic compartments such as those accessed by transferrin receptor (TfR). 

Igcx/IgP are not sufficient, however, for BCR targetting to class II MHC peptide 

loading compartments, as has been demonstrated using a Y587F point mutation 

in the transmembrane region of mig, which allows association of normal 

association of mIg with Iga/Ig(3, antigen uptake and degradation but abolished 

antigen presentation (Shaw 1990, Mitchell 1995). Therefore other, yet to be 

identified accessory proteins may also be involved in correct targetting of BCR 

captured antigens to MHC class II loading compartments.

2.1.2. Macropinocytic and phagocytic uptake o f antigens:

Dendritic cells (DCs) can efficiently internalise antigens in diverse forms for 

processing and loading onto MHC class II molecules. DCs exist in an immature 

form in sites where they are likely to encounter antigen, as exemplified by 

Langerhans cells in the skin (Mellman 1998). Following encounter with antigen 

and/or exposure to inflammatory stimuli immature DCs undergo a process of 

maturation concomitant with migration to peripheral lymphoid organs (Roake 

1995, Sallusto 1995, Cumberbatch 1991). During this differentiation to the 

mature form, the antigen uptake capacity of these APC is downregulated and
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cell surface expression of MHC class II and costimulatory and accessory 

molecules (e.g. B7, CD40, ICAM-1, LFA3) is upregulated (Romani, 1989). 

Freshly isolated Langerhans cells were shown to be relatively weak APC, and 

required 1-3 days culture in the continuous presence of antigen to become 

capable of presentation. (Pure 1990, Kampgen 1991). Thus the DCs that arrive 

in the lymph nodes function primarily in presentation of previously acquired 

antigens rather than antigen uptake.

Antigen uptake by immature DCs has been studied in vitro using fresh 

Langerhans cells from Skin explants, and in the human system using blood 

mononuclear cell-derived DCs (MDDCs) which arise upon in viti'o culture with 

GM-CSF and IL-4 (Sallusto, 1994). These cells display an exaggerated and 

constitutive ability for fluid phase uptake termed macropinocytosis (Sallusto 

1995, Swanson 1995). Micropinocytosis is carried out constitutively by all 

cells, whereby small vesicles (-0.1 p.m) are taken up via clathrin coated pits. 

The clathrin-independent mechanism of macropinocytosis, however, is carried 

out only by DCs (and selected other cells under the influence of growth 

factors), and is mediated by membrane ruffling brought about by actin 

cytoskeletal rearrangements. Macropinocytosis results in the uptake of much 

larger volumes of fluid (and therefore much larger quantities of soluble antigen) 

in macropinosomes (0.5-3.5pm diameter) and also give DCs the ability to take 

up particulate antigens. Reis e Sousa et al (1993) have demonstrated the ability 

of fresh Langerhans cells to take up latex particles up to 3.5pm in diameter, as 

well as intact bacteria and yeast cells. Macropinosomes concentrate soluble 

antigens by shrinking (Racoosin 1993), and target the antigens carried therein 

to MHC class II positive compartments (Sallusto 1995).
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Macrophages represent another professional APC, which comprise the primary 

phagocytic cell type in both non-lymphoid and lymphoid tissue (Harding 1995). 

Phagocytosis results in the uptake of particulate antigens which are either 

opsonised (i.e. via Fc receptors) or non-opsonised. Uptake of opsonised 

antigens and engagement of Fc receptors is accompanied by clustering of the 

Fc receptor and phosphorylation of tyrosine residues in multiple YXXL motifs 

in the Fc receptor associated y subunit (Greenberg 1995). Signal transduction 

resulting from this event is coupled to formation of actin nucléation sites 

leading to engulfment and invagination, although the mechanism of signal 

transduction remains uncharacterised. The phagosome generated undergoes 

progressive remodelling within the macrophage, with transient acquisition of 

endosomal markers such as Rab5 and mannose phosphate receptor, after which 

fusion occurs with pre-existing lysosomes to give degradative compartments 

termed phagolysosomes (Desjardins 1994, Rabinowitz 1992). Delivery of 

MHC class n  molecules to phagosomes and phagolysosomes may be by fusion 

of phagosomes and endocytic compartments (Mayorga 1991). Alternatively, 

Pitt et al (1992) have shown by subcellular fractionation and density 

centrifugation that phagosomal components derived from phagocytosed 

bacteria subsequently appeared in endosomal compartments, indicating that 

antigen may be transported to endosomes as a means of encounter with MHC 

class II molecules.

2,1.3. Non-BCR receptor mediated uptake o f  antigens:

Antigen presenting cells can also capture antigen via cell surface receptors 

other than the specialised case of membrane Ig on B cells. As mentioned above, 

macrophages can utilise Fc receptors to capture antibody-antigen complexes
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such as bacteria coated with antibody. The capture of antigens by DCs is also 

further augmented by expression of the low affinity receptor for Fey, the 

FcyRII. B cells, however, may not efficiently present antigens given as immune 

complexes, and Fc receptor on B cells does not cluster in clathrin-coated pits, 

forming instead large caps upon cross-linking (Amigorena 1992). DCs and 

macrophages also express the mannose receptor (MR), which contains multiple 

carbohydrate binding domains and mediates endocytosis or phagocytosis of a 

variety of antigens that expose mannose or fusose moieties (Stahl 1992). The 

DEC-205 receptor, expressed on murine DCs, is a member of the mannose 

receptor family, and has been shown to internalise anti-DEC205 antibody and 

present processed antibody to specific T cells (Jian 1995). It is not known, 

however, whether antigen acquired by DCs via these receptors is targetted to 

the same compartments as macropinocytosed material.

2.2. Biosynthesis and Intracellular trafficking of  
MHC class II molecules:

2.2.1. Structure o f the MHC class II molecule and the nature o f  

class II  bound peptides:

MHC class II molecules are non covalent dimers of an a and p subunit. Both 

subunits are immunoglobulin family-related type I membrane proteins, which 

are glycosylated: the a subunit has an Mr of 33-35 kDa and bears two N-linked 

oligosaccharides, and the p subunit has an Mr of 25-30 kDa and bears one N- 

linked oligosaccharide (Wolf & Ploegh, 1995). The crystal structure of the 

human HLA-DRl class II molecule (Brown 1993) single peptide binding
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groove is formed by the two subunits, located at the membrane distal end of the 

ap heterodimer. The floor of the peptide binding groove of class II molecules is 

composed of eight anti-parallel p-pleated sheets and the walls of the groove are 

composed of two a-helical regions. There is a degree of similarity between the 

structure of the MHC class I (Bjorkman, 1987) and class II molecules, however 

the peptide binding groove differs in that the class II molecule has an open 

peptide binding groove that does not restrict the length of the bound peptide.

Sequence requirements such as anchor residues or motifs have not been as 

easily definable for class II molecules as for class I molecules, where allele- 

specific peptide binding anchor residues interacting with specific peptide side 

chains have been defined (Matsumara 1992). Sequence analysis of peptides 

eluted and sequenced from both mouse (Rudensky 1991 and 1992) and human 

(Newcomb 1992) MHC class II molecules indicated that peptides of an average 

size of 15-18 residues were bound, and multiple nested peptides centred around 

a 9-11 residue core (Rudensky 1992, Chicz 1993) could be found. In contrast to 

class I molecules, peptides isolated from human class II molecules behave more 

promiscuously than class I peptides, in that they have been shown to be capable 

of binding with high affinity to multiple HLA-DR alleles (Chicz 1993, 

Sinigaglia 1995).

2.2.2. Synthesis and trafficking o f  MHC molecules:

Newly synthesized MHC class II molecules are assembled in the endoplasmic 

reticulum (ER) together with a non-MHC product - the invariant chain (li), so 

named due to its lack of polymorphism. li is a type II integral membrane 

glycoprotein possessing a non-cleavable signal-anchor sequence. The ap
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heterodimer assembles first, and three such heterodimers assemble with an li 

trimer to yield a nonameric complex (Roche 1991). Invariant chain is required 

for exit of MHC molecules from the ER and transit to the trans-Golgi network 

(TGN) (Layet & Germain, 1991), and in its absence free ap heterodimers are 

retained in the ER in association with chaperones such as BiP and ERp72 

(Bonnerot 1994, Schaiff, 1992) and in the cis-Golgi network (CGN). The 

invariant chain folds with the MHC class II heterodimer in such a way as to 

physically preclude association with the abundant pool of unfolded peptides 

present in the ER lumen, and thus any acquisition of peptides prior to reaching 

the endocytic pathway (Bijlmakers 1994).

Upon exit from the TGN, a dileucine type targetting signal in the N-terminal 

cytoplasmic domain of the li chain (and possibly one other li signal) direct the 

li-ap complex to the endocytic pathway (Pieters 1993 , Odorizzi 1994). This 

constitutes a derouting of the complex from the default secretory pathway, 

which directs TGN proteins to the cell surface. A minority of li-ap complexes 

have been shown, however, to trafflck first to the cell surface and then regain 

access to endocytic pathway by internalisation (Benaroch 1995). Once in the 

endocytic pathway, encounter with proteolytically processed antigen can occur, 

and MHC class II molecules can become loaded with peptides as discussed 

below.

2.3. Enzymatic processing and peptide loading of 
MHC class n  molecules:

2.3,1. Degradation o f  internalised antigen fo r  association with 

class II molecules:
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Antigens internalised by APCs require enzymatic processing before loading 

onto MHC class II molecules. The endosomal system becomes progressively 

acidified, and this acidification is an absolute requirement for the function of 

the enzymes involved in antigen processing, as has been demonstrated by the 

inhibition of antigen processing by acidotropic agents such as chloroquine, 

primaquine and ammonium chloride (Blum & Cresswell 1988). Protein 

antigens required first to be unfolded via reduction of disulphide bonds to allow 

access to cleavage sites to generate antigenic peptides (Collins 1991). The 

model antigens HEL and tetanus toxoid (TT) have been shown to be poor 

substrates for proteases unless first denatured (van Noort & Jacobs, 1994, Watts 

1997). Proteases of the cathepsin family , e.g. Cathepsins D and E (aspartate 

proteases) and Cathepsins, B, L, S and H (cysteine proteases) have been 

implicated as primary processing enzymes in the MHC class II antigen 

processing pathway (Berg 1995). A large part of the knowledge gained in this 

regard, however, has been with the use of protease inhibitors (e.g. leupeptin) 

which also have effects on class II processing by interference with proteolytic 

processing of li (Neefjes & Ploegh 1992) (discussed below, section 2.3.2).

There is a balance to be struck in the proteolytic processing of antigens between 

liberation of epitopes and their complete destruction. The endopeptidase 

activities of Cathepsins D, E, L and S and exopeptidase activities of Cathepsins 

H and B may generate epitopes as well as destroy them. Cathepsin D, for 

example has been shown to liberate fragments containing immunodominant T 

cell epitopes in both HEL and Ovalbumin (Vivard 1992, Rodriquez & Diment 

1992). However, the 54-61 H2-A^ binding epitope of HEL was destroyed on 

further digestion. Furthermore, digestion with Cathepsin B destroyed epitopes 

produced by digestion with Cathepsin D from both HEL and ovalbumin (von



3 1  In t r o d u c t i o n

Noort & Jacobs 1994, Rodriguez & Diment 1995). Specific inhibition of 

cathepsin E resulted in a 70% inhibition of processing and presentation of 

ovalbumin in the context of H2-A*  ̂ by the A20 B cell line. In contrast, purified 

cathepsin E was shown to cleave the H2-A‘̂ binding immunodominant 

ovalbumin 323-336 epitope, generated by cathepsin D, at 2 sites (Rodriguez & 

Diment 1995). These and other examples indicate that proteolytic degradation 

of antigens may be both generative and destructive of antigenic epitopes. 

Conversely, it has been demonstrated that epitopes from the same protein 

antigen require distinct sets of proteolytic enzymes for successful processing 

(Delvig & Robinson, 1998). The precise influence of particular enzymes may, 

of course, depend on the relative abundance each enzyme, and variation of 

endosomal pH from the pH optima of the enzyme, eg. the exo- vs. endo 

peptidase activity of cathepsin B is favoured by pH lower than 5.5.

2.3,2. Processing o f invariant chain and the role o f HLA-DM in 

peptide loading:

The removal of the invariant chain associated with class II molecules during 

transit from the TGN to endosomes is a prerequisite for binding of antigenic 

peptides to the class II heterodimer (Roche & Cresswell, 1990). This relief of 

inhibition occurs in two stages; (i) proteolytic degradation of the invariant chain 

from its C-terminal end leave the final binding groove blocking fragment, and 

(ii) catalysis of removal of this fragment by the a non-classical MHC class II 

like molecules. In the initial event, li is degraded progressively by the same 

asp arty 1 and cystyl proteases that are involved in degradation of internalised 

antigen. In vivo, li breakdown is inhibited by treatment with acidotropic drugs 

such as chloroquine (Blum & Cresswell, 1998), suggesting the involvement of
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acid proteases. Digestion of purified li-ap complexes in vitro has been shown to 

degrade li effectively while leaving a and (3 chains intact (Xu 1994, Roche & 

Cresswell 1991). From inhibitor studies, aspartyl proteases are thought to 

initiate the process of li degradation (Marie 1994). Maturation of MHC class II 

molecules in macrophages from mice deficient in cathepsin D is, however, 

unaffected (Villadangos, 1997), as is processing and presentation of several T 

cell epitopes. This may indicate either that cathepsin D can be substituted for 

by eg. cathepsin E (of similar specificity), or that it is not a participant in li 

processing.

The thiol proteases have been shown to be important in the later stages of li 

processing, since the thiol protease inhibitor leupeptin causes accumulation of 

the p22 and plO processing intermediates (numbers refer to approximate Mr) of 

invariant chain, which accumulate in dense endosomal fractions of APCs due to 

the preservation of N-terminal endosomal targetti ng/retenti on signal of li 

(Odorizzi 1994). Xu et al (1994) have shown by mutation of putative cleavage 

sites for cathepsin B that in vitro cleavage of li in Ii-a(3 complexes by this 

enzyme proceeds in a staged pattern to generate p21, p i4, plO and p6 

intermediates. Reise et al (1996) have shown that specific inhibition of 

cathepsin S with the inhibitor LVHS in B-lymphoblastoid cell lines results in 

the accumulation of class II associated pl3 fragment in vivo. Mice deficient in 

cathepsin L exhibited a profound lack of li degradation in thymic cortical 

epithelial cells, but not in peripheral APCs, highlighting the importance of 

tissue specific differences in the activities of proteolytic enzymes. Interestingly, 

cathepsin L has been shown to be inhibited potently by the p41 splice variant 

isoform of li (Bevec 1996). Since the relative expression of the p31/p41 

isoforms varies in various APC types (eg. 40% p41 in DCs, 10% p41 in B
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cells), studies such as these may offer yet another functional role of li, i.e. the 

modulation of the processing environment in APCs.

Proteolytic processing of li proceeds to a stage where a final product - the class 

II associated invariant chain peptide (CLIP) is produced. Studies of the 

maturation of MHC class II molecules in vivo by pulse chase analysis and of 

the digestion of li in vitro have defined a nested set of peptides spanning 

residues 81-104 of li which remain associated with class II immediately prior to 

binding of antigenic peptides (Avva & Cresswell 1994, Freisewinkel 1993). 

The region corresponding to CLIP in li had been shown previously to be 

disordered, i.e. lacking in secondary structure, and thus would be capable of 

binding to class II molecules in a manner analogous to antigenic peptides 

(Jasanoff 1995). Morkowski et al (1995) defined mouse T cell recognition of 

human CLIP in a class II restricted manner, strongly indicating that CLIP 

occupies the class II peptide binding groove similarly to antigenic peptides. 

Despite their lack of polymorphism, CLIP peptides have been eluted from class 

II molecules of many different human alleles, eg. HLA DRl, DR2, DR3, DR7 

(Chicz 1992 & 1993), DR4 and DRl 1 (Aw a & Cresswell 1994) as well as 

mouse H2-A<̂  (Hunt 1992) and H2-A^ (Rudensky 1991) class II molecules. The 

crystal structure of the HLA-DR3 molecule bound to Ii[82-104] shows 

definitively that CLIP occludes the peptide binding groove (Ghosh 1995). 

Residues 89-101 constitute the core region of CLIP, which makes contact with 

the groove, whereas the ends of CLIP are disordered. Hydrogen bonds, 

interactions of CLIP side chains, and the extent of buried surface area in this 

structure are very similar to the reported structure of HLA-DRl bound to the 

antigenic peptide 307-319 from influenza haemagglutinin (Brown 1993). 

Substitution analysis of the amino acids of the CLIP core region suggest that 

the contact residues with the peptide binding groove are those that would
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minimise contacts that would interfere with binding, eg. methionine or alanine 

(Malcherek 1995). These data suggest that CLIP constitutes a compromise 

peptide which can bind generically to several polymorphic class II molecules.

The occlusion of the peptide binding groove produced by the binding of CLIP 

has to be relieved prior to the binding of antigenic peptides. This process is 

effected by a non-classical MHC class II product known as HLA-DM/H2-M 

(human/mouse). HLA-DM is also a heterodimeric glycoprotein, localised to 

intracellular compartments rather than the cell surface. Its expression, like that 

of li, is co-regulated with that of MHC class II genes (Busch & Mellins 1996). 

Analysis of antigen processing-mutant cell lines deficient in HLA-DM showed 

that most of the cell surface MHC class II recovered from these cells was 

bound to CLIP (Riberdy 1992, Sette 1993), indicating a crucial rule for HLA- 

DM in CLIP removal from class II molecules. Replacement of functional HLA- 

DM in these cell lines was shown to restore wild-type antigen processing and 

presentation (Denzin 1994, Fling 1994, Morris 1994). The function of DM in 

these contexts likely requires association with class II molecules, as suggested 

by Mellins et al (1994), who showed that an HLA-DR mutation resulting in 

aberrant glycosylation of the a chain and abolition of DM/DR association 

results in accumulation of CLIP-ap complexes at the cell surface just as in the 

complete absence of HLA-DM.

In vitro reconstitution of CLIP-ap complexes with HLA-DM (recombinant, 

immunopurified or membrane preparations from HLA-DM+ cell lines) was 

shown to mediate dissociation of CLIP from a variety of class II molecules in a 

concentration dependent manner at endosomal pH (Denzin 1995, Sloan 1995, 

Sherman 1995). This dissociation occurred rapidly relative to the time required 

for spontaneous dissociation (6 hours). The action of HLA-DM on dissociation
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of CLIP-ap complexes follows Michaelis-Menten kinetics and is therefore a 

true catalysis (Vogt 1996). Moreover, CLIP removal by the action of HLA-DM 

facilitates binding of antigenic peptides to emptied class II molecules, as 

demonstrated by acquisition of stability of the ap heterodimer in SDS (Denzin 

1995). Association of DM and DR molecules allows the class II molecule to 

remain receptive to peptides for longer periods, thus prolonging the availability 

for encounter with antigen (Denzin 1996).

The dissociative activity of HLA-DM is not, however, limited to CLIP. Other 

peptides having low affinity for the class II peptide binding groove can also be 

ejected in this manner. Sloan et al (1995) have shown that the enhancement of 

dissociation of various peptides (CLIP and li-unrelated) was proportional to the 

intrinsic rate of dissociation of that peptide from HLA-DR. Thus, peptides with 

high spontaneous rates of dissociation are rapidly dissociated. Further work 

substituting non-optimal side chains in HLA-DR binding peptides has shown 

that these characteristics of HLA-DM-mediated dissociation of peptides 

amount to an ability to "edit" the peptide repertoire that can remain stably 

bound to MHC class II molecules and predominate at the cell surface to 

stimulate T cells (Kropshofer 1996).

2.4. Loading o f MHC class II molecules with 
peptide - Relevant compartments and transport to 
cell surface:

2,4,1, Compartments fo r  loading o f  MHC class II  molecules with 

antigenic peptides:
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The site where degraded peptide acquired by endocytosis is able to encounter 

and bind to MHC class II molecules has been extensively studied recently. 

Internalised antigen traverses a progressive series of compartments. These 

compartments can be mapped as early endosomes (EE), late endosomes (LE), 

sublysosomes or early lysosomes (SubL) and lysosomes on the basis of 

progressive access by labelled endocytic tracers and increasing density in 

subcellular fractionation studies. A number of criteria have been applied to 

what constitutes a peptide loading compartment. In addition to the presence of 

class II and characteristics placing it in the endolysosomal chain, such a 

compartment should possess HLA-DM molecules for CLIP removal and 

stabilisation of empty class II heterodimers. It should also contain proteolytic 

enzymes for degradation of antigen/Ii. Peters et al (1991) used immunoelectron 

microscopy (lEM) techniques to describe compartments of either 

multivesicular or multilamellar morphology in EBV transformed B- 

lymphoblastoid cell lines, where the accumulation of MHC class II molecules 

occurs. These mildly acidic structures bore some lysosomal characteristics, eg. 

presence of lysosomal enzymes, lysosome associated membrane protein 1 

(LAMPl) and exclusion of mannose-6-phosphate or transferrin receptors, 

markers of late endosomes and recycling/early endosomes, respectively. These 

structures were termed MIIC (for MHC class II compartments). These 

observations were extended by other studies to macrophages (Harding & 

Geuze, 1992), dendritic/Langerhans cells (Kleijmeer 1995 & 1994), and in 

otherwise class Il-negative cells transfected with MHC class II genes (Calafat

1994).

However, recovery of endolysosomal compartments by subcellular fraction 

(SCF, by either gradient centrifugation or free flow electrophoresis) introduced 

complications into the picture established by earlier lEM studies. The presence
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of MHC class II molecules was detected more broadly in the endolysosomal 

system than with lEM studies. Amigorena et al (1994) identified a class II 

containing compartment (termed CIIV, for class II containing vesicle) in A20 B 

cells, which bore transferrin receptors. This, together with absence of the 

lysosomal marker Igp-A indicated that CIIV constituted a relatively early 

endosome. CIIV was subsequently suggested to be the peptide loading 

compartment on the basis of li degradation analysis (Amigorena 1995). Other 

studies showed class II molecules undergoing li processing in middle 

endosomes in fractionated MelJuSo cells, carrying both lysosomal (LAMP-1, (3- 

hexosaminidase) and endosomal (Mannose-6-phosphate receptor) markers 

(Tulp 1994), and appearance of peptide/MHC class II complexes in multiple 

endolysosomal compartments (Castellino & Germain 1995).

Differences between cell lines- and methodologies used to study class II 

compartments by various groups have resulted in different interpretations of the 

process being reported. However, a large number of observations now show 

that in most systems, the site of li processing, CLIP removal and formation of 

SDS-stable (peptide loaded) class II dimers occurs in a compartment 

intermediate between EE/LE and dense end-stage lysosomes, and distinct from 

these. West et al (1995) showed by crosslinking analysis of internalised 

peroxidase that in normal murine B cell blasts, class II MHC loading occurs in 

compartments accessible to antigen internalised with mig, but not to transferrin 

receptor, although enzymatic processing of antigen may be initiated in the 

latter. Moreover, gold-labelled antigen was shown in this study to enter class II 

rich compartments of MllC-like morphology in a time correlating with the time 

required to detect peptide loading biochemically in pulse chase experiments 

with radiolabelled antigen. Harding & Geuze (1993) showed that in 

macrophages fed HEL in culture and subsequently fractionated, peptide/MHC
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complexes (recognised by a T cell hybridoma specific for the HEL[48-61-H2A^ 

complexes) first occurred in an early lysosome (SubL) compartment, supported 

by similar studies by Qiu et al (1994).

The distribution of HLA-DM with class II molecules can also be used to judge 

in which compartments class II is receptive to peptide binding. Sanderson et al 

(1994) have shown that HLA-DM and HLA-DR molecules co-localise in early 

lysosomes (by pulse-chase with peroxidase) corresponding to EEM-deflned 

MIIC in MelJuSo cells. Fernandez-Borja et al (1996) have shown using the 

same system that these compartment are also where presence of mature 

cathepsin D occurs in the endolysosomal system. Pierre et al (1996) showed 

that in the A20 B cell system where CIIV was initially defined, transfection of 

HLA-DM results in its accumulation in late endosomes/early lysosomes, but at 

much lower levels in CIIV. This clarifies somewhat the position of CIIV, which 

may constitute a compartment where class II molecules transit prior to entering 

MIIC, such as the low density, non-SDS stable class Il/Ii bearing compartment 

identified by Qiu et al (1994). Taken together, these extensive characterisations 

of peptide loading compartment criteria in various APC models indicate that 

the peptide loading compartment is intermediate between late endosomes and 

dense lysosomes, where proteolytic enzymes, lysosomal markers, HLA-DM 

and either empty or CLIP-bound class II molecules coincide.

2.4.2. Transport o f  peptide loaded molecules to cell surface and 

recirculation o f class II molecules:

Once loaded with antigenic peptides, class II molecules must route away from 

end-stage lysosomes towards the cell surface to effect antigen presentation.
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This may occur by direct fusion of MIICs with the cell surface, or by selective 

vesicle transport of class Il/peptide complex to the surface. Direct transport of 

class II containing vesicle has been visualised in living cells by studying the 

movement of green fluorescent protein (GFP) tagged MHC class II molecules 

(Wubbolts 1996). This study showed the rapid movement of acidic class II- 

GFP containing vesicles from lysosomal compartments to (and fusion with) the 

plasma membrane in MelJuSo cells. This vesicular traffic was shown not to 

intersect with earlier endosomal organelles. However, other components of the 

MIIC are not detected at the cell surface in any quantity (eg. LAMP-1, HLA- 

DM), and this may imply a sorting step, possibly involving putative signals in 

the class II molecule cytoplasmic tail, which would segregate class-II/peptide 

complexes from other molecules in MHC for cell surface transport.

Once at the cell surface, MHC class II molecules may also be recycled into 

intracellular compartments for association with new peptides. This is most 

likely to be relevant for surface class II complexes that are empty, such as those 

present in exaggerated quantity in APCs from li-deficient mice (Viville 1993), 

or for CLIP-bound cell surface MHC molecules, which exist on the cell surface 

in normal APCs (Chicz 1992 & 1993, Newcomb & Cresswell 1992). The half- 

life of most antigenic peptide-bound MHC class II complexes approach the 

half-life of the class II molecules themselves (Lanzavecchia 1992), particularly 

at endolysosomal pH, making dissociation of these kinetically unfavourable in 

MIICs once bound (Salamero 1990). Certain T-cell determinants are presented 

by APCs in the absence of synthesis of new class II molecules (cyclohexamide- 

insensitive)(Delvig & Robinson 1998). Presentation of some, but not other T 

cell epitopes by APCs has been shown to be inhibited by mutations in the 

cytoplasmic tails of HLA-DR a and p chains, where signals for clathrin-pit
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localisation which may direct internalisation from the plasma membrane reside 

(Pinet 1995).



Figure 1. Schematic overview of MHC class II antigen processing. IVIHC class 

n  molecules are assembled in the ER where they associate with the invariant 

chain. The complex is then transported through the Golgi to late endocytic 

compartments either by sorting, or by the minor pathway of internalisation 

from the plasma membrane. Antigen is internalised and subsequently denatured 

and degraded to peptide fragments. The invariant chain is also degraded in late 

endosomal/early lysosomal structures. HLA-DM accumulates in early 

lysosomal structures (originally defined as MIIC) and supports the exchange of 

the remaining invariant chain fragment (CLIP) for antigenic peptides. Class II- 

peptide complexes are transported along microtubules to the plasma membrane. 

Here, fusion of the lysosomal structures results in the incorporation of class II 

molecules into the plasma membrane. Red arrows represent movement of MHC 

class n  molecules, yellow arrows represent the endocytic pathway.
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Figure 2. HLA/DM acts as a chaperone and recues empty MHC class II ap 

dimers. CLIP dissociates from ap-CLIP dimers upon association with HLA- 

DM. Self release of CLIP at low endosomal pH can also occur for class II 

alleles such as HLA-DR3. In the absence of HLA-DM, empty ap dimers 

undergo unfolding and form aggregates that are no longer able to bind peptides. 

HLA-DM prevents this functional inactivaion in a chaperone-like manner by 

binding to and stabilising empty class II dimers. ap-DM complexes persist until 

high stbility peptides occupy the groove, thereby giving rise to DM resistant 

ap-peptide complexes. The action of HLA-DM can cause multiple rounds of 

ejection of peptides which form low stability complexes with ap-dimers, a 

process termed "repertoire editing".
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Figure 3. Chaperone mediated translocation of nuclear-encoded proteins into 

mitochondria. Following their synthesis on cytoplasmic ribosomes, 

mitochondrial precursor proteins may associate with chaperones such as hsp70 

and mitochondrial import stimulation factor (MSF) in the cytosol (in purple). 

These deliver them to receptor proteins (pink) in the organellar outer membrane 

(OM). The precursor protein is then inserted across hetero-oligomeiic protein 

transport channels in the outer (TOMs, red) and inner (TIMs, green) 

membranes. Transport accross the inner membrane (IM) is powered by ATP 

hydrolysing mitochondrial hsp70 (mt-hsp70) molecules, in conjunction with 

co-chaperones TIM44 and GrpE (all in purple). The mitochondrial targetting 

signal is typically an amphipathic helix with repeating positively charged 

amino acids, and is eventually cleaved by the action of mitochondrial 

processing protease (MPP, depicted as scissors).
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3. The Heat Shock Protein  
Molecular Chaperones:

Heat Shock proteins (HSPs) are a heterogenous set of proteins, many of which 

share the properties of ATP-regulated promiscuous peptide binding. These 

proteins function in several physiological contexts as molecular chaperones - 

binding, stabilising and translocating proteins in an unfolded state. In this 

section, the biochemical and physiological properties of HSPs are introduced, 

with particular reference to those of the HSP60 and HSP70 family.

3.1. Biochemical and structural characteristics o f 
HSP60 and HSP70 family chaperones:

3.1.1. Heat shock proteins as ubiquitous, multipurpose molecular 

chaperones:

The heat shock proteins were initially identified as major proteins upregulated 

by cells in stress conditions. They include many protein families, eg. HSP40, 

HSP60, HSP70, HSP/GRP90, HSPlOO/Clp families. Although the expression 

of many other proteins is also modulated by heat shock, these proteins have 

come to be studied together as the result of their related functions in binding to 

polypeptides as molecular chaperones. The primary definition of molecular 

chaperone function is the interaction with unfolded, denatured or incompletely 

folded proteins to prevent misfolding or aggregation, and to transfer the protein 

to an appropriate substrate, including those across plasma membranes.
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Several members of these families, including HSP60 and HSP70 members, are 

constitutively expressed participants in normal cellular physiological functions 

unrelated to stress conditions (Hartl 1991). These proteins have been highly 

conserved in evolution, and occur as closely related in homologues in both 

prokaryotes and eukaryotes. Eukaryotic HSPs occur in both the cytosol as well 

as subcellular organelles and the ER. The eukaryotic hsp60 is resident in the 

mitochondria, and the related chaperonin Tubulin Ring Complex (TRiC, also 

known as CCT or TCP-1 complex) is cytosolic. Hsp70 molecules, include those 

of 72 kDa (stress-inducible, variously referred to as Hsp70 or Hsp72) and 

73kDa (consitituively expressed or cognate hsp70, referred to as hsc70 or 

hsc73) and appear in the cytosol and cytoplasmic vesicles. The ER resident 

homologue is termed BiP (for immunoglobulin binding protein), and mthsp70 

is mitochondrially resident.

3.1.2. The peptide binding properties o f hsp60 and hspJO:

A large proportion of the knowledge gained regarding chaperone interaction 

with substrates has been in studies with the bacterial (E. coli) homologues of 

hsp60 and hsp70, termed GroEL and DnaK, respectively. Molecular 

chaperones of both the hsp60 and hsp70 family bind preferentially to unfolded 

proteins. Folded proteins tend to bury hydrophobic residues in the core of the 

protein, which is thermodynamically favourable in an aqueous environment. 

Unfolded proteins, therefore, are characterised by exposed patches of 

hydrophobicity, which in the correctly folded structure have evolved to be 

buried and inaccessible to the solvent (Lin 1995).
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Both hsp60 and hsp70 family molecules have been shown to interact with 

unfolded proteins in vivo. Temperature sensitive mutants of GroEL have been 

shown to accumulate incorrectly folded proteins. These mutants are unable to 

allow several enzymes analysed to reach a functional (i.e. correctly folded) 

form, despite effective translation of these proteins (Horwich 1993). GroEL is 

therefore required for a variety of newly translated cytoplasmic proteins to 

reach their native tertiary structures in E. coli. Thermodynamic analysis of the 

free energy of folding intermediates of subtilisin and a-casein as substrates 

have provided strong evidence that hydrophobic interactions act as the driving 

force for the association of these substrates with the GroEL chaperonin (Lin

1995) However, the requirement of GroEL to see hydrophobic patches for 

binding does not exclude the maintenance of some secondary structure in 

substrates, as has been demonstrated using partially disulphide-bonded forms of 

a-lactalbumin (Hayer-Hartl, 1994), and binding of amphipathic a-helices is 

observed by NMR spectroscopy (Landry 1992) and pro tease digestion studies 

(Hlodan 1995) of various substrates.

Hsp72/73 have been shown to interact with nascent polypeptide chains 

cotranslationally in unstressed yeast cells (Beckman 1990), whereas BiP 

associates with unassembled immunoglobulin and other secretory proteins in 

the mammalian ER (Gething & Sambrook 1992). Hsp70 family chaperones 

preferentially bind more completely unfolded, extended structures than 

GroEL/hsp60, and maintain an absolute requirement for unfolded structures 

(Flynn 1991, Palleros 1991). NMR studies show that the vesicular stomatitis 

virus-C peptide bound to DnaK is in an extended conformation with the 

mobility of its peptide backbone severely restricted (Landry 1992). Although 

there is no requirement for particular anchor residues or sequence motifs (other 

than an unfolded state) for binding to hsp70, studies of the fine specificities of
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hsp70s using phage display libraries or synthetic peptides have shown that 

peptides can bind over a range of affinities, with the occurrence of certain 

loosely defined motifs enhancing binding. For example, BiP preferentially 

binds peptides containing a subset of aromatic and hydrophobic amino acids in 

alternating positions (Blond-Elguindi 1993), whereas hsc70 prefers (but does 

not require) either hydrophobic residues surrounded by basic residues, or 

predominantly hydrophobic residues (Takenaka 1995). BiP appears to have a 

different fine specificity to DnaK and hsc70/73 (Gragerov & Gottesman 1994), 

and all require a minimum of 7 residues for binding (Takenaka 1995). The 

differences in fine specificities of various hsp70s may reflect adaptations to the 

particular cellular functions and compartments (eg. cytosol vs. ER) to which 

they are specialised.

3.1.3. ATP-dependence o f  chap er one-peptide interactions:

Protein folding and release of bound peptide by GroEL is dependent on the 

hydrolysis of ATP (Craig 1994), and the protein folding function carried out by 

mitochondrial hsp60 requires ATP hydrolysis (Ostermann 1989). The crystal 

structure of GroEL shows that each monomer in a 14-mer cylindrical assembly 

possesses a centre facing peptide binding domain, and an ATP-binding site in 

the equatorial domain (facing away from the centre of the cylinder cavity 

(Braig 1994). A small intermediate domain has hinge regions at the domain 

junctions that allow for the movement of the two major domains relative to 

each other. ATP hydrolysis by GroEL has been shown to lead to 

conformational changes that expose surfaces conducive to dissociation of 

peptide (Gorovits 1997). The small cochaperone GroES (or hsplO) assists in 

protein folding by GroEL (or hsp60) (Hohfeld and Haiti, 1994) by associating



4 8  In t r o d u c t i o n

dynamically with the GroEL cylinder to "cap" it sequentially on either side, and 

acts to increase the cooperativity of ATP binding and hydrolysis by GroEL 

(Fenton 1996).

The hsp70 family members also dissociate from bound peptides in an ATP- 

dependent fashion. The N-terminal portion (~44kDa) of hsp70 family 

chaperones constitutes one functional unit which has ATPase activity but no 

peptide affinity, whereas the C-terminal half (~27kDa) binds polypeptide 

substrates (Wang 1994). Crystallographic studies of the substrate binding 

domain of DnaK indicate a (3-sandwich structure, and loops from this region 

define a channel where peptide is bound in an extended conformation. 

Importantly, a hinged a-helical "lid" stabilises the bound peptide with DnaK, 

and can occur in either an open or closed conformation (Xhu 1996). This may 

constitute the described high affinity and low affinity states for bound peptide 

corresponding to ATP- or ADP-bound states, respectively (Liberek 1991a). 

This dictates ATP hydrolysis as a switch between peptide binding and peptide 

release.

The binding and release of peptide by hsp70s is facilitated by accessory 

proteins. Although hsp70s have an intrinsic, independently functional ATPase 

activity, this is substantially enhanced by accessory factors. In the DnaK 

system, these are DnaJ and GrpE accessory proteins, the absence of which 

produces similar effects in vivo as the absence of DnaK itself (Craig 1994). 

Studies of this system illustrate a mechanistic difference between prokaryotic 

and eukaryotic hsp70s. The release of bound ADP from DnaK is the rate 

limiting step in the ATPase cycle (Liberek 1991b, Szabo 1994), whereas in 

mammalian hsp70s, ATP hydrolysis is rate limiting (Minami 1996). In the 

proposed model for the DnaK ATPase cycle, (i) DnaJ binds DnaK together
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with peptide to stimulate the ATPase and cause hydrolysis of ATP, (ii) GrpE 

binds the complex, and causes exchange of ADP for ATP, and (iii) binding of 

ATP stimulates release of bound peptide (Harrison 1997). The cytosolic hspTOs 

utilise hsp40 in a similar way, and hsp40 stimulates the ATPase activity of 

hspTO several fold (Minami 1996). The binding is effected via a conserved 

secondary structure termed the J-domain, which also occurs in several other 

proteins that can act as partners to hsp70, eg. Sec63p transporter in the ER and 

Tim44 in the mitochondrial inner membrane (Cyr 1994, Rassow 1995). No 

GrpE homologue has been identified for eukaryotic hsp70s (except mthsp70, 

which uses the same system as the DnaJ/GrpE). The Hip protein, not 

homologous to GrpE, interacts with hsc70/hsp40/peptide complexes and acts to 

stabilise them, contrary to the action of GrpE in the DnaK/DnaJ system 

(Hohfeld 1995). Likewise, the mammalian hsp70 binding cofactor Hap (Rap46) 

exerts a dramatic negative effect on the association of model proteins with 

hsp70 (Zeiner 1997), and selectively effects cytosolic hsp70s and not BiP or 

DnaK. It is likely that several other cofactors which may modulate the 

functions of hsp70 in various cellular contexts are yet to be discovered.

3.2. Cellular functions of molecular chaperones:

3.2.1. Translocation o f  proteins across membranes:

Molecular chaperones function to unfold and translocate proteins across 

organellar membranes. The absence of hsp70 from the cytosol of yeast cells has 

been shown to result in the impairment of post translational import of 

polypeptides into both mitochondria and the ER lumen (Deshaies 1988). The 

translocation of proteins across microsomal membranes has been shown to be
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stimulated in cell free systems by hsp70 (Zimmerman 1988, Chirico 1988). The 

lumenal ER hsp70 (BiP) acts in conjunction with the ER spanning membrane 

protein Sec63p to drive import of preproteins across the ER membrane in yeast. 

Sec63p contains a J-domain (DnaJ homology domain) which acts to stimulate 

ATP hydrolysis by BiP (Sanders 1992). In the second step of transport, BiP 

dissociates from Sec63p, and acts independently in solution by direct binding 

of the preprotein in transit (Rassow, 1995).

Import of proteins into mitochondria is also chaperone mediated. In this case, 

cytosolic hsp70 outside the mitochondria, and mthsp70, inside, cooperate 

across the membrane divide. Following synthesis on cytoplasmic ribosomes, 

nascent proteins destined for mitochondria associate with either cytoplasmic 

hsp70, or another chaperone known as MSF (Mitochondrial import stimulatory 

factor, Hachiya 1995). The canonical mitochondrial import signal in these 

preproteins has been defined as an N-terminal amphipathic helix (all positive 

charges to one side of the helix)(Jaussi 1995, Shore 1995), which is recognised 

by receptor proteins (TOM 20/22p and Tom37/70p proteins) in the 

mitochondrial outer membrane. The preprotein is dissociated from hsp70 or 

MSF by ATP utilisation, and passes through an outer membrane translocation 

channel (the TOM5/6/7/40 complex), and then an inner membrane channel 

(TIM complex). The preprotein is then received in the mitochondrial lumen by 

a complex consisting of TIM44, mitochondrial hsp70 and the mitochondrial 

GrpE homologue (MgeIp) (Haucke & Schatz 1997). The TIM44 protein 

contains a J-domain (Rassow 1995) which stimulates the mthsp70 to hydrolyse 

ATP the preprotein bound to it, and nucleotide exchange is facilitated by the 

Mgelp factor. This results in the dissociation of the newly imported protein 

from mthsp70, probably for transfer onto an hsp60 assembly where the protein
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is refolded (Langer 1992), followed by cleavage of the import signal sequence 

by mitochondrial processing proteases.

3.2,2. Other functions o f eukaryotic cytosolic chaperones:

Hsc73 has been characterised as a vehicle for import of a subset of proteins 

specified by a signal sequence biochemically related to KFERQ into lysosomes 

under starvation conditions (Chiang 1989, Terlecky 1992). The mechanism of 

the import has not yet been characterised, but is stimulated under serum 

starvation conditions in cell culture, and can be blocked by anti-hsc73 

antibodies (Cuervo 1997). Other known functions of mammalian hsp70s 

include the binding of hsc70 to nascent actin, followed by hsp40 stimulated 

release and transfer to the TRiC chaperonin for folding (Kudlicki 1994), and 

uncoating of clathrin coated vesicles (Chappell 1986, Haiti 1996). This latter 

function involves a capacity to induce the disassembly of specific protein 

complexes, and apparently involves interaction with proteins that expose 

chaperone recognition patches in their native (folded) states.
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4, Heat Shock Protein involvement 
in Antigen Processing:

4.1. Molecular chaperones in MHC class I  antigen 
processing:

4.1.1, MHC class I  antigen processing and molecular assembly:

The MHC class I molecule consists of the MHC-encoded heavy chain and the 

non-covalently associated subunit p2-microglobulin, and binds peptides of an 

optimal length of 8-10 amino acids. The classical MHC class I antigen 

presentation pathway is operative in all nucleated cells, and is capable of 

presenting peptides derived from endogenous sources to cytotoxic (CDS" )̂ T 

lymphocytes (reviewed in Barber & Parham 1994). The cytosolic 

multicatalytic proteasome complex responsible for the degradation of many 

cytosolic proteins, is also involved in the generation of peptide fragments from 

endogenous proteins destined for class I binding (Goldberg 1995, Trowsdale 

1990). These peptides are translocated into the ER in an ATP dependent 

manner by the action of the transporter associated with antigen processing 

(TAP) heterodimer (Androlewics 1993), consisting of TAPI and TAP2 

components, the expression of which is co-ordinately regulated with that of the 

proteasome subunits LMPl and LMP2. The TAP translocation machinery 

selects peptides according to their length (Momburg 1994) and is also 

influenced by the 3 N-terminal and 3 C-terminal residues of peptides (van 

Endert 1995). The "filtered" peptide population translocated into the ER can 

then associate with MHC class I molecules, which associate in a complex with 

TAP (Andreiowics 1994, Powis 1998). In this complex, MHC class I molecules
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are stabilised and their correct folding promoted by the ER resident chaperones 

ERp57 (Morrice & Powis 1998, Hughes & Cresswell 1998), and glycoprotein- 

binding protein calreticulin (Sadasivan 1996). The tapasin molecule forms a 

bridge between MHC class I molecules and TAP and facilitates loading of 

peptides (Lehner 1998). Tapasin may serve to stabilise the class I molecule and 

edit the class I-peptide repertoire in a fashion analogous to the MHC class 

II/HLA-DM complex. Class I molecules loaded with peptide are then 

transported to the cell surface via the TGN by the default secretory pathway.

4.1.2, Chaperone-assisted folding in MHC class I  maturation and 

peptide transport:

Various ER and cytosolic chaperones have been also been shown to be 

associated with processed peptides that are antigenic in the context of MHC 

class I. Immunisation of mice with either The ER-resident hsp90 family 

member, gp96, or hsp70 preparations from tumours can induce an antigenically 

distinct CTL response to that tumour (Udono & Srivastava 1993, Tamura

1997). Immunisation of mice with gp96 isolated from p-galactosidase 

transfected cells can elicit CTL responses against an H-2L^-restricted epitope of 

[3-galactosidase (Arnold 1995). These observations indicate that gp96 carries 

class I-restricted epitopes that prime these specific responses. This is confirmed 

by the production of such responses with gp96/peptide complexes reconstituted 

in viti'o (Blachere 1997). Peptides transported through TAP associate with 

gp96 and other ER chaperones (eg. protein disulphide isomerase, PDI) 

(Lammert 1997, Spee & Neef} es 1997). Gp96 was also shown to be associated 

with the major vesicular stomatitis virus (VSV) H-2K^ binding peptide (VSV8) 

in VSV infected cells, and not in uninfected cells (Nieland 1996). Interestingly,
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immunogenic class I peptides bound to gp96 are not allele-specific (thus, the 

VSV8 peptide above could also be found in complex with gp96 in cells of other 

MHC class I haplotypes. This non-haplotype restricted carrier function of gp96 

has been postulated to constitute an explanation (Arnold 1995, Srivastava,

1998) for the classical phenomenon of cross priming (Bevan 1977).

Chaperones on the cytosolic side of the translocation apparatus are also 

involved in interactions with MHC class I destined epitopes. As mentioned 

above, the cytosolic hsp70s are able to elicit specific CTL responses to tumours 

from which they are purified, indicating that they carry tumour peptides. 

Breloer et al (1998) have shown that the well-characterised H-2K^ binding 

Ovalbumin (Ova) peptide SIINFEKL can be found in its processed form 

associated with both cytosolic hsc73 and ER-resident gp96 in the Ova- 

transfected cell line E.G7, but not in untransfected cells. Similarly, Schirmbeck 

et al (1997) showed that the truncated SV40 T antigen (cTAg) but not the wild 

type protein (wTAg) can be found in prolonged association with hsc73 in pulse 

chase experiments, and H-2K^ epitopes from cTAg, but not wTAg, can be 

presented by TAP-deficient cell lines. Thus peptide translocation functions may 

be performed in conjunction with hsc73, independently of TAP, a scenario 

which explains the TAP-independent presentation of certain antigens (Seliger 

1997). Based on the observations of gp96/hsp70 interactions with class I 

peptides, it is thought that these chaperones function in a relay line of antigen 

transfer and loading in the MHC class I antigen processing pathway (Srivastava 

1994, 1998).

4.2. Evidence for involvement o f heat shock 
proteins in MHC class II antigen processing:
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The involvement of molecular chaperones in various events in the MHC class 

II antigen processing can be postulated based on the biochemical and 

physiological characteristics of these molecules, as introduced in the previous 

section. Evidence in the literature indirectly implies that chaperones may have 

these functions in APCs. As outlined above, a precedent for such functions is 

already established by a significant body of evidence in the MHC class I 

processing pathway. This current evidence and the potential actions of 

chaperones in MHC class II antigen processing are now introduced in this 

section.

4.2.1. Potential mechanistic roles fo r  chaperones in the MHC  

class IIprocessing pathway:

Studies of the processing and loading of antigenic peptides onto MHC class II 

molecules to date leave unexplained a number of aspects which may be 

explained by the inclusion of molecular chaperone activities into the system. 

Processing studies of endocytosed antigens in vivo reveals generation of 

peptides of lengths capable of binding to MHC class II molecules. In vitro 

digestion of purified denatured substrates however, often destroys 

immunodominant epitopes (see section 2.3.1), and the extensive degradation of 

which these proteases are capable is incompatible with the generation of the 

minimal size antigenic fragments required for class II binding (Mellman 1998). 

Protection of epitopes from complete destruction could conceivably be carried 

out in vivo by chaperones, which could bind and protect peptides 

promiscuously to a wide range of peptides and allow them to escape catabolic 

death in degradative compartments. Proteins that have been captured and
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internalised by APCs are denatured to lose their folded states, and would thus 

make ideal substrates for chaperones, which would function to bind and 

stabilise them. This notion is strengthened by the observations of Pepin et al 

(1996, below) where stressed cells yield higher levels of antigenic fragments 

than unstressed cells.

Antigenic peptides have been shown to be generated in compartments earlier or 

later than those accessed by MHC class II molecules (section 2.4.1). Harding et 

al (1991) have used liposomes which release antigen in different parts of the 

endocytic chain to show that epitopes from the same antigen (HEL) are 

generated in different compartments but presented with class II molecules. This 

implies the need to translocate peptides from where they are generated by 

proteolytic processing to compartments where association with class II 

molecules can occur. Translocation of unfolded substrates between 

compartments (section 3.2.1) is a defined and well characterised function of 

molecular chaperones, and HSPs may therefore cooperate in translocation of 

antigenic peptides between compartments. Intracellular antigens have also been 

shown to gain entry to compartments where association of peptides derived 

from these proteins with MHC class II molecules can occur (Jacobson 1989, 

Jaraquemada 1990, Brazil, 1997), and the non-classical route of entry of these 

molecules into the MHC class II pathway may also be effected by the 

chaperones acting as translocators. Stimulation of the uptake of cytosolic 

proteins into lysosomes has been shown to be mediated by hsc73 (Chiang 1989, 

Terlecky 1990).

The kinetics of loading of antigenic peptides seen in vivo are in marked contrast 

to that which can be achieved in vitro. The entire process of uptake, proteolytic 

production of epitopes, association with class II and presentation at the cell
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surface can be detected in APCs in under 15 minutes (Watts 1997). In pulse- 

chase studies of radiolabelled antigens, the formation of SDS-stable MHC class 

II dimers loaded with radiolabelled antigenic peptides occurs in under a minute 

after arrival of radiolabelled antigen into MIICs (Sanderson 1994, Fernandez- 

Borja 1996). Purified recombinant HLA-DM, immunopurified HLA-DR from 

HLA-DM negative (T2) cells, and antigenic peptides have been used in in vitro 

assays of class II peptide binding (Denzin 1995). CLIP is artificially dissociated 

from the HLA-DR molecule by using a detergent (Riberdy 1992), and an 

excess of antigenic peptide is allowed to bind in the presence of HLA-DM, 

which stabilises the emptied class II molecule and is known to accelerate 

loading in this way. Under these optimal conditions, class E/peptide complexes 

can be seen to assemble in a minimum of 1 hour (Denzin 1995). This shows 

that the components within this system are insufficient to approach the rapidity 

of class Il/peptide association seen in vivo. The existence of a peptide loading 

factor in vivo, which could carry antigenic peptides and transfer them to class II 

in a rapid, energetically-driven manner could account for this observed 

difference. HLA-DM may chaperone class II molecules in an open 

conformation, but does not possess any peptide binding activity of its own, and 

therefore cannot function as such a loading factor. A molecular chaperone 

would ideally suit this role, with the ability to bind and stabilise a wide range of 

unfolded peptides, and the ability to transfer them rapidly to other proteins by 

utilisation of the energy of ATP hydrolysis. Indeed, the function of chaperones 

as class II peptide transfer factors does not preclude either of the other 

functions postulated above, i.e. as a peptide translocator or in protection and 

stabilisation of peptides in the degradative environment.

4.2.2. Effects o f  heat shock on antigen presentation:
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Experiments using total heat shock of antigen presenting cells have yielded 

important clues to the involvement of HSPs in antigen processing, since heat 

shock is a direct method for upregulating the levels of molecular chaperones in 

cells, albeit with other pleiotropic effects. Pepin et al (1996) have shown that 

stressed EBV transformed human B cell cones have an increased yield of 

antigenic peptides in subsequently isolated sub cellular compartments compared 

to unstressed, and their ability to present protein antigens is modulated without 

changes in MHC class II surface expression or antigen uptake capacity. 

Mariethoz et al (1994), have shown that presentation of a model antigen to 

specific T cells is upregulated upon heat shock of human U937 monocytes, 

without changes in cell surface MHC class II levels. Furthermore, this change 

was shown to be dependent on processed peptide (no change observed with 

superantigen stimulation of T cells), and synthesis of proteins de novo post

heat shock (cyclohexamide sensitive). Cristau et al (1994) have also shown 

upregulation of processing and presentation of a protein antigen post-heat 

shock, and further demonstrated that H2-E^ molecules purified from heat 

shocked, cytochrome c pulsed APCs were more active in antigen presentation 

assays to cytochrome c specific T cells than that purified from unstressed cells, 

despite no detectable increases in class II expression on stressed cells. This 

indicates that the H2-E^ molecules from stressed cells were more completely 

loaded in vivo with the processed cognate peptide than unstressed cells, 

possibly due to the action of stress induced proteins. However, the presumed 

effects of heat shock in enhancing chaperone action in such experiments cannot 

be distinguished from other effects, such as upregulation of lysosomal 

enzymes, which may explain some of the observations.
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4.2.3. Effects on antigen presentation o f  blocking heat shock 

proteins:

Antibodies against members of heat shock protein family members interfere 

with processing and presentation of antigens via MHC class II molecules. 

Vanbuskirk et al (1992) have shown that a monoclonal antibody recognising a 

novel member of the hspTO family (PBP72/74) block antigen processing and 

presentation, and can be detected in a subset of cytoplasmic vesicles of B cells 

that have internalised Ig (Domanico 1993). Although the status of the 

sub cellular localisation of PBP72/74 is unclear since it was cloned, it is likely 

that the effects and observations above reflect the recognition by these 

antibodies of other members of the highly related hsp70 family. Manara et al 

(1993) have indeed shown that antibodies that recognise hsp72/hsc73 also 

interfere with processing and presentation to autologous T cells if added during 

incubation with the model antigen, tetanus toxoid (TT).

Another compelling set of evidence arises from experiments performed using 

the drug 15-deoxyspergualin (DSG). DSG is used clinically as an 

immunosuppressant, and has been shown to specifically bind to the hsc73 

chaperone in affinity chromatography experiments where cell lysates are passed 

through DSG-coupled columns (Nadler 1992, Nadeau, 1994, Liu 1994). It is 

now thought that DSG binds the EEVD C-terminal domain of hsc73 (S. Nadler, 

personal communication), which has been shown by deletion studies to be 

critical for the substrate binding and ATPase activity of hsp70 molecules 

(Freeman 1995), and constitutes the most conserved part of the a-helical "lid" 

domain of hsp70s. DSG may therefore act either to compete with peptide 

binding directly (by sterically occluding the peptide binding region of hsp70), 

or indirectly (by interfering with the function of the EEVD domain or the lid
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closing mechanism). Hoeger et al (1994) have shown that DSG inhibits the 

proliferation of autologous T cells in response to presentation of TT or 

diptheria toxin presented by monocytes treated with DSG. Furthermore, studies 

using influenza haemagglutinin (HA) and two different HA specific T cell 

clones revealed that the presence of DSG inhibited the proliferation of these 

clones to the native HA molecule but not the cognate peptides for these clones. 

This indicates that the DSG-induced defect lay in antigen processing rather than 

presentation. The effect was shown to be restricted to the APCs, as T cells 

alone proliferated normally in the presence of DSG. These data imply that the 

target of DSG, hsc73, to be a component of the antigen processing machinery.
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5. Aims of the Project:

The aim of this project was to address the potential involvement of heat shock 

protein molecular chaperones with functions in the MHC class II antigen 

processing pathway. The evidence in the literature as outlined in the previous 

sections is at best indirectly indicative that such functions may exist in APCs. 

Unlike the literature in MHC class I processing, no studies have appeared 

which address the involvement of defined heat shock proteins and physically 

show interactions of heat shock proteins with antigens, or which attempt to 

dissect the mechanism by which heat shock proteins may have their functions 

in this context. This project aims to approach these subjects.

It is suggested by experiments with heat shocked APCs that upregulation of 

heat shock protein expression results in modulation of antigen processing. In 

this project we aimed to overexpress single defined heat shock proteins by 

transfection to confirm that such modulation is brought about by chaperones 

and not other effects of heat shock irrelevant in the context of chaperone 

function. To this end, we have worked with the 97 murine macrophage cell 

line, which normally exhibits a sub optimal ability to process and present 

protein antigens, and is therefore an ideal model to assay for changes in antigen 

processing behaviour. We have used a panel of antigens in the form of 

processing dependent proteins or processing independent peptides, and T cell 

hybridomas cognate for these antigens to quantitatively assess the level of 

presentation achieved. Furthermore, we investigate whether internalised 

antigens physically associate with defined heat shock proteins, and probe the 

nature of this association using reagents predicted to effect chaperone function.
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In mechanistic terms, it may be predicted that heat shock proteins-antigen 

interactions could function to stabilise, translocate or load antigens onto class II 

molecules. We investigate the possibility that peptide stabilisation may be the 

case by utilising a system previously defined in our lab (the 97.13 cell line) 

where antigen can be stabilised conditionally. In addition, we have also 

addressed the question of the function of ATPase-coupled peptide loading by 

heat shock proteins, by comparing the effects of overexpression of ATPase- 

di sab led and wild type version of a particular heat shock protein in the 97 line.
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II. M a t e r ia l s  & M e t h o d s :

1. Cell lines and cell culture:

The mouse macrophage cell line 97.2 (Brazil 1997) is a bone marrow derived 

macrophage cell line of the haplotype H-2^, generated by R. Palacios in the 

Basel Institute for Immunology. Expression of MHC class II molecules is 

induced by culture with 400 U/ml IFN-y for 72 hours. Antigen specific T cell 

hybridomas A 18, 2G7.1 and 3A9 used are detailed below;

Name Antigen Cognate epitope MHC Reference
Restriction

A18 mouse C5 (Fifth component Residues 106-121 H2-E^ Zal 1994

of complement)

2G7.1 Hen Egg Lysozyme (HEL) Residues 1-18 H2-E^ Adorini 1993

3A9 Hen Egg Lysozyme (HEL) Residues 46-61 H2-A^ Adorini 1993

All cells were maintained in Iscove's modified Dulbecco (IMDM) medium 

(Sigma) containing 2x10-3 M L-glutamine, lOOU/ml penicillin, lOOfig/ml 

streptomycin and 5x10-3 ]\̂  ME (all Sigma). All cell culture was in the presence 

of 7% CO2 at 37°C. The IL-2 dependent cell line CTLL was maintained in 

medium as above supplemented with IL-2. H2-Ek+ dendritic cells were 

generated ex vivo from bone marrow from A/J mice as previously described 

(Stockinger and Hausmann, 1994). Briefly, bone marrow extracted from femurs 

was cultured for 7 days in the presence of GM-CSF, followed by transfer of 

non-adherent cells to fresh petri dishes for further use.
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2. Engineering of expression 
constructs:

2.1. Construction ofbeta-actin/hsp60 construct:

A construct containing the hsp60 cDNA in the pDOI vector was obtained from 

Dr. D Altmann (MRC-CSC, London) and the cDNA sub cloned into the (3- 

actin expression vector. In addition to G418 resistance and ampicillin resistance 

genes, the p-actin vector contains human p-actin genomic sequence including 

3.3kb of promoter and control elements, a short 5' untranslated sequence 

containing the mRNA capping site, as well as the IVS-1 intron (Gunning 1987).

The p-globin segment upstream of the cDNA present in the pDOI vector 

provides an intron for improved expression from a heterologous promoter and 

contains no inframe translation start sites (Kouskoff 1993). This was retained 

in the fragment excised for recloning. The pDOI/hsp60 construct was digested 

with BamHI/Bglll and the 2.9 kb fragment separated by electrophoresis on a 

1% agarose gel, excised and purified using the GeneClean spin protocol as per 

manufacturers protocol. The p-actin vector was linearised with BamHI 

(downstream of the IVS-1 intron), purified by GeneClean method, and 

phosphatased with Shrimp Alkaline Phosphatase (Boehringer Mannheim) for 

20 minutes at 37°C, followed by heat inactivation of the phosphatase. The 2.9 

kb fragment and the BamHI linearised, phosphatased p-actin vector were 

ligated with T4 DNA ligase (Boehringer Mannheim) overnight at 16°C. The 

ligation reaction was then transformed into competent DH5a E. coli, which 

were allowed to express the Ampicillin resistance gene for 1 hour at 37°C.
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Transformed bacteria were subsequently plated out on nutrient agar plates 

containing 100 p,g/ml Ampicillin. Plates were incubated overnight @37°C, 

following which colonies were picked from the plates for growth prior to 

plasmid DNA extraction. This was performed by the Quantum Prep method 

(BioRad, Inc.) as per manufacturers protocol. Briefly, this employs the standard 

alkaline lysis method (Sambrook 1989), followed by immobilisation of plasmid 

DNA on a silica matrix during washing, and elution of plasmid in ddHiO. 

Plasmid DNA extracted was digested with EcoRI to judge orientation of 

insertion of 2.9 kb fragment into the |3-actin vector. Several colonies yielded a 

correct construct, and one of these, named p6, was chosen at random for further 

work.

2.2. Construction of Awt/hsp60 and Adn/hsp60 
constructs:

2.2.1. Insertion o f D lllN p o in t mutation into hsp60:

A point mutation was engineered into the hsp60 cDNA (G to A), changing the 

translated amino acid at position 111 from Aspartic acid (D) to Asparagine (N). 

This was accomplished by PCR product substitution. A single silent point 

mutation (C to T) was also engineered simultaneously to generate a novel 

restriction site (Asp718) for cloning and indentification purposes.

E E A .  G B G T T 

. . . GAA GAG GCT GGG GAT GGC ACC ACC . . .
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i  i
. . . GAA GAG GCT GGG GGt ACC ACC . . .

E E A G Ü G T T

A s p 7 1 8

The p6 construct was used as a template to amplify two contiguous PCR 

products. All PCR amplifications were performed using the high fidelity 

thermostable Pfli DNA polymerase. The primer set PDH4 (forward) and DN-B 

(reverse) was used to generate a PCR product of 0.95 kb, spanning 0.7 kb of the 

(3-globin intron present in (36 (including the unique BamHI site of p6) and the 

first 0.25 kb of the hsp60 cDNA. The DN-B primer incorporated both the 

mutations outlined above. A second PCR product was amplified from p6 using 

the DN-T (forward) and DN-R (reverse) primer set. This product overlapped 

the PDH4/DN-B product at the 5' end and extended 3' over a further 0.75 kb of 

the hsp60 cDNA, including the natural Spel site of p6. The DN-T primer 

incorporated the mutation introducing the Asp718 site. Both PCR products 

were purified from the PCR reaction mix using the GeneClean spin kit (Bio 

101, La Jolla, CA) as per manufacturers protocol. The PDH4/DN-B product 

was then digested with BamHI and Asp718, whereas the DN-T/DN-R product

was digested with Spel and Asp718.

The p6 construct was then digested with BamHI and Spel, and run on a 0.6% 

agarose gel. The 11.3 kb band was cut out and purified. This was then ligated 

together with the digested PCR products as shown below.
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PDH4/DN-B product
Asp718

BamHI #

A sp 7 l8
I DN-T/DN-R product

Spel

BamHI

(36 11.3 kb product

Spel

The ligation was transformed into competent E. coli and plated out onto 

Ampicillin containing agar plates. Resistant colonies were picked and plasmid 

D N A  prepared (see section 2.1). D N A  was digested with BamHI and Asp718  

to check for insertion o f  mutation, and BamHI/Spel to check for correct 

insertion o f  both PCR fragments. The DN5.3 clone was chosen for further 

manipulation
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Murine hsp60 v a v t m g p k g r  t v i i e q s w g s  p k v t k d g \ t v  a k s i d l k d k y  k n i g a k l v q d
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Murine hsp60 i s s v q s i v p a  l e i a n a h r k p  l v i i a e d v d g  e a l s t l p OjNr  l k v g l q w a v

3 0 1  3 5 0
E. coli GroEL k a p g f g d r r k  a m l q d i a t l t  g g t v i s e e . i  g m e l e k a t l e  d l g q a k r w i  
Murine hsp60 k a p g f g d n r k  n q l k d m .a i a t  g g a \ t g e e g l  n l n l e d v q a h  d l g k v g e v i v

3 5 1  4 0 0
E. coli GroEL n k d t t t i i d g  v g e e a a i q g r  v a q i r q q i e e  a t s d y d r e k l  q e r v a k l a g g  
Murine hsp60 t k d d a m l l k g  k g d k a h i e k r  i q e i t e q l d i  t t s e y e k e k l  n e r l a k l s d g
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E. coli GroEL k n d a  . a d l g a  a g g m g g m g g m  g g m m -  
Murine hsp60 k e e k d p g m g a  m g g m g  . . g g m  g g g m f

Figure 4. Amino acid sequence alignment of E. coli GroEL and murine hsp60. Sequence 
identity is shown in red. The conserved ATP-binding pocket is highlighted in outline. The 
critical D87 residue has been shown to abolish the ATPase activity of E.coli GroEL, and 
conesponds to Di l l  in the murine sequence.



7 0  M a t e r ia l s  &  M e t h o d s

2.2.2. Removal o f the mitochondrial targetting signal o f  hsp60:

The mitochondrial targetting signal of hsp60 was abrogated by deletion of 

codons 1-18 from the cDNA sequence. This was also accomplished by PCR 

product substitution. The SIGA primer (forward) and DN-R primer (reverse) 

were used to amplify products from either the p6 or DN5.3 constructs. The 

SIGA primer was designed to codons 19-23 of hsp60, immediately preceded by 

an inframe ATG. A BamHI and a Clal site was also included to assist in 

cloning and identification. The SIGA/DN-R product amplified from the DN5.3 

template also contained the D l l l N  and AspTlS site mutations (described 

above).

SIGA primer: — BamHI - Clal - ATG + hsp60 codons 19-23

The 11.3 kb (36 fragment (as above) was ligated with the BamHI/Spel digested 

SIGA/DN-R PCR products amplified from either (36 or DN5.3. The ligations 

were each transformed into competent E. coli and plated out onto Ampicillin 

containing agar plates. Resistant colonies were picked and plasmid DNA 

prepared (see section 2.1). DNA was digested with BamHI/Spel, Clal/Spel or 

Clal/Asp718 and Clal/Asp718 to check for correct insertion of wild type or 

D l l l N  versions of the SIGA/DN-R products, respectively. DNA from the 

clones Awt7.2 (wild type version) and Adnl.l ( Dl l l N  version) was identified 

as correct by these restriction digests and was chosen for further experiments 

(i.e.. transfection). These constructs lacked the first 18 codons of the hsp60 

cDNA, contained a novel ATG and the remainder of the hsp60 cDNA (codons 

19 onwards). The p-globin intron from the original p6 construct was also
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removed in the cloning process, since it was excluded from the SIGA/DN-R 

PCR product along with the mitochondrial targetting sequence.

2,2.3. Primers used:

Primer name Sequence 5 '^ 3 '

PDH4 CGAGGGATCCTGAGAACTTCAG

DN-T GCTGGGGATGGTACCACCAC

DN-B GTGGTGGTACCATTCCCAGC

DN-R CATATTCACTAGTTGTGATGTC

SIGA CAGGATCCATCGATTGCTCCTCATCTCACTC

2.3. Cloning o f hscJS cDNA into the j5-actin 
expression vector:

The hsc73 cDNA was obtained from Dr. JF Dice (Tufts University, Medford, 

MA) cloned in pBluescript (Stratagene, Inc.). The cDNA was excised by 

restriction digestion with BamHI. The digest was run on a 1% agarose gel and 

the 2.1 kb BamHI fragment corresponding to the hsc73 cDNA was purified. The 

|3-actin vector was linearised by BamHI restriction digest. The purified hsc73 

cDNA fragment was ligated with the linearised, phosphatased and purified 

vector (as described in section 2.1). The ligation mixture was transformed into 

competent E. coli and plated out onto ampicillin containing agar plates. 

Resistant colonies were picked and plasmid DNA prepared (as in section 2.1). 

Correct insertion of the hsc73 cDNA fragment was checked by digestion with
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Hindin. The p73/2.7 construct was chosen on this basis for further experiments 

(ie. transfection).
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3. Transfection of expression 
constructs:

Expression constructs were transfected into 97 cells to generate panels of 

independent stable transfectants. The (36 construct was transfected by protoplast 

fusion into 97 cells to generate hsp60 overexpressing transfectants. All other 

stable transfectants were generated by lipofection using Eugene 6 reagent 

(Boehringer Mannheim).

3.1. Transfection of 97 cells by protoplast fusion:

3.1.1. Preparation ofprotoplasts for fusion:

E coli bacteria of the K803 strain transformed with the (36 construct were grown 

@37°C in 100 ml of L-broth containing 100 (ig/ml Ampicillin to reach optical 

density of 0.500-0.700 at 600nm. 200 (il of 60 mg/ml chloramphenicol was 

then added to arrest cell division while permitting amplification of plasmid 

copy number, and the culture was incubated further @37°C overnight. Bacteria 

were then pelleted by centrifugation at 3000 rpm in a Beckman J-6B centrifuge 

for 10 min @4°C. The supernatant was discarded following centrifugation, and 

the bacteria resuspended in 2.5 ml of 0.05M Tris HCl, 20% sucrose solution 

before treatment to form protoplasts.

Protoplast formation was carried out by addition of 0.5 ml of 2 mg/ml 

lysozyme in 0.25M Tris-HCl at pH 8.0, and incubation on ice for 5 nuns. 1 ml 

of 0.25M EDTA pH 8.0 was added and bacteria were further incubated for 5
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min on ice. Finally, 1 ml 0.05M Tris-HCl was added and bacteria were 

incubated at room temperature to proceed to protoplasts. Protoplast formation 

was checked microscopically, and 20 ml of serum-free IMDM medium @37°C 

containing 10% sucrose and lOmM MgC^ was added to neutralize once 90% 

of bacteria gave a protoplast like (spherical) appearance microscopically. 40 |il 

of 2% DNase solution was also added at this time to degrade free DNA in the 

protoplast suspension. The suspension was left at room temperature pending 

fusion to 97 cells for transfection of the (36 construct.

3,1.2. Fusion o f protoplasts to 97 cells:

24 hours prior to preparation of protoplasts, semiconfluent 97 cells growing in 

culture were harvested by treatment with PBS/EDTA 20mM and counted. 0.75 

X 10  ̂ cells / well in 4 ml 5% PCS medium, were seeded in a 6-well tissue 

culture plate, and incubated overnight @37°C, 7% CO2  Medium was then 

removed by aspiration, and cells rinsed once with serum free IMDM, followed 

by aspiration. 1.5 ml of the protoplast suspension prepared in (a) was then 

added to each well, corresponding to approximately 10,000 protoplasts per 97 

cell. Protoplasts were then deposited by centrifugation at 1000 rpm for 10 mins, 

and supernatant aspirated off.

2 ml of 50% Polyethylene glycol (average Mr 1350), 10% DMSO in serum-free 

IMDM @37°C was then added to each well accompanied by gentle agitation to 

assist fusion. Fusion was allowed to proceed for 1 min, and was then stopped 

by addition of 5 ml 5% PCS medium to each well, followed rapidly by 

aspiration to remove the fusogenic mixture. Cells were then rinsed twice with
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5% FCS medium as described before. Finally 4 ml of 5% FCS medium 

containing 200 |ig/ml Ciproxin was added to eliminate surviving bacteria, and 

the plate incubated for 3 days @37°C, 7% C02.

3.1.3. Selection o f stable transfectants:

After allowing 3 days for the cells to recover after protoplast fusion, 100 |ig/ml 

of G418 was added to each well. Colonies were observed 10-16 days after 

addition of selection, cells were clonally picked using sterile pipette tips under 

microscopic observation, and transferred first to 1 ml of G418 containing 

5%FCS medium in 1 cm diameter wells. This was done in order to amplify the 

clone, and to place the clone under fresh selection. Clones successfully 

amplified at this stage were then transferred to a tissue culture flask, and 

maintained under G418 selection thereafter.

3.2. Transfection o f 97.2 cells by lipofection with 
Fugeneô reagent:

24 hours prior to transfection, semiconfluent 97 cells growing in culture were 

harvested by treatment with PBS/EDTA 20mM and counted. 0.25 x 10  ̂ cells / 

well in 2 ml 5% FCS medium, were seeded in a 6-well tissue culture plate, and 

incubated overnight @37°C, 7% C02. For each well, 2 |LLg of plasmid DNA 

and 3 pi of Fugene 6 were added were added to serum free medium to a final 

volume of 100 pi and incubated for 15 minutes at room temperature. The 

DNA/Fugene6 mixture was then added drop wise to the overnight cell culture.
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followed by incubation for 24 hours in tissue culture conditions. 2ml of G418 

containing selection medium was then added to reach a final G418 

concentration of 100 |ig/ml, and colonies amplified as described in section 

3.1.3.

For supertransfection of 97.13 cells (already stably expressing G418 resistance) 

with the p6 construct, Fugeneô reagent was used as above, with the p6 plasmid 

and pSecC-Zeo plasmid (InVitrogen, Inc.) mixed in a ratio 1:10, respectively. 

Cells were selected with 250 |ig/ml of Zeocin (InVitrogen), and colonies 

amplified as described.
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4. Analysis of expression of 
transfected constructs:

4.1. Western blot analysis of expression:

4.1.1. Antibodies used:

(a) Expression of hsp60 and D ll IN mutant hsp60 was detected using the LK-1 

monoclonal antibody (IgGl isotype, Stressgen Inc. Victoria, Canada), which 

recognises mammalian hsp60s from many species (Boog 1992). Anti-IgGl- 

horse radish peroxidase (HRP) conjugated antibody (Southern Biotechnology, 

Birmingham, USA) was used as a second layer.

(b) The 13D3 monoclonal antibody (IgM allotype, Maine Biotechnology, 

Portland, USA) was used to detect the expression of hsc73, the antibody being 

specific for the constitutively expressed 73kDa member of the murine hsp70 

family (Maekawa 1989, Agaraberres 1997). HRP conjugated anti-mouse Ig 

(Southern Biotechnology) was used as second layer.

4.1.2. Preparation oflysates^ separation and visualisation:

Untransfected 97.2 cells and transfectants were lysed at 5x10^ cells/ml using 

1% Brij-96 containing buffer (lOmM Tris-HCl, ImM EDTA, 0.15M NaCl) 

supplemented with 200p.M PMSF, 5mM lodoacetamide, 5|iM Leupeptin and 

lp.g/ml Pepstatin A. An 8% polyacrylamide gel (pH 8.8) was prepared with a
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short stack of 5% polyacrylamide (pH 6 .8 ). 20 p.1 of each lysate (equivalent to 

1 X 1Q5 cells ) was separated on this gel, along with protein molecular weight 

markers. Separated lysates were western blotted onto nitrocellulose membrane, 

which was then blocked with 5% casein in 0.05% Tween-20 containing PBS. 

The membrane was then washed several times with PBS and probed with 0.5 

|ig/ml of primary antibody, overnight (LK-1 mAh for hsp60 transfectants, or 

13D3 mAh for hsc73 transfectants). After further washes, secondary Ab was 

applied @ 0.4 |ig/ml in 0.05% Tween-20 containing PBS for 45 minutes, 

followed by further washes. HRP was visualised on XOgraph film (Kodak) 

using ECL chemiluminescense system (Amersham Life Science, UK) as per 

manufacturers protocol.

4.2. Analysis o f subcellular localisation:

4.2.1. Fixation andpermeabilisation o f cells:

Untransfected 97.2 cells and transfectants were grown in Lab-Tek 8 -chamber 

slides (Nalge Nunc International, Naperville, USA) in tissue culture conditions 

to semi confluence. For mitochondrial staining of untransfected cells, hsp60 

transfectants, Awt transfectants and Adn transfectants, Mitotracker Red CMX 

Rosamine (Molecular Probes) was given at 100 nM for 45 minutes in tissue 

culture conditions. Cells were then fixed in 300 p.1 per chamber of 4% 

paraformaldehyde in PBS for 20 minutes at room temperature, followed by 

multiple washes with PBS.
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For upregulation of MHC class II expression in untransfected 97.2 cells and 

hsc73 transfectants, EFNy was given in culture at 200 U/ml for 48 hours. Cells 

were fixed with 300 |il per chamber of acetone at 4°C for 30 seconds, followed 

by multiple washes with PBS.

Following fixation as above, all cell types were permeabilised with 300 |l i 1 per 

chamber of 0.5% Triton X-100 in PBS for 4 minutes at room temperature, 

followed by multiple washes with PBS. Non-specific binding of antibodies was 

then blocked using 300 |l l 1 per chamber of 0.5% fish skin gelatin aqueous 

solution for 10 minutes at room temperature, followed by washes with PBS.

4.2,2. Staining offixed and permeabilised cells:

Mitotracker Red treated cells were stained with LKl anti-hsp60 mAh at 5 

|ig/ml in 300 |il volume per chamber, incubated for 3 hours at room 

temperature. Cells were separately stained with the anti-oxazolone mAh SW13 

(a gift from Dr. D. Gray) as an irrelevant isotype matched control. Cells were 

then washed with PBS and stained with fluorescein isothiocyanate (FITC) 

conjugated goat anti-mouse Ig (Jackson) at 1:100 dilution, incubated at room 

temperature for 45 minutes, followed by washing with PBS.

EFNy treated cells were stained with 13D3 anti-hsc73 mAb at 5 |ig/ml in 300 |il 

volume per chamber, incubated for 3 hours at room temperature. Cells were 

separately stained with the anti-Thyl.2 mAb 6 - 6 8  as an irrelevant allotype 

matched control. Biotinylated anti-IgM (Jackson) was used as a second layer at 

1 : 2 0 0  dilution for 1 hour at room temperature, washed with PBS, and Texas
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Red conjugated streptavidin (Pharmingen) added at 1:100 dilution, together 

with the FITC-conjugated anti H-2E mAh 14.4.4S (ATCC no. HB-32) at 1:75 

dilution for simultaneous staining of MHC class II. After incubation for 1 hour 

at room temperature, cells were washed with PBS.

Following staining, chambers and silica gasket were removed from the slides, 

excess fluid aspirated, and cells allowed to dry for 5 minutes, mounted under 

coverslips using anti-fade CitiFluor mounting fluid, and edges sealed using nail 

varnish. Slides were used to acquire images of cells by confocal microscopy. 

All images were acquired at the Confocal and Image Analysis Lab (CIAL) of 

the National Institute for Medical Research. Images of LKl and 

MitotrackerRed double-stained cells were acquired using a Leica upright 

microscope / Leica TCS-NT confocal imaging software at optimal wavelenghts 

for FITC and Rosamine chromophores following compensation for 

bleedthrough into either filter. Images of 13D3 and 14.4.4S double-stained cells 

were acquired using an Olympus 1X70 inverted fluorescence microscope, a 

mercury Arc lamp light source, and a Photometrix cooled-CCD camera. Image 

deconvolution was performed using DeltaVision software to correct for out-of

focus light. Composite images were generated using NIH Image and Adobe 

Photoshop graphics software.
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5. Antigen Presentation Assays:

5.1. Antigens and T-cell hybridomas:

Protein antigens used for antigen processing and presentation functional tests 

were (a) Hen Egg Lysozyme (HEL, Sigma Chemical Co., USA) (b) C5 fusion 

protein 1C (C5FP), a fusion of residues 92-200 of the murine C5 serum protein 

with maltose binding protein (MBP) (Brazil M, 1997). Presentation of C5FP is 

processing dependent (Stockinger B, unpublished data), as is presentation of 

native HEL (Lindner and Unanue, 1996). Class II restricted presentation of 

peptides presented from the above antigens was tested using the panel of T-cell 

hybridomas detailed in section 1 above. Synthetic peptides corresponding to 

corresponding T cell epitopes were also used as processing independent 

controls in parallel presentation assays.

All T-cell hybridomas were periodically checked for expression of TCR and 

CD4 co-receptor on their surface by FACS analysis using 2C11 (anti-CD3) and 

anti-CD4 antibodies.

5.2. Assays for presentation of exogenous antigen:

5,2,1, Presentation assays:

Transfected 97.2 cells and cells transfected with the empty B-actin vector 

(vector control) were tested for class II restricted antigen presentation. APCs to
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be tested were first treated with 200U/ml g-EFN in culture for 72h to induce 

upregulation of class II expression, then harvested using 20 mM EDTA in PBS. 

Cells were then plated into sterile 96 well plates @5 x 1 0  ̂cells / well. Each 

transfectant was plated in duplicate, and in a series to allow antigen titration. 

An equal number of T cells (described in section 5.1) was added, each T-cell 

used in separate assays. Antigen was then titrated in, either as; (i) processing 

dependent antigen in 2-fold titration (HEL, max. final concentration 100 |ig/ml, 

C5FP max. final concentration 10 qg/ml), or (ii) as synthetic peptides 

corresponding to cognate T-cell epitope in 5- fold dilution (all at maximum 

final concentration of 1 |liM .). Antigen presentation was allowed to occur 

@37°C, 7% C O ifor 24h.

For experiments to determine the effects of methyl-15, deoxyspergualin (DSG) 

on antigen presentation by HSC73 transfectants, antigen was kept at a constant 

concentration (HEL, 50 |ig/ml, HEL[1-18] peptide lp.M). DSG (obtained from 

Nippon Kayaku Co, Tokyo, Japan) was given in serial dilution from a maximal 

concentration of 20 |ig/ml. All experiments involving DSG were performed in 

medium as described previously (section 1 ), with the substitution of Ix 

Nutridoma (Boehringer Mannheim) for 5% FCS.

Presentation of endogenous antigen by 97.13 (C5 transfectant) to A18 T cell 

hybridoma was assayed in the presence of NH^"  ̂ ions. NH4 CI was given at 

8 mM concentration from a stock solution at 500mM in PBS. Presentation of 

endogenous antigen from C5/hsp60 dual transfectants was assayed in the 

absence of NH4 ''' ions. All APCs were treated with 200U/ml g-EFN in culture 

for 72h to induce upregulation of class II expression, then harvested using 20
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mM EDTA in PBS, and plated at 5x10"  ̂ ceils per well, together with an equal 

number of A18 T cells.

5.2.2. Measurement o f  IL-2 production by T-cells following  

presentation:

The CTLL cell line is IL-2 dependent, and proliferation of CTLL cells can be 

used as a bioreadout of IL-2 production. 50 |il of supernatants were harvested 

from presentation assays and transferred to fresh plates. CTLL cells were 

added @5 x 1 0 ^  cells / well. Plates were incubated a for 24h. with CTLL cells. 

Ip-Ci of ^H-thymidine (Amersham, UK) was then added per well, and plates 

incubated for a further 8 h. CTLL cells were then harvested onto filtermats and 

radioactivity incorporated into the cells was counted in a liquid scintillation 

counter.

5.3. Experiments to capture and functionally test 
HSP60- or HSC73-antigen complexes:

5.3.1. Latex coupling o f  monoclonal antibodies:

The mAbs LKl, SW13, 13D3 and 6 - 6 8  (see sections 4.1.1. and 4.2.2.) were 

coupled to 0.8qm latex LB - 8  beads (Sigma) as described previously 

(Wirbelauer 1990). Antibody at a concentration of 500 qg/ml was dialysed 

against latex coupling buffer (0.054M Glycine, 0.85% NaCl w/v) overnight. 

lOOjLil of a 10% suspension of latex beads was washed with 1 ml latex coupling
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buffer, pelleted by centrifugation for 1 0  min in a microfuge, and the 

supernatant removed by aspiration. This was repeated for a further wash. Beads 

were then resuspended in the dialysed mAh and incubated overnight on a 

rotator at 4°C.

Beads were then pelleted by centrifugation and washed three times with 1ml 

sterile PBS as described above. After washing, the bead pellet was incubated in 

5% FCS containing IMDM to block remaining sites on latex beads with serum 

proteins. Beads were finally pelleted and, after aspiration of supernatant, were 

resuspended in 10ml of AB medium (1:1000 stock suspension), aliquoted into 

1 ml vials and stored at -20°C until further use.

5.3.2. Formation ofHSP-antigen complexes:

Hsp60 or hsc73 transfected and untransfected 97 cells were grown in culture to 

semi-confluence. The culture medium was then supplemented with HEL to a 

final concentration of 10 mg/ml, followed by further culture for 24h. Cells were 

then harvested and lysed @12x10^ cells / ml of lysis buffer. Lysis buffer was 

identical (including protease inhibitors) to that detailed in 4.1.2. For 

comparative immunoprécipitation from DSG-treated cells, 5 |lg/ml DSG was 

given in culture for 6  hours prior to addition of antigen, and left in culture 

during antigen uptake.

0.5ml (equivalent to 6x10^ cells) of lysate was then incubated with 150 |il of 

latex coupled antibodies (as above) 1 : 1 0 0 0  suspension for 3 h @4°C rotating.
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Beads were then pelleted and lysate removed by aspiration. Beads were washed 

with IMDM three times, then resuspended in 150 |il of AB medium.

5.3.3. Presentation o f HSP-coupled antigen:

Latex-Ab complexes (immunoprecipitates) made as above were used as 

antigens for presentation assays using bone marrow dendritic cells (BMDC) as 

APC (see section 1 ). 2x10^ BMDC were plated in duplicate and in series, and 

latex immuno-precipitates were titrated in 2  fold from a maximum final dilution 

of 5%. SxlO'  ̂ 2G7.1 T-cells were added and presentation assayed as described 

in section 5.2.2.

5.3.4. ATP treatment o f captured latex-Ab captured HSP:

Complexes of latex-Ab with lysates from antigen fed transfectants or 

untransfected cells were treated with ATP to release any peptides bound to 

HSP. 40 p.1 of 1:1000 suspension of latex immunoprecipitates, prepared as 

described in section 5.3.1. above, was pelleted by centrifugation, and 

supernatant removed. Complexes were then taken up with 200 |il of a lOOmM 

Tris-HCl, 50mM MgS0 4  buffer, with or without 50mM ATP added. Treatment 

was performed for 2 h. at room temperature, after which beads were extensively 

washed with IMDM and resuspended in IMDM at a 1:1000 suspension. Beads 

were then used in bone marrow-derived DC antigen presentation assays as in 

section 5.3.3. above.
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III. R e s u l t s :

1. Functional studies o f antigen 
presenting cells overexpressing 
hsp60:

1.1 Transfection of 97 cells with j3-actin/hsp60 (136) 
construct results in over-expression of hsp60:

In order to assess the effect of heat shock protein on presentation of exogenous 

protein by macrophages, the mouse macrophage cell line 97.2 was transfected 

with a construct, p6 , with the hsp60 cDNA placed under the control of the 

constitutively active p-actin promoter. Several independent protoplast fusions 

with the 97.2 macrophage line were carried out, from which 4 yielded stable 

transfectants. A panel of 14 stable transfectants was thus assembled.

Western blot analysis using the anti-hsp60 mAh LKl was carried out to 

determine the level of expression of hsp60 in these stable transfectants. The p6  

construct drove over-expression of hsp60 (figure 5) in the transfectants, relative 

to vector-transfected and untransfected cells. Some transfectants expressed 

more hsp60 than others, and none of the transfectants in the panel failed to 

over-express the protein relative to vector-transfected cells.
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Western analysis shows 2 bands in the lanes where lysates from transfectants 

were separated. The upper band (-63 kDa) corresponds to hsp60 that is extra- 

mitochondrial, and differs in molecular weight from the lower band by the 

mitochondrial signal sequence. This is cleaved after mitochondrial import to 

yield the second, lower band (-60 kDa), which corresponds to the 

mitochondrial pool of hsp60. The small extra-mitochondrial pool of nascent 

hsp60 is below visualisation threshold in untransfected and vector transfected 

cell lysates, and so only the more prominent, mitochondri ally-located hsp60 is 

detected.

1.2. Intracellular distribution of hsp60 in 
transfectants:

The subcellular localisation of hsp60 in relation to the mitochondrial 

compartment was visualised by immunofluorescence confocal microscopy. 

Untransfected and hsp60 transfected cells were double labelled with a 

mitochondria specific dye (MitotrackerRed) in culture, then fixed and stained 

for hsp60 using the LK-1 mAh. Examples of images acquired are shown in 

figure 6 . The complete colocalisation of hsp60 staining with mitochondria was 

observed in untransfected 97.2 cells, consistent with the known mitochondrial 

residence of hsp60. In hsp60 transfectants, however, the hsp60 staining can be 

detected outside MitotrackerRed stained areas. Moreover, hsp60 staining was 

consistently observed in extra-mitochondrial spherical structures which may 

correspond to vesicular structures. Thus, the high level overexpression of hsp60 

after transfection creates a situation where hsp60 is not entirely sequestered in 

mitochondria, and possibly available in compartments relevant to antigen 

processing.
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1.3. Hsp60 transfectants process and present 
antigen more efficiently than controls:

In order to assess the effects on APC function of over-representation of the 

hsp60 molecular chaperone, transfectants were assayed for their ability to 

process protein antigen and present epitopes in the context of MHC class II to 

CD4+ class Il-restricted T-cell hybridomas (See Materials and Methods, section 

1). Antigens were given as either whole protein which is dependent on 

processing in the MHC class II pathway, or as the corresponding processing- 

independent synthetic peptides corresponding to epitopes for the cognate T- 

cells used in the assay.

The results obtained are shown in figure 7. The capacity of hsp60 transfectants 

to process and present processing-dependent protein antigens was greatly 

improved compared to control transfectants (vector-only transfected). This was 

true of HEL protein (figure 7A, C) as well as C5 fusion protein (figure 7E). 

Presentation of peptide, however, was not significantly different between hsp60 

transfectants and control transfectants with all peptides tested (Figure 7B, D, 

F). Peptide given exogenously associates with cell surface MHC class II 

molecules, rather than intracellular class II (Monji & Pious, 1996). The 

comparable levels of presentation of peptide by control- and hsp60 

transfectants therefore indicates that cell surface levels of MHC class II are not 

changed by overexpression of hsp60, and that the enhancement of antigen 

presentation by hsp60 transfectants most likely reflects a change in intracellular 

processing events.
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1.4. Increase in processing efficiency of hsp60 
transfectants is not due to increased antigen 
uptake:

The 97.2 macrophage cell line has been shown to have a relatively low capacity 

to process and present soluble antigens provided in the fluid phase, but more 

efficient when antigen is provided in particulate form (i.e. uptake is by 

phagocytosis)(Stockinger 1992). It was possible, therefore, that the 

improvement in antigen processing and presentation of these APC upon 

overexpression of hsp60 was related to a modification of antigen uptake 

characteristics, and that it would not be observed when antigen was given in a 

particulate form. To address this possibility, antigen (C5) was given in either 

soluble, or latex-coupled form, and presentation to C5 specific (A 18) T cells 

was assayed. Figure 8  shows that the all hsp60 transfectants tested had an 

increased capacity to process and present the antigen regardless of whether the 

antigen was taken up in fluid phase, or by phagocytosis of latex particles. Thus 

the effect of the increased abundance of the chaperone was exerted in 

intracellular processing events, rather than by modification of known antigen 

uptake characteristics of the APC.

Experiments were also carried out to quantitatively assess the antigen uptake 

capacity of hsp60 transfectants compared to control transfectants. This would 

categorically address whether the increase in processing and presentation of 

protein antigens in functional assays was due to an increased uptake of 

antigens. FITC-Dextran uptake measured by FACS analysis can be used to 

ascertain the kinetics and volume of fluid-phase endocytosis in vitro. This 

technique was used to compare uptake characteristics of a panel of hsp60
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transfectants to control cells. Mean fluorescence intensities at each time point 

were determined and plotted for each transfectant tested, as shown in figure 9. 

It can be seen that neither the final volume of uptake (i.e., the final point in the 

time course) nor the kinetics of uptake differ significantly between the hsp60 

transfectants and vector-transfected cells. The increase efficiency of processing 

and presentation by the transfectants could not, therefore, be assigned to an 

increase in fluid phase antigen uptake.

1.5. Detection o f association of hsp60 with 
internalised antigen:

In order for hsp60 overexpression to be exerting influences on antigen 

processing and presentation by any of the chaperone functions postulated (see 

Introduction section 4.2.1), antigen and chaperone must physically associate at 

some point in the processing pathway. In order to test whether this was the 

case in the hsp60 transfectants, experiments were conducted to capture antigen, 

internalised by the APC, in physical association with hsp60 (outlined in figure 

10). Two independent hsp60 transfectants (97.2N and 97.24N) and 

untransfected 97.2 cells were fed antigen (HEL) in culture, followed by lysis 

and immunoprécipitation of hsp60 with LKl (anti-hsp60) mAh coupled to 

O.SjLiM diameter latex beads. As a specificity control, parallel 

immunoprécipitations were carried out with the isotype-matched irrelevant 

mAh SW13 coupled to latex beads. Immunoprecipitates were then fed to bone 

marrow derived DCs, which are capable of taking up antigen in particulate 

form (Reis e Sousa 1993) and processing and presenting even small quantities 

of antigen. These APC would therefore serve as a sensitive detection system for
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any HEL antigen that had been immunoprecipitated with hsp60 by presentation 

to the HEL-specific 2G7.1 T cell hybridoma.

The results obtained are shown in figure 11. DCs presented HEL to 2G7.1 T 

cells when fed LKl-latex immunoprecipitates from either of the two hsp60 

transfectants, but not from untransfected 97.2 cells. This shows that hsp60 in 

transfectants is able to interact in vivo with internalised antigen, and hence is 

available in those cellular compartments accessed by exogenously sourced 

antigen. Hsp60 from untransfected 97.2 cells is sequestered in mitochondria, 

and is therefore not in those compartments where antigen gains access. No 

hsp60-antigen interaction is, therefore, detected in untransfected cells. 

Presentation was also not detected with SW13-latex immunoprecipitates from 

any of the APCs, establishing that antigen is precipitated specifically with 

hsp60.

To address the possibility that the hsp60-antigen interaction detected may occur 

post-lysis (ie. in vitro), rather than in the intact cell, mixed lysate experiments 

were carried out. In addition to immunoprécipitations as described above, an 

additional immunoprécipitation was carried out in which lysate from an hsp60 

transfectant which had not been fed HEL was mixed with lysate from HEL-fed 

untransfected cells. This would provide the overexpressed hsp60 present in the 

transfectant lysate with a source of HEL in vitro. Immunoprécipitation was 

carried out with LK 1-latex and the complex fed to DCs for presentation of 

HEL to 2G7.1 T cells, as above. The result obtained (figure 12) showed that, 

whereas HEL coimmunoprecipitated with hsp60 from hsp60 transfectants given 

HEL in vivo, the interaction was not detected when hsp60 transfectant lysate 

was mixed with HEL in vitro, in the form of lysate from HEL-fed untransfected
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cells. Thus, the detection of interaction of hsp60 with internalised antigen was 

shown to be the result of in vivo events.

1.6. ATP sensitivity o f hspôO-antigen 
interaction:

The release of substrates from hsp60 and hsp70 family molecular chaperones is 

coupled to ATP hydrolysis (section 3.1.3, Introduction). The hsp60-antigen 

interaction detected in hsp60 transfectants should also, therefore, be subject to 

dissociation following ATP hydrolysis. Immunoprecipitated complexes from 

HEL-fed hsp60 transfectants and untransfected cells (as above) were treated 

with a non-limiting excess of ATP (50mM; G. Fossati, personal 

communication) in a standard buffer (Fenton 1996) or buffer alone, and fed to 

DCs to assay for presentation of HEL to 2G7.1 T cells. Treatment of LKl-latex 

immunoprecipitates from either hsp60 transfectant with ATP, but not buffer 

alone, resulted in loss of antigenicity from those complexes (figure 13 A, B). 

This shows that antigen is lost from complex with hsp60 upon utilisation of 

ATP, consistent with the ascribed characteristics of chaperone-sub strate 

interaction. HEL presentation by DCs given LKl-latex immunoprecipitates 

from untransfected cells or SW 13-latex immunoprecipitates remained 

undetectable, regardless of ATP treatment (figure 13C, D, E, F).
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2. Experiments to study action o f  
HSPs in antigen processing:

2.1. Chaperone overexpression and epitope 
rescue:

2.1.1. Overexpression o f hsp60 in the 97.13 line:

One of the conceivable mechanisms for the action of heat shock proteins in 

MHC class II antigen processing is that of stabilisation of bound antigens, 

resulting in protection of the antigen from excessive proteolytic degradation in 

endosomal compartments. In order to study the possibility that hsp60 could 

fulfil such a function, a system previously defined by Brazil et al (1997) was 

adapted, where a transfectant of the 97.2 cell line, termed 97.13, was generated 

which stably expresses the model antigen C5 intracellularly. Endogenous 

presentation by this line of the 106-121 epitope of C5 (recognised by the A18 

T-cell hybridoma) could not be detected, although endogenous presentation of 

this epitope from the C5-transfected B-cell LK35 line was evident. However, 

upon modification of the presentation conditions by addition of increasing 

amounts of NH4 CI, presentation of endogenous C5 from the 97.13 cell line 

becomes detectable. This suggests that the endogenous C5 can access the MHC 

class II processing pathway in the 97.13 line, but requires the addition of NH4 + 

ions to raise the endolysosomal pH in the APC, thus allowing the epitope to be 

salvaged by rescue from excess proteolytic degradation. Thus, this system 

offers the ability to conditionally stabilise an epitope by preventing excessive 

proteolysis. It is noteworthy, however, that NH4 CI can also have effects which
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may compromise the integrity of endocytic compartments, and that these may 

in turn influence the processing and presentation of the C5[106-121] epitope 

from intracellular C5.

In order to study whether hsp60 can stabilise the 106-121 epitope in the 97.13 

line, the (36 construct was supertransfected into 97.13 by cotransfection with a 

Zeocin selection cassette, and stable transfectants generated. Three independent 

Zeocin-resistant supertransfectants overexpressed hsp60 by western analysis 

using the LKl mAb as probe, shown in figure 14A.

2.1.2. Hsp60 overexpression salvages an endogenous epitope:

The C5-hsp60 double transfectants generated as above were tested for 

presentation of endogenous C5 compared to C5 single transfectant (97.13). C5- 

hsp60 double transfectants were consistently able to present the C5[106-121] 

epitope to the A18 T cell hybridoma, whereas presentation of endogenous C5 

could only be detected from C5 single transfectants in the presence of 8 mM 

NH4 ‘̂  (figure 14B). Thus, the overexpression of hsp60 constituted a condition 

that was able to rescue the endogenous C5[106-121] epitope by stabilising it in 

a manner analogous to the interference with acid proteases effected by rise in 

pH in degradative compartments. Processing and presentation of exogenous 

C5 by C5-hsp60 double transfectants was enhanced compared to C5 single 

transfectants, and presentation of processing independent C5[106-121] peptide 

was not different between these APC (figure 14C , D), consistent with the 

observations made with hsp60 transfectants and vector transfected control cells 

in section 1 .2 .
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2.2. ATPase activity and chaperoning of antigens:

2.2.1. Construction o f mutant hsp60 cDNAs:

A second possible mechanism of action of chaperones in MHC class II antigen 

processing would be that of acting as a peptide transfer factor, whereby ATP- 

coupled rapid transfer of chaperone bound antigen occurs to empty MHC class 

II molecules. To experimentally examine this postulate, a mutant version of 

hsp60 lacking ATPase function was engineered. This could exert a putative 

dominant negative effect on MHC class II antigen processing and presentation 

by binding and effectively sequestering antigen from class II molecules due to 

the inability to efficiently release its substrate.

The p6  construct (containing the mouse hsp60 cDNA) was engineered by PCR 

mutation cloning (see Material and Methods, section 2.2) to generate the 

Adn 1.1 construct. The hsp60 cDNA in this construct was modified to contain a 

G to A point mutation resulting in a change in codon 111 from GAT (coding 

for Aspartic acid, D) to AAT (coding for Asparagine, N). This mutation falls in 

the conserved ATP-binding pocket of hsp60 family molecules (Braig 1994), 

and has been shown to abolish ATPase activity and substrate release in the 

bacterial hsp60 (GroEL)(Fenton 1994), of which eukaryotic hsp60s are highly 

conserved homologues. Figure 15 shows an alignment of GroEL and mouse 

hsp60, illustrating the high degree of sequence conservation. The ATP binding 

pocket residues (GDGTT) and the aspartate (D) residue mutated in the Adn 1.1 

construct are highlighted.
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In order to confine the effects of the expression of the ATPase-disabled hsp60 

to compartments other than mitochondria, where mutant hsp60 could interfere 

with mitochondrial function and therefore cell viability, an additional mutation 

was introduced to abrogate the mitochondrial targetting signal of hsp60. 

Computer analysis using MitoProt software (Claros 1995) identified the first 22 

amino acids of hsp60 as the mitochondrial targetting signal (reviewed in Shore 

1995) based on the presence of a clear amphipathic helix (multiple arginine 

residues accumulating charge onto one side of the helix, 6=105°). This stretch 

of sequence also corresponds to the further N-terminal sequence in mouse 

hsp60 not present in the bacterial homologue, acquired as an adaptation 

specifically for mitochondrial import. The identified targetting signal was thus 

negated by deletion of codons 1-18 of the hsp60 cDNA in the Adn 1.1 construct.

A second construct, termed Awt7.2, carrying the same mitochondrial targetting 

signal deletion - but a wild-type ATP binding pocket - was also generated. This 

was used as a positive control for the effects of the D 11 IN version above, i.e., 

to establish the effect of overexpression of hsp60 in non-mitochondrial 

compartments only.

2.2.2, Transfection o f  Adn and Awt constructs and analysis o f  

expression:

The Adnl.l and Awt7.2 constructs were transfected into 97.2 cells to generate a 

panel of stable transfectants. Expression of the transgenes was analysed by 

western blot of lysates from transfectants using the LKl mAh as probe (figure 

15 A). Overexpression of the mutant hsp60 was observed in both the single- and 

double-mutant transfectants.
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Subcellular localisation of hsp60 was also determined in the Adn and Awt, 

transfectants. The deletion engineered in both constructs was expected to detect 

hsp60 overexpression exclusively outside mitochondria. Cells were stained for 

hsp60 expression with LKl mAh and MitoTracker Red to show the position of 

mitochondria. The hsp60 staining was seen to be localised almost exclusively 

to extra-mitochondrial areas in both types of transfectants, examples of which 

are shown in figure 15B and 15C.

2.2,3, Antigen presentation by Adn and Awt transfectants:

Antigen presentation assays were carried out (as previously described) to 

compare the ability of APCs ov^rexpressing ATPase-disabled hsp60 to those 

overexpressing wild type hsp60. Antigen was given as either native HEL 

protein, or as HEL[1-18] peptide, and presentation to the cognate T-cell 

hybridoma 2G7.1 assayed. The results obtained are shown in figure 16. The 

presentation of peptide was not significantly different between either set of 

transfectants and untransfected 97.2 cells (figure 16B), indicating (as described 

earlier) that cell surface levels of MHC class II molecules were not changed 

between the APCs tested.

Both sets of transfectants displayed an improved capacity to process and 

present HEL protein in comparison to untransfected 97.2 cells. At the highest 

dose of HEL protein tested (100 |ig/ml), both sets of transfected displayed 

comparable levels of presentation capacity (figure 16A). However, at lower 

doses of antigen (0-50 |ig/ml) transfectants expressing ATPase-disabled hsp60 

were less efficient at processing and presenting HEL than transfectants
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expressing ATPase wild type hsp60. This may indicate a partial loss of the 

ability of ATPase-disabled hsp60 to carry out its postulated functions in the 

MHC class II processing pathway when the amount of antigen internalised is 

not saturating.
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3, Functional studies o f antigen 
presenting cells overexpressing 
hsc73:

3.1 Transfection o f 97 cells with p-actin/hsc73 
(1373/2.7) construct results in over-expression of 
hsc73:

The strategies used in the study of the functional of overexpression of hsp60 in 

the 97.2 macrophage line were also applied to investigate the role of hsc73 in 

the same context. As outlined in the introduction (sections 4.1.2 and 4.1.3), the 

constitutively expressed hsc73 molecular chaperone has been implicated in 

both MHC class I and class II antigen processing by various studies. The hsc73 

cDNA was placed under the control of the p-actin promoter to generate the 

P73/2.7 construct. This construct was transfected into 97.2 cells, and a panel of 

independent stable transfectants produced. Lysates from stable transfectants 

were analysed by western blot for expression of hsc73, using the 13D3 (anti- 

hsc73) mAh as probe. Overexpression of hsc73 was detected in several of the 

transfectants tested, compared the endogenous expression detected in vector 

transfected control cells. Figure 17A shows a Western blot of transfectants 

which most significantly overexpressed hsc73 (clones H73.2, .5, .14, .18 and 

.23) relative to endogenous levels, and which were used in subsequent 

experiments.
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3.2. Localisation of hsc73 relative to MHC class II 
molecules:

Previous studies have identified hsc73 expression to be localised to cytoplasmic 

vesicles with endolysosomal characteristics (Cuervo 1997, Agaraberres 1997, 

Laszlo 1991), in addition to the cytosol. Unlike hsp60, hsc73 is therefore 

present physiologically in those compartments where MHC class II antigen 

processing and loading of class II molecules may also be occurring. Indeed, 

hsc73 immunoreactivity has been colocalised with the lysosomal enzymatic 

activity of p-hexosaminidase (Terlecky 1994), which itself has been used to 

mark MHC class II containing compartments (Fernandez-Borja 1996). 

However, no direct demonstration of the co-compartmentalisation of hsc73 and 

MHC class II has been reported. Immunofluorescence microscopy was, 

therefore, carried out to this end. Hsc73 transfectants and untransfected 97.2 

cells were stained with 14.4.4S and 13D3 mAbs to demarcate class II 

compartments and hsc73 compartments, respectively.

Figures 17B(i) and B(ii) show images of 14.4.4S/13D3 double stained hsc73 

transfectants and untransfected cells, respectively. 13D3 staining occurs in 

cytoplasmic vesicles, and in a subset of these vesicles colocalises with MHC 

class n  molecules. Thus, hsc73 is indeed physically available in the proximity 

to class II molecules, a prerequisite for postulated chaperone functions such as 

peptide loading. This is observed in both hsc73 transfected and untransfected 

cells, indicating that overexpression of hsc73 did not deregulate the relevant 

compartmentalisation of the protein. Hsc73 staining is, however, more 

widespread and intense in transfectants, consistent with its overexpression 

relative to endogenous levels. Figures 17C(i) and (ii) show individual and 

superimposed staining patterns for each antibody visualised in a detail from the
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cytoplasm of a stained hsc73 transfectant and untransfected 97.2 cell, 

respectively.

3.3. Effect o f  over expression o f hsc73 on
presentation function:

MHC class II restricted antigen presentation by hsc73 transfected cells to 

antigen specific T cell hybridomas was tested in in vitro presentation assays as 

described previously. Presentation of processing dependent protein antigens 

HEL and C5 fusion protein (figure ISA, C) to the I-E^-restricted T cell 

hybridomas 2G7.1 and A18, respectively, was greatly improved compared to 

vector transfected control cells. The same was also observed for processing and 

presentation of HEL protein to the I-A^-restricted T cell hybridoma, 3A9. 

Presentation of peptides corresponding to cognate epitopes was not affected 

(figure 18B, D), indicating that levels of cell surface MHC class II were not 

different in between hsc73 transfectants and vector only transfectants. Cell 

surface immunostaining with 14.4.4-FITC (anti-class II mAh) and FACS 

analysis showed that levels of expression of MHC class II molecules were 

similar on control transfectants and hsc73 transfected cells (Table 1). 

Therefore, as with hsp60, overexpression of hsc73 resulted in enhancement of 

antigen presentation capacity, without changes in cell surface MHC class II 

expression. The functional effect on antigen processing observed with the 

model system using the hsp60 chaperone were thus recapitulated with the hsc73 

chaperone, which is physiologically expressed within to the antigen processing 

pathway.

Table 1.



Mean Fluorescence Intensity 

Transfectant no y-IFN + y-IFN

Vector control 6.21 89.38

H73.5 7.96 92.29

H73.14 7.46 75.84

H73.18 9.64 92.08

H73.23 10.58 80.61

3.4. Interaction ofhsc73 with internalised antigen:

As Stated in section 1.5, the postulated functions o f HSP chaperones in MHC 

class II antigen processing require HSPs to physically associate with antigen in 

a manner analogous to chaperone/sub strate interactions defined in other cell 

biological contexts. To examine whether this was the case with hsc73, latex- 

coupled antibody immunoprécipitation was employed to capture hsc73 from 

antigen fed cells. Two independent hsc73 transfectants and untransfected 97.2 

cells were fed in culture with HEL antigen, and subsequently lysed. 13D3- 

coupled latex beads were used to immunoprecipitate hsc73 from these lysates, 

and immunoprecipitated complexes were fed to bone marrow derived DCs in 

culture for detection o f hsc73 associated antigen by presentation to HEL 

specific (2G7.1) T cells (figure 19). Immunoprécipitations with the irrelevant 

isotype-matched control 6-68 mAh were performed in parallel as a control for 

specificity. No presentation of co-immunoprecipitated HEL was detected with 

DCs fed 6-68-latex immunoprecipitates. Antigenicity was detected, however, 

with 13D3-latex immunoprecipitates, demonstrating that hsc73 interacts with
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internalised antigen. In contrast to hsp60-antigen interactions (section 1.5), 

hsc73-antigen interaction was also detected in untransfected 97.2 cells (figure 

19C), albeit at a lower level than that in hsc73 transfectants (figure 19A, B), 

reflecting the physiological presence the endogenous hsc73 in antigen- 

accessible compartments, not exclusively as a consequence of overexpression.

3.6. ATP sensitivity o f hsc73 interaction with 
antigen:

As with hsp60-antigen interactions detected (section 1.6), the association of 

hsc73 with internalised antigen detected above should exhibit the characteristic 

of molecular HSP chaperone/substrate interactions, in that dissociation should 

be favoured by hydrolysis of ATP. 13D3-latex (anti-hsc73) immunoprecipitates 

for cells fed with HEL antigen made as above were treated in vitro with 

buffered ATP, as previously described (section 1.6). As a control, 

immunoprecipitates in parallel were treated with buffer only (no ATP). 

Immunoprecipitate complexes were then fed to DCs for the detection of 

antigenicity by presentation to HEL-specific (2G7.1) T cells. The results (figure 

20) show that antigen was presented by DCs given 13D3-immunoprecipitates 

treated with buffer alone. However, ATP treatment of 13D3-latex 

immunoprecipitates from hsc73 transfectants (figure20A, B) as well as from 

untransfected 97.2 cells caused the loss of co-immunoprecipitated antigen in 

assays of presentation by DCs to 2G7.1 T cells. This indicates that ATP 

hydrolysis-coupled dissociation of hsc73 bound antigen had occurred, as would 

be expected for HSP-substrate interactions.
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3.7. Interaction ofhsc73 with exogenous antigen is 
DSG-sensitive:

15, Deoxyspergualin (DSG) is a drug which has been shown to associate with 

hsc73 in an ATP-sensitive manner (Nadler 1992). It is thought to interfere with 

hsc73-substrate interaction either directly via a peptidomimetic mechanism, or 

indirectly causing steric hindrance due to binding of the conserved EEVD 

domain crucial to the lid-mechanism of the peptide binding region of hsc73. As 

outlined in Introduction, section 4.2.3, previous studies have shown DSG to 

inhibit presentation of processing-dependent antigens. However, it is unclear 

that this is directly due to an effect on hsc73. Furthermore, it is not known how 

the effect exerted by DSG on hsc73 influences antigen processing.

Experiments were therefore carried out to determine whether treatment with 

DSG affected the recovery of antigen with hsc73 detected with the 

immunoprécipitation strategy used, as above (sections 1.5 and 3.5) . With all 

experiments involving DSG, the use of PCS was avoided by substitution with 

Nutridoma synthetic medium, since the PCS component poly amine oxidase 

degrades DSG to generate toxic aldehyde breakdown products. Hsc73 

transfectants (H73.5 and H73.14) and untransfected cells were fed with HEL 

antigen in the presence or absence of 5 p-g/ml DSG. Treated cells were 95% 

viable by trypan blue dye exclusion at this concentration of DSG. In choosing 

this concentration, the observations of Hoeger et al (1994) were considered, 

where the functional effects of DSG on APCs were shown to be maximal at 5- 

1 0  |ig/ml.

Hsc73 was immunoprecipitated from lysates of cells fed with HEL antigen 

using 13D3 latex beads, and presentation of co-immunoprecipitated HEL by
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DCs assayed, as previously described. As a control for the specificity of action 

of DSG on hsc73 chaperones, parallel immunoprécipitations were also carried 

out from the hsp60 transfectant 97.2N with, or without, DSG treatment. Results 

obtained show that DSG treatment of both hsc73 transfectants, and of 

untransfected 97.2 cells, resulted in a lower recovery of antigenic activity with 

hsc73 immunoprecipitated than that from cells not exposed to DSG. The 

recovery of antigen from hsp60 transfectants was unaffected regardless of 

treatment with DSG, showing that the DSG-induced inhibition of chaperone- 

substrate interaction is specific for hsc73.

3.8. Functional effects o f DSG on antigen 
processing and presentation:

As Stated above, DSG is thought to block the association of peptides with hsc73 

by interfering with the peptide binding region of hsc73. The interference of 

DSG with antigen-hsc73 interaction shown above predicts functional effects on 

antigen presentation, which were investigated. Presentation assays were carried 

out, testing the antigen presentation capacity of hsc73 transfectants and 

untransfected 97.2 cells in the presence of increasing amounts of DSG. Antigen 

was given in parallel assays as either native HEL protein or HEL[1-18] peptide. 

DSG was found to inhibit presentation of HEL protein in both hsc73 

transfectants and control 97.2 cells, whereas presentation of peptide remained 

unaffected until a DSG concentration of 1 0  P-g/ml, thus ruling out DSG toxicity 

effects below that concentration (figure 21 A, B, C). Processing and 

presentation of HEL antigen was, therefore, blocked regardless of the 

expression level of hsc73. Notably, however, a 6 -fold higher concentration of 

DSG was required to inhibit processing and presentation of HEL protein by
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hsc73 overexpressing APC than was required for untransfected controls. This 

indicates that availability of hsc73 is a critical factor in MHC class II antigen 

processing. Unexpectedly, however, presentation of HEL was also blocked by 

DSG in hsp60 transfectants (figure 2 ID) perhaps indicating that hsp60 cannot 

compensate for an essential antigen processing associated function of the 

endogenous hsc73 in these cells.
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4. Figures



Figure 5. Western blot analysis of lysates of panel of hsp60 transfectants, 

named as shown. Lysate equivalent to 1x10^ cells loaded per well. LKl anti- 

hsp60 mAh was used as probe. Upper band (~63kDa) represents pool of 

cellular hsp60 which is extra-mitochondrial (signal sequence has not been 

cleaved).
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Figure 6 . Confocal immunofluorescence microscopy analysis of expression of 

hsp60 in (A) Untransfected 97.2 cells and (B) hsp60 transfectant 97.2N. Cells 

were allowed to take up MitoTracker Red dye prior to paraformaldehyde 

fixation and permeabilisation with 0.5% Triton X-100. Cells were stained with 

LKl (anti-hsp60) mAh followed by anti-mouse Ig-FITC. In (A) hsp60 staining 

is completely colocalised with mitochondrial structures demarcated by 

MitoTracker in Red. In (B) overexpression of hsp60 results in deregulation of 

strict mitochondrial co-compartmentalisation, and LKl staining is seen in non- 

mi tochondrial areas.
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Figure 7. Functional assays of antigen presentation by a panel of hsp60 over

expressing transfectants to T cell hybridoma 3A9 (A, B); 2G7.1 (C, D) and A18 

(E, F). (B and D) HEL protein as antigen, given in 2-fold titration from a 

maximum concentration of 100 P-g/ml. (A) HEL(46-61) and (C) HEL(1-18) 

synthetic peptide, given in 5-fold titration from a maximum concentration of 

5[iM. (F) C5 protein as antigen, given in 2-fold titration from a maximum 

concentration of 10 p.g/ml. (E) C5(106-121) synthetic peptide, given in 5-fold 

titration from a maximum concentration of 5|llM . Results from 5 independent 

hsp60 stable transfectants (—o— 97.2N; —o — 97.24N; —o— 97.26N; A 

97.32N; •  97.36N) are shown together with vector-only transfected

controls ( —■— ).
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Figure 8 . Time course of uptake of FITC-Dextran by a panel of hsp60 

transfectants (—o — 97.2N; —o— 97.24N; —o — 97.26N; —A— 97.32N; —e— 

97.36N). Mean fluorescence intensity data was summarised from FACS 

analysis at 0, 5, 10 and 40 minute time points. Vector transfected 97 cells used 

as control are shown for comparison ( ).
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Figure 9. Comparison of processing and presentation by a panel of hsp60 transfectants to 

A18 T cell hybridoma of C5 protein given in fluid phase (soluble) or solid phase (latex- 

coupled) form. IL-2 production by T-cells is shown, as measured by incorporation of 

thymidine by the IL-2 dependent cell line CTLL. Results from 5 independent hsp60 stable 

transfectants ( - 0 — 97.2N; - A -  97.24N; 97.26N; -4K - 97.32N; - O -  97.36N)

are shown together with vector-only transfected controls ( —■— ). (A) C5 protein, given in 

2-fold titration from a maximum concentration of 10 pg/ml. (B) Latex-coupled C5 protein, 

given in 2-fold titration from a maximum dilution of 5% of stock suspension.
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Figure 10. Schematic representation of experiment to determine association of 

endocytosed antigen with hsp60 transfectants. Lysates from hsp60 transfectants 

are incubated with either (A) an irrelevant mAh coupled to 0.8 |im latex beads, 

or (B) with anti-hsp60 mAh coupled to latex beads. Hsp that becomes bound in 

(B) will carry any antigen that has become associated with it, whereas no hsp 

binding should occur in (A). The complexes are the washed extensively and fed 

to dendritic cells, which can be used to give a functional readout by 

presentation to T cells specific for the antigen used.
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Figure 11. Association of antigen with hsp60. 97.2 macrophages fed with 1 0  

mg/ml HEL were lysed and hsp60 immunoprecipitated with LKl (anti-hsp60)- 

coupled latex beads. Latex beads were added to DC (2xl0^/well) and 2G7.1 

cells (5xlQ4/well) to assay for co-immunoprecipitated antigenic activity ( 

■■»—). Figure shows IL-2 production by T-cells as measured by incorporation 

of thymidine by the IL-2 dependent cell line CTLL. Immunoprecipitates 

with irrelevant antibody coupled latex beads were analysed as a control ( 

— ). Antigenic activity was co-immunoprecipitated with hsp60 from 

untransfected 2 independent hsp60 overexpressing transfectants (A, transfectant 

97.2N; B transfectant 97.24N), above backgrounds levels observed with 

irrelevant antibody. No antigenic activity was recovered from hsp60 

immunoprecipitated from untransfected 97 cells.
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Figure 12. Association of antigen with hsp60 does not occur post-lysis. Hsp60 

overexpressing transfectants and untransfected 97 cells were either fed with 10 

mg/ml HEL, or left untreated. Hsp60 was immunoprecipitated with LKl (anti- 

hsp60)-coupled latex beads from hsp60 transfectant lysate (97.2N fed HEL in 

vivo, ■ ), from untransfected 97 cells (fed HEL in vivo, —o—), or from 

lysates from 97.2N left untreated + untransfected cells fed HEL in vivo, mixed 

in a 1:1 ratio (—#—). Latex beads were added to DC (2xl0'^/well) and 2G7.1 

cells (5xlO^/well) to assay for co-immunoprecipitated antigenic activity ( 

■ ). Figure shows EL-2 production by T-cells as measured by incorporation 

of ^H thymidine by the EL-2 dependent cell line CTLL. Antigenic activity was 

co-immunoprecipitated from hsp60 transfectant lysate where HEL had been 

given in vivo, but not when HEL was available only in vitro (in the form of 

added lysate from HEL-fed untransfected cells). Antigenic activity was also not 

recovered from lysates of untransfected cells alone.
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Figure 13. Effect of ATP treatment on antigen/HSP complexes. 97.2 

m acrophages fed with 10 mg/ml HEL were lysed and hsp60 

immunoprecipitated with LKl (anti-hsp60)-coupled latex beads. Antigen/HSP 

complexes precipitated from HEL-fed cells were treated with 50 mM ATP ( 

—■— ) or buffer alone ( —o— ) and added to DC (2xl0^/well) and 2G7.1 

cells (5x10^/well) to assay for co-immunoprecipitated antigenic activity. Figure 

shows IL-2 production by T-cells as measured by incorporation of ^H 

thymidine by the IL-2 dependent cell line CTLL. Treatment with ATP resulted 

in loss of antigenicity of immunoprecipitates from both hsp60 transfectants (A, 

97.2N; B, 97.24N). No antigenic activity was recovered regardless of ATP 

treatment from untransfected 97.2 cells (C) or when immunoprécipitations were 

carried out using an irrelevant isotype matched control antibody coupled to 

latex beads (D, 97.2N; E, 97.24N; F, untransfected).
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Figure 14. (A) Western blot analysis of hsp60 expression in C5/hsp60 dual 

transfectants compared to C5 single transfectant, 97.13. Lysate equivalent to 

1x 1 Q6 cells loaded per well. LKl anti-hsp60 mAh was used as probe. 

Transfectants are named as shown. (B) Functional assays of presentation of 

endogenous C5 by a panel of C5/hsp60 dual transfectants to T cell hybridoma 

A18. Presentation was assayed in the complete absence of any exogenously 

provided C5 antigen. Figure shows IL-2 production by T-cells as measured by 

incorporation of thymidine by the IL-2 dependent cell line CTLL. Hsp60 

overexpressing dual transfectants (solid bars) presented endogenous antigen to 

a significant extent above background observed with C5 single transfectant 

(97.13, open bar), which presented endogenous antigen only in the presence of 

an optimal concentration of ions (hatched bar).
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Figure 15 (A) Western blot analysis of hspôO expression in AWT (ATPase- 

competent hspôO) and ADN (ATPase-disabled hspôO) series transfectants 

compared to untransfected 97.2 cells. Lysate equivalent to 1x10^ cells loaded 

per well. LKl anti-hsp60 mAb was used as probe. Transfectants are named as 

shown. Confocal immunofluorescence microscopy analysis of expression of 

hsp60 in (B) AWT series transfectant (AWT.B5) and (C) ADN series 

transfectant (ADN.P2). Cells were allowed to take up MitoTracker Red dye 

prior to paraformaldehyde fixation and permeabilisation with 0.5% Triton X- 

100. Cells were stained with LKl (anti-hsp60) mAh followed by anti-mouse Ig- 

FITC. In both A and B, expression of hsp60 from either deletion construct 

lacking the mitochondrial targetting signal results in deregulation of strict 

mitochondrial co-compartmentalisation, and LKl staining is seen almost 

exclusively in non-mitochondrial areas.
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Figure 16. Functional assays of processing and presentation of HEL antigen by 

a panel of ATPase-disabled and ATPase-competent hsp60 overexpressing 

transfectants (ADN and AWT series, respectively). (A) HEL protein as antigen, 

given in 2-fold titration from a maximum concentration of 100 |ig/ml. (B) 

HEL(1-18) synthetic peptide, given in 5-fold titration from a maximum 

concentration of 5|iM. Figure shows IL-2 production by T-cells as measured by 

incorporation of ^H thymidine by the EL-2 dependent cell line CTLL. Results 

from 4 independent AWT transfectants (—@—, AWT.a2; —o—, AWT.bS; —o—, 

AWT.c3; —®—, AWT.d4) and 3 independent ADN transfectants (—a —, ADN.tl; 

—a —, ADN.p2; —■—, ADN.sS) are shown together with untransfected 97.2 

cells (—#—).
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Figure 17. (A) Overexpression of hsc73 in 97.2 macrophages stably transfected 

with (373/2.7 construct. Independent hsc73 transfectants or vector-only 

transfected control cells were lysed at 5x10^ cells/ml in 1% Brij-96 containing 

lysis buffer. 25p.l of lysate was loaded per lane as shown, and separated on an 

8 % SDS-PAGE gel, followed by transfer and immunoblotting with 13D3 mAh 

(anti-hsc73). Overexpression of hsc73 was seen to varying degrees in the panel 

of independent stable transfectants, named as shown. (B) Confocal 

immunofluorescence analysis of localisation of MHC class II and hsc73. (i) 

untransfected 97.2 macrophages and (ii) hsc73 overexpre^ifig transfectant 

(H73.5) were acetone-fixed and Triton X-100 permeabilised, and stained with 

14.4.4S-FITC (anti H-2E) and 13D3 (anti-hsc73) followed by anti-IgM-biotin 

and streptavidin-TexasRed. MHC class II positive vesicles (green) in both 

images overlapped partially with hsc73-positive compartments (red), although 

hsc73 staining was seen to be niore intense in hsc73 transfectants compared to 

untransfected cells. (C) Enlarged details from images (as in B, above) of 

vesicular compartments staining for MHC-II and hsc73 in (i) untransfected 97.2 

cells and (ii) hsc73 overexpressing transfectant, H73.5.
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Figure 18. Functional assays of antigen presentation by a panel of hsc73 over

expressing transfectants to T cell hybridoma 2G7.1 (A, B); A18 (C, D) and 3A9 

(E, F). IL-2 production by T-cells is shown, as measured by incorporation of 

thymidine by the IL-2 dependent cell line CTLL. Results from 4 independent 

hsc73 stable transfectants ( —o — H73.5; —□— H73.14; —o— H73.18; —A— 

H73.23) are shown together with vector-only transfected controls ( M ). (A 

and E) HEL protein as antigen, given in 2-fold titration from a maximum 

concentration of 100 |ig/ml. (B) HEL(1-18) and (F) HEL(46-61) synthetic 

peptide, given in 5-fold titration from a maximum concentration of 5|iM. (C) 

C5 protein as antigen, given in 2-fold titration from a maximum concentration 

of 10 |ig/ml. (D) C5(106-121) synthetic peptide, given in 5-fold titration from a 

maximum concentration of 5|iM.
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Figure 19. Association of antigen with hsc73. 97.2 macrophages fed with 1 0  

mg/ml HEL were lysed and hsc73 immunoprecipitated with 13D3 (anti-hsc73)- 

coupled latex beads. Latex beads were added to DC (2xl0^/well) and 2G7.1 

cells (5xlQ4/well) to assay for co-immunoprecipitated antigenic activity ( 

—■—). Figure shows IL-2 production by T-cells as measured by incorporation 

of thymidine by the EL-2 dependent cell line CTLL. Immunoprecipitates 

with irrelevant antibody coupled latex beads were analysed as a control ( 

—O— ). Antigenic activity was co-immunoprecipitated with endogenous hsc73 

from untransfected 97.2 cells (A) as well as 2 independent hsc73 

overexpressing transfectants (H73.5, B; H73.14, C), above backgrounds levels 

observed with irrelevant antibody. This indicates that internalised antigen and 

hsc73 associate in the APC.
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Figure 20. Effect of ATP treatment on antigen/HSP complexes. 97.2 

macrophages fed with 10 mg/ml HEL were lysed and hsc73 

immunoprecipitated with 13D3 (anti-hsc73)-coupled latex beads. Antigen/HSP 

complexes precipitated from HEL-fed cells were treated with ATP ( —o —) or 

buffer alone ( —■— ) and added to DC (2xl0^/well) and 2G7.1 cells 

(SxlO^/well) to assay for co-immunoprecipitated antigenic activity. Figure 

shows IL-2 production by T-cells as measured by incorporation of ^H 

thymidine by the IL-2 dependent cell line CTLL. Treatment with ATP resulted 

in loss of antigenicity of immunoprecipitates from both (i) hsc73 transfectant 

and (ii) untransfected 97.2 cells.



B
20

10

5

0
0% 1% 2% 3% 4%

Dilution bead suspension

------------------------------------------I----------1
0% 1% 2% 3% 4%

Dilution bead suspension

Figure 20.



Figure 21. Effect of DSG on antigenicity of HSP immunoprecipitates. 

Antigen/HSP complexes were precipitated from 1 0  mg/ml HEL-fed 97.2 cells 

incubated with DSG during antigen uptake ( —■— ) or not treated with DSG ( 

—o— ) and added to DC (2xl0^/well) and 2G7.1 cells (SxlC^/well) to assay for 

co-immunoprecipitated antigenic activity. LL-2 production by T-cells is shown, 

as measured by incorporation of ^H thymidine by the IL-2 dependent cell line 

CTLL. DSG incubation resulted in loss of antigenicity of anti-hsc73 

immunoprecipitates from (Ai) untransfected 97.2 cells and (Aii and iii) 2  

independent hsc73 overexpressing transfectants, H73.5 and H73.14, 

respectively. (B) LK l (anti-HSP60) immunoprecipitates from hsp60 

transfectants were also analysed as a control for the specificity of the action of 

DSG on hsc73 only. DSG did not cause loss of antigenicity of anti-hsp60 

immunoprecipitates.
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Figure 22. Effect of DSG on antigen presentation. DSG was given in 2-fold 

dilution from 20|ig/ml and functional assays of antigen presentation to T cell 

hybridoma 2G7.1 carried out given either (A) native HEL protein (12.5}ig/ml) 

or (B) HEL[1-18] peptide (0.5 |iM). IL-2 production by T-cells is shown, as 

measured by incorporation of 3H thymidine by the IL-2 dependent cell line 

CTLL. Presentation by untransfected 97.2 cells ( —□— ) is shown in all panels 

for comparison. Presentation of processing-dependent HEL protein by 

untransfected 97.2 cells, 2 independent hsc73 transfectants (panels Ai and ii 

' ■■ ■ ) and an hsp60 transfectant (97.2N, Aiii) was inhibited by DSG, but hsc73 

transfectants required higher concentrations of DSG to be affected than cells 

not overexpressing hsc73. Presentation of peptide was unaffected in all APCs 

(Bi, ii and iii) until lOp-g/ml DSG.
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IV. D i s c u s s i o n :

1. HspôO as a model MHC class II  
chaperone:

The aim of the experimental studies described in the previous chapters was to 

investigate the possibilities for action of HSP molecular chaperones in the 

MHC class II antigen processing and presentation pathway. The biochemical 

characteristics and known biological functions of HSP molecular chaperones 

suggest these proteins as candidates for facilitation of the events in the class II 

processing pathway by interactions with unfolded antigens. Previous studies 

have shown that upregulation of expression of HSP molecular chaperones as a 

consequence of stress results in modulation of the ability of an APC to process 

and present protein antigens (Mariethoz 1994, Cristau 1994, Pepin 1996). 

However, stress stimuli have varied, pleiotropic effects on cell physiology, and 

therefore these studies only indirectly implicate HSP molecular chaperone 

action in the observed functional outcomes. The studies described here 

employed single, defined representatives of the hsp60 and hsp70 families. As 

such, they direct the focus of investigation to the roles of the model chaperones 

themselves in MHC class II antigen processing and presentation function.

Previous preliminary studies using mycobacterial hsp65, a member of the 

GroEL/hsp60 family, had indicated that overexpression of that chaperone in 

macrophages caused modulation of MHC class II restricted presentation of 

protein antigens (Stockinger, unpublished observations). Based on these 

observations, the decision was taken to study the eukaryotic (mouse) hsp60 as a
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model HSP molecular chaperone. The mouse macrophage cell line, 97.2, was 

chosen for overexpression of hsp60. This line is particularly suited for these 

studies as it exhibits a sub-optimal capacity to process and present soluble 

protein antigens (Stockinger 1992). Any enhancement in that ability can, 

therefore, be detected more easily than with more efficient APCs. The mouse 

hsp60 cDNA was placed under the control of the human [3-actin cassette, which 

drives constitutive, high-level expression (Gunning 1987). This construct was 

used to generate a panel of stable transfectants, which were shown to 

overexpress hsp60 compared to the endogenous level detectable in 

untransfected or empty-vector transfected controls.

The hsp60 gene product is post-translationally targetted to mitochondria, where 

it functions in refolding of other imported proteins (Ostermann 1989). This 

excludes hsp60 as a physiological candidate for participation in a pathway 

centred on endosome/lysosome compartments. However, the overexpression of 

hsp60 driven by a heterologous promoter caused hsp60 expression in 

compartments where it is not physiologically present. This was verified by 

confocal microscopy studies using MitoTracker Red to demarcate the position 

of mitochondria. Anti-hsp60 immunostaining was observed to colocalise 

exclusively with these areas in untransfected 97.2 cells. In hsp60 transfectants, 

however, hsp60 staining was also observed outside mitochondrial areas, and 

also occurred in extramitochondrial concentrations which could correspond to 

vesicular structures. The hsp60 overexpression system therefore provides a 

useful model, where an HSP molecular chaperone bearing the general 

biochemical characteristics applicable to possible antigen interaction functions 

can be studied. Cells not overexpressing hsp60 serve as useful controls, since 

all hsp60 in these cells is confined to a compartment irrelevant for antigen 

processing.
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Antigen presentation assays were carried out to determine the effect of 

overexpression of hsp60 on APC function. Presentation of protein antigens and 

synthetic peptides to a panel of MHC class II restricted T-cell hybridomas was 

examined. The presentation of peptides corresponding to the defined cognate 

epitopes for each T-cell hybridoma, however, was not significantly different 

between hsp60 transfectants and vector-transfected controls. Presentation of 

peptide is independent of processing (ie. can be carried out by chemically fixed 

APCs) and does not involve intracellular MHC class II molecules. The lack of 

difference in presentation of peptides between hsp60 transfectants and controls 

therefore indicated that the level of expression of cell surface MHC class II 

between these APC was not affected by hsp60 overexpression. Presentation of 

processing-dependent protein antigens was consistently enhanced in hsp60 

overexpressing transfectants compared to vector-only control transfectants. The 

increased abundance of hsp60 correlated, therefore, with an improvement in 

processing and presentation of protein antigens, without any significant effect 

on cell surface MHC class II expression. Moreover, this functional observation 

was true for both H-2E^ and H-2A^ restricted T cells, indicating that the 

influence of the hsp60 molecular chaperone is not allele specific.

As pointed out in Results, section 1.4, The 97.2 cell line exhibits poor antigen 

processing function only when antigen is provided in soluble form (ie. 

internalisation of antigen is in the fluid phase). The functional capacity of this 

line is greater if antigen is provided in particulate form. The ability of this APC 

to take up antigen by phagocytosis is, therefore, greater in comparison to fluid 

phase (pinocytic) uptake. Thus the improvement in antigen processing brought 

about by hsp60 overexpression could be related to an upregulation of the APCs 

capacity to take up antigen in the fluid phase. If this were the case, the
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enhancement in antigen processing and presentation would only be observed 

with antigen provided in soluble form, and not in particulate form. Experiments 

showed, however, that hsp60 transfectants had a greater capacity to process and 

present C5 antigen in both soluble and particulate form (coupled to 0.8 |L im  dia. 

latex beads). Thus, the influence of hsp60 on APC function was exerted at a 

level other than at the level of antigen uptake, which was further corroborated 

by their similar degree of internalisation of the fluid phase marker, FITC- 

Dextran.

Direct interaction of hsp60 with internalised antigens would be consistent with 

the postulated functions of molecular chaperone action in the MHC class II 

antigen processing pathway, as outlined in introduction (section 4.2.1) and 

discussed further below. Such direct physical association of antigen and 

chaperone was shown using immunoprécipitation of hsp60 from cells which 

had been allowed to internalise antigen in culture. Anti-hsp60 mAb coupled 

latex beads were used to immunoprecipitate hsp60 from hsp60 transfectants or 

untransfected cells which had taken up HEL protein. Co-immunoprecipitated 

antigen was detected by assaying for presentation of a HEL-derived epitope to 

the HEL-specific T cell hybridoma 2G7.1, giving latex bead immunoprecipitate 

complexes as the only potential source of HEL. Antigenic activity was co- 

immunoprecipitated with hsp60 from hsp60 overexpressing transfectants, but 

not from untransfected cells. Also, control immunoprécipitations with isotype- 

matched irrelevant antibodies did not yield substantial antigenic activity in such 

assays. Thus, direct association of internalised antigen with hsp60 was 

demonstrated. Importantly, in this model system, the detection of both antigen- 

chaperone interaction and chaperone expression in potentially relevant 

compartments occur only upon overexpression of hsp60. Moreover, treatment 

of anti-hsp60 immunoprecipitates with ATP resulted in loss of antigenicity in
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DC antigen presentation assays, consistent with the ATP hydrolysis coupled 

dissociation of substrate from HSP molecular chaperones.

The approach employed for studying antigen/chaperone interactions using 

presentation by dendritic cells as a bioreadout of antigen co- 

immunoprecipitation confers a number of advantages over conventional 

immunoprécipitation techniques employing electrophoresis and antibody 

visualisation. The DC presentation assays allow for a highly sensitive detection 

system, beyond that of monoclonal antibodies in conventional methods. Thus, 

even if the interaction is weak, the possibility of detecting that interaction is 

greatly improved using this methodology, since DCs are capable of efficiently 

presenting minute amounts of antigen. The C5 model antigen can be presented 

by DCs in vitro at concentrations as low as 6 - 8  ng/ml (Brazil 1997).

The processing state of antigen co-immunoprecipitated with the chaperone is 

not known. Even if the antigen is not processed to the final peptide product, the 

DC provides any necessary processing required to convert the co- 

immunoprecipitated antigen to a form which can be loaded on MHC class II 

molecules for presentation to the KEL[1-18] cognate T cells. The system does 

not, therefore, require the antigen to be in any particular state of processing (i.e. 

extent of unfolding, extent of proteolytic processing) when association with the 

HSP molecular chaperone occurs, thus not limiting the scope of detection of 

antigen/chaperone interaction to a particular phase of antigen processing. This 

aspect reveals a disadvantage of the system as well, in that it does not allow a 

determination of the processing state of antigen associated with the chaperone. 

An electrophoretic method would be suitable for that purpose, given the 

availability of antibodies which could recognise partially fragmented protein.
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As mentioned earlier, eukaryotic hsp60 is expressed as a preprotein which is 

subsequently imported into mitochondria, where the signal peptide is cleaved to 

generate the mature protein. There is evidence, however, which indicates that a 

minor proportion of hsp60 may be present outside mitochondria. Soltys and 

Gupta (1996) have shown using immune electron microscopy that 15-20% of 

cellular hsp60 in various cell lines as well as primary rat liver cells is located 

extra-mitochondrially, and that one of these sites appear as discrete vesicles of 

an unidentified nature. Extramitochondrial localisation of hsp60 has been 

observed in lymphomas (Khan 1998) and leukemic T cells, in stressed cells, 

and those derived from an inflammatory context, eg. CNS infiltrates from mice 

suffering from experimental immune encephalomyelitis (Gao 1995), and 

synovial tissues from patients with juvenile chronic arthritis (Boog 1992). It is 

thus possible that in response to stress stimuli associated with acute infection, 

APCs may express hsp60 extramitochondrially, and that this may act in a 

manner relevant to intracellular interactions with internalised antigens.
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2. The hsc73 molecular chaperone 
as a candidate MHC class II  
antigen chaperone:

HSP60 is not, however, proposed here as anything but a model system for 

exploring the possible functions of a molecular chaperone in MHC class II 

antigen processing, ie. for establishing "proof of principle". A true candidate 

molecular chaperone function in physiological MHC class II antigen processing 

must fulfil several obvious criteria. First, the chaperone have a subcellular 

distribution which places it in the endolysosomal system of APCs, in proximity 

to internalised antigen and/or MHC class II molecules. Secondly, interaction of 

that chaperone with internalised antigen and/or MHC class II molecules must 

be detectable, and, thirdly, interference with the function of that chaperone 

should have a direct effect on APC function. The constitutively expressed 

hsp70 family member, hsc73, possesses characteristics consistent with these 

criteria. In addition to being present in the cytosol, hsc73 has been shown to be 

present in endolysosomal compartments by a variety of techniques. Hsc73 

colocalises with the lysosomal marker lg p l2 0  by confocal microscopy 

(Agarraberes 1997), appears in endolysosomal structures by immunoelectron 

microscopy (Laszlo 1991), and copurifies with endosome/lysosome fractions 

(Cuervo 1997) and p-hexosaminidase activity (Terlecky 1994) by subcellular 

fractionation techniques. Thus it is likely that the appearance of hsc73 

molecules may coincide with MHC class 11̂  compartments.

Although no previous studies had addressed the question of whether hsc73 

interacts with antigens internalised from exogenous sources, the precedent for
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such interactions is already well established in the MHC class I antigen 

processing pathway. As outlined in introduction (section 4.1.2) cytosolically 

localised hsc73 has been shown to carry processed peptides destined for 

association with MHC class I molecules (Broeler 1998, Shirmbeck 1997). 

Hsc73 purified from tumours, or cells transfected with particular antigens, is 

able to give rise to specific anti-tumour or antigen-specific immune responses 

when used to immunise mice (Udono & Srivastava 1993, Arnold 1995, Tamura 

1997). Thus hsc73 is already known to chaperone MHC class I epitopes. This 

work has endeavoured to extend this paradigm to the MHC class II system.

The approach adopted to the analysis of the role of hsc73 in the context of the 

class II processing pathway was similar to that used to study hsp60. The hsc73 

cDNA was therefore also overexpressed in the 97.2 cell line by stable 

transfection of the b73/2.7 construct, where hsc73 expression is under the 

control of the human p-actin cassette. A panel of independent stable 

transfectants was assembled, and was shown to overexpress hsc73 relative to 

the endogenous level of expression in untransfected 97.2 cells. The primary 

criterion, as mentioned above, for hsc73 to qualify as a physiological 

participant in class II antigen chaperoning function is for it to occur generally in 

the endolysosomal pathway, and particularly in MHC class Il-containing 

compartments. This was addressed by using immunofluorescence microscopic 

analysis. 97.2 cells, immunostained for hsc73 and MHC class II using 

monoclonal antibodies, showed that hsc73 localised to discrete spherical 

structures, and that a subset of these structures colocalised with MHC class II 

stained structures. Thus a proportion of this chaperone in normal (ie. 

untransfected) APCs is present in the same subcellular location as MHC class II 

molecules. In hsc73-transfected cells, the same colocalisation was observed, 

indicating that the overexpression of hsc73 does not disrupt this cellular
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scenario. This is crucial to the validity of interpretation of subsequent results 

using hsc73-transfectants in further studies.

Further experiments, mirroring those using hsp60 to establish the principle of 

chaperone involvement in antigen processing and chaperone-antigen 

interactions, were applied to hsc73. The ability of hsc73 transfectants to process 

and present antigens to class II restricted T cells was tested using antigen 

presentation assays, as outlined previously. As with hsp60 transfectants, cells 

overexpressing hsc73 were more efficient at processing and presenting protein 

antigens to a panel of specific T cell hybridomas compared to empty-vector 

transfected control cells. The presentation of processing-independent cognate 

peptide was not significantly different between transfectants and control 

transfected cells. Also, FACS analysis revealed that control transfectants and 

hsc73 transfectants expressed similar levels of MHC class II molecules on the 

cell surface. Thus the increased expression of the hsc73 molecular chaperone 

correlates with an enhancement of the antigen processing capacity of the APC, 

without affecting the level of expression of cell surface MHC class II 

molecules.

It is noteworthy that the facilitation of processing and presentation seen with 

overexpression of hsc73 is seen with multiple antigenic epitopes. Hsp70 family 

chaperones have common peptide binding properties in their ability to 

recognise and bind unfolded polypeptides, and in the ability to bind a wide 

range of peptides without the necessity for anchor residues as is the case for 

MHC molecules. However, comparative studies of DnaK, BiP and hsc73 have 

revealed fine specificities and preferences in peptide binding (Blond-Elguindi 

1993, Gragerov 1994, Flynn 1994). These preferences do not preclude binding 

with peptides of highly divergent sequences, but mean that binding occurs over
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a range of affinities for various peptide sequences tested in vitro (Fourie 1994). 

It is, therefore important that hsc73 facilitation of antigen processing in these 

studies applies to more than one antigen and to 3 different epitopes. 

Furthermore, the effect of hsc73 is not limited to a single haplotype of MHC 

class II, as enhancement of presentation was observed for H-2Ek- and H-2Ak 

restricted T-cell hybridomas. Thus whatever the nature of the hypothetical 

interaction between antigen-chaperone and MHC class II molecule, it is not a 

narrow phenomenon restricted to a single type of MHC class II molecule.

The interaction of chaperone and antigen observed with the hsp60 system was 

also recapitulated with hsc73. Of note, however, is the fact that antigenic 

activity was observed with immunoprecipitates from both untransfected and 

hsc73-transfected cells, in marked contrast to the analogous experiment with 

hsp60. This is indicative of the physiological presence of hsc73 in antigen- 

accessible compartments (ie. in untransfected cells), and not as a sole 

consequence of the overexpression of the chaperone. The recovery of antigenic 

activity was, however, consistently greater from hsc73 overexpressing cells 

than that from untransfected cells, suggesting that the greater the abundance of 

hsc73, the more antigen can be carried. The ATP-dependence of the hsc73- 

antigen interaction was also corroborated by the observation that ATP 

treatment, and not treatment with buffer alone, caused loss of antigen 

presentation from latex-anti hsc73 immunoprecipitates in DC presentation 

assays.

The characteristics of the interaction of hsc73 with antigen were also examined 

by use of the hsc73-binding reagent 15, deoxyspergualin (DSG). As previously 

introduced (section 4.2.3), DSG is thought associates with hsc73 in an ATPase- 

sensitive manner, and inhibits peptide binding either by direct occlusion of the
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peptide binding domain, or by indirect steric hindrance caused by interference 

with the hsc73 "hinged lid" substrate binding and release mechanism (Xhu 

1996). The experimental design for the study of the effect of DSG on antigen- 

hsc73 interaction was to include DSG into the medium of hsc73 transfectants 

and untransfected 97.2 cells during the HEL antigen uptake phase of chaperone 

immunoprécipitation assays as described above. Conditions were adjusted to 

minimise toxic effects of DSG, as described in Results, section 3.7). The 

concentration of DSG used in these experiments was arrived at based on the 

published results of Hoeger et al (1994) who showed that the maximal 

functional effects of DSG on antigen processing were reached at concentration 

ranging between 5-10 |ig/ml). Experiments discussed in the following section 

corroborate this to be an ideal concentration to use, as cells appear to succumb 

to toxicity of DSG at concentrations of 10 p.g/ml and beyond. After the antigen 

uptake phase, cells were lysed and hsc73 immunoprecipitated with latex 

coupled anti-hsc73 mAb. Immunoprecipitates were then tested for the presence 

of antigenic activity carried in antigen presentation assays to 2G7.1 T cells 

using DC as APC. Immunoprecipitates from both untransfected and hsc73- 

transfected cells carried antigenic activity. However, much less antigenic 

activity was observed to coimmunoprecipitate with hsc73 from cells treated 

with DSG during the antigen uptake phase. The presence or absence of DSG 

did not, however, affect the recovery of antigenic activity with hsp60 

immunoprecipitated from an hsp60 transfectant in parallel experiments. Thus 

the hsc73 binding reagent was shown to interfere with hsc73-antigen 

interaction specifically, and not generally with chaperone-antigen interaction as 

evidenced by the lack of effect on hsp60-antigen co-immunoprecipitation.

Taken together with the functional effects of DSG on antigen processing, these 

results strongly suggest that the effect of DSG is exerted via the inhibition of
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the antigen-hsc73 interaction. The disruption of antigen-hsc73 interaction by 

DSG also offers an explanation for the results of Wang et al (1996) who 

showed that positive selection of thymocytes is affected by in vivo 

administration of DSG, since a lack of MHC class II molecules loaded with the 

appropriate ligands on thymic APCs could suspend the presentation of 

positively selecting stimuli to thymocytes. This would result in a phenotype 

analogous to the absence of crucial proteolytic enzymes, eg. absence of 

cathepsin L (Nakagawa 1998)
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3. The nature o f antigen-chaperone 
interactions:

As discussed above, both the hspôO model system, and the more 

physiologically relevant hsc73 chaperone show similar characteristics in the 

experiments conducted. The studies discussed below, however, not only shed 

further light on the nature of the actions of these chaperones, but also highlight 

potential differences between these chaperones in the context under study.

The effect of DSG on the interaction of hsc73 and antigen observed above 

imply that the functional participation of that chaperone in class II antigen 

processing would, by extension, be influenced by it. Experiments were 

conducted to study the ability of APC to process and present protein antigens in 

the presence of increasing concentrations of DSG. Given HEL[1-18] peptide as 

antigen, presentation was unaffected by increasing amounts of DSG until a 

concentration of 1 0 |Lig/ml was reached. Thus any potential toxic effects of DSG 

are not manifest below this concentration. Above 10 |ig/ml DSG toxicity was 

apparent, and the ability of the APCs to present peptide was disrupted. The 

ability of hsc73 transfectants and untransfected 97.2 cells to process and 

present HEL antigen to HEL-specific 2G7.1 T cells was, however, affected 

differently by DSG. Although the presentation capacity of all APC tested was 

adversely affected by DSG, presentation by hsc73 transfectants was retained 

upto several-fold higher concentrations of the reagent than that of untransfected 

cells. Thus, a greater level of expression of hsc73 correlates with a greater 

ability to withstand the negative effect of DSG on APC function. This 

illustrates a fundamental point; that the availability of hsc73 is a crucial factor 

in antigen processing and presentation function.
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It is noteworthy, however, that the effect of DSG on processing and 

presentation of HEL antigen by hsp60 transfected cells was unexpectedly 

drastic. The loss of presentation observed here was at as low a concentration of 

DSG as that seen with untransfected cells. Since previous experiments had 

shown that DSG had no effect on the association of hsp60 with antigen, this 

result was somewhat unexpected. However, the antigen chaperoning activity of 

the endogenous hsc73 present in hsp60 transfectants would be affected by 

DSG. The result therefore suggests the possibility that the interference caused 

in the hsc73-antigen interaction in these cells could not be superceded or 

replaced by the hsp60 chaperoning of antigen. This highlights a potential 

qualitative difference in the hitherto similar functions ascribed to hsp60 and 

hsc73 in experiments with overexpressing transfectants discussed earlier.

The postulated actions of chaperones in antigen processing include the 

possibility that antigen may be stabilised in a wholly or partially unfolded state 

by chaperones, thereby allowing the protection of antigenic epitopes from 

destruction by action of proteolytic enzymes. Such a postulate could be studied 

by employing a system where an epitope can be conditionally lost or stabilised, 

and by studying the effects of introduction of a chaperone into the scheme. 

Such a system was available for investigation in the form of a 97.2 line stable 

transfectant expressing a model antigen (C5) intracellularly (termed the 97.13 

line). It had previously been shown that the addition of a lysosomotropic 

reagent such as NH4 CI could alter the state of the antigen processing machinery 

to allow the C5[106-121] epitope to survive and be presented to cognate (A 18) 

T cells. In the absence of NH4 CI, however, the presentation of the epitope was 

undetectable. This could be interpreted as the result of either (i) a decrease in 

lysosomal proteolysis due to increase in pH caused by introduction of NH^^
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ions, or (il) as the alteration of intracellular trafficking pathways by NH4 CI 

which allows the egress of the intracellularly-held antigen to the antigen 

processing and MHC class II loading compartments. Both effects have been 

attributed to this reagent in previous studies (Ziegler & Unanue 1982, Blum & 

Cresswell 1988). In either case, an experiment was designed to investigate the 

effect of chaperone outcome on the presentation of this epitope.

By analogy to the effects outlined above, chaperone action in either

context i.e., antigen stabilisation or effects on antigen transport, may manifest 

upon overexpression of a chaperone in the 97.13 line. The p6  construct, driving 

the overexpression of hsp60, was stably supertransfected into this line to 

generate a panel of independent C5/hsp60 dual-transfectants, which were 

shown to overexpress hsp60 relative to C5 single transfectants by Western blot 

analysis. The dual transfectants were consistently able to present the C5[106- 

121] epitope to the A18 T cell hybridoma whereas the single transfectants were 

not. Consistent with the observations of Brazil et al (1997), C5 single 

transfectants were able to salvage this epitope for presentation given an optimal 

concentration (8 mM) of NH4 CI. This acts as a positive control in the 

experiment. Thus, the condition of overexpression of the hsp60 molecular 

chaperone into the 97.13 line conferred upon the APC the ability to present an 

intracellular class Il-restricted epitope, although the distinction between the 

possibilities of antigen stabilisation or altered antigen transport cannot be made 

here. The use of a more specific reagent such as Bafilomycin A], which acts to 

prevent the acidification of endolysosomal compartments, may in future 

experiments allow the further dissection of mechanism of chaperone action.

The experiments above seek to address the nature of chaperone action in 

relation to the consequences of antigen binding. Experiments aimed at
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understanding the nature of the converse chaperone function, i.e., antigen 

release are now discussed. As described in Introduction (section 4.2.1), one of 

the most compelling scenarios for chaperone action in APCs is that of acting as 

a peptide transfer or loading factor. This activity is suggested by the 

discrepancies in in vivo and in vitro analysis of MHC class II loading, and 

amply fulfilled by the hypothetical action of an HSP molecular chaperone. The 

crux of such a function would be the ability of the chaperone to rapidly transfer 

bound antigen to vacant MHC class II molecules driven by the energy of ATP 

hydrolysis. To investigate the importance of ATPase-driven antigen transfer, a 

mutant version of hsp60 in the (3-actin expression cassette was engineered to 

lack this ability. A point mutation was introduced by site directed mutagenesis 

to create a D to N mutation at residue 111 of mouse hsp60. As shown in figure 

4, this is homologous to the D87N mutation in GroEL which has been shown to 

completely abolish the ability of that hsp60 homologue to release bound 

substrate or hydrolyse ATP (henceforth referred to as "ATPase-disabled", 

Fenton 1994). Given the degree of conservation between GroEL and eukaryotic 

hsp60s, approaching 1 0 0 % sequence identity in the region in question, the 

analogous phenotypic outcome can be expected as a result of the D ll  IN 

mutation in hsp60 to that of the D87N mutation in GroEL (W Fenton, personal 

communication).

For the use of the mutant hsp60 to be practicable, measures had first to be taken 

to prevent the detrimental effects it may exert on normal mitochondrial 

function. A further mutation was introduced, therefore, to pre-empt such an 

effect by the deletion of the mitochondrial targetting signal of hsp60, such that 

all transgene driven (mutant) hsp60 would be expressed solely in an 

extramitochondrial context. The mitochondrial targeting signal was deduced 

from software analysis (Claros 1995) of the N-terminal sequence which is in
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excess in mouse hsp60 compared to all prokaryotic hsp60 homologues 

(Reading 1988, Jindal 1989). As an appropriate control, the wild-type 

(ATPase-competent) version of the (36-hsp60 construct was also engineered to 

lack the mitochondrial targetting signal. Both ATPase-disabled and ATPase- 

competent hsp60 expression constructs were then used to generate a panel of 

independent stable transfectants of the 97.2 cell line. Western analysis using the 

anti-hsp60 LKl mAb showed these transfectants overexpressing hsp60 relevant 

to empty vector transfected control cells and untransfected cells. Both sets of 

transfectants appeared to be overexpressing hsp60 to a similar degree. The 

removal of the mitochondrial targetting signal was observed to result in the 

accumulation of hsp60 largely in extramitochondrial spaces in either set of 

transfectants stained with MitoTracker Red and anti-hsp60 antibodies. Thus, 

the strategy to divert the overexpressed chaperone away from its physiological 

site of residence was successfully achieved by deletion of codons 1-18 of 

mouse hsp60.

The ability of ATPase-disabled hsp60 transfectants to process and present 

antigens to class II restricted T cells was assayed in antigen presentation assays 

of native protein and synthetic peptide as described previously. The prediction 

of exertion of a "peptide sink" dominant negative effect of the disabled hsp60, 

i.e. binding, but not efficiently able to release antigen substrates for MHC class 

II loading would be expected to result in a dramatic loss of ability of those 

transfectants to process and present protein antigens. However, this was not 

observed in antigen presentation assays carried out. Both ATPase-competent 

and ATPase-disabled hsp60 transfectants were able to process and present HEL 

antigen to 2G7.1 T cells more efficiently than vector-only transfected control 

cells. At the highest HEL antigen concentrations tested, both sets of 

transfectants achieved similar levels of presentation, well above the
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presentation capacity of control cells. At lower concentrations of HEL, 

however, the ATPase-disabled hsp60 transfectants consistently presented less 

efficiently than their ATPase- competent hsp60 transfected counterparts. This 

may point to the possibility that at saturating concentrations of antigen, the 

chaperone's requirement for binding and efficient release of antigen is 

superceded by the sheer abundance of antigen. When antigen is present in 

copious amounts, a sufficient concentration of antigen is available for binding 

to MHC class II, whether or not a chaperone is available to facilitate antigen 

transfer or protect antigen from degradation. Given a lower abundance of 

antigen, the rapid antigen transfer driven by ATP hydrolysis-coupled release of 

antigen results in enhanced antigen processing and presentation. This is in 

contrast to a scenario where such ability is absent or negatively influenced by 

the D ll IN mutation. Clearly, however, the hsp60 chaperone is not essential 

for MHC class II peptide loading, rather acts as a facilitator. Indeed, qualitative 

differences between hsp60 and hsc73 are highlighted by experiments using 

DSG (discussed above), where hsp60 cannot substitute for the function of 

endogenous hsc73. Thus, the effects of ATPase-disabled hsp60 in these 

experiments may not exert a negative effect which is dominant over the 

constitutive function of hsc73 in the chaperoning of antigen.

A basic and crucial difference between hsp60 and hsc73 molecular chaperones 

is the former is degraded in the proteolytic conditions of the MHC class II 

antigen processing proteolytic machinery, whereas the latter is resistant to 

degradation in such conditions (Dice 1994). Hsp60 is, in fact, itself well 

characterised as a model antigen in antigen presentation studies, and has been 

frequently implicated as a class Il-restricted autoantigen in various autoimmune 

models (Kiessling 1991, Kauffman 1992, Birk 1996, Bockova 1997). Thus, by 

definition, it is subject to degradation for subsequent presentation in complex
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with class II molecules. This is relevant to the discussion at hand, since the 

release of hsp60-bound antigens may just as well be affected by degradation of 

the chaperone at some point in the endolysosomal environment as by classical 

ATPase-driven release of substrate from the chaperone. This amounts to a 

crucial qualitative difference with hsc73, which is likely to be better adapted to 

resisting proteolytic degradation due to its physiological co- 

compartmentalisation with precisely such enzymatic attack. This adds credence 

to the hypothesis that hsc73 is a candidate chaperone for constitutive and 

physiological participation in antigen processing in the MHC class II pathway.

The studies discussed in this chapter provide evidence for the involvement of 

HSP molecular chaperones in one or more aspects of MHC class II antigen 

processing. Overexpression of chaperones in APCs have a clear functional 

impact on antigen processing and presentation. ATP-sensitive antigen- 

chaperone interactions have been demonstrated to take place with both the 

model chaperone hsp60 as well as hsc73, the latter physiologically co- 

compartmentalising with MHC class II molecules. Furthermore, interference 

with antigen-hsc73 interaction by DSG correlates with abrogation of APC 

function by the reagent. Chaperone overexpression was also shown to result in 

the rescue of an epitope, although the mechanism by which this occurs may 

involve either antigen transport or stabilisation of antigen. These observations 

raise further issues which can be addressed by further experiments, discussed in 

the following section.



Figure 23. Scenario for the involvement of hsp in facilitation of loading of class 

II molecules in the endosomal pathway. CLIP removal is a described function 

of the non-classical class II molecule H2-M, but H2-M does not have any 

capacity to bind antigenic peptides. The stabilisation of the vacated peptide 

binding groove on the class II molecule is now effected by the hsp carrying the 

antigenic peptide, which may be in fully or partially processed form. The 

peptide transfer process is made kinetically feasible by the utilisation of ATP 

hydrolysis energy by the hsp. Furthermore, the hsp prevents over-degradation 

of the antigenic peptide in the proteolytically active environment of the loading 

compartment.
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with class II molecules. This is relevant to the discussion at hand, since the 

release of hsp60-bound antigens may just as well be affected by degradation of 

the chaperone at some point in the endolysosomal environment as by classical 

ATPase-driven release of substrate from the chaperone. This amounts to a 

crucial qualitative difference with hsc73, which is likely to be better adapted to 

resisting proteolytic degradation due to its physiological co- 

compartmentalisation with precisely such enzymatic attack. This adds credence 

to the hypothesis that hsc73 is a candidate chaperone for constitutive and 

physiological participation in antigen processing in the MHC class II pathway.

The studies discussed in this chapter provide evidence for the involvement of 

HSP molecular chaperones in one or more aspects of MHC class II antigen 

processing. Overexpression of chaperones in APCs have a clear functional 

impact on antigen processing and presentation. ATP-sensitive antigen- 

chaperone interactions have been demonstrated to take place with both the 

model chaperone hsp60 as well as hsc73, the latter physiologically co- 

compartmentalising with MHC class II molecules. Furthermore, interference 

with antigen-hsc73 interaction by DSG correlates with abrogation of APC 

function by the reagent. Chaperone overexpression was also shown to result in 

the rescue of an epitope, although the mechanism by which this occurs may 

involve either antigen transport or stabilisation of antigen. These observations 

raise further issues which can be addressed by further experiments, discussed in 

the following section.



Figure 23. Scenario for the involvement of hsp in facilitation of loading of class 

II molecules in the endosomal pathway. CLIP removal is a described function 

of the non-classical class II molecule H2-M, but H2-M does not have any 

capacity to bind antigenic peptides. The stabilisation of the vacated peptide 

binding groove on the class II molecule is now effected by the hsp carrying the 

antigenic peptide, which may be in fully or partially processed form. The 

peptide transfer process is made kinetically feasible by the utilisation of ATP 

hydrolysis energy by the hsp. Furthermore, the hsp prevents over-degradation 

of the antigenic peptide in the proteolytically active environment of the loading 

compartment.
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4. Future Studies:

The hypothesis that chaperones such as hsc73 act as factors facilitating peptide 

loading of MHC class II molecules can be directly tested in vitro. Hsc73 can be 

included in peptide loading assays such as those employed by Denzin et al 

(1995), where purified or recombinant empty MHC class II and HLA-DM/H2- 

M molecules are incubated with excess peptide and loading is allowed to occur. 

Loading can be conveniently followed by monitoring the formation of SDS- 

stable ap dimers over a time course. The inclusion of hsc73 in such a peptide 

loading assay would be predicted to result in the acceleration of the formation 

of loaded ap dimers. The loading of dimers with peptides can also be followed 

in vivo by utilising antibody reagents which recognise class II molecules 

specifically when loaded with particular peptides, or by using radiolabelled 

antigens.

The putative peptide loading activity of hsc73 would be assisted in vivo if a 

localised concentration of peptide could be created by the chaperone by direct 

association with the other membrane bound components of the antigen loading 

machinery, i.e. HLA-DM/H2-M and class II molecules themselves. Such a 

three way complex has not yet been demonstrated, although Auger et al (1996) 

have shown a direct association of hsc73 with HLA-DR class II molecules by 

co-immunoprecipitation. These results are, however, in question (Rich 1998, 

Auger 1998) since the methods used for immunoprécipitation were not 

controlled for with irrelevant antibodies, and hsc73 can be non-specifically 

immunoprecipitated by various reagents. Therefore, the more appropriate 

approach in the absence of specificity controls is to use radiolabelled hsc73 in
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vitro binding assays with purified MHC class II molecules and assess the 

ability of unlabelled hsc73 to compete for binding.

The described function of hsp70 family chaperones in translocation and protein 

folding functions invariably involves the assistance of co-chaperones. The 

hsp40 family of eukaryotic co-chaperones stimulate ATPase activity and 

substrate dissociation from hsp70s by an order of magnitude, and appear 

necessary for in vivo function (reviewed in Rassow 1995). The Sec63p 

transporter and Tim44 membrane protein in ER and mitochondria, respectively 

contain the DnaJ homology domain (J-domain) also found in hsp40 which is 

the functional domain in co-chaperone function to assist their respective hsp70s 

in substrate dissociation. It is conceivable, therefore, that hsc73 function in 

endosome/lysosomes may be assisted by a J-domain containing co-chaperone, 

as is cytosolic hsc73 (Minami 1996). Immunostaining for hsp40 would reveal if 

this is the case, and whether the co-chaperone also co-compartmentalises with 

MHC class II molecules. Other, as yet undefined J-domain containing proteins 

may be specialised for function in endosomes/lysosomes.

The qualitative differences between hsp60 and hsc73 discussed in the previous 

section also mean that experiments with hsp60 to study the importance of 

ATPase activity and potential for epitope rescue should be extended to hsc73. 

A number of mutations which uncouple the ATPase activity of rat and bovine 

hsc73 or DnaK from substrate dissociation have been reported (Huang 1993, 

Buchberger 1994, O'Brien 1996), and can be engineered to generate ATPase- 

disabled hsc73 analogous to the D ll IN mutant hsp60 cDNA described here. 

As evidenced by the effects of DSG on hsp60 transfectants, the model 

chaperone cannot fully substitute for hsc73 in the context of antigen processing.
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ATPase-disabled hsc73 might therefore be expected to confer a more profound 

phenotype on APC function than that observed with hsp60.

The in vivo significance of hsc73 in APC function can be further studied in a 

transgenic mouse model expressing the dominant negative version of hsc73 

under the control of an MHC class II promoter (Kouskoff 1993), such that 

expression would be directed to all APCs. If hsc73 is crucial for the loading of 

MHC class II molecules with antigenic peptide, such a transgenic model would 

exhibit a lack of availability of selecting ligands in the thymus, as well as show 

profound lack of ability to mount immune responses to antigenic challenge. 

The relative importance of hsc73 in the functions of various different APCs 

m igh t also  be co n v en ien tly  assessed  in th is  m odel.
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