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Abstract

The enzymes responsible for the generation of antigenic peptides for major 
histocompatibility complex (MHC) class II restricted antigen presentation are poorly 
characterised. One enzyme proposed to play a role in this process is the aspartic 
proteinase cathepsin E. To date, there has been no clear demonstration as to whether 
cathepsin E encounters internalised exogenous antigen within antigen presenting 
cells, and therefore whether this enzyme can function in MHC class II antigen 
processing.

In this thesis the subcellular localisation of cathepsin E is examined using confocal 
microscopy and density gradient electrophoresis. In a human B cell line, FC7, 
cathepsin E distribution was found to be peripheral and diffuse. Cathepsin E was 
excluded from the later (twenty minutes plus) stages of the endocytic route and the 
MHC class II containing compartment. In the MHC class II positive melanoma cell 
line Mel JuSo, cathepsin E showed a different distribution, including a vesicular 
component not seen in FC7. This vesicular structure did not contain MHC class II, 
transferrin receptor or CD63 and was not endocytic. Only mature cathepsin E 
appeared to occupy this vesicular structure.

The dendritic cell is the most potent antigen presenting cell yet described. Human 
monocytes were found not to express cathepsin E, but peripheral blood derived 
dendritic cells, generated from these monocytes, were strongly positive for this 
enzyme. Subcellular cathepsin E in these dendritic cells was reticular and mainly 
peripheral in distribution. The enzyme did not appear to be within fluorochrome 
traced endosomes, and was again excluded from the MHC class II containing 
compartment.

These results indicate that, in human B cells and peripheral blood derived dendritic 
cells, endocytic antigen proteolysis by cathepsin E does not play a role in the 
generation of MHC class II bound antigenic peptides.



To the memory o f my grandfather, 
David Woodhead FRCS
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MCS Multiple cloning site
Met Methionine
MFI(s) Mean fluorescence intensity (intensities)
MHC Major histocompatibility complex
MHC class I/MHC I Major histocompatibility complex class I
MHC class II/MHC II Major histocompatibility complex class II

mig Membrane immunoglobulin
MIIC MHC class II containing compartment
MLR Mixed leucocyte reaction
MR Mannose receptor
Mr Molecular weight
mRNA Messenger ribonucleic acid
MTOC Microtubule organising centre
MW Molecular weight
OVA Ovalbumin
PBMC(s) Peripheral blood mononuclear cell(s)
PBS Phosphate buffered saline solution
PCR Polymerase chain reaction
PDI Protein disulphide isomerase
PEG Poly-ethylene glycol
PI Propidium iodide
PI3K Phosphatidyl inositol 3 kinase
PMA 12-O-tetradecanoylphorbol-l 3-acetate
PNS Post nuclear supernatant
Pro Proline
RER Rough endoplasmic reticulum
RNA Ribonucleic acid
RPMI Roswell park memorial institute (medium)
RT-PCR Reverse transcriptase-polymerase chain reaction
rtTA Reverse tetracycline transactivator
SDS Sodium dodecyl sulphate
SDS-PAGE SDS poly acrylamide gel electrophoresis
SLIP(s) Small leupeptin induced polypeptide(s)
Taq polymerase Tbermus aquaticus DNA polymerase
TBS-T Tris buffered saline solution with Tween

17



Abbreviations

TCA Trichloroacetic acid
TEMED N, N, N’, N’-tetramethylethylenediamine
TfR Transferrin receptor
TGN trans-Go\gi network
Thl T helper 1
Th2 T helper 2
TNF-a Tumour necrosis factor-a
TRANCE TNF related activation induced cytokine
tTA Tetracycline transactivator
TV T ubulo-vesicular
UTR Untranslated region

UV Ultra violet
WT Wild type
ZPPDK Benzyloxylcarbonyl-phenylalanylalanine- 

diazomethyl ketone
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‘I was reading in the paper the other day about those birds who are trying to split 
the atom, the nub being that they haven’t the foggiest as to what will happen if they 
do. It may be all right. On the other hand, it may not be all right. And pretty silly a 
chap would feel, no doubt, if, having split the atom, he suddenly found the house 
going up in smoke and himself torn limb from limb.’

Right Ho, Jeeves - P. G. Wodebouse
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chapter

Introduction

Dr. Ranee - Has the theory received much publicity?
Dr. Prentice - I don’t approve of scientists who publicise their theories.
Dr. Ranee - I must say I agree with you. I wish more scientists would keep their 
ideas to themselves.

What the Butler Saw, Joe Orton

1.1 General introduction

Central to the control of the adaptive immune response is the activation of T 
lymphocytes. In recent years workers asking the question of how this activation is 
regulated have come to examine in detail the nature of antigen presentation. In 
order for a T cell to recognise antigen via its T cell receptor it must first encounter 
that antigen, not in its native form, but following degradation within a second cell 
- the antigen presenting cell (APC).

Antigen presentation  occurs via two pathw ays, m ediated by either major 
histocompatibility complex (MHC) class I molecules, or by MHC class II molecules. 
MHC class I molecules generally present antigen derived from proteins synthesised 
within the APC itself. These proteins are degraded in the cytosol and then transported 
into the endoplasmic reticulum (ER) where MHC I loading takes place. This process 
allows T cell surveillance of normal cellular proteins (to which the T cell arm of the 
immune system should be tolerant). MHC I also allows the detection of abnormal 
proteins, such as those viral proteins generated when a virus hijacks the cellular 
protein synthesis machinery for its own ends. More controversially MHC I may 
allow the detection of abnormal cellular proteins associated with the development 
of a tumour.

Thus the MHC class I processing pathway allows for the detection of pathological
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processes which can subvert the very core of any cell, and all nucleated cells 
(except placental trophoblasts) express MHC class I. The T cell co-receptor for 
MHC I is the CD8 molecule. Recognition of an MHC class I/peptide complex by a 
CD8+ T cell usually activates killing mechanisms by the T cell to eliminate the 
infected/abnormal cell.

The MHC class I pathway does not (generally) allow detection of antigenic material 
from pathogens dwelling extracellularly. Such antigens are presented uia MHC class 
II molecules. Unlike MHC I, MHC II is expressed constitutively by only a few cells; 
principally B cells, macrophages and dendritic cells (DCs) - this group constituting 
the so called professional antigen presenting cells. MHC class II expression can be 
induced in many other cells by the cytokine interferon-y. The source of antigen in 
the MHC class II pathway is usually by uptake from the extracellular milieu. Most 
professional antigen presenting cells possess specialised mechanisms for the capture

Antigen p resen ta tion  to T 
cells a t the  cell su rface

Antigen cap tu re  a t cell su rface

A ntigen p a s s e s  through 
th e  endocytic route an d  is 
p rogressively  d eg rad ed

ST,

MHC c la ss  II is tran sp o rted  
from the ER to e n d o so m e s

MHC c lass  II syn thesis  
in the  ER ch ap e ro n ed  
by the  invariant chain

MHC is loaded  with 
fragm en ts  of an tigen  
and  transpo rted  to th e  
cell su rface

Figure 1.1 - Overview of MHC ciass II antigen processing
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of exogenous antigen. Once captured the antigen passes into the endocytic route of 
the cell and is degraded by poorly defined proteinase enzymes. The fragments of 
antigen generated encounter MHC class II within the endocytic pathway and associate 
with that molecule in its specialised peptide binding groove. From the endocytic 
pathway MHC class II is transported to the cell surface, where it is presented to T 
cell scrutiny. An overview of this process is presented in figure 1.1.

The T cell co-receptor for MHC class II is CD4, and CD4+T cells, when activated, 
generally provide ‘help’ - either in the form of direct cell-cell signals, or mediated 
via soluble protein messengers - cytokines. CD4+T cell help usually acts on B cells 
to allow the production of specific immunoglobulin against an antigen, or allows 
the activation of inflammatory killing mechanisms by cells such as macrophages, or 
on dendritic cells to allow them to prime cytotoxic T cells.

In addition to T cell activation in the periphery, antigen presentation also controls 
the positive and negative selection of T cells in the thymus during T cell development. 
In this process T cells are selected to be restricted to the MHC haplotype expressed 
by an individual, and also deleted if they recognise thymically presented (and 
therefore presumably self) antigen. Surface MHC is essential for both these processes.

From the description above the activation of a T cell would seem to be a relatively 
straightforward process. An APC merely has to capture and degrade an antigen and 
present the resulting MHC/peptide complex to initiate a T cell response. However 
this is not the case. T cell activation requires two signals, both provided by the APC. 
The first signal is the MHC/peptide complex, the second signal (the costimulatory 
signal) derives from a variety of molecules on the surface of the APC. MHC stimulation 
of a T cell in the absence of a second signal can result in T cell unresponsiveness or 
anergy.

The two signal hypothesis of T cell activation led to a lot of interest in what controls 
the expression of the second co-stimulatory molecule. It was suggested that receptors 
of the innate immune system, tuned to recognise common foreign markers, could 
signal the presence of danger to the APC and activate a co-stimulatory phenotype. 
In a similar manner the mediators and processes of inflammation could contribute 
to this immune amplification. Such theories may not explain all cases of T cell 
activation. However they served to re-focus attention on the antigen presenting cell 
as a central regulator of the immune response.

Discussions of the importance of co-stimulatory molecules ignore the fact that before 
an MHC molecule ever reaches the T cell surface there is another level of control.

23



Introduction

The machinery of antigen processing itself does not appear to be fixed but is regulated. 
The nature of the machinery, the mechanisms by which antigen is captured and 
engulfed, the compartments of the endocytic route involved in antigen processing, 
the pH of the processing environment, the proteinases which degrade the antigen 
and the transport of loaded MHC to the cell surface, will all have a profound effect 
on the nature of the antigenic epitopes eventually encountered by T cells. For a 
more in depth textbook discussion of the points described in this general introduction 
see Janeway and Travers (1997).

The detailed understanding of antigen processing is beginning to reveal a highly 
complex process with many levels of possible, and indeed, probable control. 
Understanding this process will help us to understand the most fundamental level 
at which the adaptive immune system is controlled, and can be manipulated. The 
next section outlines the cellular biology of MHC class II antigen processing and 
presentation. In section 1.3 the enzymes involoved in these processes are discussed.
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1.2 Cellular biology of antigen processing

1.2.1 Professional antigen presenting ceiis

1.2.1.1 B lymphocytes

B lymphocytes represent the cellular origin of antibody. All B cells produce antibody 
(immunoglobulin - Ig) of one specificity which is displayed on their cell surface in 
association with the B cell receptor. B lymphocytes present antigen with greatest 
efficiency if it binds their membrane immunoglobulin (mig) (Rock et a l, 1984, 
Lanzavecchia, 1985 - see section 1.2.3.2). Following internalisation and processing 
this antigen is presented to T lymphocytes and, if recognised by a specific T cell 
receptor, help is obtained for production of that B cell's immunoglobulin (reviewed 
in Clark and Ledbetter, 1994). It is essential for B cells to be able to present antigen 
in order to obtain help for Ig production, however the debate as to whether B cells 
can activate naive T cells in vivo continues (Mamula and Janeway, 1993, Fuchs and 
Matzinger, 1993).

Early experiments in B cell depleted mice found that antigen presentation was 
abrogated in lymph nodes but not in spleen (Janeway et a l, 1987, Kurt-Jones et a l, 
1988). Other data suggested that B cells may be able to prime naive T cells if they 
are first activated. Liu and Jane way found that costimulatory ability could be induced 
on B cells by activated T cells or the microbial cell wall component lipo-polysaccharide 
(LPS) (Liu and Jane way, 1991). This may be due to the induction by LPS of the 
potent costimulatory molecule B7 (Razi-Wolf et a l, 1992).

Experiments with both mice and chicken chimeras suggested that B cells could not 
prime T cells and that another cell type, possibly the dendritic cell, was required 
(Lassila eta l, 1988, Ronchese and Hausmann, 1993). However B cells could efficiently 
activate memory T cells (Ronchese and Hausmann, 1993).

By directing an antigen to a B cell Eynon and Parker (Eynon and Parker, 1992) 
found that B cell presentation to naive T cells elicited tolerance rather than reactivity. 
However Morris et a l, found that targeting Ag to a B cell together with an antibody 
to cross link the mIg could result in a cell which activated T cells and could get help 
to produce an antibody response (Morris et a l, 1994b). A large number of B cells 
were required for this effect, questioning its relevance in vivo (Morris e ta l,  1994b). 
The advent of B cell deficient mice did not resolve the question; Epstein et a l  found
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that normal T cell priming could occur in the absence of B cells (Epstein et a l, 
1995). However Constant e ta l  found that responses to protein immunisation were 
severely diminished in B cell deficient mice (Constant et a l, 1995).

Such differences may be antigen specific (Constant et a l, 1995). The Hepatitis B 
virus core antigen is a T independent antigen which has the capacity to partially 
activate B cells independently of T cell help. Administration of this antigen to mice 
resulted in its rapid uptake and presentation by specific splenic B cells, which were 
present at high frequency in unprimed mice (Milich e ta l,  1997). The binding of the 
Ag to the B cell surface caused the expression of the B7-2 costimulatory molecule 
and enabled these B cells to prime naive T cells. If the B cell priming was blocked, 
and priming performed by the remaining spleen APCs (macrophages and dendritic 
cells), the isotype profile of the antibody produced was shifted from IgG2a/2b to 
IgGl (Milich e ta l,  1997). Thus, for some antigens at least, activation of the B cell by 
the antigen can enable it to prime a naive T cell.

The effect of B cell antigen presentation may be to modulate the T cell response to 
an antigen. Stockinger et a l  found that dendritic cells were necessary for T cell 
priming. Dendritic cell and macrophage mixtures produced a Thl cytokine profile 
(cytokines giving help to cell mediated immunity), however priming by DCs and B 
cells resulted in a loss of interferon-y production and the production instead of 
interleukin (IL)-4 (Stockinger et a l, 1996). This effect was blocked by antibodies to 
CD40, a molecule critical in the communication of B andT  cells (Clark and Ledbetter, 
1994). Thus B cell antigen presentation may principally act to modulate, rather than 
initiate, the T cell response.

1.2.1.2 Macrophages

The macrophage was the cell type in which MHC class II antigen processing and 
presentation were originally described (Unanue, 1984). Macrophages have the ability 
to capture much more antigen via fluid phase pinocytosis than B cells (Steinman 
and Cohn, 1972b, Chesnut e ta l,  1982 - see section 1.2.3.4). Macrophages also have 
an extensive phagocytic capacity, which delivers particulate antigen to lysosomal 
compartments (Kielian and Cohn, 1980). Antigen captured in this manner can be 
subsequently presented to T cells (Watts, 1997a, Harding et a l, 1991b, Harding et 
a l, 1991a, Pfeifer et a l, 1992).

However, macrophages also have an extensive role in the innate immune system. 
They can capture antigen via Fc receptors and receptors for complement fragments
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(C3b and C3bi receptors), leading to phagocytosis (as originally observed by Elie 
MetchnikofO and, in the case of Fc receptor engagement - the release of toxic 
oxygen species (Johnson et a l, 1976, Wright and Silverstein, 1983).

Moreover, resting macrophages do not express levels of MHC class II as high as 
those of B cells, but require treatment with IFN-yto induce such expression (Gonwa 
et a l, 1986). As in B cells, macrophage costimulatory molecule expression can be 
induced by zymosan, a microbial product recognised by macrophages (Liu and 
Jane way, 1991). Resting macrophages alone may require the presence of dendritic 
cells before they can effectively prime T cells (Stockinger et a l, 1996). Thus, like 
the B cell, the role of the macrophage in priming helper T cell responses remains 
ambiguous.

1.2.1.3 Dendritic ceils

The primary function of B cells during an immune response is the production of 
immunoglobulin, and their antigen presenting capability could be regarded solely 
as a means of obtaining T cell help for this purpose. Likewise the antigen presenting 
function of the macrophage is probably secondary to its role in phagocytic and 
inflammatory processes. In contrast to these two cell types the dendritic cell (DC) is 
a cell whose raison d ’être is the capture and presentation of antigen to T cells (see 
reviews by Steinman, 1991, Banchereau and Steinman, 1998).

The dendritic cell was originally identified as a minor population of nucleated 
spleen cells (1-1.6%). The cell displayed a large cytoplasm arranged in extensive 
dendrites or pseudopodia - hence the term dendritic cell was coined (Steinman and 
Cohn, 1973). The dendritic cell displayed extensive motility, with extension and 
retraction of pseudopodia. The cells were detected in white pulp of spleen and in 
lymph nodes, but could not be found in thymus, liver or intestinal tissue (Steinman 
and Cohn, 1973).

Further study found that DCs were short lived and non proliferative in culture, and
showed no retention of Ags or immune complexes on their cell surface (Steinman
and Cohn, 1974). The precise origin of the cell was also unclear, although they
were found to be bone marrow derived (Steinman et a l, 1974). Despite their low
proliferation rate, splenic DCs showed a high rate of turnover, indicating influx
from other tissues. This influx was not increased by systemic administration of
antigen, but numbers of DCs passing to draining intestinal lymph nodes were
increased by intraperitoneal Ag administration (Steinman et a l, 1974). The in vitro
defined DC was found to exist in vivo and could be purified in large numbers from
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Figure 1.2 - Stages of DC maturation
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mouse spleen (Steinman etal., 1975, Steinman etal., 1979). This purification process 
allowed detection of surface MHC II molecules on the DC, however the function of 
these cells remained unclear.

The function of dendritic cells became clearer when it was discovered that they 
were far more potent than macrophages or B cells at stimulating the mixed leucocyte 
reaction (MLR), and could also stimulate a syngeneic MLR (Steinman and Witmer, 
1978, Nussenzweig and Steinman, 1980a, Nussenzweig and Steinman, 1980b, Klinkert 
e ta l ,  1980).

1.2.1.3 I Maturation stages o f dendritic cells

Since these early descriptions of DCs the last 25 years has seen an explosion in the 
field of DC biology, which has led to the elucidation of a clearly defined model for 
DC function in the induction and control of immunity (Banchereau and Steinman, 
1998, Ibrahim et a l, 1995 - see figure 1.2).

DCs in the periphery (for example Langerhans cells (LCs) in the epidermis and 
interstitial DCs in internal organs) can be regarded as ‘sentinels’ of the immune 
system (Ibrahim et a l, 1995). These cells show high levels of antigen capturing 
activity (discussed in section 1.2.3.3) and high levels of MHC II and invariant chain 
synthesis (Sallusto and Lanzavecchia, 1994, Sallusto et a l, 1995, Winzler et a l, 
1997). Thus immature DCs are in a position to monitor the sites of antigen entry 
into the body and have the ability to capture antigen at these sites.

A number of stimuli have been reported to cause migration of immature DCs from 
the periphery to secondary lymphoid organs. Principally migration is to draining 
lymph nodes via lymphatic vessels, but it can also be to the spleen via blood-borne 
migration (Austyn, 1996). Dendritic cells arriving in spleen from the blood pass 
initially to the red pulp, and after 24 hours are in the T cell areas of the white pulp 
(Austyn e ta l,  1988). Langerhans cells can be induced to migrate out of the skin by 
placing skin explants in culture; after 3 days LCs can be observed as ‘cords’ of cells 
passing through the dermal lymphatics (Larsen et a l, 1990). The bacterial cell wall 
component LPS causes massive depletion of interstitial and epithelial DCs when 
administered systematically, and this effect was dependent on tumour necrosis factor 
(TNF)-a production (Roake et a l, 1995). LPS also causes migration of DCs into the 
T cell areas of spleen (De Smedt et a l, 1996).

The migration of LCs from the skin can also be induced by contact sensitisers (van 
Wilsem et a l, 1994, Weinlich et a l, 1998), although some skin LCs remain refractory
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to contact sensitisers (van Wilsem eta l, 1994). Migration involves a loss of cytoskeletal 
organisation and an increase in general motility as an early response to migration/ 
maturation stimuli (Winzler et a l, 1997).

Many of the stimuli which cause DC migration in vivo can be used in vitro to induce 
DC maturation. In the case of Langerhans cells, placing them into culture alone 
results in a dramatic reduction in their ability to process and present exogenously 
supplied protein antigen, but an increase in their ability to present peptide (Schuler 
and Steinman, 1985, Romani et a l, 1989, Pure et a l, 1990, Inaba et a l, 1990). 
Culture of DCs is accompanied by a loss of the high levels of class II biosynthesis 
seen in immature DCs and an increase in MHC class II half-life resulting in maintained 
high surface MHC expression (Kampgen et a l, 1991).

In model DC culture systems a similar maturation process is induced by the addition 
of TNF-a, LPS or CD40 ligand (CD40L), this results in an increase in surface MHC 
and adhesion/costimulatory molecule expression, but a reduction in the ability to 
present exogenous antigen (Sallusto and Lanzavecchia, 1994, Sallusto et a l, 1995). 
Thus it seems that migration from the periphery is induced by inflammatory mediators 
or bacterial products and is accompanied by a maturation of the DC from an antigen 
capturing to an antigen presenting phenotype.

1.2.1.3-2 Dendritic cell/T cell interactions

DC migration has been observed in vivo; ovalbumin pulsed DCs were administered 
to mice containing transgenic T cells specific for an ovalbumin epitope. DC migration 
to the draining lymph node was observed, and on arrival clusters formed between 
DCs and Ag specific T cells in the paracortical areas. These DC/T cell clusters 
contained proliferating T cells and were greatest in number 24h after administration 
of pulsed DCs. After 48h there was a decrease in the number of DCs remaining in 
the lymph node, this DC loss appeared to be mediated by the ovalbumin specific T 
cells (Ingulli eta l, 1997). This elegant demonstration has provided direct confirmation 
of many aspects of the model of DC/T cell interaction.

Clusters of DC and T cells are the sites of T cell proliferation in the in vitro MLR 
(Flechner e ta l,  1988). DCs, unlike other APC types, can form antigen independent 
clusters with T cells (Inaba and Steinman, 1986) possibly indicating that naive T 
cells ‘scan’ DCs for their specific MHC/peptide complex during the initiation of an 
immune response. Evidence in favour of such a model is that DCs secrete a chemokine 
(DC-CKl) that preferentially attracts CD45RA^ naive T cells (Adema et a l, 1997). 
Detailed morphological analysis of the DC/T cell cluster revealed extensive membrane
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extensions from the DC which spread to contact the membranes of the surrounding 
T cells. Staining of the surface for MHC class II with immunogold revealed clusters 
or lines of MHC class II, possibly representing a cytoskeletally controlled organisation 
of surface class II (Setum et a l, 1993).

The DC/T cell cluster can also include B cells, these clusters were found to be 
necessary for the generation of antibody secreting cells in vitro, and the B cell in 
question had to express the MHC haplotype to which the clustering T cell was 
restricted (Inaba et a l, 1984). DCs are also important in B cell stimulation in such 
clusters. In clusters of DCs, B cells and CD40L expressing fibroblasts, DCs promoted 
the class switching of memory B cells to IgG and IgA. In the presence of IL-2 DCs 
greatly enhanced the production of IgM by naive B cells (Dubois et a l, 1997).

The mature DCs found in lymph nodes express high levels of the co-stimulatory 
molecule B7-2 (CD86), and blockade of this molecule leads to extensive inhibition 
of T cell proliferation (Inaba et a l, 1994, Caux et a l, 1994). High levels of co
stimulatory molecule expression make DCs potent stimulators of the T cell response. 
Indeed the DC may be the only cell type which can activate naive T cells in vivo ~ 
a study where protein was administered in adjuvant showed that DCs rather than B 
cells presented the injected antigen to T cells (Guery et a l, 1996). DCs are also 
competent at priming CD8+ cytotoxic T cell responses (Porgador and Gilboa, 1995).

Interleukin 12 is produced by mature DCs during T cell stimulation, this cytokine 
leads to the generation of a Thl type response and is a hallmark of DC T cell 
priming. Administration of a Toxoplasma gondii antigen in mice caused migration 
of DCs from the periphery into the T cell areas of spleen where they secreted IL-12 
(Reis e Sousa e ta l,  1997).

DC IL-12 production can also be stimulated by CD40L (Koch et a l, 1996, Celia et 
a l, 1996), a molecule expressed by activated T cells. This is evidence of a two way 
interaction between DC and T cell. DC activation of T cells could lead to T cell 
CD40L expression, which in turn stimulates IL-12 production by DCs. The IL-12 
then acts on the T cell to produce a Thl response. This process can be down 
regulated by IL-10 and IL-4 (Koch e ta l,  1996). CD40L can also induce DC maturation 
in vitro (Sallusto and Lanzavecchia, 1994), and may be important in regulating the 
passage of loaded MHC II to the cell surface in DCs (Pierre et a l, 1997).

There is also evidence that T cells provide a survival signal to DCs in the form of a
recently discovered cytokine TNF-related activation induced cytokine (TRANCE).
TRANCE is produced by T cells and its receptor seems to be exclusively expressed
by dendritic cells (Wong et a l, 1997). TRANCE causes DC clustering and promotes
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DC survival by upregulation of the Bcl-X^ gene product, this enhanced survival 
leads to an enhanced T cell response in the mixed leucocyte reaction (Wong et a l, 

1997).

1 .2 .1 3 3  Ontogeny o f dendritic cells

Despite the intensive research into DC phenotype there is, as yet, no single definitive 
cell surface marker of the DC. This partially contributes to the uncertain origin of 
the DC. There has been a great deal of work on the ontogeny of DCs, which will be 
only briefly discussed here.

DCs can be produced from culture of CD34^ bone marrow stem cells, possibly via 
a separate DC colony forming unit (CFU-DC) (Young e ta l,  1995, Caux e ta l,  1996). 
Most DCs are assumed to derive from the myeloid lineage, due to their reliance on 
the myeloid cytokine granulocyte macrophage-colony stimulating factor (GM-CSF) 
(Inaba e ta l,  1992, Young e ta l,  1995, Caux e ta l,  1996). In the mouse GM-CSF can 
promote development of DCs, macrophages and granulocytes side by side from 
class II negative bone marrow cells (Inaba et a l, 1993a), possibly indicating a 
common origin of these cell types. Indeed conversion between these cell types can 
occur. In vitro preparations of DCs can be grown from human blood monocytes 
under the influence of GM-CSF and IL-4, which suppresses monocyte outgrowth 
(Sallusto and Lanzavecchia, 1994, Romani e ta l,  1994, Pickl e ta l,  1996). These cells 
are capable of interconversion with cells of a macrophage phenotype until the final 
stage of DC maturity, indicating their close relationship with the macrophage (Palucka 
et a l, 1998). The functional importance of a monocyte derived pathway as the 
origin of DCs in vivo is unclear.

DCs in different sites, however, may derive from different lineages and DCs themselves 
may not represent a single cell type of one origin. In vitro Caux et al. found that 
CD34^ stem cells could develop via a CD14^ or a CDla"" pathway (Caux e ta l, 1996). 
The final cell types were functionally and phenotypically very similar (with neither 
being CD 14 positive). However, cells derived from the CD la  route showed Birbeck 
granules and other markers of Langerhans cell phenotype, whilst the CD14 derived 
DCs seemed to more closely resemble interstitial tissue DCs. Under the influence of 
macrophage colony stimulating factor (M-CSF) the CD14, but not the CDla, derived 
cells could develop a macrophage like phenotype (Caux e ta l, 1996). The expression 
of the cutaneous lymphocyte antigen by CD34^ derived DC progenitors in human 
peripheral blood may also indicate whether a Langerhans cell phenotype will 
ultimately be developed (Strunk et a l, 1997)
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There is also evidence for a lymphocytic origin for some DCs, which can be derived 
from CD4^ progenitor cells, and are not dependent on GM-CSF for survival (Saunders 
et a l, 1996, Grouard et a l, 1997). These cultures were dependent on a mixture of 
cytokines, particularly IL-3 and IL-7. Lymphoid precursors may be important in the 
origin of thymic DCs (Ardavin et a l, 1993), and in DCs responsible for T cell 
stimulation in germinal centres (Grouard et a l, 1996).

1.2.1 .3 -4 DCs a n d  Tcell selection

In vitro DCs are capable of deleting double negative thymocytes which bear a T cell 
receptor (TCR) against the epitope they are presenting (Zal et a l, 1994, Tanaka et 
a l, 1993). In mice where only DCs expressed the murine MHC II I-E'̂ , I-E'̂  staining 
in the thymus was restricted to the thymic medulla and cortico-medullary junction. 
These thymic DCs were sufficient for the negative selection of I-E'̂  restricted T cells, 
but were not involved in positive selection (Brocker et a l, 1997).

The mechanism for DC negative regulation of T cells remains unclear. A lymphoid 
related DC expressing CD8a has been shown to mediate killing of CD4+ T cells via 
the Fas/Fas ligand mechanism, and to inhibit CD8+ T cell proliferation by inhibiting 
T cell IL-2 production (Suss and Shortman, 1996). These may be mechanisms by 
which the DC can act to maintain peripheral T cell tolerance.

In summary dendritic cells represent highly specialised antigen presenting cells 
which are ideally situated to capture peripheral antigens and deliver them to the 
adaptive immune system. DCs more than any other APC represent a unit of immune 
response control - they have roles in both activation and negative selection of T 
cells, in B cell activation, and in modulating the nature of the T cell response. DCs 
however express no specific rearranged antigen receptor (such as the T cell receptor), 
but are themselves controlled by external environmental signals. As such DCs may 
represent the most effective form of communication between the innate and adaptive 
immune systems.
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1.2.2 Synthesis and export of MHC class II

Both MHC class I and class II are synthesised in the endoplasmic reticulum, which 
is also the site of peptide binding by MHC class I. For MHC class II, with a role in 
presentation of exogenous antigens, it is important that it does not bind antigenic 
peptide in the ER, but instead passes to the endocytic route where it can complex 
with peptides derived from captured antigen. Protection of the MHC class II peptide 
binding groove and targeting to the endocytic route are both provided by an MHC 
class II associated protein known as the invariant chain (li). Invariant chain also 
functions to chaperone MHC class II assembly in the ER (for reviews see Cresswell 
e ta l ,  1990, Cresswell, 1996).

1.2.2.1 Structure of MHC class II

MHC class II is a heterodimer of a  and (3 chains of molecular weight 32 and 29 kDa 
respectively. Each chain consists of a membrane proximal and pp and a membrane 
distal (ttj and pp domain (Brown et a l, 1993). The two membrane distal domains 
combine to form the peptide binding groove of the molecule. The sides of the 
groove consist of two a-helices and the floor of eight p-pleated sheets, each chain 
contributes one helix and four p-sheets (Brown et a l, 1993). MHC II interacts with 
the T cell CD4 via its p̂  domain (Konig et a l, 1992, Cammarota et a l, 1992).

In overall structure class II closely resembles class I MHC (Brown et a l, 1993), 
however, unlike class I, the peptide binding site of class II is open at both ends. 
This leaves class II able to bind peptides of (theoretically) any length, most being 
13-25 amino acids (aa) in length (Rudensky et a l, 1991a, Chicz et a l, 1992).

The binding site of HLA-DRl contains a conserved non-polar pocket which allows 
peptides to bind via an anchor residue (Brown et a l, 1993). Peptides bind to class 
II in an extended conformation with extensive contact between the peptide and the 
groove’s conserved residues by H-bonding along the length of the peptide (Brown 
et a l, 1993, Stern et a l, 1994). The peptide in the groove lies partially ‘flush’ with 
the MHC molecule e.g. - in the case of the influenza peptide HA306-318, 35% is 
exposed to solvent. This means that the T cell receptor will see peptide and MHC 
residues together (Stern et a l, 1994). The groove is lined by a series of peptide 
binding pockets and these are the sites of the greatest polymorphism between class 
II haplotypes, indicating that these pockets provide the differing peptide specificities 
of different class II haplotypes (Stern et a l, 1994).
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MHC class II dimers before peptide binding are sensitive to dissociation on sodium 
dodecyl sulphate-poly acrylamide gel electrophoresis (SDS-PAGE); peptide binding 
confers resistance to this dissociation in some haplotypes (Germain and Hendrix, 
1991, Sadegh-Nasseri and Germain, 1992). Peptide acquisition, as measured by SDS 
stability, occurs after passage through the Golgi apparatus, probably in an acidic 
endosomal organelle (Tulp et al., 1994, Germain and Hendrix, 1991, Amigorena et 
a l, 1994 - see section 1.2.4). The structure of MHC II undergoes slight changes at 
the acidic pH associated with such endosomal compartments and these changes 
correlate with a faster on and off rates for peptide binding (Sadegh Nasseri and 
Germain, 1991, Sadegh-Nasseri and Germain, 1992, Runnels e ta l,  1996, Boniface et 
a l, 1996). The enhanced binding of peptide to MHC II at acidic pH may be due to 
the presence of conserved residues in the P6 pocket of I-E in the mouse and HLA- 
DR in the human. The protonation of these residues may facilitate peptide binding 
(Fremont e ta l,  1996). Such changes in structure of MHC class II after synthesis may 
partially limit peptide binding to the endosomal pathway of the cell (see also sections

1.2.2.4.1 and 1.3.1.3).

1.2.2.2 MHC class ll/invariant chain complex assembly

The nucleotide sequence of the invariant chain in humans predicts a type II 
transmembrane glycoprotein of 2l6 aa in length (O’Sullivan et a l, 1987, Strubin et 
al, 1986). The commonest form of the invariant chain in humans has an approximate 
molecular weight of 31 kDa and is known as p31 (p33 in some publications). Use of 
an upstream alternate start site for translation generates a larger p33 (p35 in some 
publications) form. Alternative splicing can give rise to a rarer p4l form in humans, 
by the insertion of a 64 aa stretch in the lumenal domain. Use of the alternative 
transcription start site in the p4l form gives the p43 form, which shares the extra I6 
N-terminal aa’s of p33 (O’Sullivan et a l, 1987, Strubin et a l, 1986, reviewed in 
Cresswell, 1994, see figure 1.3).

In cells deficient in li, MHC class II ap dimers can still assemble at decreased levels 
(Lotteau e ta l,  1990, Schaiff e ta l,  1991), and the same is true for APCs derived from 
li deficient mice (Viville et a l, 1993, Bikoff et a l, 1993). However these dimers 
show very poor levels of exit from the ER and often show structural differences to 
wild type class II molecules. In one li deficient mouse strain it was reported that a  
and p chains became aggregated as misfolded proteins in the ER and there was no 
significant passage of ap dimers beyond the Golgi apparatus (Elliott e ta l,  1994). In 
the absence of MHC class II most li is retained in the ER as a trimer (Marks et a l,
1990). li trimérisation occurs almost immediately after translation (Lamb and Cresswell,
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1992), and is dependent on residues 163 to 183 of li (p31 numbering - Bijlmakers et 
al., 1994). Trimers can contain any combination of the li isoforms (Roche et at., 
1991). li can bind single a and p subunits and ap dimers (Teyton et a l, 1990). The 
li trimer forms a framework for ap dimer assembly, and following li trimer formation 
three ap class II dimers are sequentially added to the li trimer (Roche et at., 1991, 
Lamb and Cresswell, 1992), ultimately forming a nonamer of three li chains and 
three class II dimers (Roche et a l, 1991).

The exact details of the assembly process remains unclear, although it seems that a  
and p subunits bind within a very short time of each other (Nijenhuis and Neefjes,
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1994). Within 10 minutes of synthesis li, ap dimer formation is already occurring. 
No free ap dimers are detected, suggesting that they do not form a (significant) 
intermediate in the process (Lamb and Cresswell, 1992). The Ii/2ap and Ii/3(%P 
complexes are maximal 2h after translation begins, by 4h the number of these 
complexes is decreasing and free, mature ap dimers are detected (Lamb and Cresswell,
1992).

Calnexin, a ubiquitous transmembrane ER protein, also appears to play a role in 
nonamer formation (Schreiber eta l, 1994, Anderson and Cresswell, 1994). Calnexin 
associates first with the free a, p and li units and remains with the partially assembled 
a/p/Ii complex until the last ap dimer is added (Anderson and Cresswell, 1994). 
Nonamer subunits associated with calnexin remain in the ER and thus the role of 
calnexin may be to stabilise the assembling nonamer subunits and retain the complex 
in the ER until complete. Calnexin detaches on formation of the a/p/Ii nonamer and 
is not found associated with free ap  dimers (Anderson and Cresswell, 1994). A

Invariant chain

Calnexin \

\

MHC c la ss  II a  chain

MHC c lass  II p chain

4 ^

MHC ll/li nonam er

V

Figure 1.4 - Assembly of MHC class II
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study on unglycosylated li, which does not associate with calnexin, showed that 
calnexin was not essential for nonamer formation, but acts to retain free elements 
of the complex in the ER and slow degradation of li (Romagnoli and Germain, 
1995). Invariant chain/class II assembly is illustrated in figure 1.4.

Although, as discussed above, MHC II dimers can still exit the ER in the absence of 
li, the dimers formed do show conformational alterations as detected by panels of 
monoclonal antibodies (Peterson and Miller, 1990, Anderson and Miller, 1992). MHC 
class II molecules from li negative cells show altered patterns of glycosylation 
following Golgi transport (Schaiff et a l, 1991, Anderson and Miller, 1992). In the 
absence of li, MHC subunits associate with immunoglobulin binding protein (BiP) 
- an ER chaperone (Nijenhuis and Neefjes, 1994). Thus li does seem to play an 
important chaperone role in the assembly and post-translational processing of normal 
MHC class II molecules, although this effect may be more important for some MHC 
II haplotypes than others (Viville et a l, 1993).

1.2.2.3 MHC/invariant chain export to the endocytic route

1.2.2.3 I Invariant chain deficient cells show defective presentation o f exogenous 
protein antigens

In the majority of reports describing cells deficient in li, presentation of intact 
exogenous protein antigens by these cells is abrogated, but the presentation of 
peptide fragments is unaffected or even enhanced (Stockinger et a l, 1989, Bikoff, 
1992, Bikoff et a l, 1993, Viville et a l, 1993). Coupled with this loss of protein 
presentation, is an abnormal cellular localisation of MHC class II. Class II is often 
largely retained in the ER and Golgi in li negative cells (Lamb et a l, 1991, Bikoff et 
a l, 1993) whilst that which does reach the cell surface is usually unstable on SDS 
gel electrophoresis (Peterson and Miller, 1990, Anderson and Miller, 1992, Bikoff et 
a l, 1993), indicating a lack of normal peptide loading.

On reconstitution of li expression in these cell types, protein Ag presentation was 
restored (Stockinger e ta l, 1989, Nadimi e ta l, 1991). This presentation was sensitive 
to the drug chloroquine, which disrupts endosomal function (Stockinger et a l, 
1989). Neefjes et al. established that on leaving the Golgi apparatus MHC class II 
was delayed in reaching the cell surface for l-2h by traversing the endocytic route 
(Neefjes et a l, 1990). Thus it seemed likely that li targets MHC class II to the 
endocytic route where it can encounter and bind exogenous antigen fragments.
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1.2.23-2 Invariant chain contains signals targeting MHC class II to the endocytic 
route

Co-transfection of the p31 isoform of li causes redistribution of MHC class II from 
the ER into endocytic structures, and facilitates transport of ap dimers to the cell 
surface (Lotteau et al., 1990, Lamb et al., 1991). The transport of mismatched ap 
dimers, which do not normally reach the cell surface, is also increased by li expression 
(Layet and Germain, 1991). Thus, whilst li may not be obligatory for class II transport 
out of the ER and Golgi, it is at the very least an important accessory molecule in 
this process. The nature of the endosome accessed by li is discussed in detail in 
section 1.2.4.

li can reach endosomes alone or with class 11 (Bakke and Dobberstein, 1990, Lotteau 
et al., 1990) and this ability is lost by deletion of the N-terminus cytoplasmic tail of 
li, which results in li expression at the cell surface (Bakke and Dobberstein, 1990, 
Lotteau e ta l, 1990, Roche e ta l, 1992, Anderson e ta l, 1993). Two targeting signals 
have been identified in the N-terminus of li; one in residues 1-11, of which Leu, and
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a p p a ra tu s

li proteolysis

MHC/li nonam er

Figure 1.5 - Targeting of li to the endocytic route
(for clarity only one ap/li trimer is shown in the endosomal system)
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IlCg are essential (Pieters etal., 1993), and one in residues 12-29 of which the sequence 
PrOj^Met^^LeUj  ̂ is essential (Pieters et a l, 1993, Odorizzi et a l, 1994). There may 
also be a third signal, or at least an accessory signal, in the transmembrane domain 
of li (Odorizzi et a l, 1994). It is possible that the signals in the li N-terminus direct 
the li/class II complex to different endocytic structures during li proteolysis (Lotteau 
et a l, 1990). Multimerisation of the li tail signal may be necessary for direct passage 
from TGN to endosomes, with nonamers containing only one functional li cytoplasmic 
tail reaching the endocytic pathway via the cell surface (Arneson and Miller, 1995).

There is conflicting data as to the importance of passage of ap/Ii via the cell surface. 
The signals in the cytoplasmic tail of li can direct transport to an endocytic 
compartment from the cell surface, but over 80% of MHC II seemed to traffic directly 
from the TGN to the endosome (Odorizzi et a l, 1994). In a dominant negative 
mutant of clathrin where uptake from the cell surface was inhibited, direct passage 
of ap/Ii from TGN to endosomes was also found (Liu et a l, 1998b).

In contrast Roche et a l, found an initial targeting to the cell surface of the ap/Ii 
MHC complex, which was then rapidly internalised through transferrin receptor 
(TfR) positive endosomal structures to a larger intracellular compartment (Roche et 
a l, 1993). The half time for this internalisation was ~ 3 minutes and internalisation 
was dependent on a 20 amino acid stretch of the intracellular tail of li (Roche et a l, 
1993). In a HeLa cell system containing a dominant negative dynamin (a protein 
involved in intracellular transport) mutation, normal TGN exit was found, but 
internalisation from the cell surface was defective (Wang e ta l,  1997). In this system 
a(3/Ii accumulated on the cell surface and showed decreased endosomal delivery 
and ap/Ii dissociation (Wang e ta l,  1997). These systems rely on data obtained from 
transfected ‘artificial’ cell types and it may be that the conflicting data represents 
differences between APC type. Saudrais et a l, have recently found that human 
monocyte derived dendritic cells deliver far more a(3/Ii to their cell surface than 
either their precursor monocytes or an EBV B cell line. These class Il/Ii complexes 
were subsequently internalised and yielded SDS stable dimers which were returned 
to the cell surface (Saudrais e ta l,  1998). The importance of transport to endosomes 
via the cell surface is a matter of controversy for many intracellular molecules.

The extra 16 aa’s at the N-terminus of p33 and p43 forms of li constitute an ER 
retention signal (Lotteau et a l, 1990, Bakke and Dobberstein, 1990) and p33 
containing heterotrimers of li are retained in the ER unless associated with MHC 
class II (Lamb and Cresswell, 1992). Recently this finding has been ascribed to a 
phosphorylation phenomenon. p33 li was found to be phosphorylated on two
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serine residues in its cytoplasmic tail, particularly serine 8. This phosphorylation 
was found to be necessary for exit of p33 containing nonamers from the ER (Kuwana 
e ta l,  1998).

1 .2 .2 . 3 3  Passage through the endocytic route is accompanied by invariant chain 
proteolysis, which ultimately allows MHC/peptide binding

Proteolytic digestion of a(3/Ii complexes in vitro with the cysteine proteinase cathepsin 
B releases ap dimers capable of binding antigenic peptide (Blum and Cresswell, 
1988, Roche and Cresswell, 1991). SDS stability is acquired by MHC class II molecules 
whilst traversing the endocytic route, a process accompanied by li proteolysis (Morton 
et a l, 1995). The cysteine/serine proteinase inhibitor leupeptin inhibits the final 
breakdown of li on the endocytic pathway and thus inhibits the formation of SDS 
stable MHC class II dimers and deposition of loaded MHC II on the cell surface 
(Neefjes and Ploegh, 1992). MHC class II was found associated with an NH^-terminal 
fragment of li in lysosomal compartments of transfected COS cells, and leupeptin 
inhibitable proteolysis was not required for transport to this point (Romagnoli et a l, 
1993). Inhibition of li/MHC II dissociation with chloroquine also prevents traffic of 
MHC II to the cell surface (Loss and Sant, 1993).

In a mouse B cell line a plO fragment of invariant chain was found to be specifically 
located in MHC II enriched compartments (see section 1.2.4). The plO protein was 
nonameric and associated with SDS unstable class II. Loss of this fragment 
corresponded with transport of peptide loaded dimers to the cell surface (Amigorena 
et a l, 1995). Thus partial (leupeptin insensitive) li degradation may occur before 
reaching the compartment of peptide loading, where removal of a final li fragment 
facilitates class II maturation (see section 1.2.5).

1.2.2 . 3  .4 The p41 isoform o f invariant chain promotes the presentation o f  certain 
antigens

Peterson and Miller found in transfected fibroblasts that expression of the p4l isoform 
of li could increase the efficiency of antigen presentation compared with p31 for 
some, but not all, model antigens tested (Peterson and Miller, 1992). This effect 
occurred whether the p4l constituted 10% or 100% of the invariant chain expressed 
by the APC. These findings were echoed by Anderson e ta l,  (1993), who found that 
p4l li could still promote Ag presentation in the absence of its cytoplasmic tail, 
even though it was now trafficked via the cell surface. There appear to be no 
differences in the intracellular trafficking of p31 and p4l li isoforms (Fineschi e ta l,
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1995) however proteolytic degradation in vivo of the p4l isoform generates a p i 2 
protein fragment with long lasting MHC class II association (Fineschi et a l, 1995). 
Remarkably in cells expressing both the p31 and p4l isoforms the p l2  fragment 
could be generated from p31, but this process required the presence of p4l (Fineschi 
e ta l ,  1995).

The mechanism by which p4l enhances presentation of certain epitopes may be 
via an inhibition of sulphydryl proteinases such as cathepsins B, L and S. Inhibition 
of these proteinases in p3Hp4T cells resulted in increased presentation of p4l 
enhanceable epitopes. p4l expressing cells were found to have fewer active 
intracellular cysteine proteinases and the extra 64 aa’s of p4l when expressed alone 
formed an effective cathepsin L inhibitor (Fineschi et a l, 1996). The p4l fragment 
inhibits cathepsin L and to a lesser extent cathepsin H and papain, but had no effect 
on cathepsin  D (an aspartic proteinase), trypsin (a serine pro te inase) or 
aminopeptidase M (a metalloproteinase - Bevec et a l, 1996). Thus p4l may protect 
against specific proteinase activities, altering how an antigen is degraded. p4l and 
p31 isoforms alone are both sufficient to correct the phenotype of li negative cells 
and mice (Stockinger et a l, 1989, Shachar et a l, 1995, Takaesu et a l, 1995), and 
mice expressing only the p31 isoform show no detectable abnormalities (Takaesu 
et a l, 1995). Thus the role of p4l does not appear to be essential for APC function.

1.2.2.4 Occupancy of the peptide binding groove

li/MHC association in the ER can be prevented by an antibody against the peptide 
binding groove of the MHC II p chain. li and peptide binding to MHC II are mutually 
exclusive (Teyton e ta l, 1990, Roche and Cresswell, 1990, Newcomb and Cresswell,
1993). Thus the site of interaction of li with MHC is probably the peptide binding 
groove of the ap dimer. In the absence of li, endogenously synthesised peptides 
may bind MHC II in the ER (Busch et a l, 1996) and it seemed possible that li 
prevents this peptide binding occurring by occlusion of the peptide binding site in 
the ER. However others have found that the absence of li does not lead to the 
binding of ER peptides to MHC II (Bikoff, 1992, Elliott et a l, 1994).

A series of mutant APC cell lines provided more information as to the nature of the 
li/MHC interaction. These mutant cell lines were characterised by a loss of the 
ability to present intact protein antigen, although they could present antigenic peptide 
to varying degrees (Mellins et a l, 1990, Riberdy and Cresswell, 1992). Elution of 
MHC II bound peptides from the surface of these mutant cells revealed that almost 
all the class II was occupied by a nested set of peptides derived from residues 80-
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104 of li (Riberdy et a l, 1992, Sette et a l, 1992). These residues coincided with 
those implicated in MHC interaction (Freisewinkel et a l, 1993) and were dubbed 
CLIP - for class II associated invariant chain peptides. The nature of the mutation in 
these cell lines is a defect in the non-classical MHC class II molecule HLA-DM (DM) 
(Morris et a l, 1994a, Fling et a l, 1994). DM was first identified as a heterodimeric 
molecule of unknown function in 1991 (Kelly e ta l,  1991, Cho e ta l,  1991). The DM 
sequence revealed only limited homology to HLA-DR in the peptide binding region 
and it was predicted that it would not bind peptides as conventional class II molecules 
do (Kelly et a l, 1991, Cho et a l, 1991).

1.2.2.4.1 DM catalyses the peptide loading o f CLIP-occupied aP dimers

Substitution of the CLIP region of li with an antigenic peptide causes the formation 
of SDS stable dimers (indicating peptide loading) and the presentation of the peptide 
at the cell surface (van Bergen et a l, 1997, Stumptner and Benaroch, 1997). This 
indicates that the CLIP region probably occupies the peptide binding groove when 
MHC II is complexed with intact li. In DM mutant cell lines transfection of the wild 
type DM restored the ability to present peptide (Fling et a l, 1994, Morris et a l, 
1994a).

In vitro DM is capable of catalysing loading of peptide onto MHC II at a pH optimum 
of 4.5-5.5 forming an SDS stable dimer (Sloan et a l, 1995, Sherman et a l, 1995, 
Denzin and Cresswell, 1995). Although detergent could substitute for DM in removing 
CLIP from the ap  dimer, DM was more efficient at peptide loading MHC II than 
detergent, suggesting that the role of DM is more than simply to release CLIP from 
the ap dimer (Denzin and Cresswell, 1995).

CLIP interacts with the peptide binding groove of MHC via the use of supermotifs 
at the HLA-DR common binding pockets PI and P9 (Malcherek et a l, 1995). 
Modification of CLIP residues to provide optimal association with specific DR 
haplotypes results in a strong CLIP/MHC interaction and an SDS stable MHC II 
molecule (Malcherek et a l, 1995, Gautam et a l, 1997, Gruneberg et a l, 1997). 
Resolution of the crystal structure of HLA-DR/CLIP showed that CLIP did indeed 
interact with the peptide binding groove in a very similar manner to the interaction 
of an antigenic peptide from the influenza haemagluttinin protein (Ghosh et a l, 
1995). More recently it has been suggested that the nature of the li peptide occupying 
the peptide groove itself is irrelevant, and that two regions either side of the groove 
residues govern CLIP interaction with MHC II (Stumptner and Benaroch, 1997). If 
the groove residues of CLIP were replaced with a non-DR binding sequence peptide
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occupancy was still prevented. However residues 82-89 of CLIP which lie just N- 
terminal to the peptide groove, were found to be essential for CLIP/MHC interaction 
and maintenance of SDS instability (Stumptner and Benaroch, 1997).

There is data to suggest that peptide groove occupancy by CLIP is the only 
requirement for exit of ap dimers from the ER, and that maintenance of MHC II 
stability for export is the primary function of CLIP (Romagnoli and Germain, 1994, 
Zhong et a l, 1996). This is in accordance with earlier studies that found rapid 
peptide interactions with the MHC binding groove, which did not lead to SDS 
stability, protected MHC from degradation at physiological temperature and prevented 
aggregation of non functional MHC II dimers (Sadegh Nasseri et a l, 1994, Germain 
and Rinker, 1993).

In mice deficient in H2-M, the murine equivalent of DM, MHC II molecules from 
APCs were almost exclusively loaded with CLIP, and these cells were unable to 
present whole protein antigens (Miyazaki et a l, 1996, Martin et a l, 1996). The 
numbers of CD4 positive peripheral T cells in these mice were also reduced and 
these cells reacted strongly against syngeneic wild type APCs (Miyazaki e ta l,  1996, 
Martin et a l, 1996), suggesting that alterations in thymic selection occur in the 
absence of DM.

Denzin and Cresswell found that DM was unable to remove antigenic peptides 
from the MHC peptide binding groove (Denzin and Cresswell, 1995). However 
others found that, depending on the nature of the peptide, DM was able to perform 
this function (Sloan et a l, 1995). This led to the suggestion that DM may act as a 
peptide editor, removing less stable interactions in favour of peptides exhibiting 
greater affinity for MHC (Sloan et a l, 1995). This may well be the case as DM can 
remove loaded antigenic peptides from the MHC molecule. Peptides with one or 
more suboptimal side chains for DR binding are preferentially removed, as are 
peptides which are less than 11 aa in length (Kropshofer et a l, 1996, van Ham et 
a l, 1996). The rate of peptide dissociation enhanced by DM is directly proportional 
to the intrinsic dissociation constant of the peptide/MHC complex. Thus the presence 
of DM appears to favour the generation of complexes with low intrinsic rates of 
dissociation (Weber et a l, 1996).

The exact mechanism of DM action in MHC loading is unknown, however it involves 
a direct interaction with DR which occurs in a post-Golgi compartment, where it 
can interact with MHC complexed to partially degraded, but not whole li (Sanderson 
et a l, 1996, Denzin et a l, 1996). The nature of the compartment where the DM/ 
class II interaction occurs is discussed in detail in section 1.2.4. In brief, it is probably
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a class II enriched, lysosomally related compartment, to which DM is targeted via a 
tyrosine motif in its cytoplasmic tail, and via its interaction with li (Lindstedt et al.,

1995).

At the pH of the compartment where peptide loading is thought to occur (-5.0) 
both DM and MHC/CLIP undergo structural changes, with the exposure of areas of 
non-polar residues on their surfaces and these residues allow DM/MHC interaction 
(Ullrich et a l, 1997). HLA-DR loaded with peptide was also found to interact with 
DM via non-polar residues at this pH but this interaction involved a much smaller 
surface area (Ullrich et a l, 1997). This possibly explains why DM has a greater 
affinity for CLIP loaded than for peptide loaded MHC (Kropshofer et a l, 1996). 
Thus a paradigm for DM function could be that at lysosomal pH, DM interacts with 
CLIP loaded MHC II and stabilises a low affinity conformation. CLIP release ensues 
and MHC is then able to bind antigenic peptide. If the interaction with the antigenic 
peptide is strong enough it will be DM resistant and a conformational change in the 
MHC/peptide complex will occur resulting in a lower affinity of MHC II for DM, 
and DM release. Alternatively DM may travel to the cell surface with the loaded 
MHC II and be released there due to altered conformation at the higher extracellular 
pH (Ullrich et a l, 1997). See figure 1.6.

Truncation of the cytoplasmic tail of the MHC II (3 chain results in decreased numbers 
of MHC/CLIP complexes on the cell surface and an altered repertoire of peptides 
loaded by class II (Smiley e ta l,  1996). Thus the class II (3 chain may also have a role 
in determining peptide loading of class II, possibly via interactions with proteins 
such as DM.

1.2.2.4.2 HLA-DO is a negative regulator o f DM

H2-0 is a murine non-classical class II heterodimer expressed only in B cells and 
the thymic medulla. Unlike conventional MHC class II molecules it demonstrates 
little polymorphism (Karlsson et a l, 1991). The human equivalent of H2-0 is HLA- 
DO (DO), a molecule showing some similarity to conventional class II genes, but 
with no IFN-y inducibility (Tonelle et a l, 1985). DO seems to show a wider tissue 
distribution than H2-0, including thymic medulla and cortex, as well as other sorts 
of APC including dendritic cells (Douek and Altmann, 1997).

In human B cells DO was found to associate with DM, and this association facilitated 
transport of DO to a lysosomal compartment where it resided with DM (Liljedahl et 
a l, 1996). In mice some cell surface expression was detected (Karlsson et a l,
1991).
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DO can interact with DM with greater affinity than the DM/MHC class II interaction 
(Denzin et al., 1997). This DM/DO interaction occurs in the peptide loading 
endosomal compartments of B cells. In vitro, DM/DO is much less effective at 
catalysing the peptide loading of MHC class II than DM alone (Denzin et a l, 1997). 
In cells transfected with a DO expression vector, surface MHC II was found to be 
CLIP associated (Denzin et a l, 1997). In mice deficient in H2-0 there was found to 
be normal cell surface expression of MHC II and these dimers were in the SDS 
compact configuration (Liljedahl et a l, 1998). B cells from the H 2-0 knockout 
presented peptides from hen egg lysozyme, myoglobin and RNase better than wild 
type counterparts if the antigen was given via fluid phase uptake. Only myoglobin 
was presented better if administered via the B cell receptor (see section 1.2.3.2). 
vitro DM/DO was found to be ineffective at peptide loading at pH 6 and above 
(where DM could still function) but as effective as DM alone at pH 4.5-5 (Liljedahl 
e ta l,  1998). Thus DO may have a role in discriminating loading of antigen acquired 
from different sources and in limiting the pH range, and hence intracellular 
compartment, in which MHC II loading occurs.

1.2.2.5 Invariant chain and the immune response

The vast amount of published work on the invariant chain still leaves much that is 
contradictory or unclear about its function. li assists the formation of MHC II a(3 
dimers in the ER, however in the absence of li class II can still assemble and 
transport to the cell surface (Viville et a l,  1993, Lotteau et a l, 1990). This may be 
more effective for some haplotypes than others (Stebbins et a l, 1995).

By targeting newly synthesised MHC II to the endocytic route, li allows for the 
presentation of peptides derived from whole proteins taken up and degraded by 
the APC. However some protein antigens are presented in the absence of li (Peterson 
and Miller, 1990, Viville e ta l,  1993). Certain antigens are li independent (Nadimi et 
a l, 1991) and presentation of these may be mediated by newly synthesised MHC II 
(Swier and Miller, 1995b) or by MHC molecules recycling from the cell surface 
(Pinet et a l, 1995 - see section 1.2.6). The differences between li dependent and 
independent presentation may have physiological consequences, for example the 
VacA protein of Helicobacter pylori has been shown to specifically inhibit li 
dependent, but not independent Ag presentation (Molinari et a l, 1998).

The importance of li in targeting to the endocytic route and hence in mediating 
protein presentation may be cell type specific (Simonsen et a l, 1993). MHC II 
synthesised in the absence of li may reach a different intracellular compartment to 
li/MHC complexes, and this may affect the nature of the peptides available for
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presentation in the two contrasting situations (Simonsen et a l, 1993). Moreover, in 
li knockout mice, B cells show deficiencies in transport of MHC II to the cell surface 
and are incapable of protein presentation. In contrast splenic dendritic cells from 
the same mice show normal surface class II expression and are capable of targeting 
«P dimers to the endocytic route. Protein antigen presentation by these DCs on the 
H-2"^(but not the H-2*’) background was normal, and these cells also matured normally 
under the influence of TNF-a (Rovere et a l, 1998). This indicates that li may be 
important for antigen processing in some cell types but not others.

Knockout mice give information on the function of li and related proteins in the 
whole organism. Globally in li deficient mice there is a reduced ability to mount a 
primary antibody response to antigenic challenge, however the secondary response 
is unaffected (Viville e ta l, 1993). li deficiency also appears to affect thymic selection 
of T cells. In li knockout mice the numbers of mature CD4‘"CD8‘CD3”’ thymic and 
peripheral T cells are dramatically reduced (Bikoff et a l, 1993, Viville et a l, 1993), 
as they are in DM deficient mice (Miyazaki et a l, 1996, Martin et at., 1996). In the 
latter case cells derived from DM deficient mice show strong reactivity against APCs 
from syngeneic wild type mice (Martin et a l, 1996), indicating altered repertoire as 
well as decreased numbers. This change in reactivity may be anticipated as DM 
deficient mice would be predicted to have the majority of thymic MHC II loaded 
with CLIP and thus fail to develop tolerance to self proteins normally presented in 
the thymus. In li/DM double negative mice the reactivity to syngeneic wild type 
APCs is lost, supporting this contention (Tourne et a l, 1997).

Experiments performed in vitro indicate that the li system plays a critical role in 
determining the peptides important in the activation of naive T cells. T cell clones 
raised against APCs expressing DRl, li and DM were poorly stimulated by cells 
expressing DRl alone. Clones raised against li DM' APCs were poorly stimulated by 
DR ’̂DM'^Ii' cells. These cells which expressed DM in the absence of li, stimulated 
clones raised against wild type PBMCs better (Lightstone etal., 1997). Thus, even in 
the absence of li, DM’s function as a peptide editor may alter the selection of 
peptides for activating T cells. There is also evidence that DM plays a role in removing 
peptides from MHC molecules and preventing their presentation. In an extensive 
study Katz et a l, showed that the response of over thirty T cell clones could be 
enhanced, abolished or left unchanged by differential expression of li and DM. 
They also found evidence that DM may have a role in removing self peptides from 
the MHC molecule (Katz et a l, 1996). These findings could have implications if 
situations occurred where DM and li were found to be differentially regulated in 
vivo.
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The use of transgenic mice indicates that li enhances the presentation of some 
epitopes and masks the presentation of others. The spectrum of peptides presented 
from a self encoded protein was greater in the absence of li, but different T cell 
clones exhibited different li requirements (Bodmer etal., 1994). In contrast no such 
differences were observed when the antigen was exogenously supplied. The absence 
of li allowed unmasking of epitopes from a self protein. These self epitopes were 
able to activate T cells which had been subjected to negative selection by the same 
protein in the thymus (Bodmer et a l, 1994).

Thus, in conclusion, li does not seem to be essential for any of the functions ascribed 
to it, however the importance of invariant chain may well be cell and haplotype 
specific and is apparent at a global level in animals deficient in li. Control of li 
expression may be critical in the control of tolerance.

1.2.3 Antigen capture and uptake

The first step in the processing of antigen is capture and ingestion of antigen by an 
APC. The mechanisms used by APCs to achieve this vary both within and between 
cells. Recent studies have highlighted the importance of this process and suggest 
that rather than just being an essential pre-requisite for antigen processing, the 
mechanism of antigen capture and uptake into a cell may have a profound effect on 
the way in which antigen is subsequently processed and presented.

1.2.3.1 The endocytic route

Antigens captured and taken into APCs enter the endocytic route. The endocytic 
pathway consists of certain common elements, for reviews of these see (Helenius et 
a l, 1983, Kornfeld and Mellman, 1989, Schwartz, 1990, Trowbridge et a l,  1993, 
Mellman, 1996, Riezman et a l, 1997). An overview of the endocytic pathway is 
shown in figure 1.7.

On the cell surface, receptor which has bound ligand collects in clathrin coated 
pits. The cytoskeletal protein clathrin assembles into triskelions beneath the cell 
surface and obtains specificity for receptors via interactions with adaptor proteins 
(APs). Most cell surface receptors interact with AP-2 via tyrosine based motifs (Ohno 
et a l, 1995, Mellman, 1996), however many cell surface proteins of the immune 
system use a di-leucine motif recognised by the AP-3 protein (Robinson, 1994).
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Having entered the cell, receptor and ligand pass into the early endosome (EE), 
possibly via a very transient passage through a neutral pH compartment (Schmid et 
al., 1989). The early endosome is a large tubulo-vesicular structure (Hopkins et a l, 
1990, Marsh et at., 1985). The extensive tubular networks of this early structure 
form local, though not global, networks beneath the cell membrane (Tooze and 
Hollinshead, 1991). The EE is of mildly acidic pH ~ 6-6.5 (Yamashiro and Maxfield, 
1987b, Schmid et at., 1989), and is the site of dissociation between receptors that 
recycle (for instance the transferrin receptor (TfR)) and their ligands. Segregation of 
ligand and receptor and their subsequent sorting is a pH dependent process 
(Yamashiro and Maxfield, 1987a, Yamashiro and Maxfield, 1987b). Recycling receptors 
pass to the tubular areas of the EE, whilst their ligands pass to the vesicular areas, 
from here they enter the mid then late endosome stages (pH ~ 6.0 and ~ 5.5 
respectively) where the majority of endosomal proteolytic activity is found.

Segregation of receptors and ligands occurs soon after internalisation (Stoorvogel et 
al., 1991) by passage of the receptor to a distinct recycling area of the endosome. 
Not all receptors recycle extensively and those that do not, e.g. mig, are degraded 
with their ligands. The presence of transferrin receptor in the early endosome, and 
its removal from this structure by recycling, has allowed TfR to be used as a convenient 
marker of the EE. However there is also evidence that some perinuclear TfR+ recycling 
vesicles exist which are deeper into the endocytic route in terms of time taken to 
reach these structures (Griffiths etal., 1988, Tooze and Hollinshead, 1991, Mellman,
1996).

Endocytosed material can pass through the TfR positive tubulo-vesicular endosome 
as a ‘bolus’ of material with a rate of 0.5-l|im/s, or as a varicosity with a slower 
(0.05|Lim/s) transport rate (Hopkins et al., 1990). As material moves further into the 
cell it begins to encounter endosomes containing multiple internal vesicles (multi
vesicular endosomes). These structures can be encountered early on and after 20 
mins are concentrated in the perinuclear area. Within 1 hour material is present in 
multi-laminar vesicles (Hopkins et al., 1990). The multi-vesicular/multi-laminar 
structures are thought to derive from infolding of the external vesicle membrane 
(Hopkins et a l, 1990).
The late endosome is characterised by the presence of the mannose 6-phosphate 
receptor (M6PR). This receptor recognises a tertiary structural motif on enzymes 
destined for lysosomal residence, such as the aspartic proteinase cathepsin D. There 
are two forms of M6PR; the 215kDa cation independent (CI)-M6PR, and the 46kDa 
cation dependent (CD)-M6PR (Kornfeld and Mellman, 1989). These two receptors 
carry overlapping but different pools of lysosomal enzymes to their destination 
(Ludwig et al., 1994, Pohlmann et al., 1995). The mannose 6-phosphate receptor
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recycles from the late endosome to the trans Golgi network (TON) of the cell, there 
to collect more lysosomal enzymes on the export pathway. This leaves the M6PR 
positive vesicle as the last step before the final stage of the endocytic pathway - the 
lysosome (Griffiths et a l, 1988, Geuze et a l, 1988).

Transport from the TGN to late endosomes involves clathrin coated vesicles and 
AP-1 proteins (Mellman, 1996), and appears to be controlled by phosphatidyl inositol 
3-kinase (PI3-K) as inhibition of this enzyme leads to secretion of pro-cathepsin D 
(Davidson, 1995). The exact site of delivery of M6PR vesicles has yet to be determined. 
The fungal metabolite brefeldin A caused early endosomal structures to fuse with 
the TGN, indicating a possible direct link to early endosomal structures (Wood et 
a l, 1991, Lippincott-Schwartz et a l, 1991). A study on the distribution of the M6PR 
also indicated that this receptor may deliver its ligand to an early endosome, from 
whence it could traffic to later structures (Ludwig et a l, 1991).

The final stage of the endocytic route is the lysosome, small, dense organelles with 
a low pH ~ 5.2-5.3 (Yamashiro and Maxfield, 1987a). They contain the aspartic 
proteinase cathepsin D and show high proteolytic activity (Schwartz, 1990). Unlike 
endosomal structures, lysosomes show few tubular profiles and are mainly spherical 
organelles, which are often multi-vesicular and located in the peri-nuclear region of 
the cell (Marsh et a l, 1985). Lysosomes are traditionally considered not to support 
recycling to the cell surface (Stoorvogel, 1993), however there is data that suggest 
such recycling from lysosomes can occur (see section 1.2.4.4)

Two different models have been proposed to explain transport between endocytic 
structures:

1. That endocytosed material enters separate sorting/early endosomes, and late 
endosomes by transport between these structures, which are themselves stable. 
The endoplasmic reticulum, Golgi apparatus and lysosomes can use kinesin based 
interactions with microtubules to allow ATP dependent bi-directional transport of 
shuttling vesicles. There is evidence that delivery from clathrin coated pits and 
delivery to lysosomes is via budding of such shuttle vesicles, the destination of the 
vesicle generally being controlled by sorting signals within the proteins it carries 
(Schwartz, 1990, Griffiths and Gruenberg, 1991, Pfeffer, 1996).

2. Mid and late endosomes develop by evolution of earlier structures. Rather than 
shuttling material between endocytic structures, this second model proposes that 
the vesicular areas of early endosomes retain the material they have captured and
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mature into later structures. These later structures show a gradually decreasing 
ability to receive newly endocytosed material from the cell surface (Dunn and 
Maxfield, 1992, Murphy, 1991, Stoorvogel, 1993).

Whilst there is evidence for both these models, a definitive distinction between 
them would be very hard to demonstrate, and the actual nature of transport along 
the endocytic route may represent a mixture of the two proposed mechanisms 
(Helenius et a l, 1983). It may be the case that early and late endosomes represent 
separate populations. TfR+ EEs were found to show fusion activity with other early 
structures in a cell free system. Depolymerisation of microtubules with the drug 
nocadazole had no effect on this, but blocked transport to later endosomes and 
lysosomes (Gruenberg et a l, 1989, Tooze and Hollinshead, 1991). The importance 
of microtubules in endocytic transport was thought to be demonstrated by the 
Drosophila mutation sbibire. These flies exhibit a temperature sensitive paralysis 
due to failure of exocytic/endocytic neurotransmitter transport. The mammalian 
homologue of the sbibire gene is the microtubule binding protein dynamin (van 
der Bliek and Meyerowitz, 1991) a protein which now appears to be important in 
pinching off of clathrin coated vesicles, rather than in microtubule based transport 
(Robinson, 1994).

Within the late endosomal/lysosomal population of vesicles there is also evidence 
for fusion events occurring (Mullock et a l, 1994, Bright et a l, 1997). One study 
found that late endosomal contents could not enter structures of lysosomal density 
unless pre-existing lysosomes were already there, an indication in favour of the 
pre-existing structures hypothesis (Mullock et a l, 1994).

In recent years the study of the endocytic and exocytic processes has changed from 
one of pure morphology and has developed molecular aspects. A group of ras 
related small GTP binding proteins - the rab proteins, have been found to be 
specifically associated with distinct endocytic structures (see Mellman, 1996). For 
instance, rab4, rab5 and rab 11 associate with early endosomes, whilst rab7 and rab9 
localise to late endosomes (Chauvrier eta l, 1990, van der Sluijs et a l, 1991, Lombardi 
e ta l ,  1993, Mellman, 1996). rab proteins appear to control endocytic sorting events, 
for example overexpression of rab4 in Chinese hamster ovary (CHO) cells prevented 
passage of transferrin receptor to acidic early endosomes where iron/Tf dissociation 
normally occurs (van der Sluijs e ta l, 1992). rab5 appears to promote the passage of 
TfR into EEs, thus opposing the action of rab4 (Bucci et a l, 1992). In the late 
endosome expression of rab9 stimulates transport from the LE to the TGN (Lombardi 
et a l, 1993), whilst a dominant negative mutant of rab7 caused accumulation of 
fluid phase markers in EEs (Feng et a l, 1995).
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In summary, endocytosed material passes into a cell through a series of vesicular 
structures of increasing density and acidity. Although an extensive nomenclature 
and classification exists for the structures of the endocytic route, it should be 
remembered that the system is a dynamic continuum and as such can often best be 
defined functionally. The environment of the endocytic route is the background on 
which the mechanisms of antigen processing operate.

1.2.3.2 Antigen capture and uptake by B lymphocytes

All cells are capable of sampling the extracellular environment by constitutive 
micropinocytosis - a process of uptake where the plasma membrane invaginates to 
enclose a small amount of extracellular fluid. B cells are capable of using this 
mechanism to obtain antigen for presentation, however the concentration of 
extracellular antigen required to elicit an equivalent T cell response is reduced by 
10  ̂- 10̂  fold if the presenting B cell expresses a specific membrane Ig for the 
antigen (Chesnut et a l, 1982, Rock et a l, 1984, Lanzavecchia, 1985, reviewed in 
Lanzavecchia, 1990). This effect is probably partly due to an increased surface 
concentration of the Ag, as targeting Ag to other B cell surface molecules also 
reduces the amount required for presentation (Lanzavecchia, 1990).

Concentration of antigen at the cell surface doesn't, however, wholly account for 
the enhancem ent effect. Targeting Ag to ml g is more effective in increasing 
presentation than targeting to MHC class I (Tony et a l, 1985) and ligation of mIg 
increases the efficiency of presentation without the need for cross-linking or 
internalisation (Casten e ta l, 1985). This suggests that the mig can mediate signalling 
into the B cell, leading to enhancement of MHC class II presentation. Cross-linking 
of mig has also been reported to have such an effect on the presentation of both 
mig bound and fluid phase antigens, this enhancement was inhibited by protein 
tyrosine kinase inhibitors (Xu e ta l,  1996). The signalling pathway initiated by mig 
cross-linking may communicate directly with the intracellular Ag processing 
compartment (Xu et a l, 1996). mig ligation also boosts the presentation of peptide 
fragments of antigen by cells fixed before presentation (Casten e ta l, 1985), indicating 
that the enhancement may act via an increase in cell surface MHC class II or co
stimulatory molecule expression.

Antigen bound to the mig is endocytosed rapidly, and despite recycling of Ag/Ig to
the cell surface, the ultimate fate of the captured Ag is extensive degradation (Watts
and Davidson, 1988). This mig uptake may or may not require cross-linking of the
mig, although cross-linking does increase the rate of endocytosis and amount of
Ag/Ig endocytosed (Tony et a l, 1985, Song et a l, 1995). Once endocytosed by the
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mig, Ag passes via TfR positive early endosomes to an intracellular compartment 
where it is proteolytically degraded and loaded onto MHC class II. Antigen internalised 
via surface Ig passes through both low and high density compartments and antigen 
proteolysis occurs in both (Davidson et a l, 1990). This occurs within 30 minutes of 
endocytosis (Drake et a l, 1997, Barnes and Mitchell, 1995, Davidson et a l, 1991, 
West et a l, 1994). The route taken to this compartment may or may not be affected 
by mig crosslinking (Song et a l, 1995 - see below).

1 .2 3  -2.1 The role o f the B cell receptor

mig on the B cell surface is non-covalently associated with a disulphide linked 
heterodimer of Iga and IgP subunits forming the B cell receptor (BCR). On cross 
linking of the BCR the Iga and p chains become phosphorylated and provide B cell 
activation signals (Clark et a l, 1992). However we have already seen that Ag 
internalisation and presentation may not require mig cross-linking, thus the role of 
Iga and p subunits in Ag uptake remains unclear.

Patel and Neuberger found that the BCR was necessary for efficient internalisation 
and subsequent presentation of Ag (Patel and Neuberger, 1993). In non-lymphoid 
cell lines mIgM requires Iga and P for successful exit from the Golgi (Matsuuchi et 
a l, 1992). In B cells with mutant IgM, which does not associate with BCR, the IgM 
is found expressed at low levels on the cell surface, however this molecule cannot 
signal or be internalised (Grupp et a l, 1993).

Bonnerot eta l, showed that intracellular trafficking of an Fc receptor/BCR cytoplasmic 
tail hybrid was dependent on the presence of Iga or IgP subunits. Both FcR/Iga and 
FcR/Igp were capable of delivering Ag for presentation on MHC class II, however 
with greatly different kinetics. Ag targeted to Igp fusions was presented again on 
the cell surface within 15 minutes, showing little proteolytic degradation, in contrast 
Iga fusion targeted Ag was presented after 1 hour with more extensive proteolytic 
degradation. On examining the intracellular compartments accessed by the different 
chimeras it was seen that Igp fusions passed to an early endocytic compartment and 
associated with recycling MHC class II, whilst Iga fusions passed further into the 
endocytic route and delivered their Ag to newly synthesised MHC class II (Bonnerot 
et a l, 1995). Whilst both Iga and p subunits associate with PI-3 kinase (implicated 
in endocytosis signalling (Watts, 1997a)), Iga associates with members of the Src 
family of kinases whilst Igp associates with different, as yet unidentified protein 
kinases (Clark et a l, 1992). Such differences in signalling may account for different
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intracellular trafficking following endocytosis. These data indicate that the nature of 
the BCR may affect the intracellular compartment reached by endocytosed Ag, 
although it is not known whether any such effect occurs in vivo.

Shaw et a l, demonstrated a dissociation between the signalling and Ag presentation 
functions of mig: mIgM with a mutation at Tyrosine 587 in the transmembrane 
domain of the molecule could not mediate antigen presentation, although it was 
endocytosed normally, and could associate with and signal through the BCR (Shaw 
e ta l ,  1990). Subsequently it was demonstrated that whilst both wild type (WT) and 
mutant receptors could mediate antigen uptake, and target antigen to a compartment 
where T cell epitopes could be generated, only WT mig targeted Ag to a compartment 
where MHC class II encounter could occur. This compartment was not accessed by 
pinocytosed antigen (Mitchell e ta l,  1995). mig with the transmembrane domain of 
I-Aa cannot mediate presentation of antigens requiring targeting to late endosomes 
(Liu et a l, 1998a). These data support the idea that MHC class II loading occurs in 
a distinct, specialised compartment which is not necessarily accessed by default 
following Ag endocytosis.

Whilst the whole transmembrane domain of IgM g heavy chain is required for the 
antigen presentation function of IgM, only the proximal two thirds are required for 
calcium signalling. Again this indicates a dissociation between signalling and antigen 
presenting functions of Ig (Parikh et a l, 1992).

The requirement for BCR in mig mediated antigen presentation may depend on the 
type of Ig in question, IgG for instance seems to be less dependent on BCR (reviewed 
in Watts, 1997a). Unlike IgM and D, IgG possesses a long cytoplasmic tail and can 
be transported from the Golgi in the absence of BCR (Knight et a l, 1997). Cell 
surface IgG can be internalised and signals in its cytoplasmic domain control its 
movement to endocytic structures in the cell in the absence of the BCR. If the 
cytoplasmic domain was removed from the mIgG this endocytosis signal could be 
substituted for by the BCR (Knight et a l, 1997).

1.23-2.2  Antibody footprinting’

There is evidence to suggest that Ags bound by antibody are processed differently 
due to stabilisation of regions of the Ag falling within the ‘footprint’ of the antibody. 
It has been demonstrated for epitopes of tetanus toxin that the binding of a specific 
antibody specifically boosts the presentation of one epitope more than 10 fold, 
whilst suppressing the presentation of another epitope, and having no effect on a 
third epitope. This occurred whether the antibody bound to the Ag was expressed
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on the surface of the B cell, or taken up ‘piggy-back’ fashion already bound to the 
antigen (Watts and Lanzavecchia, 1993, Simitsek et a l, 1995). Suppression of 
presentation by an antibody can occur simultaneously with enhancem ent of 
presentation due to increased capture by the Fc receptors of other APCs (Watts and 
Lanzavecchia, 1993).

1.2.3-2.3 The effect o f complement proteins on B cell antigen capture

The proteins of the complement cascade bind to, and associate with, antigen during 
activation of the cascade. Thus antigens complexed to proteins of the complement 
cascade may be differentially captured and processed by APCs. The attachment of 
1, 2 or 3 molecules of the complement protein C3d to the model antigen hen egg 
lysozyme (HEL) lowered the threshold amount of Ag required to activate B cells by 
binding mig, in a manner dependent on the number of C3d molecules bound 
(Dempsey et a l, 1996). Furthermore, on immunisation of mice with the HEL-C3d 
proteins the dose of antigen required to induce equivalent primary and memory 
responses was reduced 10 fold for each C3d added, the HEL-C3d^ molecule being a 
more effective immunogen than unconjugated HEL in complete Ereund’s adjuvant.

This increase in immunogenicity was probably due to increased B cell activation 
via co-ligation of the complement receptor 2 (CR2 - CD21) and CD19 (Dempsey et 
a l, 1996). The effect may also be mediated via increased Ag endocytosis (discussed 
in Watts, 1997a). The attachment of complement proteins may also qualitatively 
alter the proteolytic degradation of antigen (Jacquier-Sarlin et a l, 1995).

1.2.3 .2.4 B cell Fc receptor uptake

The Fey receptor expressed by B cells (FcyRII-Bl) differs from the equivalent 
monocyte lineage receptor (FcyRII-B2) by the presence of a 47aa insert in the 
cytoplasmic domain of the molecule (Miettinen e ta l, 1989, Amigorena e ta l,  1992a). 
This insert alters the behaviour of the receptor with respect to its monocyte 
counterpart, such that co-ligation of this receptor with mig causes inhibition of B 
cell activation. The insert also prevents the internalisation of ligated FcR, instead 
causing capping of the molecule in discrete areas of the plasma membrane (Miettinen 
e ta l,  1989, Amigorena e ta l,  1992a). Taken together these findings indicate that the 
Fey receptor expressed by B cells does not function in uptake of antigen for 
processing, but acts to prevent B cell processing of Ags not bound by that cells mig.
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This mechanism may be important in the preservation of self-tolerance in the B cell 
compartment, and in helping the B cell to more efficiently obtain help for production 
of its Ig.

In summary the mechanism of the capture of antigen by a B cell can have profound 
effects on the antigen’s subsequent processing. Capture of antigen via mIg/BCR 
leads to enhanced antigen presentation, intracellular signalling and endocytic passage 
of Ag/mlg to an intracellular compartment specialised for the generation of T cell 
stimulatory peptide/MHC complexes. The proteins associated with a B cell captured 
antigen can alter the state of cellular activation and the epitopes generated on 
processing of that antigen.

1.2.3.3 Antigen capture and uptake by dendritic cells

The dendritic cell was originally described as having a low endocytic capacity and 
paucity of lysosomes, indeed these were features used to distinguish between DCs 
and macrophage populations (Steinman and Cohn, 1973, Steinman and Cohn, 1974). 
As the function of DCs was studied, it became apparent that they were enormously 
potent antigen presenting cells (Steinman and Witmer, 1978, Nussenzweig and 
Steinman, 1980b, Klinkert et al., 1980) and thus a paradox came into being - how 
could cells with such a low endocytic capacity effectively capture, process and 
present antigen?

Several hypotheses were proposed to explain this discrepancy (Steinman and 
Swanson, 1995). There is experimental evidence to support each of these:

1. DCs have extensive endocytic activity with passage through early and late 
endosomes, but little of this is delivered to lysosomal compartments.
2. DCs have specialised mechanisms of antigen capture akin to B cell surface Ig.
3. The endocytic capacity of DCs changes with DC maturity.

Levine and Chain showed that both DCs and B cells had two functionally distinct 
endocytic compartments; an early compartment of t̂ ^̂  ~ 4 minutes and a late 
compartment of 85 minutes. Previous studies had only measured ‘macrophage 
type’ endocytosis and passage to lysosomes using long chase times. However, using 
this two stage model Levine and Chain demonstrated that traffic through the late 
endocytic compartment was equivalent in DCs and B cells (Levine and Chain, 1992).
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1.2.3 3 I DCs demonstrate specialised mechanisms o f antigen capture

An incidental finding of Levine and Chain’s study was that DCs showed a very high 
uptake of dextran compared to other fluid phase markers, suggesting the possibility 
of a specific receptor. Sallusto et a l, (1995) demonstrated the importance of the 
mannose receptor (MR), originally identified as a macrophage receptor mediating 
phagocytosis (Ezekowitz et a l, 1990). The MR shows a high capacity uptake of 
mannose and horse-radish peroxidase (HRP) in a calcium dependent process which 
is blocked by anti-MR antibodies (Sallusto e ta l, 1995). A related receptor, DEC-205, 
was found to be expressed by mouse dendritic cells and thymic epithelial cells in 
mice (Jiang et a l, 1995).

In addition to the role of the mannose receptor Sallusto et a l, also demonstrated the 
antigen uptake into large pinosomes (0.5-3|im in diameter) in the actin cytoskeleton 
driven process of macropinocytosis. Macropinocytosis proved to be a non-specific, 
high capacity fluid phase uptake mechanism which was not saturated by high 
concentrations of ligand (unlike the mannose receptor). Macropinosomes were 
observed 30 seconds after the addition of the fluid phase markers Lucifer yellow, 
dextran or HRP (Sallusto et a l, 1995).

1.2.33-2 Antigens taken up by macropinocytosis and  the mannose receptor reach 
an  MHC class II containing compartment

These two uptake mechanisms were shown to have functional effects on the efficiency 
of antigen presentation. Both macropinocytosis and the mannose receptor target 
antigen to an MllC-like (see section 1.2.4.2) compartment positive for the lysosomal 
markers cathepsin D and lysosomal associated membrane protein (lamp)-l which 
was enriched for MHC class II. This compartment was reached by ligand 15 minutes 
after uptake (Sallusto et a l, 1995). Subsequent work has demonstrated that the 
m annose receptor directs ligand through a clathrin coated vesicle to meet 
macropinocytosed antigen in a large vesicle 5 minutes after uptake. Here the MR 
and its ligand dissociate, antigen from both sources then trafficking together to an 
MUG like structure (Tan et a l, 1997). Having dissociated, MR recycles to the cell 
surface for subsequent rounds of antigen capture and uptake. By this mechanism 
DCs are able to capture and endocytose far greater amounts of MR ligand than they 
have MR available (Sallusto et a l, 1995).
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DEC-205 also directs antigen to a compartment morphologically resembling an 
MUG and reached 20 minutes after uptake. Antigen targeted to this compartment is 
subsequently presented on the cell surface (Jiang et a l, 1995).

1 .2 .3 3 3  Targeting o f antigen to MR increases the efficiency o f its presentation

Antigens targeted to DEC-205 are presented with the same response at a concentration 
two orders of magnitude lower than for un-targeted antigen (Jiang et a l,  1995). In 
human DCs mannosylated peptides were presented 3000 times more efficiently 
than their non-mannosylated counterparts, whilst mannosylated proteins were 
presented 200 times more efficiently (Tan e ta l,  1997). Mannosylation of an antigen 
also appears to alter the kinetics of antigen presentation - with short exposure times 
to peptides (2 minutes with low peptide concentrations) mannosylated peptides 
could be presented whilst the non-mannosylated equivalent required a longer 
exposure. This process required the cells to be active, and presumably required 
internalisation of peptide (Tan et a l, 1997). Thus the expression of the mannose 
receptor may improve antigen presentation efficiency in vivo by facilitating the 
capture and processing of bacteria via their cell surface associated carbohydrates.

1.2.3.3-4 Phagocytosis by DCs

Bone marrow derived DCs, Langerhans cells and interstitial DCs are also capable of 
capturing particulate antigens by phagocytosis (Reis e Sousa et a l, 1993, Inaba et 
u l, 1993b, Matsuno et a l, 1996) and can present antigens derived from particulate 
bacteria (Kaye et a l, 1985). As for other means of DC antigen capture, phagocytic 
activity is greater in immature than mature DCs (see below). Bacterial epitopes can 
be presented to both primed and naive T cells following phagocytosis of whole 
bacteria by DCs (Inaba et a l, 1993b). Beside bacteria, DCs can also phagocytose 
latex particles and yeast cell wall components (Reis e Sousa e ta l,  1993). However, 
unlike macrophages, phagocytosis of antibody opsonised particles was not detected. 
The receptor for microbial uptake may be one of the DC/macrophage carbohydrate 
receptors (Reis e Sousa et a l, 1993).
Antigens contained within bacteria phagocytosed by DCs can be presented by both 
MHC class I and II molecules in a manner dependent on passage through an acidic 
endosomal compartment (Svensson et a l, 1997).
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1.2.33-5 Antigen capture by DCs is downregulated on maturation

As discussed in section 1.2.1.3.1 the maturation of DCs is characterised by an increase 
in antigen presenting ability but a decrease in the ability to process antigen. This 
decrease correlates with a loss of acidic endosomes (particularly early endosomes) 
in DCs, and a loss of Birbeck granules (acidic structures unique to LCs, of unknown 
function but probably endocytic) in Langerhans cells (Stossel etal., 1990). The loss 
of endocytic activity is concurrent with increased surface class II expression and 
occurs in both receptor mediated and fluid phase uptake (Sallusto and Lanzavecchia, 
1994, Sallusto et al., 1995, Winzler etal., 1997, Celia etal., 1997). This process may 
be mediated by the membrane diffusible mediator ceramide, which is produced in 
DCs in response to TNF, IL-1 and CD40L, and acts to downregulate antigen uptake 
(Sallusto et a l, 1996).

1.2.3.4 Other mechanisms of antigen capture

Macrophages and DCs, unlike B cells, are capable of using Fc receptors to internalise 
Ag already bound to immunoglobulin (Steinman and Cohn, 1972a). Unlike uptake 
mediated by B cell mig, cross-linking of Fc receptors is an absolute requirement for 
their uptake and degradation. In the absence of cross-linking, receptor and 
monovalent ligand remain cycling between the cell surface and early endosomes 
(Mellman and Plutner, 1984, Mellman e ta l, 1984). Uptake following cross-linking is 
dependent on the presence of phosphorylation of two tyrosine residues in the 
cytoplasmic tail of the y (signal transducing) subunit of the Fc receptor (Allen and 
Aderem, 1996, Greenberg et a l, 1993, Amigorena et a l, 1992b). Cross linking the 
FcyRIII in B cells transfected with this receptor, resulted in its traffic through TfR 
positive early endosomes to a late endosomal structure. The amount of antigen 
required for half maximal T cell stimulation was reduced by 30-100 times if directed 
through the transfected receptor and uptake studies indicated that this reduction 
was probably due to increased uptake of antigen (Amigorena et a l, 1992b).

Complement receptors are also important in the capture and uptake of antigen by 
m acrophages. The cytoskeletal elements involved in com plem ent m ediated 
internalisation appear to differ from those involved in Fc m ediated uptake. 
Complement receptor mediated uptake is blocked by protein kinase C inhibitors, 
rather than the phosphotyrosine inhibitors affecting FcR uptake (Rabinowitz et a l, 
1992). Macrophages can also use the mannose receptor for capture of pathogens 
such as Pneumocystis carinii (Ezekowitz et a l, 1991).
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The process of macropinocytosis used by DCs in antigen capture was previously 
described in macrophages. These cells are capable of capturing large volumes of 
solute and moving them towards the centre of the cell. As macropinosomes pass 
further into the cell, they acquire characteristics of later endocytic structures, eventually 
merging with the macrophage tubulo-vesicular lysosome (Racoosin and Swanson, 
1992, Racoosin and Swanson, 1993 - see section 1.2.4.4).

The m ethod of antigen uptake by macrophages can both quantitatively and 
qualitatively affect antigen presentation. T cell activation by macrophages is optimal 
when Ag is captured with a slight antibody excess. Large excesses of antibody 
result in inhibition of antigen degradation in vitro and an inhibition of T cell 
activation by macrophage presentation (Manca etal., 1991). The Fc receptor involved 
in antigen capture also has an effect (Perkins and Chain, 1986). In a B cell lymphoma 
transfection system the FcyRII-B2 receptor was found mediate presentation of 4 of 
11 captured epitopes. In contrast the FcyRIII receptor could mediate presentation of 
all 11 epitopes, including two cryptic epitopes not normally presented by the AFC 
system (Amigorena et a l, 1998 - see section 1.3.2). This presentation of cryptic 
determinants was not due to increased cellular activation per se but required the 
antigen in question to be bound to the receptor, indicating that targeting to a specific 
intracellular compartment may be important (Amigorena et a l, 1998 - see next 
section)

1.2.4 Antigen processing and peptide loading compartments

1.2 .4.1 The nature of the antigen processing/peptide loading compartment

The structure of the endocytic route discussed in section 1.2.31 raised a problem 
with the nature of any antigen presenting compartment. It was hypothesised that 
any compartment supporting peptide loading of MHC would require features of 
both early and late endocytic structures. The breakdown of antigen would be thought 
to require the proteolytic activity associated with later endocytic structures, whilst 
the passage of loaded MHC to the cell surface would require the recycling capability 
of the early endosome (Watts, 1997a). Such a structure had never previously been 
described and may represent a specialisation of the endocytic route found only in 

APCs.
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1.2.4.2 The ‘MIIC’

Since 1990 an intensive research effort has been mounted into identifying such a 
specialised compartment. This has done much to morphologically define putative 
peptide loading compartments, enriched in MHC class II, but it has yet to clearly 
define the cellular homologues of all the known biochemical steps in antigen 
processing.

Nearly all the stages of the endocytic pathway have been proposed as the site of 
peptide loading. A TfR positive early endosome of IM9 B cells was reported to be 
reached by mig in 2 minutes, to contain nascent MHC class II and the proteinases 
cathepsins B and D. The compartment was acidic and thought not to be a clathrin 
coated vesicle (Guagliardi et a l, 1990). However a later study using the same cells 
could not repeat these findings (Peters et a l, 1995).

Using immuno-electron microscopy, Peters et a l, identified a lysosomally related 
compartment in EBV transformed B cells which was enriched for MHC class II and 
which they dubbed the MHC class II containing com partm ent (MIIC). This 
compartment was late in the endocytic route (reached by 60 minutes of endocytosis), 
positive for the lysosomal markers lamp-1 and p-hexosaminidase (p-hex), but negative 
for the late endosomal marker M6PR. The MIIC appeared mainly in the peri-Golgi 
area and showed a morphology related to the classical late endosom e/dense 
lysosome, having either a multi-vesicular appearance (many small vesicles within 
the MIIC) or a multi-laminar appearance (having many concentric membrane sheets 
within the MIIC). The compartment was acidic, but apparently less so than late 
endosomes or lysosomes (Peters et a l, 1991). The multi-vesicular/multi-laminar 
appearance of MIIC and other reported MHC class II enriched structures has been 
described in other cells and appears to correlate to a position later in the endocytic 
route (multi-laminar structures being later than multi-vesicular - Hopkins et a l, 
1990).

Subsequent to this MIIC or MllC-like compartments were identified in other cell 
types including dendritic cells (Kleijmeer eta l, 1995, Nijman e ta l, 1995), Langerhans 
cells (Kleijmeer et a l, 1994), macrophages (Harding and Geuze, 1993) and in an 
MHC class II processing competent melanoma cell line Mel JuSo (TuIp et a l, 1994, 
Pieters et a l, 1991, Fernandez Borja et a l, 1996).

An MIIC like compartment in another B cell line was shown to be accessed by Ag 
bound to mig (West et a l, 1994) whilst in the DC, MIICs are accessed by ligand 
captured by the mannose receptor (Tan et a l, 1997).
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MIIC like compartments in Mel JuSo cells were separated from other compartments 
by density gradient electrophoresis (DGE) which separates subcellular organelles 
on the basis of charge and density (Tulp et al., 1994). This showed MIICs to be 
separate from the positions of both classical lysosomes and late endosomes in such 
a separation. Pulse-chase analysis showed these distinct compartments receive nascent 
MHC class II between 4 and 8 hours after synthesis and li degradation was shown 
to occur in these compartments (Tulp et a l, 1994). By isoelectric focusing it was 
seen that the protein content of this compartment differed from that of other 
compartments obtained by DGE (Tulp et a l, 1994).

1.2.4.2.1 Evidence fo r  peptide loading in MIIC

As HLA-DM is central in the exchange of peptide for CLIP on MHC class II (section 
1.2.2.4.1), the presence of this molecule in such compartments was deemed to be 
strong evidence that they were the site of peptide loading (Denzin et a l, 1994, 
Sanderson et a l, 1994). Tyrosine 230 in the cytoplasmic tail of HLA-DM was shown 
to be important in the targeting of HLA-DM to a lamp-1 positive endocytic 
compartment, although in tailless HLA-DM, associated li could substitute for this 
targeting signal (Lindstedt et a l, 1995). In fractionation of Mel JuSo, HLA-DM co
migrated with a light lysosomal MHC class II positive fraction, that also contained 
peptidase activity (Fernandez Borja et a l, 1996). However, other workers have not 
found HLA-DM to be specifically located to the MIIC, but instead to be distributed 
along the whole endocytic route (Pierre e ta l,  1996), questioning the value of HLA- 
DM as a marker of the peptide loading compartment. DM in the endocytic route 
was found to be essential for the generation of SDS stable MHC II in a study on 
transfected fibroblasts (Karlsson et a l, 1994).

The acquisition of SDS stability by MHC class II has been demonstrated to correlate 
with peptide loading (reviewed in Sadegh-Nasseri and Germain, 1992). The time 
dependent acquisition of SDS-stability for MHC class II dimers has been demonstrated 
in the MIIC (Tulp et a l, 1994, West et a l, 1994). In B cells fed with a labelled 
antigen, assembly of MHC/antigen complexes could be detected within 30-60 mins 
in an acidic vesicle (Marsh et a l, 1992). Finally compartments isolated from 
macrophages could present Ag to T cells (Harding and Geuze, 1993). Thus there is 
evidence of the machinery for peptide loading in MIIC and that loaded MHC class 
II is generated in these compartments.

In cell lines deficient in HLA-DM, CLIP loaded MHC class II dimers were seen to
accumulate in very large intracellular vesicles from where they were transported at
very low rates to the cell surface (Riberdy et a l, 1994). Apart from their large size

64



Introduction

these compartments showed all the other serological markers of an MIIC. This 
suggests that transport of MHC class II occurs to MIIC in discrete vesicles and 
loaded MHC leaves in separate vesicles following removal of CLIP, thus generating 
distended vesicles when CLIP removal doesn’t occur.

A recent study has indicated the importance of multi-vesicular late endosomes in 
class II mediated antigen presentation. The Chediak-Higashi syndrome is a recessive 
autosomal disease caused by a defect in a single gene encoding a protein of unknown 
function, called lysosomal-trafficking regulator. Patients with Chediak-Higashi 
syndrome show a defect in lysosomal formation with enlarged lysosomes. In contrast, 
late endosomes seem to be morphologically unaffected by this genetic defect. 
However generation of Ag loaded MHC class II is decreased and delayed in B cells 
from these patients. On close study this appeared to be due to a delay in the 
accumulation of MHC class II and associated molecules such as DM in late endosomes 
(Faigle e ta l,  1998). The fact that in these patients the clinical phenotype associated 
with a defect in global endosomal/lysosomal function is immunodeficiency, indicates 
the importance of the endosomal antigen processing pathway in host defence.

1.2.4.2.2 Structure o f  the MIIC

A detailed structural analysis of the MIIC in B cells showed it to be an irregular 
globular structure, approximately 800nm in diameter. The compartment shows no 
direct connection with other intracellular compartments. The membranes of the 
multi-laminar MIIC are the classical ‘unit membrane’. Interestingly sections through 
the ‘top’ and ‘base’ of an MIIC show a multi-laminar appearance, whilst sections 
through the middle demonstrate a multi-vesicular structure, thus the multi-vesicular/ 
laminar definition of MIIC may be dependent on section height (Calafat et a l, 
1994).

1.2.4.2.3 MIIC form ation is induced by MHC class II

MIICs represent a specialisation of the APC. However, by transfection of MHC class 
II into 293 human kidney cells, the formation of MIICs could be demonstrated 
(Calafat e ta l, 1994). In the presence of the protein synthesis inhibitor cyclohexamide, 
MIICs were lost from the cell, suggesting they need constant MHC synthesis for 
their maintenance. Compartments morphologically similar to MIIC were also seen
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to be induced just by the presence of li (Riberdy et a l, 1994). Karlsson et a l, found 
that both li and MHC II were required to reconstitute the MHC II compartment in 
non antigen presenting cells (Karlsson et a l, 1994).

1.2.4.3 The CUV

Whilst the MIIC is a lysosomally related compartment, another putative peptide 
loading compartment identified - the Class II containing vesicle (CIIV), appears to 
be related to an earlier endocytic structure. CIIV were identified in murine B cells 
and morphologically resemble MIIC (Amigorena et a l, 1994).

Like MIIC, CIIV can be separated from other endocytic structures on the basis of 
their distinct charge and density, and are less dense than lysosomes. However they 
show no overlap with p-hex activity and do not contain the lysosomal marker 
lysosomal glycoprotein (Igp)-A (Amigorena et a l, 1994). They are reached by 
endocytosed ligand within one hour of uptake (Amigorena e ta l,  1994) and may be 
specifically targeted by mig captured ligands, as these are delivered preferentially 
to CIIV, whilst there is a lower than normal traffic of pinocytosed ligand to these 
structures (Drake et a l, 1997).

CIIV accumulate newly synthesised MHC class II 30 minutes after synthesis and this 
shows a peak of accumulation and SDS stability 60 minutes after synthesis. By 120 
minutes this MHC class II is all present on the cell surface. CIIV contain little li and 
no whole li (Amigorena et a l, 1995), implying that MHC class II may have first 
passed through endosomes before reaching the CIIV. The loss of the plO fragment 
of li from CIIV immediately precedes the acquisition of SDS stability by MHC in 
these compartments and indicates that MHC loading can occur here (Amigorena et 
a l, 1995). HLA-DM is present in CIIV (Pierre et a l, 1996) and CIIV collected on 
filters could present Ag to T cells (Amigorena et a l, 1994).

The fact that CIIV contain transferrin receptor may indicate that they are related to 
early endosomes. Studies on the presentation of antigens conjugated to transferrin 
have found that these antigens pass into the endocytic route of the cell and distribute 
with transferrin receptor (McCoy e ta l,  1993b). These antigens do not penetrate the 
high density lysosomes of the cell but remain in the endosomal fractions, however 
they are successfully presented to T cell clones by B cell lines (McCoy et a l, 1993a, 
McCoy et a l, 1993b). This is evidence that pre-lysosomal compartments contain all 
the necessary machinery for generating antigenic peptides and loading MHC II.
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Transfection of MHC and li negative cells with li alone induced the formation of 
large 'macrosomes’ on the endocytic pathway, which were TfR positive, but MPR 
and y-adaptin negative, these could represent an induced CIIV related structures 
ÇRomSigaoM et a l, 1993).

Thus CIIV seem to fulfil many criteria for an MHC peptide loading compartment: 
they are endocytically accessible, may have recycling capability, they accumulate 
nascent MHC class II which can also be loaded in these compartments.

1.2.4.4 Lysosomal processing compartments

MIIC appear to be a compartment related to late endosomes/lysosomes, whilst CIIV 
have m ore of the characteristics of an early endosom e. Several studies on 
macrophages have indicated the importance of lysosomes as processing organelles 
in these cells. Macrophages can present peptides derived from both the surface and 
interior of phagocytosed E. Coli (Pfeifer et a l, 1992). Such processing of bacteria 
occurred in a compartment with lysosomal characteristics (MPR negative, cathepsin 
D positive) and a tubulo-vesicular (TV) structure (Harding and Geuze, 1992). In 
macrophages fed liposomally encapsulated antigens, liposomes which only released 
their contents at lysosomal pH mediated more efficient presentation of antigen than 
liposomes labile at the pH of earlier endosomes (Harding et a l, 1991a, Harding et 
a/., 1991b).

Clearly lysosomal structures of low pH can mediate antigen processing. However 
the question of their identity may be one of semantics. The macrophage lysosomes 
described above were a large tubulo-vesicular type, clearly distinct from classical 
dense lysosomes, which accumulated endocytic tracer overnight (Harding and Geuze,
1992). Phagocytosed bacteria reached these TV lysosomes in 10 minutes and after 
40 minutes there was evidence of fusion of dense lysosomes with the TV structures. 
Presentation of antigen began within 20 minutes of phagocytosis (Harding and 
Geuze, 1992).

An argument against the lysosomal nature of the processing compartment has been 
that these compartments are a ‘dead end’ which could not support the re-cycling of 
loaded MHC to the cell surface. There is, however, some evidence that lysosomal 
membranes can recycle to the cell surface with a high rate (Lippincott-Schwartz and 
Fambrough, 1987, Muller e ta l, 1983). There is also evidence emerging that transport 
from loading compartment to surface is an active process which doesn’t require TfR 
type recycling (see section 1.2.5).
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The evidence from studies on transferrin conjugated pigeon cytochrome C discussed 
above indicates that lysosomes are not necessary for the successful presentation of 
antigen (McCoy etal., 1993a, McCoy e ta l,  1993b - see section 1.2.4.3). However as 
a caveat to this data, studies using the same system found that, whilst B cells and 
spleen cells were capable of transferrin-conjugate presentation, macrophages and L 
cell transfectants were unable to present the conjugate (McCoy et a l, 1993c). This 
difference was not due to a lack of transferrin receptor expression, but may instead 
indicate that different APCs use different compartments to degrade antigen and 
load MHC class II. In macrophages infected with Leishmania donovani, parasites 
were accumulated in compartments of a lysosomal nature 48hrs after internalisation. 
On activation of the macrophages with IFN-y, MHC class II free of li accumulated in 
these com partm ents, suggesting a specific role for lysosomal processing in 
macrophages (Lang et a l, 1994). The macrophage, with its extensive lysosomal 
system, may rely more heavily on these later, more dense structures for antigen 
processing, so that degraded material is sampled for MHC class II presentation.

1.2.4.5 Position of processing compartments in the endocytic route

The position of the MIIC in the endocytic route is less clearly defined than the 
serological markers of this compartment. The original report of the MIIC indicated 
a position 60 minutes into the endocytic route (Peters et a l, 1991) but other times 
have been reported:

• 1 0 - 3 0  minutes (West et a l, 1994)
• 15 minutes (Harding and Geuze, 1993, Calafat et a l, 1994, Pieters et a l, 1991)
• 30 minutes (Fernandez Borja et a l, 1996, Kleijmeer et a l, 1995, Nijman et a l, 

1995, Peters et a l, 1995)
• 40 minutes (Riberdy et a l, 1994)

These times usually represent the earliest points endocytic tracer could be detected 
in the compartment and some reports of MIIC in DCs noted increased filling to 60 
minutes and beyond (Nijman et a l, 1995, Kleijmeer et a l, 1995), thus the time for 
Ag first reaching the MIIC may not be the most physiologically relevant time point 
recorded. There is evidence that the multi-vesicular MIIC exists earlier in the endocytic 
route than the multi-laminar, which was not effectively penetrated by Ag in 2 hours 
chase (West et a l, 1994). In an immortalised cell line with some characteristics of a 
DC, endocytosed Ag was ‘held’ in a mildly acidic, MHC class II and cathepsin D 
positive compartment for up to 24h (Lutz et a l, 1997). This may represent a 
mechanism for holding Ag during migration to the lymph node and DC maturation. 
The earliest time points of 10-15 minutes for tracer to reach the MIIC must further
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provide evidence that the compartment is not a classical lysosome. Levine and 
Chain showed that the late endosome in B cells had a half time for traffic of -85 
minutes, whilst classical lysosomal filling was deemed to take place over 2 hours or 
more (Levine and Chain, 1992). The presence of li may further complicate such 
analysis; in cells showing a trafficking time from early endosome to late of 25 
minutes, the addition of li caused this period to be increased to 120 minutes (Gorvel 
e ta l ,  1995).

1.2.4.6 Differences and similarities between processing compartments

Many of the differences between these compartments may be dependent on cell 
type, m ethod of investigation and semantics. MIICs and CIIVs appear to be 
morphologically identical and share other similarities such as a separation from 
other structures on the endocytic route and an enrichment for MHC class II. These 
similarities lead to questions as to whether MIICs and CIIVs really represent different 
compartments. However, their similarities shouldn’t blind us to the differences 
between them, which raise real questions of cell biology such as: what proteinases 
are present within the MHC class II compartment?; what is the pH of the compartment?; 
is the MHC II enriched compartment also the site of the majority of antigen 
breakdown?, and how long Ag remains in the compartment. Ag which does not 
reach an MHC class II compartment can still be processed into T cell epitopes 
(Mitchell et a l, 1995), suggesting that class II compartments are not the only site of 
antigen processing, if they support any significant antigen piocessing at all. The 
nature of antigen processing (i.e. proteolysis) compartments is discussed in section 
I.3.4.I.

The similarities between the two compartments may indicate that they are related. 
It has been suggested that CIIVs are the precursors of MIICs (Peters et a l, 1995), or 
that MIICs represent lysosomal sites of degradation for ‘failed’ CIIVs (Pierre et a l,

1996).

Detailed study of the endocytic route of B cells identified a continuous progression 
of stages of endocytic vesicle (Kleijmeer et a l, 1997):

1. Post-early endosome (10 mins) TfR positive, MHC class II and li positive.
2. ‘Early MIIC’ (30 mins, multi-vesicular) TfR negative, MHC class II and li positive, 

some loaded MHC class II.
3. ‘Intermediate MIIC’ (60 mins, vesicular and laminar) li negative, strongly positive 

for loaded MHC class II.
4. ‘Late MIIC’ (60 mins +, multi-laminar) weaker for loaded MHC class II.
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Thus MHC class Il/Ii may pass to an early structure which could represent the CIIV, 
be loaded in a later structure and be degraded in a lysosomal type structure (Kleijmeer 
e ta l,  1997, Qiu e ta l,  1994). Such a progression of sites of antigen processing raise 
the question of whether further study will reveal the generation of different epitopes 
from the same antigen at different points in the endocytic route.

There may exist specialised processing and loading compartments within a cell. 
Ferrari et a l  working on the Mel JuSo melanoma cell line, found that li and MHC II 
were targeted to an endosomal compartment. From this endosome they passed to a 
separate compartment that was li negative, but enriched in the MHC II loading 
catalyst DM (Ferrari eta l, 1997). This DM containing compartment was not accessible 
to fluid phase endocytosis, but appeared to be accessible to uptake mediated by 
transfected surface Ig (Ferrari eta l, 1997), indicating the possibility that this represents 
the specialised compartment accessed by surface Ig as described by Mitchell et a l, 
(1995). It remains to be seen whether such compartments exist in APCs in vivo.

Neurones and endocrine cells also rely heavily on exocytic/endocytic function for 
their physiological role. These cells also appear to express specialised vesicles 
containing the neuronal protein synaptophysin and these structures may have a 
role in carrying neurotransmitter to the cell membrane. Such structures have been 
described as TfR positive (Johnson e ta l, 1989), negative (Clift-O’Grady e ta l,  1990) 
or both positive and negative within one cell (Cameron et a l, 1991). Thus like the 
MHC II processing compartment these structures may represent specialised 
modifications of the endocytic route allowing easy transport of their contents to the 
cell surface.

CIIVs have been detected in B cells and DCs, whilst macrophages appear to make 
use of tubulo-vesicular lysosomes. Such differences may therefore represent cell 
type specific differences in processing, and imply that different APCs may regulate 
the generation of different T cell epitopes.

The nature of the endocytic route itself is far from clear cut and defining compartments 
on the basis of protein markers expressed is probably an oversimplification. There 
is evidence to suggest that, contrary to being confined to early endosomes, TflR can 
access all endosomes up to the stage of lysosome, but that it preferentially passes to 
early endosomes (Stoorvogel et a l, 1991). The maturation model of endosome 
function leads to the classification of endosomes becoming a somewhat arbitrary 
process (Stoorvogel, 1993) with instead a picture of a dynamic, interconnected 
tubulo-vesicular system sorting and directing endosomal traffic emerging (Hopkins 
e ta l ,  1990).
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W hether MHC II enriched compartments represent a specialisation of the endocytic 
pathway is difficult to determine. The expression of MHC II in previously negative 
cells has been reported to induce class II positive compartments of MIIC morphology, 
morphology which had previously been absent (Calafat et a l, 1994). In contrast, 
close study of the endocytic route found no evidence that processing compartments 
represented a specialisation of the endocytic route, other than their expression of 
MHC class II (Kleijmeer e ta l, 1997), indeed the multi-vesicular/laminar morphology 
is a characteristic of later endocytic structures in all cells (Hopkins et a l, 1990).

In summary, well characterised MHC class II enriched compartments have been 
described on the endocytic pathway of APCs. While there is much evidence that 
these compartments are critical in the generation of loaded MHC class II, it remains 

to be seen what the significance of such endocytic compartments is in vivo.

1.2.5 Passage from the loading compartment to the cell surface

Pulse chase analysis has demonstrated movement of loaded MHC class II to the 
surface from both MIIC (Tulp eta l, 1994) and CIIV (Amigorena e ta l,  1994). However 
the mechanism by which this is achieved and the route taken by the loaded MHC 
remains poorly defined.

The multivesicular form of the MIIC has been reported to move to the cell surface, 
where its limiting membrane fuses with the plasma membrane of the cell (Raposo et 
a l, 1996). The smaller vesicles contained within the multi-vesicular MIIC were then 
released into the extracellular milieu, where they were capable of stimulating T 
cells. Whilst this is the first demonstration of direct transport of MIIC to the cell 
surface, the kinetics of this transport were much slower than that reported for MHC 
class II antigen presentation.

The use of a green fluorescent protein/MHC class II (3-chain construct allowed the 
direct visualisation of MHC transport to the cell surface in Mel JuSo cells. MIIC 
formed near the nucleus of the cell and from here compartments showing normal 
MIIC markers were observed to move to, and directly fuse with, the cell membrane 
(Wubbolts et a l, 1996). The rate of transport of these compartments was estimated 
to be 5|xm/minute, which is very rapid compared to endosomal transport, and their 
transport was dependent on microtubule interactions. The transport route did not 
intersect any earlier endosomal structures, or any TfR positive structures (Wubbolts 
e ta l,  1996). Thus there is evidence of direct transport from MIIC like compartments 
to the cell membrane.
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By ablating the TfR positive recycling endosomes of B cells Pond and Watts were 
able to demonstrate that although TfR positive endosomes were required for delivery 
of Ag to the MHC loading compartment, loaded MHC class II could still be delivered 
to the cell surface in the absence of functional TfR containing recycling compartments. 
Ablation of the MIIC itself (as defined as the compartment reached after 20 minutes 
of endocytosis) abolished transport to the surface, as did the addition of brefeldin 
A, which blocks transport from the ER/Golgi. This latter fact indicates that transport 
from the MIIC to the surface may not be by direct fusion of MIIC with the plasma 
membrane, but require the generation of a separate vesicular structure requiring 
components from the ER/Golgi (Pond and Watts, 1997).

This latter study, along with that of Wubbolts e ta l,  indicates that the lack of markers 
of a recycling phenotype in MIIC may not be a bar to their direct transport to the 
cell surface, and that TfR positive compartments may not be necessary for such 
transport.

Recently there has been some evidence to indicate that MHC class II transport in 
DCs may be regulated by the developmental state of the cell. DCs of an ‘early’ 
phenotype were seen to contain MHC class II in an MIIC like intracellular 
compartment, maturation of these DCs to a so called ‘intermediate’ phenotype resulted 
in movement of MHC class II to peripheral CIIV like structures, positive for TfR. 
Finally maturation of these cells to a ‘late’ phenotype caused movement of the MHC 
class II to the cell surface (Pierre et a l, 1997, Winzler et a l, 1997). Transport to the 
cell surface was at a low rate in the early cells, but both rate of transport and 
amount of total MHC class II inserted in to the cell membrane increased with cell 
maturity (early cells < 5% inserted, late cells ~ 50% inserted, by comparison A20 B 
cells inserted 100% of synthesised class II). The half life of MHC class II at the cell 
surface was also greatly increased with DC maturity (Pierre et a l, 1997, Celia et a l,
1997).

This regulated transport from late endosomal compartments to the cell surface with 
DC maturation appears to be controlled by regulated activity of the cysteine proteinase 
cathepsin S (CS). Immature and mature DCs express similar amounts of CS in late 
endosomes, but immature DCs also express cystatin C, an inhibitor of CS in lysosomal 
compartments. On DC maturation cystatin C is lost from the late endosome, allowing 
li cleavage and transport of class II to the cell surface (Pierre and Mellman, 1998).

Maturation of DCs results in a transient increase in MHC II synthesis and a boost in 
the ability to process and present peptides before MHC II synthesis is shut off.
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Increased half life of the new MHC means that the peptide complexes produced are 
displayed at the cell surface for longer periods of time than in the immature DC 
(Celia et a l, 1997).

Whilst the passage of MHC class II to the cell surface was increased with DC maturity 
the amount of SDS stable class II generated was higher in early DCs. These data 
suggest a possible mechanism for ensuring that antigen gathered at a peripheral site 
is processed and loaded onto MHC class II, but that this Ag is not transported to the 
cell surface until the DC has reached a T cell area.

In summary there is evidence for rapid, direct vesicular transport of loaded MHC 
class II to the cell surface. This process may be regulated by cell type and/or activation 
state.

1.2.6 Antigen presentation mediated by recycling cell surface 
MHC class II

1.2.6.1 Cell surface MHC is internalised and recycles back to the cell sur
face

Once MHC has reached the cell surface it does not remain there for it’s whole 
lifespan. Reid and Watts showed that in human B lymphoblastoid cells MHC class II 
was continually internalised from the cell surface and passed into an intracellular 
compartment (Reid and Watts, 1990), although other workers found no evidence for 
recycling (Neefjes et a l, 1990).

In the recycling compartment MHC had a half time of ~ 2-4 minutes before returning 
to the cell surface. This recycling could be inhibited by primaquine, which has a 
similar effect on the recycling of TfR to the cell surface, although chloroquine had 
no effect on the process (Reid and Watts, 1990). Due to continuous uptake and 
recycling MHC class II was found to have a half time of ~ 33 minutes on the surface; 
uptake from the surface appeared to be via clathrin coated pits and required ATP 
(Reid and Watts, 1990, Reid and Watts, 1992).

A similar recycling process was subsequently demonstrated in B cells, but could not 
be found in murine fibroblasts transfected with MHC class II and li. The internalised 
MHC in these B cells was transported to a juxta-nuclear intracellular compartment

73



Introduction

(Salamero et al., 1990). In macrophages, ultrastructural evidence was found for a 
large TfR positive intracellular compartment containing MHC class II internalised 
from the cell surface (Harding et a l, 1990).

1.2.6.2 Does recycling MHC mediate presentation?

Comparison of the presentation by B cells of two influenza virus antigens, H3 and 
Ml, demonstrated differences in their molecular and cellular requirements for 
presentation. Thus whilst Ml required li expression and active protein synthesis for 
presentation, H3 was effectively presented in the absence of both li and protein 
synthesis. Presentation of both antigens was inhibited by chloroquine (Pinet et a l, 
1994). It was suggested that the mechanism of presentation of such an li-independent 
antigen might be via loading onto recycling MHC class II. This proved to be the 
case: In fibroblasts expressing MHC class II lacking the cytoplasmic tails of both a  
and (3 chains internalisation of cell surface MHC (which was independent of li in 
this study) was abolished. This dramatically reduced the presentation of H3 but not 
the Ml antigen, which was loaded onto newly synthesised MHC class II (Pinet et 
a l,  1995). There has been a similar report for retinal antigens possibly involved in 
the aetiology of uveoretinitis (Liversidge e ta l ,  1998).

The internalised MHC class II in Pinet et a l ’s study passed to an intracellular vesicular 
compartment (Pinet et a l, 1995), and there is evidence that antigens bound by 
recycling MHC class II require processing intracellularly (Pinet et a l, 1994). This 
raises the possibility of antigen processing solely in early endocytic structures, and 
Saudrais e ta l,  found that ap/Ii internalised from the cell surface could be converted 
to SDS stable dimers without passage to the peptide loading compartment (Saudrais 
e ta l,  1998). Swier and Miller however, found re-internalisation of MHC/Ii complexes 
to TfR positive early endosomes was not sufficient for the presentation of li dependent 
antigens (Swier and Miller, 1995a).

Zhong et a l, found that re-internalisation of MHC class II mediated via a di-leucine 
signal in the cytoplasmic tail of the (3 chain was essential for the presentation of an 
li independent epitope of HEL. The presentation appeared to require internalisation 
but minimal proteolysis (Zhong eta l, 1997). mig substituted with the transmembrane 
domain of the murine MHC class II I-Aa was able to mediate the presentation of li 
independent antigens via a recycling endosome, but not the presentation of li 
dependent antigens requiring late endosomal processing (Liu et a l, 1998a).
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If antigen processing and peptide loading can occur in earlier endosomes, then 
because these earlier compartments differ from late endosomal antigen processing 
compartments in terms of pH, the enzymes they contain and reductive ability,very 
different epitopes may be generated from the same antigen.
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1.3 The enzymology of antigen processing

1.3.1 Mechanics of antigen processing

The requirement for processing of antigen was first demonstrated in 1981 by Ziegler 
and Unanue. They found that T cells could not bind native antigen, but required it 
to be taken up by macrophages in an active process, with a 30-60 minute lag before 
T cell/macrophage binding could occur (Ziegler and Unanue, 1981). Subsequent 
work found that the lysomotropic agents chloroquine and ammonium chloride 
inhibited antigen processing (Ziegler and Unanue, 1982) and thus the endocytic 
pathway of the APC was implicated as the site of pH dependent antigen processing.

A tryptic digest of antigen was found to be able to substitute for the intracellular 
process (Shimonkevitz et a l, 1984), and by chromatography it was possible to 
identify a distinct peptide epitope that was the ligand for T cell activation (Allen et 
a l, 1984). These and other experiments were used as the basis for the concept of 
antigen processing prior to presentation to T cells (Unanue, 1984). Since these early 
experiments, much has been done to examine and quantitate the ways in which 
peptide fragments are generated and bind MHC molecules, and how they function 
on reaching the APC surface. Some of these experiments will be briefly summarised 
here.

1.3.1.1 Peptides bound to MHC class II molecules

The open-ended nature of the MHC class II peptide binding groove allows a range 
of peptide lengths to be bound. Typically peptides eluted from MHC II are 13-25 
residues in length, but can be longer (Rudensky et a l, 1991a, Chicz et a l, 1992, 
Hunt et a l, 1992). Indeed full length proteins have been found to interact with 
MHC molecules, possibly via an interaction with mature MHC (Lindner and Unanue, 
1996). Early studies showed that peptides bound to MHC II could be removed by 
an excess of a different class II binding peptide, this led to the idea that there was 
a common MHC II peptide binding motif amongst antigens (Gulliet et a l, 1986, 
Buus et a l, 1987). Subsequent work has indicated that there are rules for MHC II 
binding sequences, but that these are not rigid and absence of a residue favourable 
for binding can be compensated for by other areas of the peptide.

Hammer and colleagues, using M l3 phage display of peptide sequences have
identified rules for the core binding region of MHC II associated proteins. For HLA-
DRl binding the NH^ terminal of the core region is usually occupied by an aromatic
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residue (Hammer et a l, 1992). This residue has been hypothesised to fit into the 
hydrophobic pocket of the MHC class II peptide binding groove (Chicz and Urban, 
1994). Likewise in DRl binding Met and Leu are favoured at NH  ̂ + 3, whilst the 
negatively charged Asp and Glu are excluded from this site (Hammer et a l, 1992). 
The N + 6 residue varies according to an allele dependent manner (Hammer et a l,
1993). Nelson et a l, showed that whilst the 52-61 epitope of hen egg lysozyme 
(HEL) contained all the residues necessary to occupy the MHC II binding groove, 
this occupation led to SDS unstable dimers. Increasing the length of the peptide 
sequence at either the N or C terminus led to increased stability of interaction 
(Nelson e ta l,  1993). Thus longer peptides may be able to overcome less favourable 
‘anchor’ interactions with class II. This idea is supported by the finding that optimal 
aa at all residues of the core could compensate for the lower strength of binding by 
shorter peptides (Hammer et a l, 1994).

Although the development of putative MHC binding motifs has allowed the successful 
prediction of epitopes from previously unstudied proteins (Rothbard and Taylor, 
1988), the importance of this in vivo remains questionable (reviewed in Chicz and 
Urban, 1994). The dominant epitope derived from a particular protein may be 
presented in all HLA matched individuals on immunisation, but this dominant epitope 
is not necessarily the peptide with the highest MHC affinity (Gelder et a l, 1998), 
implying that other factors come into play (see next section). Promiscuous epitopes 
are able to bind many MHC molecules by showing a high affinity for MHC, whilst 
lower affinity binders are specifically restricted to one MHC haplotype (presumably 
the one they bind best - O’Sullivan et a l, 1991). Jardetzky et a l, found that the 
minimal requirement for MHC interaction is probably small, as a peptide with all 
but two residues substituted to alanine could still bind HLA-DRl (Jardetzky et a l, 
1990). In DRl binding of tetanus toxoid residues it was found that variation of one 
residue (p86) led to variable binding of epitopes with the loss of recognition of 30% 
of T cell clones on alteration of the residue (Demotz et a l, 1993). Thus the nature 
of the MHC class II binding motif is probably very variable and yet may have a very 
large effect on the range of peptides presented.

Studies on the nature of the peptides eluted from MHC class II have shown the 
majority of peptides to be derived from self proteins synthesised within the cell 
itself, and which either reside in the endocytic route or are secreted by the cell and 
then presumably re-captured (Rudensky e ta l,  1991a, Rudensky e ta l,  1991b, Chicz 
et a l, 1992, Chicz and Urban, 1994, Hunt et a l, 1992). The predominance of self 
peptides in these studies may be partly due to the use of B cells as the APC examined. 
As was discussed in section 1.2.3.2, B cells are poor at capturing antigen which 
does not bind their surface Ig and it may be that more self peptides are present in
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these studies due to the lack of an exogenous alternative. In studies where antigen 
has been pulsed on to the APC, 10-40% of MHC II has been found to be occupied 
by epitopes derived from the exogenous antigen after several hours chase (Demotz 
et a l, 1989a, Dadaglio e ta l,  1997). It would be instructive to investigate how many 
epitopes presented by DCs in spleen were ‘self.

The peptides which are eluted from MHC class II consist of ‘ragged’ N and C termini 
around a core MHC binding region (Hunt e ta l,  1992, Chicz et a l, 1992), so that of 
20 peptides sequenced in one study, it was found that they derived from only 5 
different proteins (Chicz et a l, 1992). This is also the case with model antigens 
which are found to be presented as ‘nested sets’ of 13-28 aa’s in length (Demotz et 
a l, 1989a, Vignali e ta l,  1993). The ends of eluted peptides do not appear to be the 
cleavage sites of any one particular proteinase (Rudensky et a l, 1991a), implying 
that several proteinases are involved in antigen processing, or that trimming of the 
peptide occurs by different proteinases after an initial cut. These two possibilities 
are not mutually exclusive.

1.3.1.2 Disulphide bond reduction in antigen processing

The ability of APCs to present peptides, but not intact proteins, was the observation 
that led to the hypothesis that APCs proteolytically degrade proteins in order to 
generate MHC II binding peptides. However Streicher et a l, demonstrated that 
intact sperm whale myoglobin could behave as peptide in an antigen presentation 
assay, if it was first denatured (Streicher e ta l,  1984). Subsequently disulphide bond 
reduction was found to be a necessary and sufficient step in the presentation of 
several intact proteins, for example, insulin (Jensen, 1991b, Hampl et a l, 1992). 
Competition binding experiments indicated that the critical step was the production 
of protein chains containing free thiol groups, which were then able to bind MHC 
class II (Jensen, 1991b).

The location of disulphide bond reduction in the APC was determined to be a dense 
late endosomal/lysosomal compartment (Collins et a l, 1991), although this is 
inconsistent with data on the presentation of transferrin conjugated antigens discussed 
in section 1.2.4.3. The reduced antigens were found to be targets for proteolysis by 
several enzymes, which were able to generate antigenic peptides from them but not 
from the native protein (Collins et a l, 1991). Thus disulphide bond reduction may 
well precede the postulated proteolytic stages of antigen processing. Indeed whilst 
reduced intact proteins could bind MHC class II molecules and stimulate a T cell 
response, the corresponding peptide was more potent (Jensen, 1993) and optimal 
antigen processing probably requires a combination of both processes.
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1.3.1.3 MHC/peptide complex formation

I . 3 1 3 I  pH  affects MHC/peptide binding

Binding of peptide to MHC class II was found to be a first order reaction of slow 
kinetics when initially studied in vitro. However peptide binding to cell surfaces 
was enhanced markedly by incubation at acidic pH and this was found to be due to 
a direct effect on MHC class II binding (Jensen, 1990, Jensen, 1991a). The optimal 
pH of peptide binding varied according to the particular peptide/MHC combination, 
but was in the range of pH 4.5-5.5. Further to this, a comparison of two peptides, 
one of which induced a strong T cell response and the other a weak response, 
found that both showed ~ 40 fold increased binding at pH 5 compared to binding 
at neutral pH. However the ‘weak’ peptide showed a much higher off-rate for MHC 
binding than the ‘strong’ peptide, and this off-rate was enhanced at acidic pH (Reay 
et al., 1992). Thus it is proposed that pH can act in a similar way to the proposed 
‘peptide editing’ function of HLA.-DM. The dominant peptide seems to strongly 
interact with the MHC molecule at acidic pH and neutralisation of pH does not 
appear to be required to stabilise the complex (Jensen, 1992).

Further studies on the SDS stability of MHC class II and its binding of the ANS dye, 
showed that lower pH’s were associated with a structural alteration in MHC, which 
included an increased exposure of hydrophobic surface (Runnels eta l, 1996, Boniface 
et a l, 1996). Thus there is a structural basis for the enhanced peptide binding 
capability of MHC II at acidic pH, and this is probably also associated with increased 
MHC/DM interactions at these pH’s (see section 1.2.2.4.1).

1 . 3  1 3 -2 MHC molecules can protect antigen from  destructive proteolysis

The MHC peptide interaction has two-way consequences for both peptide and 
MHC molecule. As discussed above MHC II molecules are capable of binding full 
length proteins and it has been postulated that they do so and then the overhanging 
ends of the protein are proteolytically trimmed (reviewed by Ojcius et a l, 1994). 
Two epitopes of HEL were proteolytically degraded when exposed to cathepsin B 
or the proteolytic enzyme mix pronase A. In the presence of the correct MHC 
restriction element for the peptides in question they were shown to be protected 
against proteolytic attack (Mouritsen et a l, 1992). A similar result was obtained for 
an ovalbumin epitope, which was protected from cathepsin B and L degradation by
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MHC (Rodriguez and Diment, 1995). In vitro experiments indicate that MHC molecules 
can protect peptides from proteolysis, however the importance of this in vivo remains 
to be determined.

1 3  13  3  Quantitation o f peptide presentation to T cells

As MHC molecules can confer protection from proteolytic destruction, in turn a 
loaded peptide may extend the half life of an MHC molecule. The half life of MHC 
II molecules and antigenic peptide have been demonstrated to be very similar 
(Lanzavecchia e ta l, 1992) and this was taken as evidence that MHC forms irreversible 
association with peptides. This may be after some peptide exchange has occurred 
intracellularly in the life of the MHC molecule. Further to this Nelson et a l, showed 
that formation of a complex with the immunodominant peptide of HEL increased 
the half life MHC II molecule in the complex (Nelson e ta l,  1994). This increase was 
dependent on the stability of the complex formed as peptides inducing fully SDS 
stable MHC class II heterodimers had the longest half life. Thus peptides forming 
favourable interactions with MHC can extend their own presentation time. This may 
have important consequences in T cell activation.

The number of specific peptide/MHC complexes which need to be present to 
stimulate a response in T cell clones has been calculated by quantitative 
immunoprécipitation (Harding and Unanue, 1990) and functional analysis (Demotz 
et a l, 1990). These studies have indicated that a very small number - 0.03-0.1% - of 
total surface MHC of molecules need to be occupied with a specific peptide in 
order to generate an immune response. In absolute terms this corresponds to ~ 60- 
300 loaded MHC molecules per cell. The actual figures obtained varied according to 
the APC type in question with 0.03% occupancy being required for a B cell lymphoma, 
0.14% for B cell blasts and 4.6% for an L cell MHC II transfectant (Demotz et a l, 
1990). The question of how so few MHC/peptide complexes were capable of 
triggering a T cell response was addressed by Valitutti et a l  By measuring 
downregulation of T cell receptors following triggering, they estimated that a single 
MHC/peptide complex can serially engage and trigger up to 200 TCRs, a process 
proportional to the T cell’s biological response (Valitutti et a l, 1995).

The significance of these data is clear. The efficiency of antigen presentation of a 
given epitope is low because there is extensive occupation of MHC by many self 
peptides, and display of a range of peptides from any invading pathogen. However,
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these limitations can be compensated for by the fact that an APC can present many 
different peptides to T cells simultaneously, and few MHC/peptide omplexes are 
required to trigger a specific T cell.

1.3.2 Epitope hierarchy

Of the many epitopes which can be potentially generated from a protein one or 
two will dominate the loaded MHC class II. These epitopes are said to be 
(immuno)dominant and will be the epitopes to which most T cells will react following 
immunisation with the whole protein. Other epitopes may be produced by antigen 
processing and may elicit T cells responses in the periphery, but will not be the 
principal epitopes generated from a given antigen, such determinants are referred 
to as subdominant. Finally there will be epitopes that are never normally presented 
under any circumstances, these are referred to as cryptic epitopes. As cryptic epitopes 
from self proteins will not have been generated in the thymus, the peripheral T cell 
repertoire will contain cells that potentially can react with such determinants (Cibotti 
et a l, 1992). Thus a hierarchy of epitopes exists (see Sercarz et a l, (1993) for 
review). The possibility that pathological processes may alter the mechanisms of 
antigen processing and thus lead to display of hitherto cryptic determinants, has 
caused much interest in the field of autoimmunity (Gammon et a l, 1991, Lehmann 
et a l, 1993, Lanzavecchia, 1995, Elson et a l, 1995).

The mechanism via which the epitope hierarchy is generated is as yet unclear. The 
epitope in question must bind the relevant MHC molecule, but other factors will 
come into play. Protection of a dominant epitope by an MHC class II molecule was 
demonstrated by Deng et a l, who found that the presence of the correct restriction 
element could lead to the generation of a dominant epitope and loss of a neighbouring 
subdominant epitope of HEL (Deng et a l, 1993). The subdominant epitope could 
be generated if it was first separated from the dominant determinant. Other possible 
mechanisms of determinant loss are: inaccessibility of the epitope during processing 
and destructive cleavage by proteinases (reviewed by Sercarz et a l, 1993). Any 
factor discussed in previous and subsequent sections of this introduction, such as 
the nature of the antigen processing/peptide loading compartment, and the 
proteinases implicated in antigen proteolysis may also have an effect on epitope 
hierarchy.

The potential importance of epitope hierarchy in both pathological and therapeutic 
situations, and its very obvious relationship to the mechanisms of antigen processing, 
mean that it is an area in which the mechanics of antigen processing are ripe for 
study.
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1.3.3 Enzymes involved in the proteolysis of invariant chain

There are two sites of possible enzyme action during antigen processing: the 
degradation of antigen and the degradation of invariant chain. Because the effects 
of altered enzyme action on antigen are usually measured via a T cell response, 
which is itself dependent on li function, it is often hard to experimentally separate 
the effects of altered antigen proteolysis from altered li proteolysis.

The proteolysis of li was first analysed by Blum and Cresswell (Blum and Cresswell, 
1988). Their study found that li degradation during passage through the endocytic 
route could be inhibited by the addition of the cysteine proteinase inhibitor leupeptin. 
This resulted in the accumulation of fragments of li dubbed LIPs (leupeptin induced 
polypeptides ~ 21 kDa) and SLIPs (small leupeptin induced polypeptides ~ 11-14 
kDa). Initially in vitro experiments suggested that the cysteine proteinase cathepsin 
B was responsible for li degradation (Roche and Cresswell, 1991, Daibata et al, 
1994) as it was capable of degrading li and was localised to endosomal/lysosomal 
compartments where li processing is thought to occur (see section 1.2.2.3).

Marie et al, found that li degradation was a two stage process, a cysteine proteinase 
being required for the final removal of the LIP/SLIP fragment of li, but an aspartic 
proteinase being required for initial li cleavage (Marie e ta l, 1994). This corresponds 
with data showing that peptide loading of MHC II during li proteolysis requires 
cathepsin B, but is more efficient when cathepsin D is also present (Daibata et a l,
1994).

A significant advance in this problem came with the discovery that a specific inhibitor 
of the cysteine proteinase cathepsin S - LHVS, could block li degradation at the SLIP 
/class II complex stage (Reise e ta l, 1996). Studies on cathepsin S digestion of B cell 
lysates revealed that this enzyme was capable of producing ap/CLIP complexes, 
and that cathepsin S digestion of ap/Ii allowed peptide binding. However this 
finding did not end the li degradation question. Reise et a l’s., study showed that 
inhibition of all cysteine proteinases with the inhibitor E64, caused the accumulation 
of a 23 kDa fragment of li, possibly corresponding to LIP.
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A more detailed study using the LHVS inhibitor found that the requirement for 
cathepsin S was dependent on MHC haplotype, and that other proteinases were 
also involved in li breakdown (Villadangos etal, 1997). They found that li degradation 
was a multi-step process and, like Marie et a i, found that the first step was mediated 
by a non-cysteine proteinase. The final step in maturation was the breakdown of 
the SLIP li fragment and this process was mediated by cathepsin S. The number of 
SDS stable class II dimers that could be generated during leupeptin or LHVS inhibition 
depended on the MHC haplotype under study. Thus I-A'" showed an 87% inhibition
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of stable dimer formation, whilst I-A*̂  and I-A® showed 40% inhibition (Villadangos 
etal., 1997). Cleavage of the LIP li fragment appeared to be dependent on a cysteine 
proteinase separate from cathepsin S - see figure 1.8.

Studies with knockout mice have shown that li proteolysis can proceed normally in 
the absence of both cathepsins D and B (Villadangos et a l, 1997, Deussing et a l,
1998), despite the fact that both enzymes can degrade li in vitro (Roche and Cresswell, 
1991, Kageyama e ta l,  1996). Thus if these enzymes are responsible for steps 1 and 
2 shown in figure 1.8 there must be other enzymes that can fulfil their function in 
their absence.

Finally there is evidence that the enzymes which degrade li vary between APCs. In 
cortical thymic epithelial cells (cTECs) cathepsin S is not expressed, but surface 
MHC II display occurs normally. In cTECs from mice lacking the gene for the 
cysteine proteinase cathepsin L, however, there is a defect in thymic class II 
presentation leading to a 60-80% reduction in circulating CD4"’T lymphocytes. This 
defect affects only the cTECs and not bone marrow derived APCs in the thymic 
medulla. Staining of the thymic cortex reveals MHC II to be associated with CLIP 
and small li fragments (Nakagawa et a l, 1998). This study raises the possibility that 
the differences in antigen presentation between cells mediating positive and negative 
T cell selection may be related to different proteinase expression by these cells.

1.3.4 Enzymes implicated in the proteolysis of antigen

Identification of enzymes with a role in antigen processing has proved difficult. 
Most studies have relied on inhibitors to analyse the class of enzyme involved. 
However inhibitors are often highly charged, polar molecules and as such may not 
reach the appropriate intracellular compartment in intact cells. Cell free systems 
bypass some of these problems, but their relevance to the in vivo situation can be 
questioned. Many studies have involved digestion of antigen by purified enzymes 
in vitro and chromatography to identify the products generated. Such an approach 
can be useful in indicating whether an enzyme can generate a particular epitope, 
and whether further processing would be required to generate the epitope found in 
vivo. However such studies cannot allow us to determine whether an enzyme does 
act in antigen processing, and do not represent the complex milieu of intracellular 
proteinases found in vivo.
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The consensus view of MHC class II antigen processing is that it is carried out by 
members of the cathepsin family of cysteine and aspartic proteinases. Of this family 
cathepsins B, D, H, M, N, S, T, and V have the endosomal/lysosomal location 
required of candidate processing enzymes. Most studies have used inhibitors of 
enzyme groups and so have not implicated specific proteinases. Cathepsins B, D, 
and E (see section 1.3.5.5) however, have been specifically implicated as antigen 
processing enzymes (see Levine and Chain, 1991, Fineschi etal., 1995, for reviews).

1.3.4.1 Endosomal/lysosomal antigen proteolysis

In section 1.2.4 the detailed study of the putative MHC - peptide loading compartment 
was described. Much less study has been directed towards compartments where 
antigen proteolysis takes place. Unlike peptide loading, antigen processing is unlikely 
to be confined to any specific subcellular compartment and all stages of the endocytic 
route have been demonstrated to have proteolytic activity. However, determining 
the subcellular location of an antigen’s degradation will help to elucidate the enzymes 
involved. Trypsin, for example, can be shown to generate T cell epitopes from 
ovalbumin (Shimonkevitz et a l, 1984), but is not located intracellularly. Defining 
the compartments involved in proteolysis of a particular antigen will allow 
investigation to be confined to the proteinases that reside in the compartment.

The lysosome has traditionally been considered to be the main site of intracellular 
proteolysis. However several studies have indicated that in the case of antigen 
proteolysis, earlier endosomal compartments are equally important. In A20 murine 
B cells both high and low density endosomal fractions had proteolytic activity. 
However, whilst the high density (lysosomal) fractions had 10 times the proteolytic 
activity of low density fractions, these high density fractions had only three times 
the antigen processing ability (Shaw and Chain, 1989). On capture by membrane 
immunoglobulin, antigen passes initially through low density compartments where 
fragmentation occurs, and fragments generated in these compartments are still found 
in later endocytic structures (Davidson e ta l,  1990). Thus the peptides generated in 
earlier, low density endosomes may be able to bind MHC class II in later MllC-like 
compartments.

Studies on rabbit macrophages found an extensive proteolytic activity in early 
endosomes (~ 6 mins onwards), as judged by the time taken for trichloroacetic acid 
(TCA) soluble protein fragments to be generated following uptake (Diment and 
Stahl, 1985). This activity had a pH optimum of 4.5-5.0 (range 3 5 - 6.0) and was 
completely inhibited by pepstatin A, an inhibitor of aspartic proteinases. The use of
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pepstatin A increased the amount of intact BSA reaching lysosomal compartments 
(Diment and Stahl, 1985). Later work identified the enzyme responsible as membrane 
associated cathepsin D (CD - Diment et al., 1988). In human fibroblasts the 
degradation of epidermal growth factor begins in pre-lysosomal compartments, and 
is inhibited by agents that raise endosomal pH, but not by the cysteine proteinase 
inhibitor leupeptin (Wiley et a l, 1985).

The mannose-6-phosphate receptor, which targets lysosomal enzymes to these 
compartments, was found to be distributed throughout the pre-lysosomal endocytic 
route, including the cell surface (Geuze et a l, 1984). Ludwig et a l, found that 40% 
of mannose-6-phosphate receptor targeted lysosomal enzymes (which include 
cathepsin D) were accessible after 15 mins of endocytosis in a post-tubulo-vesicluar, 
pre-lysosomal compartment in rat kidney cells (Ludwig et a l, 1991). In this study 
CD could be precipitated after 5 mins endocytosis of anti-CD antibody. A cathepsin 
D like enzyme was also found to be membrane associated in pre-lysosomal 
compartments by (Williams and Smith, 1993). Thus CD and other lysosomal enzymes 
may be widely distributed through the endocytic pathway. However it remains to 
be seen whether such enzymes are active in these early compartments. The pro
enzyme form of CD was found to be present in a TfR positive compartment, however 
the more mature forms of the enzyme weren’t present until the later stages of the 
endocytic route (Rijnboutt et a l, 1992).

Proteolytic activity may be associated with the plasma membrane. In A20 B cells 
plasma membrane activity was found, which was inhibited by the cysteine proteinase 
inhibitor leupeptin at pH 7, but by the aspartic proteinase inhibitor pepstatin at pH 
4 (Chain et a l, 1989). The separation of plasma membrane and early structures on 
sucrose gradients is poor, and so this study may have included early endosomal 
fractions. In a macrophage cell line the very early endosome was found to lack 
proteolytic activity, but proteolysis of FcR captured antigen began after 5 mins 
(Mayorga et a l, 1989). It is possible that proteolytic enzymes are delivered to the 
very early endosome by a vesicle on the exocytic route.

In rat hepatocytes the early (sorting) endosome and the late multi-vesicular body 
compartments of the cell were found to produce the same products on digestion of 
low density lipo-protein. This activity was inhibited by pepstatin and could be 
mimicked in vitro by cathepsin D (Runquist and Havel, 1991), again indicating 
aspartic proteinase activity throughout the endocytic route.

It is likely that diffe ent T cell epitopes will be generated at different time points 
into the endocytic pathway of a cell. In B cells specific for tetanus toxoid different
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fragments of that protein were generated at different chase times after endocytosis. 
Thus whilst one fragment was most abundant one hour after uptake, after this time 
the amount of this peptide decreased, whilst the amount of a second peptide 
continued to increase up to 8 hours after uptake (Davidson and Watts, 1989).

There is data to suggest that different T cell epitopes, even from the same antigen, 
may be generated in different endocytic compartments (Escola e ta l,  1995, Robadey 
et a l, 1997). Epitopes presented by recycling MHC class II may only require 
endocytosis into an early endosome to associate with MHC (Griffin et a l, 1997). 
The requirement for such minimal processing may be determined by the pH optimum 
of the MHC/peptide interaction (Robadey eta l, 1997). However studies on transferrin 
conjugated antigens have revealed that proteolysis generating T cell stimulatory 
MHC/peptide complexes can occur in early endosomes (McCoy e ta l,  1993a, McCoy 
et a l, 1993b). The importance of endosomal versus lysosomal degradation may 
depend on the APC type, with lysosomal degradation being more important in 
macrophages (McCoy et a l, 1993c - see section 1.2.4.4). Variations may exist in the 
proteinases used by different APCs for epitope generation.

1.3.4.2 Cysteine proteinases

The use of both in vitro antigen digestion and enzyme inhibitor studies has limitations 
as discussed above. However in the absence of other methods for analysing enzyme 
function (such as knockout mice), they provide much of the data in this field. The 
analysis of many such studies, performed both in intact cells and in cell-free systems, 
allows the relative importance of different enzyme groups to be determined.

1.3-4.2.1 Studies with isolated enzymes

In vitro digests of recombinant human growth hormone by the cysteine proteinase 
cathepsin B (CB) have demonstrated that this enzyme was able to generate epitope 
containing regions, but not minimal epitopes from this antigen (Bushell e ta l,  1993). 
Cathepsin B digestion in vitro also mimicked the fragments of immunoglobulin 
generated in vivo on FcR mediated uptake by monoblastoid U937 transfectants, 
although there was no evidence that such peptides could serve as T cell epitopes 
(Santoro e ta l,  1993). For the sperm whale myoglobin antigen three defined epitopes 
could all be generated in vitro by the action of cathepsin B (Takahashi e ta l,  1989).
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Against these m vitro results others have found that CB is ineffective in generating 
epitopes from hen egg lysozyme, but could trim cathepsin D generated epitopes 
(van Noort and Jacobs, 1994, Boog et a l, 1993). At the opposite extreme a study 
with ovalbumin demonstrated that the cysteine proteinases cathepsins B and L 
actively destroyed T cell epitopes (Rodriguez and Diment, 1995). Studies where the 
pre-cursor of cathepsin L was delivered exogenously to the endocytic route of 
transfected CHO cells, showed that cathepsin L acted in an acidic compartment to 
prevent the presentation of a pigeon cytochrome C antigen (McCoy et a l, 1988). 
This inhibition was presumably caused by destruction of the epitope by cathepsin 
L. This finding opposes the ‘bucket’ hypothesis that any proteinase (e.g. trypsin) 
can generate an antigenic epitope if given the opportunity.

13-4.2.2 Inhibitor studies

The cysteine/serine proteinase inhibitor leupeptin and the cysteine proteinase 
inhibitor E64 have been shown in many studies to cause a dramatic inhibition of 
antigen presentation. This effect is by no means universal, however, and many 
other studies have failed to implicate the cysteine proteinase family. Puri and 
Factorovich found that the effect of both cysteine and aspartic proteinases was 
dependent on the epitope and haplotype being presented, although leupeptin only 
caused significant inhibition in one of the six epitopes tested (Puri and Factorovich,
1988). The epitopes of myoglobin generated by cathepsin B in vitro (see above) 
appeared only to require the action of cysteine proteinase inhibitors in vivo to 
inhibit their generation (Takahashi et a l, 1989).

Presentation of dinitrophenyl-poly-L-lysine by peritoneal exudate cells was blocked 
by the cysteine proteinase inhibitor benzyloxylcarbonyl-phenylalanylalanine- 
diazomethyl ketone (ZPPDK), whilst the aspartic proteinase inhibitor pepstatin had 
no effect (Buus and Werdelin, 1986). Davidson and Watts found a slight inhibition 
of presentation of tetanus toxoid by both leupeptin and F64 (Davidson and Watts,
1989). Many studies have found the effect of leupeptin to be haplotype and epitope 
dependent with some epitopes being presented less effectively in the presence of 
leupeptin, and some more effectively (Puri et a l, 1986, Yoshikawa et a l, 1987, 
Vidard et a l, 1991, Vidard et a l, 1992a).

Comparisons between different types of study also reveal suggestive data with 
leupeptin inhibition. In a cell free system leupeptin only led to a 40% inhibition of 
B cell processing ability, but the same cells when intact and treated with leupeptin 
showed 100% inhibition of processing (Shaw and Chain, 1989). Similar results were 
found by Williams and Smith using the Staphylococcus aureus nuclease as an antigen
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(Williams and Smith, 1993). In vitro cathepsin B could not generate antigenic epitopes 
from ovalbumin, but in intact cells treated with leupeptin, ovalbumin presentation 
was inhibited (Diment, 1990).

These data now appear suggestive in the light of what is known about cysteine 
proteinase involvement in the degradation of invariant chain (see section 1.3.3). 
The haplotype specific differences in cysteine proteinase dependence, and the fact 
that the presentation of some epitopes is enhanced by cysteine proteinase inhibition, 
could be accounted for by the different dependence of such epitopes on li for 
presentation. The data generated in the studies mentioned above appear reminiscent 
of the data discussed in section 1.2.2.5.

1.3.4.3 Aspartic proteinases

The two intracellular aspartic proteinases implicated in antigen processing are 
cathepsin D and cathepsin E (CE). Cathepsin E is discussed in the next section, but 
it is important to bear in mind that studies where CD is implicated by global inhibition 
of aspartic proteinases may also implicate CE.

The extensive aspartic proteinase activity found in the endosomes and lysosomes 
of APCs discussed above, must mean that these enzymes degrade antigen, although 
whether they are the principal generators of T cell epitopes is harder to determine.

1 3  4.3 1 Studies with isolated enzymes

Numerous in vitro studies have indicated that cathepsin D can generate antigenic 
epitopes from various antigens including bacterial heat shock protein 60 (van Noort 
etal., 1994), hen egg lysozyme (van Noort and Jacobs, 1994), tetanus toxoid (Hewitt 
e ta l, 1997) and ovalbumin, where I-A^^but not I-A'"restricted epitopes were generated 
(Diment, 1990, Rodriguez and Diment, 1992).

The cleavage motif of cathepsin D is also significant - the nature of cathepsin D 
digest products is similar to areas of proteins that form T cell epitopes, and common 
P2 to P2’ residues of CD cleavage sites match sequences predicted to commonly 
form parts of T cell epitopes (van Noort and van der Drift, 1989). Digestion in vitro 
of sperm whale myoglobin released fragments that were effective at T cell stimulation. 
The N-terminus of three of the naturally generated myoglobin epitopes also coincided
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with the CD cleavage site, and using the CD cleavage motif as a guide it was 
possible to successfully predict the location of a T cell epitope from foot and mouth 
disease virus (van Noort et a l, 1991).

1.3-4.3-2 Inhibitor studies

The principal inhibitor of aspartic proteinases is pepstatin. Davidson and Watts 
found that pepstatin had no effect on the presentation of tetanus toxin by B 
lymphoblastoid cells (Davidson and Watts, 1989), but others have found conflicting 
data. In a cell free system from A20 B cells, pepstatin led to a 100% inhibition of 
antigen processing in both the low and high density endosomal fractions (Shaw 
and Chain, 1989, Williams and Smith, 1993). Similar results were obtained in a cell 
free macrophage system where pepstatin again totally inhibited endosomal proteolytic 
activity (van Noort e ta l, 1991). Less dramatically a study of a wide range of epitopes 
demonstrated a weak but consistent inhibition of presentation by pepstatin of all 
epitopes tested (Vidard et a l, 1992a).

Comparing the results of studies using purified enzymes with inhibitor studies often 
gives contradictory results. This is probably due to the fact that different epitopes 
may require processing by different proteinases. As an example, Takahashi et a l, 
found that three epitopes of sperm whale myoglobin were generated in vitro and 
in vivo by cysteine proteinases (Takahashi e ta l,  1989). In contrast van Noort et a l, 
found that three different myoglobin epitopes were generated initially by the action 
of cathepsin D (van Noort et a l, 1991), and that cathepsin B was inefficient at 
generating such epitopes. Part of such discrepancies may be due to variations in 
experimental procedure, such as pH of Ag digestion. To further complicate matters, 
APCs derived from different donors of the same MHC haplotype present different 
epitopes, and this has been suggested to be due to the use of different proteinases 
by the APCs in question (Demotz et a l, 1989b). Thus the proteinases involved in 
antigen processing may vary betw een antigen, APC type and even between 
individuals.

1.3.4.4 Cathepsin knockout mice

Mice deficient in cathepsin D and mice deficient in cathepsin B have now been 
generated. Cathepsin D deficient mice develop normally during the first two weeks 
postnatally, stop thriving in the third week of life and die in a state of anorexia at 
the 26''̂  day of life. Death is accompanied by fulminant loss of B and T cells, destruction 
of thymus and spleen, and atrophy of the intestinal mucosa (Saftig et a l, 1995).

90



Introduction

Splenocyte APCs obtained from CD knockout mice were tested for their ability to 
present 10 ovalbumin epitopes, 3 hen egg lysozyme epitopes, 1 pigeon cytochrome 
C epitope and one myelin basic protein epitope to T cell hybridomas. Presentation 
of all the epitopes tested was obtained in the absence of CD, with one hybridoma’s 
reactivity being decreased by the absence of CD and 5 hybridomas showing increased 
reactivity (Deussing etal., 1998). These data indicate that for many, if not all T cell 
epitopes cleavage by cathepsin D is not required for presentation. Either CD is not 
involved in antigen processing, or in its absence its role is taken by some other 
aspartic proteinase like cathepsin E.

The same study also examined the involvement of cathepsin B. Of the three epitopes 
tested (2 ovalbumin and 1 HEL) all were effectively presented in the absence of CB, 
and the HEL epitope was presented more efficiently by the cathepsin B deficient 
APCs. For complete exclusion of both these enzymes a mouse doubly deficient in 
both CD and CB is required.

Thus the two intracellular enzymes which have been most implicated in the 
processing of antigen for MHC class II presentation appear to be dispensable or 
redundant for that function.

1.3.5 Cathepsin E

Cathepsin E (CE) is an aspartic proteinase, first purified from rabbit bone marrow 
by Lapresle and Webb in 1962 (Lapresle and Webb, 1962). Although there was 
initial controversy as to whether CE was a separate enzyme from cathepsin D, 
structural studies have subsequently demonstrated it to be an enzyme in its own 
right (Lapresle etal., 1986). Cathepsin E has been known as erythrocyte membrane 
acid proteinase, human slow moving proteinase, cathepsin D-like acid proteinase, 
cathepsin D type protease and cathepsin E-like acid proteinase. All these enzymes 
have now been identified as cathepsin E (Jupp etal., 1988, Yonezawa et al., 1987b, 
Tarasova et a l, 1986, Kageyama, 1995).

CE has been implicated in the generation of endothelin (Lees e ta l,  1990, Robinson 
et a l, 1992); in the production of bioactive peptides such as substance P and 
neurokinin (Kageyama, 1993, Kageyama e ta l, 1995b); in the process of HIV infection 
of cells (Clements eta l, 1991) and in the processing of antigen for MHC II presentation 
(see section 1.3.5.5).

91



Introduction

1.3.5.1 Structure

Original studies on the CE protein showed it to be a glycoprotein of approximately 
90kDa molecular weight (Yamamoto etal., 1978). SDS-PAGE reveals that the protein 
is a homodimer of two ~ 45kDa subunits (Yamamoto et at., 1978). The monomeric 
form of CE is catalytically active and is found in vivo (Kageyama e ta l, 1992, Bennett 
et a l, 1992, Finley and Kornfeld, 1994). However the monomer is less stable at 
alkaline pH and higher temperatures than the dimer (Fowler et a l, 1995). The first 
cysteine of the mature form of the enzyme (Cys 7 in the long form of human CE) is 
essential for dimer formation (Kageyama et a l, 1992, Finley and Kornfeld, 1994, 
Fowler et a l, 1995).

The gene sequence of CE has been cloned from human (Azuma e ta l, 1989, Azuma 
et a l, 1992), mouse (Tatnell et a l, 1997), rabbit (Kageyama, 1993), guinea pig 
(Kageyama e ta l, 1992) and rat (Okamoto e ta l, 1995). This has allowed expression 
of recombinant CE in E. Coli (Hill et a l, 1993), yeast (Pichiapastoris - Yamada et a l, 
1994, Yamada et a l, 1995) and mammalian cells (Tsukuba et a l, 1993, Finley and 
Kornfeld, 1994).

The sequence of human CE predicts a 396 aa preproenzyme with a 17 aa signal 
sequence and a 36 aa pro-piece (Azuma et a l, 1989). The molecule shows 53% 
homology to pepsinogen A at the amino acid level (Azuma eta l, 1989) and similarities 
with other aspartic proteinases indicate a common ancestor (Azuma et a l, 1992). 
There is an 80% homology in aa sequence between rabbit, human and guinea pig 
CE (Kageyama et a l, 1995b).

Human CE is located on chromosome 1 at Iq31-q32 (Azuma et a l, 1992). Alternate 
length transcripts arise from alternative poly-adenylation start sites (Azuma et a l,
1992). The 5' untranslated region (UTR) of the CE gene differs from other members 
of the aspartic proteinase family, indicating differential transcriptional control (Azuma 
et a l, 1992). This is reflected in the different tissue distribution of CE (see section 

1.3.5.3).

Cathepsin E is glycosylated with a single carbohydrate chain on Asp 34 (mature 
enzyme numbering - Athauda eta l, 1990). In intracellular compartments (ER, cytosol) 
this carbohydrate chain is in the high mannose configuration (Yonezawa et a l, 
1990, Tsukuba et a l, 1993), in contrast the enzyme secreted from transfected cell 
lines was in an endoglycoidase H (endo H) resistant complex form (Finley and 
Kornfeld, 1994).
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Human CE occurs in two mature forms, one lacking the N terminal 3 aa (Hill et a l, 
1993). This second species is usually more abundant, but the ratio between the two 
varies.

There is no crystal structure of cathepsin E available to date, but a rule based 
structural model based on the known structures of other mammalian aspartic 
proteinases has been developed (Rao-Naik et a l, 1995).

1.3.5.2 Activity

The pH optimum of CE varies according to substrate and species. Most values 
derived are in the range of pH 2.5 - 5.0 (Yamamoto et a l, 1978, Kageyama et a l, 
1992, Lapresle and Webb, 1962, Turk et a l, 1968). Peptide substrates have been 
reported to have generally higher pH optima than proteins, with values around pH 
5 (Kageyama, 1993). Whilst some authors have reported highest CE activity at very 
low pH’s (Samloff et a l, 1987), others have reported an extremely wide range of 
activity, with effective CE activity at pH 8 and above (Athauda et a l, 1991a).

ATP, GTP and other phosphates are able to extend the functional pH range of CE 
conferring activity up to neutral pH’s (Thomas et a l, 1989, Yamamoto et a l, 1991, 
Yamamoto et a l, 1989). Thomas et a l, (Thomas et a l, 1989) found that below pH 
5 ATP had no effect, but at pH 7 CE alone had lost all activity, whilst CE with ATP 
was fully active. The process of stabilisation does not seem to require lysis of the 
high energy ATP phosphate bond (Thomas e ta l,  1989, Yamamoto e ta l,  1991). The 
effect of ATP is much more pronounced on CE than on cathepsin D (Thomas et a l, 

1989).

13-5.2.1 Specificity o f cleavage

Recent work has done much to clarify the motifs recognised by CE. Examination of 
CE activity towards the B chain of oxidised insulin revealed a preference for Phe-X, 
Tyr-X and Leu-X at either side of the scissile bond (PI and PT positions, X = any aa) 
(Yonezawa et a l, 1987a, Athauda e ta l,  1991a). Kageyama e ta l,  (1995a) proposed 
a consensus sequence for CE cleavage as:

P4 P3 P2 P1
N H 2 Pro X X - Hydrophobic aa

Cleavage site
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This sequence was confirmed and extended in data supporting the CE model of 
Rao-Naik et al. They found that the S4 subsite of the enzyme active site had a 
preference for proline, but could also favourably accommodate leucine, possibly 
due to this aa’s hydrophobicity. The S3 subsite prefers large aa, isoleucine is 
particularly favoured at this site and increased cleavage resulted when He was 
substituted at P3. The S2 subsite is postulated to be large and hydrophobic with a 
low tolerance of positively charged and basic aa’s in a similar manner to cathepsin 
D. 52 can accommodate hydrophobic or hydrogen bonding residues, w hen He is 
present at P3 the influence of the P2 residue becomes less important (Rao-Naik et 

a/., 1995).

Sequencing of peptide pools generated by CE cleavage of human, murine and 
bovine gp96 revealed information about the preferred residues either side of the 
scissile bond (Arnold et a l, 1997). PI and PT sites are exclusively occupied by 
hydrophobic aa, as is the case for all aspartic proteinases. Valine and isoleucine can 
not enter the SI subsite. Val, Leu, He, Met and Phe were the commonest aa at the 
P I ' position, whilst charged and polar aa like Lys, His, Arg and Glu were under
represented here. Phe and Met are not able to access the S2' subsite, in human and 
mouse CE, Leu and Tyr also can not enter this subsite. In general the cleavage 
specificity was very well conserved between human, murine and bovine CE, possibly 
indicating a conserved evolutionary function (Arnold et at., 1997).

The cleavage specificity of CE is altered by changes in pH, digestion of the oxidised 
insulin B chain was altered in terms of nature and amount of peptides produced 
when digested at pH’s 3 5, 5.5 and 7.4. Differences in the digestion of hen egg 
lysozyme with changing pH have also been observed (D.A. O’Neil and B.M. Chain 
- unpublished data). A possible structural explanation for part of this effect is the 
nature of the S3 subsite. At pH 3 5 arginine at the P3 subsite slows cleavage of 
substrate, however with increasing pH this sequence is cleaved more effectively, 
possibly due to deprotonation of Glu in the S3 pocket, allowing the binding of Arg  ̂
(Rao-Naik et a l, 1995).

1 .3 .5.2.2 Cathepsin E inhibitors

CE can be inhibited by positively charged metal ions such as Zn^^’Ee^^and Pb^ ,̂ but 
the cysteine proteinase inhibitor leupeptin has no effect (Yamamoto et a l, 1978). 
The archetypal aspartic proteinase inhibitor, pepstatin, is effective against CE (Barrett 
and Dingle, 1972), although its effect was lost at neutral pH (Athauda e ta l,  1991a).
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There is a pepsin inhibitor derived from the Ascaris lumbricoides roundworm which 
specifically inhibits CE but not cathepsin D (Keilova and Tomasek, 1972). Use of 
this inhibitor allowed work on the specific role of CE in antigen processing (Bennett 
et al., 1992), but difficulty in obtaining large amounts of the inhibitor have limited 
its use. The gene for the inhibitor has now been cloned and it is hoped that 
recombinant Ascaris inhibitor will greatly facilitate study of the physiological role of 
CE.

A segment of the pro-piece of CE has also been found to inhibit its activity, possibly 
representing an autoregulatory mechanism (Rao-Naik et a l, 1995).

1 .3 .5 .2.3 Regulation o f cathepsin E activity

The CE proenzyme is autocatalytically activated by cleavage of the Met^ -̂Ile^  ̂bond 
at low pH, optimally pH 3-4 (Athauda et al., 1991b, Takeda Ezaki and Yamamoto, 
1993) The activation is a one step process, and cannot occur at above pH 6 (Athauda 
etal., 1991b, Okamoto e ta l,  1995). The rate of activation is increased by increasing 
concentrations of CE, suggesting an intermolecular interaction may be important, 
and pepsin inhibits the conversion (Athauda et al., 1991b, Okamoto et a l, 1995).

The expression and activity of cathepsin E have been demonstrated to be regulated 
in a specific manner in a number of different systems. In erythrocyte cell membranes 
CE is associated with the inner face. CE activity is found to increase with the process 
of erythrocyte ageing (Yamamoto et al., 1989). The CE becomes activated and then 
appears to enter the soluble fractions of the cell, although membrane associated 
aspartic proteinase activity also increases (Yamamoto et al., 1989, Yamamoto et al., 
1991, Ueno etal., 1989). In dimethyl sulphoxide (DMSO) induced differentiation of 
Friend erythroleukaemia cells towards erythrocytes, there is a concurrent upregulation 
and then decrease in cathepsin E and D activities (Yamamoto etal., 1991). Thus CE 
may have a role in the regulation of erythrocyte differentiation and ageing.

Dexamethasone induced thymic involution and splenic fibrosis in the rat was 
correlated with a loss of CE (presumably due to a loss of CE expressing cells) and 
also an increase in the generation of the mature enzyme in the spleen (Nishishita et
a/., 1996).

CE also demonstrates regulation in antigen presenting cells - see section 1.3.5.5.
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1.3.5.3 Tissue distribution

Unlike the ubiquitous cathepsin D, cathepsin E shows a limited tissue distribution. 
The gut is usually the site of the richest CE expression, with CE being found in 
stomach, colon, jejunum, ileum and rectum (Sakai e ta l, 1989, Tsukada e ta l ,  1992, 
Roberts and Taylor, 1978, Muto et a l, 1988), as well as in most gastric carcinomas 
(Fiocca et a l, 1990). CE has also been detected in urinary bladder in the rat (Sakai 
e ta l ,  1989, Muto e ta l,  1988).

In the rabbit foetus, CE was expressed in almost all tissues, especially the liver, 
spleen and blood cells. This pattern of expression, coupled with CE’s ability to 
cleave bioactive peptides and growth factors, led to the suggestion that CE has a 
role in controlling embryonic and foetal differentiation (Kageyama, 1993).

Cathepsin E is also commonly located in red and white blood cells and related 
organs. In the rat the spleen is highly cathepsin E positive (Yamamoto et a l, 1978), 
however this may be an exception as the spleen is the major haematopoietic organ 
of the rat and rabbit spleen shows much lower levels of expression (Puizdar et a l, 
1985). Rat lymphocytes and peritoneal neutrophils show high CE expression (Sakai 
et a l, 1989), however human neutrophils and fresh peripheral blood mononuclear 
cells are CE negative (Ichimaru et a l, 1990). Rat thymus is CE positive (Saito et a l, 
1989) and resting and activated murine B and T cells express cathepsin E (Bennett 
e ta l,  1992). Initial reports found human leucocytes to be negative for CE (Yonezawa 
and Nakamura, 1991). However CE expression in human B cells can be induced by 
polyclonal differentiation stimuli {Staphylococcus aureus coat), and in palatine tonsil 
CE is found in interfollicular areas (Sealy et a l, 1996). In both human and rat there 
is scattered CE staining throughout germinal centres (Sealy et a l, 1996, Sakai et a l,
1989). Spleen and lymph node interdigitating cells are also CE positive (Solcia e ta l, 

1993).

The follicle associated epithelium of the human gut, including Peyer’s patches, 
express CE (Finzi e ta l,  1993). CE is also commonly expressed in the skin, including 
in Langerhans cells, however macrophages are cathepsin E negative (Solcia et a l,

1993)
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1.3.5.4 Intracellular localisation

The intracellular localisation of CE has been studied in a number of different cells 
and species, but a consensus on its precise intracellular site remains to be reached. 
Unlike cathepsin D, CE appears to be completely excluded from the lysosome and 
instead occurs in the low density regions of subcellular fractions.

In rat neutrophils, CE behaved as a cytosolic enzyme and was also found in the 
rough endoplasmic reticulum (RER) (Sakai et a l, 1989, Ichimaru et a l, 1990). CE 
has been localised to the ER in many cells including human gastric tumours (Eiocca 
et a l, 1990), gastric epithelium (Saku et a l, 1991) and Langerhans cells (Solcia et 
a l, 1993). In COS and L cell transfectants CE was retained in the ER, aa 1-48 of the 
mature form were necessary for this retention and Cys  ̂ (which is central to CE 
dimérisation) was important (Finley and Kornfeld, 1994). As CE contains no ER 
retention motif such as KDEL, it is assumed that retention in the ER is determined 
by interaction with an ER resident protein. In support of this hypothesis transient 
transfections of L cells showed secretion of the enzyme, implying retention is 
maintained via a saturable component (Finley and Kornfeld, 1994).

In erythrocytes CE associates with the inner face of the plasma membrane but can 
pass into the cytosolic fractions on activation (Yamamoto e ta l,  1989, Yamamoto et 
a/., 1991).

Activated osteoclasts demonstrate membrane associated and secreted CE at the 
ruffled border - the site of active bone erosion (Yoshimine et a l, 1995). This report 
also described intracellular CE in an apparent secondary lysosome - this appears to 
be the only description of endogenous secreted and lysosomal CE in naturally CE 
expressing cells.

In transfected CHO cells CE was present in low and intermediate density fractions 
on subcellular fractionation and was separate from the lysosomal cathepsin B 
(Tsukuba eta l, 1993). Electron microscopy demonstrated CE in cytosol and vacuolar 
structures. CE in the vacuoles was in the mature conformation, all the locations 
contained endo H sensitive CE. There was some indication that the vesicular location 
of CE may depend on the activation state of the cells (Tsukuba et a l, 1993).

In antigen presenting cells the location of CE has frequently been described as
vesicular. In Langerhans cells CE was found in electron lucent cytoplasmic vesicles
(Solcia et a l, 1993). The same was true in the cells of follicle associated epithelium
of the gut where CE was localised to large and small electron lucent vesicles (Finzi
et a l, 1993). In murine B cells density fractionation indicated that CE was in a low
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density fraction that may correspond to endosomal structures (Bennett etal., 1992). 
Immunofluroescence of human B cells allowed little resolution of the question as 
the staining was of a very diffuse pattern, in contrast to cathepsin D which showed 
punctate stainingCSealy et a l, 1996).

The question of the intracellular localisation of CE is one which must be resolved in 
order to fully elucidate its physiological role.

1.3.5.5 Role of cathepsin E in antigen processing

1.5-5.5.1 Circumstantial evidence

A role for CE in the immune system was postulated early on when its tissue distribution 
was found to include leucocytes. There is circumstantial evidence for a link between 
CE and antigen processing - Langerhans cells and M cells of follicle associated 
epithelium both express CE (Solcia e ta l, 1993, Finzi e ta l, 1993) and both function 
as antigen presenting cells. In the follicle associated epithelium, CE and HLA-DR 
were found to be expressed by the same cells (Finzi e ta l, 1993). A similar situation 
occurred in transplanted lung. Whilst normal lung only expresses CE in a few 
limited cells, in transplanted lung hyperplastic epithelial cells showed concomitant 
upregulation of CE and HLA-DR expression (Arbustini et a l, 1994), in these lungs 
macrophages co-expressed HLA-DR and cathepsin D but not E.

It is tempting to speculate that such double induction may be regulated by stimuli 
which activate an antigen presenting phenotype. In experiments with human 
chondrosarcoma cells cathepsin E (but not cathepsin B or D) expression was induced 
concomitantly with MHC class II by IFN-y (L.C. Sealy, 1996 - Ph.D. Thesis, University 
of London). In HeLa cells transfection of the class II transactivator (CIITA), which 
induces expression of MHC class II and other antigen processing machinery including 
DM and li, resulted in the expression of CE. In these CIITA negative cells, CE could 
still be induced in a CIITA independent manner by IFN-y (L.C. Sealy, 1996 - Ph.D. 
Thesis, University of London). There is evidence that CIITA independent IFN-y 
action is required for the generation of an antigen presenting phenotype in non
professional APCs (Siegrist et a l, 1995). Cathepsin E was also upregulated in a 
human B cell line by the inflammatory cytokine IL-6 (D.A. O’Neil and B.M. Chain - 
submitted for publication).

The expression of CE in human B cells was found to be under tight regulation, and 
was induced, alongside MHC II expression, in polyclonal B cell activation by
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Staphylococcus aureus coat (Sealy et at., 1996). This induction was at the level of 
transcription and resulted in the production of enzymatically active CE (Sealy et a l, 
1996). Resting B cells are probably inefficient at antigen presentation but activated 
B cells are capable of this function (see section 1.2.1.1).

The vesicular localisation of CE reported in APCs is consistent with a role in antigen 
processing, although clear demonstration of the nature of the CE containing vesicle 
has not been made. Cell free systems have indicated that proteolytic activity towards 
antigen is associated with the lower density fractions of the cell (Chain et a l, 1989), 
which are the regions where CE activity is found (Bennett et a l, 1992). Although 
there has been no direct demonstration of an interaction between CE and the antigen 
processing route the fact that peptides derived from CE have been eluted from 
MHC II strongly that such an intersection exists (Chicz et a l, 1993).

1 . 3 -5.5 .2 Inhibitor and  in vitro studies

The strongest evidence to date for a role for CE in antigen processing comes from 
a study of the murine B cell line A20. These cells were found to express aspartic 
proteinase activity of which over 70% could be blocked by the Ascaris inhibitor, or 
by pre-incubation of cell lysates with anti-CE (Bennett et a l, 1992). Presentation of 
the 323-339 peptide of ovalbumin (OVA) to the D O ll-10 T cell line by A20 was 
dramatically reduced by the Ascaris inhibitor, but the presentation of the exogenous 
peptide was unaffected. The responses of T cells primed in vivo by administration 
of OVA were even more dramatically reduced (63%) by the addition of the inhibitor 
to the A20 presenting cells (Bennett et a l, 1992).

Numerous other studies with the aspartic proteinase inhibitor pepstatin implicating 
a role for cathepsin D in antigen proteolysis also implicate ipso facto  cathepsin E, 
these studies were discussed in section 1.3.4.3.

In vitro studies of CE proteolysis have revealed that it is indeed capable of generating 
T cell epitopes. Hewitt et a l, found that both cathepsin D and E could efficiently 
generate two well defined epitopes of the natural antigen tetanus toxoid when 
allowed to digest it in vitro at pH 4.0 (Hewitt e ta l, 1997). The cleavage required for 
one epitope included a lysine residue at P2, a position unfavourable for aspartic 
proteinases, especially cathepsin D, however the presence of a hydrophobic residue 
at P3 overcame this unfavourable conformation (Hewitt e ta l,  1997). In vitro digests
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of the model antigen HEL at a variety of pH’s have also demonstrated that CE is 
capable of generating T cell epitopes. The nature of the peptides produced varies 
according to the pH of the digest (D.A. O’Neil and B.M. Chain - unpublished data).

Whilst the occurrence of cathepsin D cleavage sites at the N-termini of many T cell 
epitopes has been taken to indicate a role for this enzyme in antigen processing 
(van Noort et a l, 1991), they may also implicate cathepsin E. As discussed above 
CD and CE share many common cleavage sites, and the cuts which seem to derive 
from endosomal cathepsin D could also have originated from CE. Arguing in an 
opposite direction the same study found that some pepstatin inhibitable cleavage 
activity by APCs was not performed by CD in vitro (van Noort et a l, 1991). Thus in 
this case CE could be implicated as a aspartic proteinase with a different specificity 
of cleavage.

1 .3 -5.5.3 A role in invariant chain degradation?

Cathepsin E may also have a role in proteolytic degradation of the invariant chain. 
There is evidence to suggest that the initial cleavage of li is by an aspartic proteinase 
(Marie et a l, 1994). As there are only two mammalian intracellular aspartic proteinases 
this must implicate cathepsins E and D. The initial cleavage of li probably occurs in 
an early/mid endosome and not a lysosome (Amigorena et a l, 1995, Kleijmeer et 
a l, 1997), cathepsin E must be considered a serious candidate for the enzyme 
responsible.

A study on the degradation of sections of the lumenal domain of li showed that li 
could be cleaved by both CE and CD (Kageyama et a l, 1996). Cathepsin D showed 
one major and several minor cleavage sites in li. The major site was at Leu^^ -̂Phe^^ ,̂ 
cathepsin E could also cleave at this site, but also cleaved at Met̂ -̂Leû ^̂ ,̂, a site not 
effectively cleaved by CD. This site in the invariant chain lies just beyond the CLIP 
region of li and cleavage here has been postulated to reduce the affinity of CLIP for 
MHC II (Kageyama et a l, 1996).
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1.4 Aims of this thesis

Cathepsin E is an enzyme with a tissue distribution and activity consistent with a 
role in MHC class II antigen processing. In this thesis I examine questions concerning 
the role of cathepsin E in antigen presenting cells. The intracellular localisation of 
CE in such cells has not been extensively defined, and yet the location of the 
enzyme will have a large effect on the epitopes it generates from antigen. Thus the 
intracellular localisation of CE in model antigen presenting cells is examined to see 
a) where CE resides in such cells and b) whether CE intersects the endocytic route.

The expression and localisation of CE in the DC lineage has also received only 
minimal study. To investigate whether CE is likely to process antigen in DCs, 
experiments are performed to see a) whether human peripheral blood derived DCs 
express CE, b) whether such CE is localised to the DC endocytic route and c) 
whether CE colocalises with MHC class II in DCs.

As previous studies have indicated that CE shows inducible expression in antigen 
presenting cells, I wished to see what the effect of altered levels of CE expression 
would have on the epitopes presented from a model antigen. To achieve regulatable 
expression the reverse tetracycline transactivator is used.
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Chapter

Materials & Methods

Unless otherwise stated all chemicals & reagents were obtained fro m  Sigma
(UK) Ltd., Poole, Dorset, England.

2.1 Cell and tissue culture

All cell and tissue culture was performed under aseptic conditions in a laminar air 
flow cabinet. Cells were maintained by incubation at 37"C in an atmosphere of 5% 
CO .̂

2.1.1 Cell lines

2.1.1.1 FC7

FC7 is one of a series of tetanus toxoid specific Epstein Barr virus transformed 
human B cell lines isolated by A. Lanzavecchia (Lanzavecchia 1985, Lanzavecchia, 
1987) and obtained as a kind gift of A. Lanzavecchia, Basel. The tetanus toxoid 
specificity of FC7 and ability of this cell line to present tetanus toxoid to specific T 
cells was confirmed by studies in our laboratory (L.C. Sealy, 1996, Ph.D. thesis. 
University of London). Maintenance of FC7 was in RPMI medium (RPMI 1640 - 
Clare Hall Laboratories, ICRF, UK), 50|LtM 2-p-mercaptoethanol, lOOU/ml penicillin, 
100|ig/ml streptomycin, 2mM L-glutamine, 2.5|ig/ml fungizone, all from Gibco, UK) 
supplemented with 10% foetal calf serum (FCS, Gibco, UK) heat inactivated at 56°C 
from 30 mins. FC7 grow in suspension and cultures were maintained by splitting 
1:4 every 3-4 days.
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2.1.1.2 Mel JuSo

Mel JuSo are an MHC class II positive human melanoma cell line described by 
Johnson et al. (1981), and were obtained as a kind gift of J. Neefjes, Amsterdam. 
Maintenance was in 10% RPMI medium as described above. Mel JuSo are adherent 
and were grown to confluence in BOcm̂  tissue culture flasks (Nunc, Roskilde, 
Denmark), at confluence cells were passaged at 1:10-1:20 by mild trypsin treatment 
with 0.25% trypsin in versine (Clare Hall Laboratories, ICRF, UK).

2.1.2 Primary cells

2.1.2.1 Human peripheral blood derived dendritic cells

Human peripheral blood (monocyte) derived dendritic cells were obtained using a 
method modified from that of Romani et al. (1994), described by Woodhead et al. 
(1998).

2.1.2.2 Preparation of human peripheral blood monocytes

Peripheral blood monocytes were obtained as described by Woodhead etal. (1998).

2.1.3 Activation of cells

2.1.3.1 LPS treatment of dendritic cells

Maturation of peripheral blood derived DCs using lipo-polysaccharide has been 
previously described (Sallusto e ta l, 1995, Palucka e ta l,  1998). For the experiments 
described here Escherichia coli (serotype 026:B6) derived LPS was added 18 hours 
before the end of the 7 day DC culture period at a final concentration of lOOng/ml. 
For a time course of LPS treatment day 7 DCs were maintained in culture by the 
addition of an equal volume of medium containing GM-CSF (lOOng/ml) and IL-4 
(50ng/ml, both from Schering-Plough, Ltd.). For 48 hours of LPS treatment the LPS 
was added at this point, groups receiving shorter treatments were given LPS 24 and 
12 hours before the end of the 48 hour treatment. All groups were harvested together 
as above.
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2.1.3.2 PMA activation of Mel JuSo

Mel JuSo were split 1:4 from confluence and activated 24 hours later with 20ng/ml 
of 12-O-tetradecanoylphorbol-l3-acetate (PMA) for 48 hours.

2.2 Molecular biology

2.2.1 Nucleic acid extraction

2.2.1.1 Plasmid preparation from bacterial cultures

2.2.1.1.1 Small scale plasm id preparation

Small scale preparation of plasmid DNA from bacterial cultures was performed 
according to the method described by Sambrook et al. (1989).

2.2.1.1.2 Large scale plasm id preparation

Large amounts of plasmid DNA were produced from bacterial cultures using an 
alkaline lysis/poly-ethylene glycol (PEG) precipitation method, described by 
Sambrook et al. (1989).

2.2.1.2 Extraction of DNA from agarose gels

DNA was extracted from agarose gels using the Wizard miniprep kit (Promega UK 
Ltd., Southampton) according to the manufacturer’s instructions.

2.2.2 Polymerase chain reaction (PCR)

PGR for cathepsin E sequences was performed as described by Sealy et al. (1996) 
using the primer sequences 5"-GTCGGACTCACAATGAAAACGCTCCTTCTT-3' 
(forward) and 5 -AGTGTCGAAGATGACAGTGAAGTTCTGTGG-3' (reverse). The 
production of a PCR mimic for competitive PCR is described in section 4.2.1, the 
sequence of the compound primer used was: 5"-AGTGTCGAAGATGACAGTGAAG 

TTCTGTGGCGGTGAACTGGATCATGTCCAAATTATGGG-3'
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2.2.3 Preparation and transformation of £. Coli

Electrocompetent E. Coli strain XLl-B were produced and transformed with plasmid 
DNA by electroporation according to the methods described by Sambrook et al. 

(1989).

2.2.4 Nucleic acid digests

2.2.4.1 Restriction digests

Restriction digests were performed using enzymes and matched buffers from Promega 
UK Ltd., Southampton, according to the manufacturer's instructions.

2.2.4.2 Sa/31 exonuclease digestion and T4 polymerase fill

lOfig of cut DNA was placed in a final volume of 50|xl of HPLC grade water, to this 
was added 50gl 2x nuclease B aB l buffer and 1-3U of nuclease B aB \ (both from 
Promega UK Ltd., Southampton). The reaction was incubated at 30"C for 5 minutes, 
every minute a 20|il sample of the reaction was taken and placed in a tube containing 
5|il of 20mM EDTA and incubated for 10 minutes at 65”C to inactivate the enzyme.

To fill in overhangs, T4 DNA polymerase was used. The total volume of the reaction 
was increased to 200|l i 1 with pH 8.0 TE buffer. Phenol/chloroform extraction was 
performed once as described (Sambrook et al., 1989) and DNA was precipitated by 
the addition of 0.1 volumes 3M sodium acetate pH 5.2 and 2 volumes of -20°C 
100% ethanol, followed by centrifugation at 12, 000 g for 5 minutes, 4°C. The resulting 
pellet was washed with 70% ethanol and resuspended in 10|il of Ix T4 polymerase 
buffer (Promega UK Ltd., Southampton), to which were added 0.2mM each of 
dCTP, dGTP, dATP and dTTP and 5-lOU of T4 DNA polymerase (Promega UK Ltd., 
Southampton) and the reaction was incubated at 37°C for 30 minutes. The reaction 
was stopped by incubation at 65-70°C for 20 minutes.
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2.2.4.S Ligation of DNA ends

Ligation of cut DNA ends was performed with DNA ligase and matched buffer 
(Promega UK Ltd., Southampton) according to the manufacturer’s instructions. After 
ligation XLl-B com petent E. Coli w ere transform ed w ith this m ixture by 
electroporation.

2.3 Density gradient eiectrophoresis (DGE)

The apparatus and techniques used for density gradient electrophoresis of Mel JuSo 
melanoma cells have been described in detail elsewhere by Tulp et al., (1996). The 
preparation of Mel JuSo for DGE was described by Tulp et a l, (1993).

For DGE separation of FC7 cells a modified version of the Mel JuSo protocol (Tulp 
et a l, 1993) was used. The protocol for FC7 differed from that used for Mel JuSo at 
the following points:

1. 4 X 10  ̂ FC7 cells were used.

2. FC7 were homogenised by 8 passages through the EMBL cell cracker (Balch and 
Rothman, 1985) using ball diameter 8.010mm, cracker diameter 8.020mm (EMBL, 
Heidelberg, Germany).

3. The post-nuclear supernatant (PNS) obtained after centrifugation was treated 
with DNAse I (lOgg/ml) for 30 mins on ice to clear any damaged nuclei before 
trypsin treatment.

Other methods were as described for Mel JuSo (Tulp et a l, 1993)

2.4 Western blotting

Western blotting protocols have been described in detail elsewhere (Harlow and 
Lane, 1988). Western blotting of DGE fractions presented in this thesis was performed 
as described in Fernandez-Borja et a l  (1996).
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Primary antibodies used in detection of proteins on Western blot are described in 
table 2.1 below.

Table 2.1 - Primary antibodies used in Western blotting

Antibody against Name Host Reference Source

MHC class II 
a  chain

1B5 Mouse Adams et a/.(1983) A. Tulp

MHC class I 
H-chain

HCIO Mouse Stam et al. (1986) A. Tulp

Protein disulphide 
isomerase

MA3-019 Mouse Kaetzel et al. (1987) ABR Inc. 
Golden, 
CO, USA

HLA-DM 5C1 Mouse Sanderson et al. 
(1996)

A. Tulp

Cathepsin E BMC-11 Rabbit Unpublished B. Chain

2.5 Cellular fluorescence techniques

2.5.1 Cell surface staining for flow cytometry
Table 2.2 Antibodies used for cell surface phenotyping

Antibody Name Type 
against

Reference Source

HLA-DR L243* Mouse IgG Lampson and 
Levy (1980)

ATCC, VA, USA

HLA-DQ la3DQ Mouse, IgG Shookster et al. 
(1987)

R. Winchester

B7-2 BU63 Mouse, IgG Engel et al. 
(1993)

D. Hardie

CD14 HB246* Mouse, IgG Todd et al. (1982) 
Wright et al. (1990)

ATCC, VA, USA

CD19 BUI 2 Mouse, IgG Ling et al. (1987) D. Hardie

CD3 UCHTl Mouse, IgG Beverley and 
Callard (1981)

Harlan Sera Lab 
UK, Ltd. 
Loughborough

CD83 HB15a Mouse, IgG Zhou et al. (1992) T. Tedder

^Originally designated L203 ^Originally designated 26ic
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Expression of cell surface markers was analysed by flow cytometry. Cell surface 
antibody staining and flow cytometric analysis was performed as described by 
Woodhead etal. (1998). Primary antibodies used in cell surface staining are listed in 
table 2.2 above.

2.5.2 Intracellular staining for flow cytometry and confocal 
microscopy

2.5.2.1 Cells in suspension

The staining of fixed, permeabilised cells was used to allow the analysis of expression 
of intracellular proteins by flow cytometry and confocal microscopy. Cells were 
stained using a method modified from that of Sealy et al. (1996) which described 
staining of cells adherent to poly-L-lysine coated coverslips. The method was as 
follows; 1 X 10  ̂ cells per group were harvested and fixed by incubation in 4% 
paraformaldehyde on ice for 10 mins. Cells were collected by centrifugation and 
incubated in lOOgl 0.1% Triton-X 100/PBS on ice for 10 mins to permeabilise the 
cell membrane. Cells were collected by centrifugation and non specific binding 
blocked by incubation in 50|il 10% goat serum (Gibco, Paisley, Scotland) in PBS for 
10 mins. 50fil of primary antibody (or antibodies for double staining) at an appropriate 
dilution in 10% goat serum was added and cells were incubated for 45 mins on a 
plate shaker at 4"C. See tables 2.2 and 2.3 (below) for details of primary antibodies 
used. Cells were washed once in 10% goat serum/PBS 10 mins, then overnight and 
again for 10 mins. Cells were resuspended in lOOfil of secondary antibody (FITC 
conjugated goat anti-mouse (Sigma), FITC conjugated goat anti-rabbit (Sigma) and/ 
or Texas red conjugated goat anti rabbit (Molecular Probes, Leiden, Netherlands)) 
diluted at 1:100 (FITC) or 1:20 (Texas red) in 10% goat serum. Cells were incubated 
in secondary antibody for 45 mins on a plate shaker and then washed three times (5 
mins) in PBS. Cells were resuspended in lOOgl of PBS for flow cytometry.

For confocal microscopy stained cells were resuspended in 50|il of PBS and allowed
to adhere to poly-L-lysine coated coverslips for 30-60 mins at 4°C. Coverslips were
then mounted in glycerol mounting medium (DABCO) and sealed with nail varnish
(Boots, Nottingham, England). Confocal microscopy was performed on Bio-Rad
MRC 600 or 1024 microscopes and analysed with NIH image and Adobe Photoshop
software on an Apple Macintosh computer. Confocal microscopy was performed as
follows. A positive stained sample was placed on the microscope. Using the SetCol
function the black level and gain of the microscope was adjusted to include the
majority of pixels between the maximum and minimum limits of intensity detection.
A negative control sample was then analysed and the gain of the appropriate channel
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(red or green) adjusted until there was no image/minimal fluorescent image visible. 
These settings were then maintained for acquiring further images. If double labelling 
was performed samples stained in only one colour (red or green) were analysed to 
ensure that crossover did not occur between green and red channels. For early 
pictures acquired using the MRC 600 microscope compensation between green and 
red channels was performed using NIH image software, as described in section 3.2.

Table 2.3 Antibodies used for intracellular immunofluorescence

Antibody
against

Name Type Reference Source

Cathepsin E 
(all forms)

CEl.l Mouse, IgM 
monoclonal

Sealy et al. (1996) B. Chain

Cathepsin E 
(mature form)

BMC 11 Rabbit
polyclonal
serum

Unpublished B. Chain

Transferrin
receptor

B3/25 Mouse, IgG 
monoclonal

Omary et al. (1980)
Trowbridge
and Omary, (1981)

Boehringer 
Mannheim Ltd.

CD63 M36 Mouse, IgG 
monoclonal

Azorsa and 
Hildreth, (1995) 
Smith et al. (1995)

P. Monk

KDDDKDEL a-KDDD Rabbit
polyclonal

Tooze et al.
(1989)
Huovila et al. (1992)

S. Fuller

HLA-DR
p-chain

T a ll4 .r Mouse, IgG 
monoclonal

Maddox and 
Bodmer, (1989)

ICRF

*Originally designated XI.26
Other antibodies used in intracellular immunofluorescence were described in table 
2.2

2.S.2.2 Adherent cells

2.5.2.2.1 Dendritic cells

DCs were prepared for adherent staining using a method modified from that of 
Winzler et al. (1997). Briefly, DCs were allowed to adhere to poly-L-lysine coated 
coverslips in PBS at room temperature for 20 mins. PBS was removed and DCs 
were covered in complete RPMI and incubated at 37°C for 30 mins. Cells were then 
fixed, permeabilised and stained as described above.
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Confocal staining of adherent Mel JuSo has been described elsewhere (Wubbolts et 
at., 1996). For the experiments presented in this thesis Mel JuSo were harvested at 
confluence and seeded at 1:20 onto sterile coverslips and allowed to grow for 3 
days at 37°C, 5% CO .̂ Coverslips were removed from the culture plate, fixed, 
permeabilised and stained as described above.

2.5.3 Fluorescent tracing of endocytosis

2 .5 .3.1 In FC7

1 X 10^ FC7 cells/group were incubated with rabbit-anti-human Ig immunoglobulins 
at 1:100 dilution, 4"C, for 45 mins on a rotator. Cells were washed twice with cold 
HBSS then warmed to 37°C and chased for various times. Cells were transferred 
onto ice and washed once in ice cold HBSS then fixed in 4% paraformaldehyde, 
permeabilised in 0.1% Triton-X 100, and stained as described above for cells in 
suspension. Endocytosis was visualised with Texas red conjugated goat-anti-rabbit 
immunoglobulins (Molecular Probes, Leiden, Netherlands). Cells were m ounted for 
confocal microscopy as described above.

2.5.3.2 In dendritic cells

Fluorescent dextran conjugates have been used previously to trace the endocytic 
route of both human and murine dendritic cells (Levine and Chain, 1992, Sallusto et 
at., 1995). For the experiments desribed in this thesis the procedure used was as 
follows: 1 X lO*’ DCs/group were incubated with Texas red conjugated dextran 
(70,000 MW, Molecular Probes, Leiden, Netherlands) at 1 mg/ml at 4°C, for 10 mins 
on a rotator. Cells were washed with cold HBSS then warmed to 37°C and chased 
for various times. Cells were transferred onto ice and washed once in ice cold HBSS 
then fixed in 4% paraformaldehyde, permeabilised in 0.1% Triton-X 100, and stained 
as described above for cells in suspension.
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2.S.3.3 In Mel JuSo

Endocytic tracing in Mel JuSo was performed either in suspension as for DCs or on 
adherent cells as described below. Mel JuSo were split 1:20 from confluence onto 
sterile 13mm diameter coverslips and allowed to grow for 3 days. Endocytosis 
tracing was performed by addition of 37°C pre-warmed Texas red dextran (3000 
MW, Molecular Probes, Leiden, Netherlands) at Img/ml for various times. Cells 
were washed in ice cold HBSS, fixed permeabilised and stained as above.
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Chapter

Subcellular Localisation o f Cathepsin E

Dr. Prentice - It’s a fascinating theory, sir, and cleverly put together. Does it tie in 
with the known facts?
Dr. Ranee - That need not cause us undue anxiety. Civilisations have been founded 
and maintained on theories which refused to obey facts.

What the Butler Saw, Joe Orton

3.1 Introduction

There is considerable evidence, both direct and circumstantial, implicating cathepsin 
E in the generation of antigenic epitopes for presentation on MHC class II. Cathepsin 
E can generate antigenic fragments from model antigens (Hewitt et a l, 1997 and 
D.A. O’Neil and B.M. Chain, unpublished data). Unlike other proposed antigen 
processing enzymes, CE has a limited tissue distribution which includes antigen 
presenting leucocytes (Bennett et a l, 1992, Finzi et a l, 1993, Sealy et a l, 1996, 
Sakai et a l, 1989). CE expression appears to be regulated by factors which can also 
regulate elements of the antigen processing machinery (L.C. Sealy, D.A. O ’Neil and 
B.M. Chain, unpublished data).

Most importantly a specific CE inhibitor has implicated this enzyme in the generation 
of ovalbumin epitopes by murine B cells (Bennett et a l, 1992). Numerous other 
studies have implicated aspartic proteinases in antigen processing (Shaw and Chain, 
1989, Williams and Smith, 1993, van Noort e ta l, 1991), but the cathepsin D knockout 
mouse shows that cathepsin D (the only other major known intracellular aspartic 
proteinase) is dispensable for the processing of several epitopes from different 
proteins (Deussing et a l, 1998). Cathepsin E may fulfil an antigen processing role in 
the absence of cathepsin D.
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Unlike other proposed antigen processing enzymes, the subcellular site of residence 
of cathepsin E has not been clearly defined in antigen presenting cells. Cathepsin 
D, as a lysosomal enzyme, is resident in the MIIC - one of the proposed MHC class 
II loading compartments (Peters et a l, 1991). Both cathepsins D and B have been 
found to be resident in an earlier endocytic compartment enriched in MHC class II 
(Guagliardi e ta l ,  1990).

Cathepsin E, when transfected into cells, was retained in the ER - presumably via an 
interaction with an unknown ER resident protein (Finley and Kornfeld, 1994). An 
endosomal localisation for cathepsin E has been reported in some antigen presenting 
cells:

• CE was reported to reside in the ER and in electron lucent cytoplasmic vesicles in 
Langerhans cells (Solcia et a l, 1993)

• Density fractionation of a murine B cell line indicated that CE was in low density 
endosomal fractions (Bennett et a l, 1992 - although low density structures such 
as EEs, ER and plasma membrane are hard to separate on such gradients).

• CE was also reported to be vesicular in transfected CHO cells (Tsukuba et a l, 
1993).

CE does not appear to have a localisation pattern consistent with residence in a 
dense lysosomal compartment, but instead is usually reported to be in lower density 
cellular compartments (Tsukuba et a l, 1993, Bennett et a l, 1992).

If CE is directly involved in the processing of antigen, it must encounter that antigen 
at some point before export of loaded class II to the cell surface. As we have seen 
in chapter 1, this must implicate a position on the endocytic route - possibly a 
specialised Ag processing/MHC class II loading compartment. The nature of the 
endocytic compartment where antigen meets processing enzyme has profound 
implications for the nature of the epitopes generated from this encounter. The pH at 
which enzyme digestion occurs can alter protein degradation patterns, as will the 
length of time enzyme and substrate are in contact. If the compartment of Ag/ 
proteinase encounter also contains MHC class II, then this may shield areas of Ag, 
resulting in an altered pattern of proteolysis.

This chapter examines the subcellular localisation of cathepsin E in two MHC class 
II positive antigen presenting cell lines, in an attempt to obtain a more detailed 
understanding of the potential role of this enzyme in antigen processing.
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3.2 Results

3.2.1 Cathepsin E localisation In FC7 B cells

3.2.1.1 MHC class II resides on the endocytic route of FC7 cells

The central question to be answered in determining the subcellular localisation of 
cathepsin E with a view to elucidating its potential antigen processing role is - ‘does 
CE encounter incoming exogenous antigen?’. This question could be phrased ‘does 
CE have access to the endocytic route of APCs?’ It was first attempted to answer this 
question in FC7 human EBV transformed B cells. FC7 have previously been shown 
to express CE, and this CE expression was increased by differentiation of the cells 
with PMA (Sealy et a l, 1996).

3.2.1.1.1 Tracing the FC7 endocytic route

Attempts to trace the endocytic route of the FC7 with high concentrations of dextran, 
a commonly used endocytic marker, proved unsuccessful. FC7 cells were incubated 
in suspension in FCS containing medium with Texas red conjugated dextran (Im g/ 
ml). This incubation was carried out with agitation at 37”C. Such conditions were 
adequate for endocytosis by other cell types such as Mel JuSo melanoma cells, as 
we shall see later in this chapter. Despite this, FC7 cells prepared as described 
above showed no internalised or surface associated dextran on fluorescence 
microscopy (data not shown). This is, perhaps, unsurprising given the low endocytic 
capacity of B cells for substances that do not bind their membrane immunoglobulin 
(discussed in section 1.2.3.4). Although fluid phase tracers have been used successfully 
to identify B cell endosomes in electron microscopy studies (Peters e ta l,  1991), the 
greater sensitivity of the enzyme product markers used in these studies may overcome 
problems of low uptake.

In an attempt to overcome this lack of uptake, rabbit anti-human immunoglobulin 
was used as a ligand of the B cell mig, thus increasing the chance of successful 
uptake (Lanzavecchia, 1985). Excessive ligation of B cell mIg can lead to the 
phenomenon of ‘capping’. Here large amounts of cross-linked mig initiate a different 
signalling cascade to that involved in the endocytosis of mig ligands. This altered 
signal leads to the gathering of surface mig into patches or ‘caps’ on the cell surface 
and the shedding of these caps from the cell surface (De Pétris and Raff, 1974). In 
order to avoid the excessive ligation of FC7 mig which could lead to the capping
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process, FC7 cells were stained with rabbit anti-human Igs at increasing dilutions, 
the staining was followed by a FITC conjugated second layer and analysed using 
flow cytometry (figure 3.1).

Figure 3.1 indicates the proportion of cells falling past the gate marker at 1:10, 1:50, 
1:100, 1:200 and 1:400 dilutions of antibody. Whilst 99% of the cells have passed the 
gate at a 1:10 dilution of antibody, this figure has been reduced to 86% at the 1:100 
dilution. The 1:100 dilution was selected as being below a saturating concentration 
of antibody and below level likely to cause capping of mig. The uptake of antibody 
was then tested using microscopy.

Rabbit anti human-immunoglobulin was bound to the FC7 cell surface (i.e. FC7 
mig) at 4°C and then excess removed by washing, before warming to a permissive 
endocytosis temperature (37°C). Figure 3.2 shows FC7 cells which received anti- 
mlg at 4"C. Cells were then maintained at 4°C or warm ed to the permissive 
temperature. Following this treatment, cells were fixed and permeabilised with
0.1% Triton-X 100, or left untreated. Rabbit anti-human mig was detected by use of 
a Texas red conjugated secondary antibody. The confocal microscope pictures in 
figure 3.2 indicate that the only significant staining was visible in cells which had 
received antibody, been warmed to 37°C and permeabilised. The data of figure 3.1 
indicates that surface staining of FC7 with this antibody should be extensive. Part of 
the reason for the apparent absence of surface staining in the cells of figure 3.2 may 
be the gain setting of the confocal microscope. The gain of the microscope was set 
to give a good image of the intracellular staining shown in the 37°C, permeabilised 
panel. The surface staining compared to this is more widely spread and possibly 
weaker, thus is not visible on this confocal setting.

Figure 3.2 establishes that the use of anti-mlg as a B cell endocytic tracer is viable, 
and that intracellular structures are labelled after endocytosis of this tracer.

3-2.1.1.2 Subcellular localisation o f MHC class II in FC7 cells

In order to examine the localisation of MHC class II relative to the endosomes 
defined by this tracing method, double labelling was performed. After endocytosis, 
cells were fixed and stained with an anti-rabbit immunoglobulin (in red) detecting 
endocytosed anti-mlg, and a murine monoclonal antibody to MHC class II (L243), 
this antibody was detected by a FITC (green) second layer. The resulting stained 
cells were analysed by confocal microscopy.
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- 99%

10 °  1 0 ' 102 10 °  10 " 

Fluorescence

Figure 3.1 - Surface binding of 
rabbit «-human mig by FC7 
celis

FC7 (1 X 10°/group) cells w ere  in
c u b a te d  with rabbit an ti-hum an  
m ig a n t ib o d ie s  a t  1 :10; 1 :50; 
1:100; 1:200 and  1:400 dilutions 
for 45 minutes a t 4°C. E xcess  a n 
tibody w as  w ash ed  aw ay  and  a n 
tibody visualised with FITC conju
gated  goat anti-rabbit Ig. Staining 
w a s  a n a l y s e d  u s in g  flow 
cytometry. The em pty peak  indi
c a te s  seco n d  layer only staining. 
Filled p e a k s  in d ica te  an t ib o d y  
staining, Ab dilution is indicated 
above  e a c h  frame. G ated  - per
cen tag e  of cells pas t the  ga te  (less 
th a n  2%  of s e c o n d  layer  only  
staining p a s s e d  the s e t  gate).

1:50
ga ted  - 90%

10°  10' 10  ̂ 10°  10" 

Fluorescence

1:100
ga ted  - 86%

10 °  1 0 ' 102 10 °  10 " 

Fluorescence

1:200
ga ted  - 79%

10 °  1 0 ' 102 10 °  10 " 

F luo rescence

32^

ILU
1:400

g a ted  - 69%

10 °  1 0 ' 102 10 °  10 " 
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Irrelevant Ab 14°C unperm. 14°C perm

37°C unperm. I37°C  perm.

. . a

Figure 3.2 - Uptake of rabbit «-human mig by FC7 cells

Surface  mig w a s  bound by incubation of FC7 with rabbit anti-hum an Ig a t  4°C for 
45 mins. E x ce ss  Ig w as  w ash ed  from the cell surface. Cells w ere  then  either 
w arm ed  to 37°C an d  c h a s e d  for 60 minutes, or maintained at 4°C. Cells w ere  
fixed, an d  from ea c h  group half were permeabilised, half left untreated. Endocytosis 
w as  d e tec te d  with a  red (Texas red) goa t anti-rabbit seco n d a ry  antibody. Irrelevant 
antibody w a s  m o u se  anti-collagen IgG. Cells w ere viewed by confocal microscopy. 
Bars - 5^im.
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Early confocal microscopy studies (acquired using the MRC 600 microscope) showed 
cross over between the green and red channels - i.e. cells stained with murine 
antibody and FITC second layer only showed staining in the red channel. To 
distinguish between green crossover and genuine red staining, compensation was 
performed using NIH image software. A green only control picture was analysed to 
calculate the amount of red crossover. This compensation was then applied to the 
red/green double labelled images. The amount of red staining that could be attributed 
to crossover from the green channel, (as calculated from the green only control 
image) was subtracted from the red image at the positions where green staining 
was seen in the corresponding green channel image. This compensation method 
proved successful in removing visible crossover from the image, this can be seen 
from the green only controls of figures 3-3 and 3 5 which have been subjected to 
compensation. Later images acquired with the MRC 1024 microscope required no 
compensation. For further details of how confocal images were acquired and analysed 
see chapter 2. All confocal images are representative of at least three experiments.

Fig. 3 3 shows a time course of endocytosis co-stained for HLA-DR. No surface 
staining of mig is visible, and endocytic structures do not become visible until 10 
minutes of chase, where they are apparent at the cell periphery. MHC class II 
appears intracellularly in distinct vesicles. At 20 and 30 minutes of endocytosis, 
colocalisation is apparent between the endocytic tracer and MHC class II positive 
vesicles. This colocalisation is not exclusive and structures positive for class II and 
tracer only are still visible at these time points. At 60 minutes after warming the 
colocalisation between the two markers has decreased, but was still apparent.

Thus binding of surface mig and chase can be used to follow the endocytic route of 
FC7 cells through a class II enriched endosome. Class II in these cells appears to 
reside in an endosomal structure and not to accumulate in later lysosomes, as 
colocalisation is decreasing at 60 minutes of chase.

3.2.1.2 Cathepsin E in FC7 shows a diffuse peripheral distribution

Fig. 3.4 shows permeabilised FC7 stained for cathepsin F with a murine monoclonal 
anti-cathepsin F antibody CFl.l. This antibody gives a diffuse peripheral distribution 
of staining and no vesicular structures are apparent. Such a diffuse distribution has 
previously been reported for CF when analysed by confocal microscopy (Sealy et 
al., 1996). This diffuse distribution appears inconsistent with an endocytic location 
for CF.
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Subcellular Cathepsin E

10 mins

20 mins 30 mins 60 mins

Class II only irrelevant Ab

Figure 3.3 - mig mediated uptake by FC7 directs endocytosis through an 
MHC II enriched compartment

Green - MHC class II 
Red - mig endocytosis

Surface  mig w a s  bound by incubation of FC7 with rabbit anti-hum an Ig a t 4°C for 
45 mins. E x ce ss  Ig w a s  w ash ed  from the  cell surface  and  cells w ere  then  w arm ed  
to 37°C an d  c h a s e d  for the  indicated times. Cells w ere fixed, perm abilised an d  
s ta ined  for MHC c la ss  II with L243 (anti-HLA-DR). L243 w as  d e tec ted  with a  g reen  
(FITC) con jugated  seco n d a ry  antibody, and  endocytosis  w as  de tec ted  with a  red 
(Texas red) anti-rabbit seco n d ary  antibody. Colocalisation be tw een  MHC II and  
endocy tosis  a p p e a r s  yellow (ringed). C lass  II only recieved no a-mlg. Irrelevant 
Ab = m o u se  anti-collagen IgG. Bars = Sfxm.
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3.2.1.3 Cathepsin E does not Intersect the endocytic pathway of 
internalised membrane Ig in FC7 ceils

Fig. 3.5 shows a time course of mig mediated endocytosis by FC7, co-stained for 
cathepsin E with the CEl.l antibody. As with the MHC class II timecourse, no 
endocytic structures are visible before 10 minutes of chase. At the time points from 
10 mins onwards there is no overlap between CE and endocytic tracer, and the CE 
staining seems to be more peripheral than these later endosomes. As extensive 
colocalisation between MHC class II and endocytic tracer is visible at 20 and 30 
minutes figure 3 5 indicates that CE is excluded from the endocytically accessed 
MHC class II enriched compartment.

3.2.1.4 Density gradient eiectrophoresis indicates that CE is confined to 
low density structures in FC7

The data shown in figure 3 5 indicated that cathepsin E was excluded from the later 
endocytic structures of the FC7 endocytic route. Earlier structures (before 10 mins 
of chase) could not be visualised with the confocal microscopy technique described 
for figs. 3.3 and 3 5. In an attempt to define the steady state distribution of CE in FC7 
via another method, the technique of density gradient electrophoresis was employed.

Density gradient electrophoresis (DGE) separates subcellular organelles obtained 
from a cell lysate on the basis of their charge and density. The technique has been 
described in detail elsewhere (Tulp e ta l,  1996), and was used to define a separate 
MHC class II enriched compartment in a melanoma APC line (Tulp e ta l, 1994). The 
DGE described here was performed with the assistance of A. Tulp, D. Verwoerd 
and J. Neefjes (Netherlands Cancer Institute, Amsterdam).

In order to trace the endocytic route in DGE, cells are pulsed with horse radish 
peroxidase (HRP) at 37"C for a period of time corresponding to the depth of the 
endocytic route being investigated. The presence of HRP activity in the fractions 
subsequently obtained indicates the extent of the endocytic pathway. After 
fractionation, odd numbered fractions are assayed for the activity of HRP, p- 
hexosaminidase (a lysosomal enzyme), and protein concentration. The even 
numbered fractions are subjected to poly-acrylamide gel electrophoresis (PAGE) 
and proteins are detected by Western blotting.

Fig. 3.6 shows a DGE profile for FC7 pulsed with HRP for 30 minutes. Western 
blotting was performed for the following proteins:
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m .

&

Figure 3.4 - Cathepsin E shows a diffuse peripheral distribution In 
FC7 B cells

Perm eabilised FC7 w ere s ta ined  in su sp e n s io n  with CE1.1 and  staining 
w as  visualised with a  g reen  (FITC) seco n d  layer. Bar= 5^im.
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Figure 3.5 - mig mediated uptake by FC7 does not pass through a 
cathepsin E positive compartment more than 10 mins Into the endocytic 
route

Green - Cathepsin E (C E l.l)
Red - mig endocytosis

Surface  mig w as  bound by incubation of FC7 with rabbit anti-hum an Ig a t  4°C for 
45 mins. E xcess  Ig w as  w ash e d  from the  cell su rface  and  cells w ere  then  w arm ed  
to 37°C an d  c h a s e d  for the  indicated times. Cells w ere  fixed, perm abilised a n d  
sta ined for ca thepsin  E with C E l . l .  CE1.1 w as  de tec ted  with a  g reen  (FITC) 
conjugated seco n d ary  antibody, an d  endocy tosis  w as  d e tec ted  with a  red (Texas 
red) anti-rabbit seco n d ary  antibody. C E  only recieved no a-m lg. Irrelevant Ab = 
m ouse  IgM. Bars = 5|xm.
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1. Cathepsin E. CEl.l is ineffective in Western blotting. Blotting was therefore 
performed with BMC 11, a rabbit polyclonal serum raised against the 5 N-terminal 
amino acids of mature CE (longer form). This antibody has been shown to recognise 
recom binant CE on W estern blot Q. Kaye, University of Wales, personal 
communication). The nature of the peptide used to generate BMC 11 should restrict 
the serum to binding only the mature form of CE, although this has not been 
formally tested.
2. Protein disulphide isomerase (PDI). An endoplasmic reticulum marker.
3. HLA-DM
4. MHC class II
5. MHC class I

Fig. 3.6 shows poor separation of the DGE parameters. The lower numbered fractions 
represent the higher density areas of the gradient. Towards these areas is a migration 
of p-hex and the 30 mins HRP pulse. This indicates that the late endosomal/lysosomal 
compartments of the cells are migrating towards this end of the gradient. The peaks 
of both p-hex and HRP activity lie near the peak of protein concentration. This is 
the area where the strongest reactivity towards PDI is to be found. These central 
fractions therefore probably represent the position of the ER and this is the only 
area of the plot where CE reactivity is to be found. To the right of the plot a second, 
smaller peak of protein and intense MHC class I and II reactivity probably indicates 
the position of the cell surface.

MHC class II is also present around the area of highest protein concentration and 
CE/PDI immunoreactivity. However MHC class II does not appear towards the left 
of the plot where the HRP shoulder indicates the presence of later endosomes. The 
evidence from fig. 3 3 indicates that MHC class II should be present in this area. The 
absence of extensive spreading of MHC class II and HLA-DM towards the position 
of the later endosomes indicates that these cells may show poor separation of 
subcellular organelles using the DGE technique. There is no passage of CE towards 
the higher density areas of the curve, and whilst this is not strongly indicative of a 
non-late endosomal location for CE (as indicated in fig. 3.5), it is consistent with 
this.

The jump in band intesity from weak to strong for all proteins as we move from 
around fraction 28 to fraction 30, may indicate that the transfer between these two 
areas of the blot was not equal. As a result of this, data from the high intensity areas 
of the plot should be interpreted with caution.
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Figure 3.6 - Density gradient 
electrophoresis indicates that 
cathepsin E is limited to low 
density fractions in FC7 B cells 
- 30 minutes of endocytosis

F C 7  c e l l s  w e r e  a l lo w e d  to  
endocy tose  HRP in su sp e n s io n  at 
37°C for 30  minutes. Cells w ere  
lysed using a  cell cracker. A post 
nuclear su p e rn a ta n t  w as  obta ined 
by cen tr i fu g a t io n  a n d  th is  w a s  
p e l le te d  by cen tr ifu g a t io n .  T h e  
p e l le t  w a s  r e s u s p e n d e d  a n d  
se p a ra te d  by DGE. After s e p a r a 
tion fractions w ere  collected from 
the  anoda l site, odd n u m b e re d  
f ra c t io n s  w e re  a s s a y e d  for th e  
p re se n c e  of p -hexosam in idase  (p- 
hex) activity, total protein c o n c e n 
tration and  HRP activity. Even num
bered  fractions w ere  sub jec ted  to 
W este rn  blotting for ca th ep s in  E 
with BMC-11, protein d isu lphide  
iso m e rase  (PDI), HLA-DM, MHC 
c lass  II and  c la ss  II. For full 
details s e e  section  2.3.
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Figure 3.7 - Density gradient 
electrophoresis Indicates 
that cathepsin E Is limited to 
low density fractions In FC7 
B cells - 3 minutes of 
endocytosis

F C 7  c e l l s  w e r e  a l lo w e d  to  
endocy tose  HRP in su sp e n s io n  
at 37°C for 3 minutes. DGE and 
W estern  blotting w a s  then ca r 
ried out a s  in figure 3.5.
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As the CE staining in figs. 3.4 and 3.5 appeared peripheral, and as CE was excluded 
from later endocytic structures (fig. 3.5) it was decided to use DGE to examine the 
position of CE relative to the early endosome. Fig. 3.7 shows a DGE profile for FC7 
pulsed with HRP for 4 minute to label the early endosome. The position on the plot 
of maximal HRP activity now coincides precisely with the peak of protein 
concentration. A second peak of HRP activity towards the right of the plot probably 
indicates the position of the cell membrane or free HRP. This area is also the site of 
a second peak of MHC class I and II immunoreactivity, adding weight to the cell 
membrane contention. To the left of the curve (around fractions 29-21) is a small 
shoulder of HRP activity, possibly indicating the first passage of HRP into later, 
denser endocytic structures. Thus the peak of HRP activity at fraction 33 probably 
indicates the position of the early endosome. This position coincides precisely with 
the position of the ER as indicated by PDI activity, thus it appears in FC7 that the ER 
cannot be separated from the position of the early endosome.

In this particular fractionation there is a much more extensive passage of MHC class 
II and HLA-DM towards the denser fractions of the curve. CE does not show this 
distribution and is again confined to the central areas, once again this is consistent 
with CE being excluded from later, denser, class II enriched compartments.

3.2.2 Cathepsin E distribution in Mei JuSo melanoma cells

The scanty cytoplasm of B cells is probably responsible for the poor separation of 
ER, early endosom es and o ther vesicular structures on density  g rad ien t 
electrophoresis. The use of a larger MHC class II positive cell line might allow such 
separation problems to be overcome and enable a more precise definition of 
subcellular cathepsin E distribution. One such cell line is the Mel JuSo melanoma 
cell line. Mel JuSo have been extensively studied as a model for MHC class II 
antigen processing. DGE in Mel JuSo allowed the definition of a distinct MHC class 
II enriched compartment migrating to the left (late endosomal/lysosomal) region of 
the density fractionation (Tulp et a l, 1994, Fernandez Borja et a l, 1996). Mel JuSo 
have also been used in investigations of the nature of MHC transport to the cell 
surface (Wubbolts et a l, 1996) and in the nature of the endocytic compartment 
accessed by mig (Ferrari et a l, 1997, Knight et a l, 1997). The large cytoplasm and 
adherent nature of Mel JuSo also enable clear immunofluorescence microscopy to 
be performed on these cells.
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Figure 3.8 - Density gradient 
electrophoresis indicates that 
cathepsin E shows a wider 
distribution in Mei JuSo ceiis 
than in FC7

Mel Ju S o  cells in su spens ion  at 37°C 
w ere allowed to endocy tose  HRP for 
3 minutes. DGE and  W estern  blot
ting w as  then  carried out a s  in figure 
3.5.
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3.2.2.1 DGE on Mei JuSo indicates a wider cathepsin E distribution than in 
FC7

Figure 3.8 shows the DGE profile obtained from a Mei JuSo post-nuclear supernatant. 
The cells used in this fractionation received HRP for 3 minutes, labelling the early 
endosome. As was seen in the case of FC7 cells, the early endosome migrates with 
the peak of protein concentration. The ER marker, PDI, shows a very extensive 
distribution throughout the cell in this fractionation, however PDI is greatest in 
fractions 34-44, an area coinciding with the peak of protein concentration and thus 
probably representing the migration of the ER.

The immediately apparent difference between fig. 3 8 and FC7 fractionations, is the 
much greater separation of (3-hexosaminidase activity. (3-hex is a lysosomal enzyme 
which has been previously demonstrated to migrate to the same regions as MHC 
class II in Mel JuSo separated by DGE. The MHC class II distribution seen in fig. 3 8 
is consistent with this.

Class II immunoreactivity is strongest at fractions 42-46 at the right hand side of the 
plot. As discussed for FC7 above, this probably represents cell surface MHC class II. 
MHC class II is present in the ER regions as would be expected, but also shows 
strong reactivity in fractions to the left of ER marker, at fractions 12-26, this is in the 
region of peak (3-hex activity. Significantly there is no MHC class I reactivity in this 
region, and MHC class I appears to be confined to the ER and cell surface areas. 
This separation from MHC class I suggests that this class II distribution represents 
the part of class II biosynthesis that is separate from MHC class I, viz. when MHC 
class II traverses the endocytic route (Neefjes et al., 1990).

HLA-DM is also found in this region as a second peak of immunoreactivity (the first 
being in the ER region). Thus Mel JuSo seem to demonstrate clear subcellular regions 
of MHC class II enrichment which co-migrate with the lysosomal marker P- 
hexosaminidase and HLA-DM. The CE distribution in these cells also appeared to 
differ from that in FC7. CE immunoreactivity was again greatest in the regions of the 
ER, but it too showed a migration into lower density areas of the gradient, passing 
to lower fractions than MHC class II where a second peak of activity is visible 
around fraction 14.

These results suggested that in Mel JuSo cells CE may show a more extensive sub
cellular distribution than in FC7 B cells. The nature of the subcellular compartment 
in which CE resides in these cells was therefore investigated further.
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3.2.2.2 Cathepsin E staining in Mel JuSo shows both a diffuse and 
vesicular distribution

Staining of Mel JuSo with the CEl.l monoclonal antibody (fig. 3.9) shows a peripheral 
diffuse distribution as described for FC7. However Mel JuSo also show vesicular 
structures stained with CEl.l. Staining of Mel JuSo with the BMC 11 polyclonal anti
serum against the mature CE N-terminus (used for the Western blotting in figs 3.6- 
8), also showed vesicular structures (fig. 3.10).

3.2.2.S BMC 11 positive vesicles are CE positive

As the BMC 11 serum was raised against a 5 amino acid peptide from the N- 
terminus of the mature enzyme there was a possibility that the BMC 11 staining 
might represent a cross reaction with another protein containing the same peptide 
sequence. Figure 311 shows Mel JuSo double stained with CEl.l and BMC 11. 
Whilst CEl.l staining shows both vesicular and diffuse elements, BMC 11 stains 
only vesicular structures. These structures colocalise with the CEl.l positive vesicles. 
This implies that the BMC 11 positive vesicles genuinely represent cathepsin E 
positive structures, as they are stained by two antibodies raised against different 
parts of the CE molecule.

3.2.2.4 BMC 11 vesicles in Mei JuSo are not positive for conventional 
endosomal markers

As BMC 11 is a rabbit serum, double staining between BMC 11 and mouse monoclonal 
antibodies was a simple procedure. Mel JuSo were stained with BMC 11 and a 
series of monoclonal antibodies against various markers of the endocytic pathway. 
Representative immunofluorescence pictures are shown in figs. 3.12 - 16. In all 
cases the cells showed no staining in response to the pre-immune serum of the 
BMC 11 host and crossed antibodies (i.e. murine first layer + anti-rabbit second 
layer and rabbit first layer + anti-mouse second layer) showed no staining.

Figure 3.12 shows Mel JuSo double stained for BMC 11 and the transferrin receptor 
(TfR). TfR staining is divided between a central peri-nuclear region and more 
peripheral vesicles. BMC 11 staining is generally more peripheral and doesn’t group 
in the central perinuclear area. The majority of BMC 11 positive structures are 
negative for TfR. There is, however, some overlap between the two markers at the
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Figure 3.9 - Cathepsin E distribution in Mei JuSo 
ceiis shows both vesicular and diffuse elements

A. Mel Ju S o  m elanom a cells w ere grown on coverslips 
and  s tained with C E 1 .1 anti-cathepsin E, de tec ted  with 
FITC conjugated goat anti-m ouse immunglobulins. B. 
Irrelevant Ig first layer control. Bars = lO^m.

Figure 3.10 - BMC 11 stains a vesicular structure 
in Mel JuSo ceiis
A. Mel Ju S o  w ere cultured a s  in Fig. 3 .8  and  stained 
with BMC 11 serum  raised aga inst the  5 N-terminal 
amino acids of m ature CE. Staining w as  d e tec ted  with 
a  FITC conjugated goat-anti-rabbit antibody. The a rea  
in the left hand  box is show n en larged  in the  right hand 
box. B. Pre-im m une serum  control. Bars = 10|im.
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Figure 3.11 - BMC 11 positive 
vesicles in Mel JuSo cells co
stain for CEl.l 

Green - CEl.l 
Red-BMC 11

A. Mel J u S o  w e re  g row n  on 
c o v e r s l i p s  a n d  s t a i n e d  w ith  
CE1.1 and  BMC 11. C E l . l  w as  
d e te c te d  with a  g re e n  (FITC) 
con jugated  an ti-m ouse  se c o n d  
layer and  BMC 11 with a  red anti
rabbit second  layer. Bar = 10^im.

A. CE1.1

B. C o n tro ls  - Mel J u S o  w e re  
stained  with 1. irrelevant murine 
IgM with FITC a n t i - m o u s e  
s e c o n d  layer, 2. P re  im m u n e  
serum from the BMC-11 host with 
T ex a s  red  anti rabb it s e c o n d  
layer, 3. C E l . l  with anti-rabbit 
s e c o n d  layer, 4. BMC-11 with 
anti-m ouse seco n d  layer. Bar = 
50|im
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periphery of the peri-nuclear staining. The degree of overlap of these structures 
varied between experiments, with the majority of BMC 11 positive structures being 
negative for TfR.

The density gradient electrophoresis separation of Mel JuSo showed CE spreading 
to similar areas of the gradient as MHC class II and HLA-DM. However, double 
staining with BMC 11 and L243 (a murine monoclonal antibody preferentially 
recognising mature (li negative) MHC class II, showed almost no overlap between 
the two distributions (fig. 3.13). MHC class II appears to almost all be concentrated 
in vesicles in the peri-nuclear area - similar to those seen for transferrin receptor. 
This peri-nuclear concentration of MHC class II is typical of Mel JuSo and has 
previously been demonstrated elsewhere (Wubbolts et al., 1996). In contrast, BMC 
11 appears almost excluded from this central area and shows a more peripheral 
distribution. In a few peripheral areas there are some areas of yellow indicating 
possible overlap. The majority of red and green staining does not overlap, the 
significance of the small areas of yellow is difficult to assess.

As an aspartic proteinase has been implicated in the initial breakdown of li (Marie 
et al., 1994), it was of interest to determine whether BMC 11 colocalised with less 
mature MHC class II. Tal 14.1 (XI.26) is a mouse monoclonal antibody which 
recognises the (3-chain of HIA-DR in isolation from the DR alpha chain (Maddox 
and Bodmer, 1989). Thus Tal 14.1 may be expected to bind MHC class II (HLA-DR 
molecules) in association with li, as well as recognising the mature, li independent 
MHC II bound by L243. Double staining for BMC 11 and Tal 14.1 (fig. 3.14) showed 
Tal 14.1 staining to be in the central perinuclear class II positive region, whilst BMC 
11 at the cell extremities was excluded from this area. There was no colocalisation 
between the two patterns of staining.

Finally, double staining was performed between BMC 11 and the lysosomal marker 
CD63. Figure 3-15 shows that CD63 also concentrates in the peri-nuclear area of 
Mel JuSo cells. There is no overlap between the CD63 and BMC 11 distributions. 
Thus cathepsin F does not appear to be lysosomal in these cells, as has been 
reported for cathepsin F in other cell types.
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Figure 3.12-BMC 11 
positive vesicles in Mei 
JuSo partially overlap 
with transferrin 
receptor staining

Green - TfR (83/25)
Red-BMC 11

A. Mel J u S o  w ere  grown 
on coverslips and  sta ined 
with B3/25 an d  BMC 11. 
B3/25 w as  de tec ted  with a  
g reen  (FITC) con jugated  
an ti-m ouse  s e c o n d  layer 
a n d  BMC 11 with a  red  
an ti-rabbit s e c o n d  layer. 
Bar = 10jim

B. C o n tro ls  - Mel J u S o  
w e re  s t a i n e d  with 1. 
irrelevant murine IgG with 
FITC a n t i-m o u se  s e c o n d  
layer ,  2. P r e  im m u n e  
se rum  from th e  BMC-11 
host with T exas  red  anti 
rabbit s e c o n d  layer, 3. B3/ 
25 with anti-rabbit second  
layer, 4. BMC-11 with anti
m ouse  seco n d  layer. Bar = 
50pim
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Figure 3.13 - BMC 11 
positive vesicles In Mel 
JuSo are negative for 
mature MHC class II

A. L243

Green - L243 
Red - BMC 11

Mel J u S o  w e r e  g ro w n  o n  
c o v e r s l ip s  a n d  s t a in e d  with 
L243 an d  BMC 11. L243 w as  
d e tec te d  with a  g reen  (FITC) 
conjugated anti-m ouse seco n d  
layer an d  BMC 11 with a  red 
anti-rabbit second  layer. Bar = 
lO^im.

B. Contro ls  - Mel J u S o  w ere  
stained with 1. irrelevant murine 
IgG w ith FITC a n t i - m o u s e  
s e c o n d  layer, 2. P re  im m une 
se rum  from the  BMC-11 host 
with T e x a s  red  an t i  r a b b i t  
seco n d  layer, 3. L243 with anti
rabbit seco n d  layer, 4. BMC-11 
with an ti-m ouse se c o n d  layer. 
Bar = 50|im

*

BMC 11

Merge

'   ̂ * ‘ :

136



Subcellular Cathepsin E

Figure 3.14-BMC 11 
positive vesicles do 
not overlap with Tal
14.1 positive vesicles

Green - Tal 14.1 
Red - BMC 11

Mel Ju S o  were grown on 
covers lips  an d  s ta in ed  
with Tal 14.1 and  BMC 
11. Tal 14.1 w a s  
d e te c te d  with a  g re e n  
(FITC) conjugated anti
m ouse  second  layer and 
BMC 11 with a  red anti
rabbit second  layer. Bar 
= 10|im.

B. Controls - Mel Ju S o  
w e re  s t a i n e d  with 1. 
i r re lev an t  m urine  IgG 
with FITC a n t i -m o u s e  
s e c o n d  layer, 2. P re -  
immune serum  from the 
BMC-11 host with Texas 
red anti rabbit s e c o n d  
layer, 3. Tal 14.1 with 
anti-rabbit second  layer, 
4. BMC-11 with a n t i 
m ouse  second  layer. Bar 
= SOpim.

BMC 11

Merge
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Figure 3.15 - BMC 11 positive 
vesicies in Mel JuSo are not 
lysosomes

A. CD63

Green - CD63 
R e d -B M C I I

Mel J u S o  w e r e  g ro w n  on  
covers lips  an d  s ta ined  with a  - 
CD 63 an d  BMC 11. C D 63 w as  
d e t e c t e d  with a  g r e e n  (FITC) 
c o n ju g a te d  an t i-m o u se  s e c o n d  
layer and  BMC 11 with a  Texas 
red anti-rabbit se c o n d  layer. Bar 
= 10|im.

B. C o n tro ls  - Mel J u S o  w e re  
s ta ined  with 1. irrelevant murine 
IgG with FITC anti-m ouse second  
layer, 2. Pre- im mune serum  from 
the  BMC-11 host with Texas red 
anti rabbit s e c o n d  layer, 3. CD63 
with anti-rabbit s e c o n d  layer, 4. 
BMC-11 with an ti-m ouse  second  
layer. Bar = 50^m

BMC 11

V^v .f

* -ir# *
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S.2.2.5 BMC 11 is excluded from the mid-late endocytic route of Mei JuSo

3.2.2.5.1 Endocytosis/staining in suspension leads to poor definition o f BMC 11 
positive vesicular structures on confocal microscopy

The experiments described above indicate that mature CE (as represented by BMC 
11 staining) is most likely excluded from MHC class II enriched compartments, 
lysosomes and probably mainly excluded from TfR positive early endosomes. These 
results imply that mature CE is probably excluded from the endocytic pathway 
entirely. To obtain a definitive answer to the central question - ‘does CE have access 
to the endocytic route of Mel JuSo?’ a functional delineation of the endocytic pathway 
was required.

Fluid phase uptake of a Texas red dextran tracer in suspension allows the endocytic 
pathway of Mel JuSo to be easily traced. Figure 3.16 illustrates such an experiment 
with double staining for MHC class II with the L243 antibo ly. Unlike the FC7 mIg 
endocytosis experiments, there is no surface receptor for dextran and the tracer 
was present throughout the whole time of each endocytosis chase (i.e. a pulse). 
Thus each time point also represents all stages of endocytosis up to that point. Early 
time points show peripheral vesicles, some of which appear to be overlapping with 
green MHC class II staining. This is probably due to the loss of structural definition 
that occurs in Mel JuSo staining in suspension - precise MHC class II positive vesicles 
do not appear. There is evidence of the central MHC class II enriched perinuclear 
area, which is visible intracellularly in cells (see the 60 minute time point for an 
example of such staining). The delivery of endocytosed material to this area begins 
after 20 minutes of pulse. This peri-nuclear class II enriched area probably corresponds 
to the late endosomal MHC class II enriched compartment previously described in 
these cells.

Figure 3.17 shows the equivalent experiment double labelled with BMC 11. Like the 
MHC class II staining of these cells in suspension, there is very poor definition of 
the BMC 11 vesicles. Yellow peripheral vesicles are visible at all time points of the 
endocytosis, but the generalised green BMC 11 staining makes determining whether 
one time represents a genuine colocalisation of the two markers within one structure, 
impossible.
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2 mins 5 mins 10 mins

20 mins 30 mins 60 mins

Class II only Endo only Irrelevant Ab

Figure 3.16 - Dextran endocytosis by Mel JuSo in suspension reaches 
central MHC II positive areas

Green - MHC class II 
Red - dextran endocytosis

Mel Ju S o  cells w ere incubated  with 10mg/ml T exas red con jgated  dextran  a t 37°C 
for th e  indicated tim es. Cells w ere then  fixed, perm eabilised  and  sta ined  for HLA- 
DR with L243 d e tec ted  with a  g reen  (FITC) seco n d  layer. B ars = lO ^m . C lass  II 
only received  no dextran, Endo only recieved  dextran  for 60 m inutes an d  w ere  not 
sta ined . Irrelevant Ab - IgG anti-collagen.
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2 mins 5 mins

O r  i  H)

20 mins 30 mins

o

10 mins

60 mins

BMC 11 only Endo only Pre-immune

Figure 3.17 - Mal JuSo In suspension show poor definition of BMC 11 
positive vesicles

Green - BMC 11
Red - dextran endocytosis

Mel Ju S o  cells w ere incubated  with 10mg/ml T exas red con jgated  dextran  a t 37°C 
for the  indicated tim es. Cells w ere then  fixed, perm eab ilised  and  s ta ined  for CE 
with BMC 11 d e tec ted  with a  g reen  (FITC) seco n d  layer. B ars = lO^im. BMC 11 
only received no dextran. Endo only recieved  60 m ins dextran  and  w as not stained. 
P re-im m une - pre-im m une serum  from BMC 11 host.
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3.2.2.5.2 Endocytosis/staining using adherent cells allows clear definition o f 
vesicular structures, but no endocytosis is visible before 10 minutes o f  pulse

In order to overcome the problems of poor structural definition, the experiments 
described above were repeated on adherent Mel JuSo as for the double staining 
experiments described in the previous section.

Figure 3.18 shows endocytosis and L243 anti-MHC class 11 double labelling of adherent 
Mel JuSo. No endocytic structures are visible until 10 minutes of pulse, when they 
first appear as a few peripheral vesicles. By 20 minutes of pulse these vesicles have 
reached the centre of the cell and are beginning to colocalise with peri-nuclear 
MHC class 11 vesicles. This colocalisation becomes increasingly marked with pulse 
times up to 60 minutes, with 30 and 60 minutes showing almost complete overlap 
between MHC and dextran. Thus figure 3.18 clearly demonstrates that the peri
nuclear groups of MHC class 11 positive vesicles visible in Mel JuSo staining are late 
endosomes, extensively accessed by fluid phase markers from 20 minutes of 
endocytosis onwards.

The experiment shown in fig. 3.18 was repeated with BMC 11 staining and the 
result is shown in figure 3.19. As in fig. 3.18 no endosomes are labelled before 10 
minutes, and the peri-nuclear accumulation of endocytic tracer begins from 20 
minutes onwards. There is no evidence of BMC 11 being present in any of the 
endocytic structures at any stage.

The lack of clear definition of early endosomal structures in these cells echoes that 
seen in the FC7 endocytosis experiments of figures 3 3 and 3.5. Whether this reflects 
a general difficulty in the visualisation of early endocytic structures under certain 
circumstances is hard to say. Certainly Mel JuSo which endocytose dextran in 
suspension show endocytic structures from the very start of endocytosis, and data 
presented in chapter 4 show that the entirety of the endocytic route in dendritic 
cells can be traced with this method. One possibility to account for the discrepancy 
between Mel JuSo endocytosis in suspension and in situ, is that in situ there is a 
time lag required for tracer to pass through the extracellular matrix surrounding the 
cells and reach the cell surface, where endocytosis can begin. If this were the case, 
then the 10 minute time points of figures 3.18 and 3.19, could actually represent the 
first endosomes formed.

To investigate this further, Mel JuSo in situ were pulsed with Texas red dextran for
10 minutes at 37°C. Excess dextran was then washed away and chase at 37°C
performed as for the experiments of figures 3.18 and 3.19, counting the post 10
minutes pulse time point as 0 minutes. Tracer in this experiment reached a central
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0 Mins 2 Mins 5 Mins 10 Mins
Figure 3.18 - Dextran endocytosis 
in situ reaches an MHC II positive 
vesicle after 20 mins

Green - L243
Red - dextran endocytosis

A d h e re n t  Mel J u S o  c e l ls  w e re  
in c u b a te d  with lO m g/m l T ex a s  red  20 MillS 
c o n jg a te d  d e x tra n  a t  37°C  for th e  
indicated tim es. C ells w ere then  fixed, 
perm eabilised  and  s ta in ed  for MHC II 
with L243, detected  with a  g reen  (FITC) 
seco n d  layer. B ars = 10|im . C la ss  II 
only received  no dextran , Endo only 
received  dex tran  for 60 m inutes and  
w as  not s ta ined . Irrelevant Ab - IgG 
anti-collagen.

Endo only

30 Mins 60 Mins

. . . . .  \  /  •

Class II onl

Irrelevant Ab
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Figure 3.19 - Dextran endocytosis 
in situ does not cross a BMC 11 
positive compartment more than 
10 mins into the endocytic route

Green - BMC 11
Red - dextran endocytosis

A d h e re n t  Mei J u S o  c e l ls  w e re  
in c u b a ted  with 10m g/m l T ex as  red 
c o n jg a te d  d e x tra n  a t  37°C  for th e  
indicated tim es. C ells w ere then  fixed, 
p e r m e a b i l i s e d  a n d  s ta in e d  fo r 
ca th ep s in  E with BMC 11, d e te c te d  
with a  g reen  (FITC) seco n d  layer. B ars 
= 10 |im . BMC 11 only rece iv ed  no 
dextran. Endo only recieved  60 m ins 
d ex tra n  a n d  w a s  no t s ta in e d . P re- 
im m une - p re -im m u n e  se ru m  from 
BMC 11 host.

0 Mins

20 Mins

2 Mins 5 Mins 10 Mins

30 Mins 60 Mins BMC 11 only

Endo only Pre-immune
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peri-nuclear class II positive compartment from 5 minutes after the wash and 
commencement of chase (data not shown). If the data of figure 3.16 and other 
publications (Tulp e ta i,  1994) are to be believed, then this indicates that the first 10 
minutes at the permissive temperature are actually involved in endocytosis, and 
that the first labelled intracellular structures seen are well on the way towards 
encountering late endosomal MHC class II.

3 2.2.6 PMA treatment of Mel JuSo has no effect on subcellular 
distribution of BMC 11 staining

Polyclonal stimulation of human primary B cells and PMA activation of the FC7 B 
cell line increases the level of expression and activity of cathepsin F. (Sealy et al.,
1996). It is possible that the subcellular localisation of CE is also regulated by 
cellular activation stimuli. Mel JuSo were set up in culture as for the double staining 
described above, and activated for the last 48 hours of culture with 20ng/ml PMA. 
The cells were then double stained as before. Figure 3.20 shows the results of this 
s:aining. There is no overlap visible between BMC 11 and L243, Tal 14.1, TfR and 
CD63 staining. Controls and the staining of unactivated cells previously shown 
appeared similar to these pictures. The only possible difference is a reduction in the 
colocalisation between TfR and BMC 11, although the extent of this overlap was 
also variable in control cells.

145



Subcellular Cathepsin E

4; CD63

Figure 3.20 - PMA activation of Mal JuSo does not alter BMC 11 
distribution

Mal Ju S o  w ere  s e e d e d  on coverslips a s  for p rev ious experim en ts and  cultured for 
24 hours. After this tim e cells w ere activated  with 20ng/m l PMA. 48 hours after 
activation cells w ere harvested , fixed, perm eabilised  an d  sta ined  with BMC 11 
and L243 (panel 1), a-TfR (panel 2), Tal 14.1 (panel 3) or a-C D 63 (panel 4). As for 
previous double staining experim ents, m ouse  first layer followed by anti-rabbit 
seco n d  layer show ed  no staining, neither did BMC 11 followed by an ti-m ouse 
second  layer. Pre-im m une serum  from the BMC 11 host show ed  no staining, neither 
did murine a -co llagen  IgG (not shown). B ars = 10|im .

146



C h a p t e r • F o u r
k.
%
o

> »c  t ,
%% * JY

'W

S

b
3
Sk

n

p
5=

CE*in •Dendritic*Cells

147



Chapter

Cathepsin E Expression  
by Dendritic Cells

‘It will have blood, they say. Blood will have blood.’
Macbeth, III, 5

4.1 Introduction

The immature dendritic cell has an enormous capacity for the capture and processing 
of antigenic material. When this material is complexed with MHC class II and 
transported to the cell surface, the DC is also capable of potent stimulation of both 
naive and memory T cells (see reviews by Banchereau and Steinman, 1998, Steinman, 
1991). There have been extensive morphological and functional descriptions of the 
cellular machinery of DC antigen processing (Kleijmeer e ta l,  1995, Kleijmeer e ta l, 
1994, Lutz et a l, 1997, Celia et a l, 1997, Pierre et a l, 1997). Despite these detailed 
studies, the nature of putative antigen processing enzymes in the DC lineage has 
not been examined to any extent. The question of what enzymes may be present in 
DCs (and in a location capable of generating antigenic epitopes) is one of great 
interest. The epitopes selected by DCs for presentation determine, not only what T 
cells will be clonally expanded in the peripheral immune response, but also the T 
cell specificities that will be deleted in the thymus. These questions are of obvious 
importance in the fields of autoimmune disease and in studies of how protective T 
cell responses are generated.
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4.1.1 Differences in antigen processing between DCs and other 
APC types

Differences in processing abilities exist between APC types (reviewed in Schneider 
and Sercarz, 1997). DCs are less able than macrophages to present some epitopes 
derived from large intact collagen (Michaelsson et a l, 1995, Manoury-Schwartz et 
a l, 1995). However, DCs are generally quantitatively better at presentation of soluble 
antigens than macrophages or non-specific B cells. The ability of Langerhans cells 
to present certain epitopes derived from soluble antigen has been shown to change 
with maturation in culture. This change was dependent on the strain of the mouse 
from which the LCs were derived. Both H-2'" and H-2^ derived LCs were capable of 
presenting two different exogenous soluble antigens when fresh, but only H-2'  ̂
derived LCs retained this ability after maturation in culture (Aiba and Katz, 1991).

Differences in the presentation of various ovalbumin epitopes have been observed 
in a comparison of presentation by purified murine B cells, macrophages and whole 
splenocytes (Vidard et a l, 1992b). The splenocyte population was always more 
effective at presenting soluble antigen than the B cells, but, for certain epitopes, 
peptide presentation by the two cell types was identical. This indicates a differing 
ability in antigen processing, rather than presentation, between purified B cells and 
whole splenocytes. Whilst much may be explained by the B cells’ lack of ability for 
capturing soluble antigen, the B cells and splenocytes also showed different 
sensitivities to leupeptin inhibition/enhancement of processing. This leupeptin effect 
may be due an effect on li processing (as discussed in section 1.3.4.2). When the 
same epitope is being considered, however, li dependence is likely to be the same. 
Instead of occurring via an effect on li degradation, the leupeptin effect could be 
due to inhibition of processing or ‘anti-processing’ enzymes. The peptide presentation 
ability of the splenocyte population was increased by 3 days of culture, whilst the 
ability to present whole protein derived Ags was concomitantly decreased (Vidard 
et a l, 1992b). Such an effect suggests that the principal APC type in the spleen was 
the DC.

Recently Gapin et a l  have investigated the presentation of immunodominant and 
subdominant epitopes of the HEL protein on an I-E  ̂background. They found that, 
whilst B cell lines and primary B cells could present both immunodominant (103- 
117) and subdom inant (7-31) epitopes of HEL, DCs w ere only capable of 
immunodominant epitope presentation (Gapin e ta l, 1998). Thus DCs may serve to 
generate immunodominance by exclusive presentation of the immunodominant 
epitope, whilst B cells may act to diversify the immune response.
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It would be an oversimplification to assume that differences in Ag processing between 
DCs and other APC types are due purely to differences in processing enzyme 
expression, regulation or subcellular localisation. The complexity of the MHC class 
II antigen processing machinery and its regulation was discussed in chapter 1. 
Within the structures and processes of this machinery there are many other points 
where differences are likely to be found. For instance, DCs have been demonstrated 
to have a greater proportion of the p4l isoform of li than B cells (Kampgen et a l, 
1991). This could be one example of a difference in Ag processing ability in DCs.

Despite these multiple levels of organisation, processing enzymes will be a major 
effector in determining the nature of antigenic epitopes generated. It is important to 
identify the processing enzymes in the DC, the most potent APC, as major players in 
the DC Ag processing machinery. These enzymes could be potential targets for 
therapy against deleterious immune responses, which may be primed by DCs, such 
as autoimmuity.

4.1.2 Cathepsin E expression in the DC iineage

The evidence that cathepsin E is an enzyme important in the generation of MHC 
class II associated antigenic epitopes was discussed at length in previous chapters. 
However, most of the in vivo studies of the role of CE in antigen processing have 
been performed in B lymphocytes. The expression of CE in Langerhans cells has 
been studied immunohistochemically (Solcia et a l, 1993). This study found CE 
expression in morphologically defined LCs of human skin. Subcellularly, the enzyme 
appeared to be localised to vacuolar structures (which may have been endocytic in 
nature), or in Birbeck granules, which are thought to represent a Langerhans cell 
specialised endosome. Interestingly macrophages in this study were found to be CE 
negative (Solcia et a l, 1993).

4.1.2.1 Origins of DCs in vitro and in vivo

The question of whether macrophages express cathepsin E may have a relevance to 
the relationship between these two antigen presenting cell types. As discussed in 
section 1.2.1.3.3, the origin of DCs in vivo is unclear, and they may represent a 
heterogeneous population of cells of differing origins. In vitro DCs can be derived 
from progenitors in hum an blood. Initially these were described as forming 
proliferating DC clusters under the aegis of GM-CSF and IL-4 (to suppress monocyte 
outgrowth, Romani et a l, 1994). This proliferation was taken as evidence that the
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DCs in this study were derived by expansion of a trace precursor population. However 
subsequent studies found no evidence of proliferative growth (Sallusto and 
Lanzavecchia, 1994) and DCs in these studies were thought to be monocyte derived. 
Pickl etal. using a >97% pure population of CD 14 positive monocytes from peripheral 
blood were able to generate DCs of a similar phenotype to those described by 
Romani et al. (Pickl et al., 1996). It is now widely accepted that cells of a DC 
phenotype can be generated from monocytes in vitro by culture in GM-CSF and IL- 
4. Woodhead etal. have studied the peripheral blood derived population on a daily 
basis for the duration of the culture period, and found a uniform progression of one 
population of cells (the monocytes) towards a DC phenotype (Woodhead et a l, 
1998). Initially, there is an sharp increase in cell size and CD 14 expression over the 
first day of culture and this may represent a classical monocyte activation. Subsequent 
to this there occurs a steady decrease in CD 14 expression and an upregulation of 
the proportion of cells expressing HLA-DQ, CDla, CD13, CD30, CD43, CD63 and 
CD86, as well as a massive increase in the level of expression of HLA-DR (Woodhead 
e ta l ,  1998).

Palucka etal. have studied the relationship between the monocyte, the macrophage 
and the immature and mature monocyte derived DC, and have found that the 
macrophage and DC lineages are interchangeable until the final step of DC maturity 
(Palucka et a l, 1998 - see figure 4.1).

Monocytes

S erum  
M -CSF 

G M -CSF/IL-4 ^r

Veiled cells

GM -CSF/IL-4
>r

Immature DCs

C onditioned 
m edium  

LPS 
CD40L ^ f

Mature DCs

Lack of a  p ro p er 
differentiation 
signal or M -CSF

R em oval of 
GM -CSF/IL4 

or M -CSF

GM-GSF/IL-4

Macrophages

Figure 4.1 - Proposed relationship 
between monocytes, macrophages 
and DCs derived from in vitro studies

from Palucka et a l, (1998)
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If the relationships described in figure 4.1 hold true in vivo, the macrophage and 
DC should be closely related cell types. The significance of a monocytic origin for 
DCs in vivo, however, is unclear. Langerhans cells may derive from a different 
precursor to the interstitial DC. Caux et al. found two routes from a CD34"̂  precursor 
to a DC like cell. The first route, via a CDla positive intermediate, led to a cell with 
a potent T cell stimulatory ability, expressing the Lag antigen and E-cadherin. 
Morphologically this cell resembled a Langerhans cell, with Birbeck granules found 
within the cytosol. The second route via a CD 14 positive intermediate resulted in a 
cell of a similar phenotype, which was equipotent in T cell stimulation. This cell, 
however, lacked expression of the Lag antigen and had no Birbeck granules. Unlike 
the CDla derived cell this cell expressed CD2, CD9 and CD68. The CD14 derived 
cell dem onstrated the ability, under the influence of M-CSF, to convert to a 
macrophage-like cell, which lacked T cell accessory function (Caux et a l, 1996). 
The LC precursor may be identifiable, via the expression of the cutaneous lymphocyte 
antigen, as a separate cell type in blood (Strunk et a l, 1997).

Thus, whilst LCs have been demonstrated to express CE, the interstitial DC, which 
may be more closely related to the CE negative macrophage, has not been 
investigated.

In this chapter the expression of CE is examined in primary peripheral blood derived 
monocytes and monocyte derived DCs.

4.1.3 Subcellular localisation of CE in the DC

It is now known that the immature dendritic cell is extremely endocytically active. 
Immature DCs have an endocytic route of extensive capacity, although they possess 
a less well developed macrophage type lysosomal retention compartment (Levine 
and Chain, 1992). Access to the DC endocytic route is very efficiently mediated by 
the mannose receptor (MR), and by the actin driven process of macropinocytosis. 
Dextran, a mannose receptor ligand, can be traced into the DC where it reaches a 
cathepsin D and MHC class II positive compartment after -15 minutes (Sallusto et 
al, 1995). MHC class II enriched compartments of the ‘MIIC type have been described 
in both DCs and LCs (Nijman et a l, 1995, Kleijmeer et a l, 1994, Kleijmeer et a l, 
1995). These MHC II enriched compartments are lost during DC maturation, as the 
DC acquires an ‘antigen presentation phenotype’ (Sallusto et a l, 1995, Sallusto and 
Lanzavecchia, 1994, Winzler et a l,  1997). Some workers have described an 
intermediate phenotype between lysosomal MHC II and the extensive surface MHC
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II expression of the mature DC. In these studies DCs in the early stages of maturation 
show a redistribution of intracellular class II to earlier endosomal compartments 
resembling the CUV (Pierre et al., 1997). This process is mediated by an increased 
inhibition of cathepsin S mediated li cleavage (Pierre and Mellman, 1998).

In an immortalised foetal skin derived DC line, material captured by macropinocytosis 
and the m annose receptor enter a large, mildly acidic, cathepsin D positive 
compartment, where it can be retained for up to 24 hours (Lutz et al., 1997). This 
may represent a DC specialisation allowing retention of antigen during migration to 
the draining lymph node, the site of antigen presentation to T cells.

At the final stage of DC maturity, MHC class II is almost entirely removed from the 
intracellular class II enriched compartments and redistributed to the cell surface as 
long-lived MHC/peptide complexes (Celia e ta l,  1997, Pierre e ta l,  1997, Winzler et

1997).

From this brief resumé of material presented in greater detail in the first chapter, it 
can be seen that the endocytic apparatus of the DC related to antigen processing is 
complex and subject to extensive regulation. The question of the sub-cellular 
localisation of CE within some APCs was examined in chapter 3. However, data 
derived from other APCs cannot, it seems, be directly extrapolated to the DC for 
many problems in antigen processing. The subcellular localisation of cathepsin E is 
thus examined in the DC in this chapter. The large capacity DCs possess for uptake 
of endocytic tracers, make such an analysis easier than those described in chapter 
three.
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4.2 Results

To investigate the expression of CE in the monocyte to DC transition the use of 
permeabilised flow cytometry to detect protein levels, and reverse transcriptase 
polymerase chain reaction (RT-PCR) to detect mRNA levels was originally envisaged. 
Whilst RT-PCR gives a good indication of an absolute change in messenger RNA 
levels, it is less able to quantitate the degree of any relative change. Preliminary 
experiments on the U937 cell line indicated that the regulation of CE expression in 
monocytic cells may be relative rather than absolute (data not shown). The principle 
and nature of the polymerase chain reaction is to amplify any signal exponentially 
from its starting level. Because of this feature, small ‘tube-to-tube’ variations in 
conditions, or small errors in the starting amounts of material, can result in very 
large errors after amplification by PCR. One approach to try and reduce these 
errors, and to allow quantitation of changes in amount of mRNA, is to develop a 
semi-quantitative PCR strategy.

4.2.1 Development of a semi-quantitative PCR for cathepsin E 
oDNA

In order to correct for variations between tubes during PCR cycling, an internal 
control is included in the PCR reaction. This internal control contains the same 
primer binding sites as the target gene to be amplified, and thus should bind the 
primers in a manner quantitatively identical to the primer/target binding. If the 
internal control is constructed so as to be a different length to the target segment of 
gene, then the target and control PCR products can be separated  on gel 
electrophoresis. Thus a known amount of internal control can be compared to the 
unknown amount of target product.

4.2.1.1 Unsuccessful approaches

There are several possible approaches to construction of a PCR internal control, 
two of these are illustrated in figure 4.2. The first approach attempted was to shorten 
the distance between the CE forward and reverse primer sites in a plasmid containing 
the CE cDNA sequence (see figure 4.2A). A map of this plasmid, pL3-l, is shown in 
the appendix. A unique restriction enzyme digest site (for the Bsu% \ enzyme) was 
found between the CE forward and reverse primer sites. The plasmid was digested 
with this enzyme as described in chapter 2. Once cut (as assessed by migration as 
a single band on agarose gel electrophoresis), the cut ends were subjected to digestion
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with the exonuclease enzyme B aB l for increasing times (30 seconds - 5 minutes). 
Such a digestion process should ‘chew back’ from the cut ends of the plasmid, 
shortening it and leaving overhanging ends of DNA. The overhangs were treated 
with the T4 DNA polymerase enzyme in the presence of deoxynucleotide tris 
phosphates (dNTPs), in order to generate blunt ends. The trimmed plasmid was 
then re-ligated, transformed into bacterial stocks and cloned by streaking onto 
plates.

Colonies were obtained from this approach. However repeated screening by PCR 
of successive experiments demonstrated that the only colonies obtained contained 
the original pL3-l plasmid. This strategy possibly failed as the many steps required 
to generate the shortened construct meant that unmodified plasmid, which had 
failed to be cut in the initial steps, was favoured over recombined DNA. Attempts to 
overcome this problem by extraction of the linear migrating DNA band from agarose 
gels after electrophoresis were also unsuccessful.

The second approach used in order to attempt to generate an internal control for 
PCR was to again cut the pL3-l plasmid at the unique Bsu% \ site between the two 
primer sites (see figure 4.2B). Instead of subsequently shortening the digested plasmid, 
an insert was designed to expand the distance between the two primer sites, thus 
generating an internal control of greater length than the target section of gene. The 
insert sequence was designed to have ends complementary to the overhanging 
ends of the Bsu56l digest site. The sequence chosen was of 50% GC composition. A 
unique Smal restriction digest site was engineered into the centre of the insert to 
facilitate easy identification of recombinant constructs. The remainder of the insert 
sequence was randomly allocated.

The insert was obtained as complementary oligonucleotides. These were annealed 
by a brief heat pulse and cooled. The double stranded oligonucleotide was then 
mixed with linearised pL3-l and DNA ligase to attempt ligation. The experiment 
was repeated several times with screening of 105 colonies each time (following 
small scale plasmid preparation). None of the colonies obtained yielded different 
sized products on PCR, nor could they be linearised by Smal digestion. Poly
acrylamide gel electrophoresis revealed that the failure of this approach was not 
due to non-dimerisation of the oligo-nucleotides forming the insert.

The problems encountered during both these approaches could be overcome with 
a more simple PCR based approach to the development of the internal control.
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1. Cut between primer 
sites with Bsu 361

1. Cut between primer 
sites with Bsu 361

Bsu 361 site

Primer A
binding
site

Primer B
binding
site

pL3-1

2. Chew back’ 
from cut with 
Bal31 
nuclease 2. Ligate in 

oligonucleotide

3. Ligate to generate 
shortened pL3-1

Sma I site
pL3-1
shortened

pL3-1
lengthened

Figure 4.2 - Potential stragtegies for construction of a semi-quantitative 
PCR internai control

A. S tra tegy  1 - C ut the  CE containing plasm id pL3-1 a t the  unique BsU3S\ s ite  
betw een  the  prim er binding sites. R ed u ce  the  cu t plasm id in s ize  by digestion  of 
the cut en d s  using Bal3  ̂ n uclease . Fill in overhanging en d s  and  re-ligate sho rtened  
plasm id.

B S tra tegy  2 - Cut pL3-1 with Bsu 361 and  ligate a  double s tran d ed  oligonucleotide 
insert into th e  d igest site.
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4.2.1.2 A PCR based approach

The many stages of plasmid manipulation required by the approaches described 
above makes them time consuming and prone to problems. Cell etal. have described 
a PCR based method for generating a PCR internal control or mimic. The principles 
of this method are illustrated in figure 4.3A. A composite primer is designed 
(designated primer BC in fig. 4.3A). This primer consists of the normal reverse 
primer at its 5' end and, at its 3' end, a section complementary to a sequence n base 
pairs (bps) upstream of the normal reverse primer binding site (Celi et a l, 1993).

To generate the mimic, a PCR is carried out with the normal forward primer and the 
composite reverse primer. The composite primer can bind at either the normal 
reverse primer binding site (primer B in fig. 4.3A), or the site n bps upstream. When 
binding at the normal reverse binding site, however, the presence of the section 3" 
to the normal reverse primer, which has no complementarity with the adjacent DNA 
strand, prevents the primer being extended from this site. Thus PCR with the normal 
template of the target gene and primers A (normal forward) and BC (composite 
reverse) yields a product of % base pairs in length with a site complementary to the 
normal reverse primer at its 3’ end (where x  = (normal PCR product length - n) + 
length of reverse primer).

A composite primer was designed to generate a mimic for CE semi-quantitative 
PCR. The sequences and binding positions of the primers used to generate the CE 
mimic are shown in figure 4.3B. The composite primer bound to a site 146 bps 
upstream from the normal reverse primer binding site, and this indicated a theoretical 
mimic of 186 bps in length.

PCR was performed using the forward and composite primers and pL3-l as a substrate. 
This generated a mimic of the correct size (figure 4.3C). The mimic was extracted 
from the agarose gel and purified, and its concentration determined by its UV 
absorbence at 260nm. In order to test the semi-quantitative PCR with this mimic, the 
mimic was titrated into a series of PCR reactions, each containing a known amount 
of pL3-l. An initial 10 fold dilution series was used to determine the approximate 
concentration of the target gene (not shown). The dilution range was then narrowed 
and a two-fold dilution series used. The PCR products from these dilution series are 
shown in figure 4.4A. It is apparent that, as the concentration of mimic decreases, 
the amount of product from the target gene increases. The ratio of mimic product 
density to target product density can be calculated by densitometry of the mimic 
and target product bands - this was performed using NIH image software. The 
density values of the mimic product need to be multiplied by the ratio of the target
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product length to the mimic product length, this allows for differences in brightness 
of the bands due to differences in ethidium bromide association (Gilliland et a l, 
1990).

A plot of mimic density/target density vs. mimic concentration over a wide mimic 
concentration range, shows an exponential shape, with all PCR product being mimic 
or target at the extremes of the range (not shown). In figure 4.4B the part of this 
plot around a mimic/target ratio of 1 are shown, the values were obtained from 
densitometry of the gel shown in figure 4.4A. A best fit line fitted to the points of fig. 
4.4B by least squares curve fitting, has the equation y  = 11.791% + 0.8668. Where y 
= 1 then mimic concentration should be equal to target concentration. From the 
equation of the best fit line when y  = I then mimic and target concentration should 
be equal to 0.113ng/|il. The actual concentration of target used was determined by 
UV absorbence at 260nm was 70ng/gl, this stock was diluted 1:500 before addition 
to the PCR which should be a concentration of 0.l4ng/|il. The discrepancy between 
these values may be accounted for by a number of factors including inaccurate 
spectrophotomeric assessment of DNA concentration, pipetting error, or variations 
in the PCR.

The same principles as discussed here were used to generate a GAP-DH semi- 
quantitative PCR mimic, using the primers described in chapter 2. This mimic was 
tested against U937 cDNA and found to compete with the GAP-DH in the target 
DNA. Such a mimic would allow an initial quantitation of the amount of GAP-DH 
expression in a cDNA sample and thus allow direct comparison of the CE semi- 
quantitative PCR.

The PCR based approach to the development of an internal control has several 
advantages. The principle of the technique is simple and the mimic is quickly and 
easily generated. The mimic generated can be cloned into a suitable vector if required, 
or used as a PCR product alone. One disadvantage of semi-quantitative PCR is that 
it is an extremely time consuming process, removing much of the ‘ease of use’ of 
the PCR technique. It is therefore necessary to be sure that a semi-quantitative PCR 
is required before such a system is set up.
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A. PCR genera tion  of an  inter
nal control is perform ed by PCR 
using prim er A and  BC to g e n e r
a te  a  mimic x  b a s e  pa irs  long. 
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Primer A
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Primer BC

Primer B
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TTCTGTGGCGGTGAACTGGATCAT 
GTCCA AATTATGGG-3 ’

5’-AGTGTCGAAGATGACAGTGAAGTTCTGTG-3
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B. Position of prim er binding for 
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PC R  m im ic a n d  p r im e r  s e 
q u e n c e s .  P o s itio n s  a re  indi
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an d  BC g e n e ra te s  a  C E  mimic 
of 186bp (lane 3). Lane 1 = s ize  
m arkers.
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Figure 4.4 - Testing of the CE semi-quantitative PCR system

A. PCR w as perform ed using th e  CE containing plasm id pL3-1 and  a  serial dilution 
of CE mimic, g e n e ra te d  by PC R  a s  show n in figure 4.2. PCR p roducts  w ere 
s e p a ra te d  by a g a ro s e  gel e lc tro p h o resis  an d  v isua lised  by ethidium  brom ide 
staining. C oncentration  of CE mimic w as  determ ined  by a b so rb a n c e  a t 260nm .

B. Plot of ratio of mimic density  to  ta rge t density  (a s  determ ined  by densitom etric  
analysis of PCR products in part A) vs. concen tra tion  of mimic ad d ed . W here 
m im ic/target = 1 concentration  of mimic = concen tration  of target. This position 
can  be  determ ined  from the  b e s t fit line of th e  g raph  (illustrated). B est fit line w as 
calcu la ted  by least sq u a re s  fitting. T he equation  of th is line (show n) p red ic ts a  
ta rge t concentration  of 0.113 ng/^il.
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4.2.2 CE expression in monocytes and peripheral blood derived 
DCs

4.2.2.1 Monocytes and DCs can be obtained from culture of peripheral 
blood leucocytes

Data obtained from the U937 cell line (not shown) indicated that CE protein 
expression may be subject to post-transcriptional regulation. Thus, in investigating 
CE expression in the peripheral blood derived dendritic cell, protein expression 
was investigated first. The use of flow cytometry on permeabilised cells allows 
quantitation of intracellular antibody staining.

Monocytes were obtained from the two hour adherent cells from human peripheral 
blood. A flow cytometric forward scatter vs. side scatter profile of monocytes obtained 
in this way is shown in figure 4.5A. In such a plot forward scatter reflects cellular 
size and side scatter cellular granularity. The monocytes (which are larger than 
contaminating lymphocytes), can be seen as a separate population of greater forward 
scatter than the lymphocytes. The fluorescence analysis of CD 14 staining and CE 
immunoreactivity was performed on this population, as indicated by the circled 
area representing the flow cytometry gate used.

Figure 4.5B shows the CD 14 fluorescence profile of the cells gated in fig. 4.5A. 
These cells are strongly positive for the monocytic marker CD 14, indicating that 
they represent monocytes. The unfilled peak represents the fluorescence of the 
FITC conjugated secondary antibody alone. This fluorescence was comparable to 
the fluorescence of the isotype matched irrelevant first layer (not shown).

In order to assess the relative expression of cathepsin E by peripheral blood 
monocytes and the peripheral blood derived DC, DC cultures were set up as described 
in chapter 2. To confirm that these cultures represented cells of a DC phenotype, 
flow cytometry was performed to analyse the expression of surface markers 
characteristic of DCs and other cell types.

The results of one such phenotypic analysis are shown in figure 4.6. The first panel 
(1) indicates the forvv^ard scatter vs. side scatter profile for these cells. There are two 
populations clearly distinguishable on the basis of forward and side scatter. The 
dendritic cell population is larger and more granular than the remaining cells which 
are principally contaminating lymphocytes. The area containing the DCs is circled 
and this is the gate used in subsequent fluorescence analysis.
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In the fluorescence panels the empty profiles represent the background fluorescence 
seen with the secondary antibody only, the filled profiles represent the staining in 
the presence of the primary antibody. Staining was assessed in the same way as that 
described previously in chapter 3. A marker was set at the right hand edge of the 
negative control peak, this marker always included <2% of the negative control 
cells. Cells whose fluorescence fell past the marker were deemed to be positive for 
expression of the antigen in question and are referred to in the percentage positive 
figure. The mean fluorescence intensity of the whole population was also assessed 
(recorded as MFI).

Of the markers assessed in figure 4.6 the strongest expression is displayed by HLA- 
DR. Cells were consistently over 90% gated for this marker with a high MFI value. 
The number of cells gated for the HLA-DQ MHC class II molecule was also very 
high, nearing the proportion seen for HLA-DR, however with a lower MFI value, as 
represented by its smaller shift from the negative control position. CD 14 - the LPS 
receptor and a monocyte lineage marker, always showed low levels of expression. 
The percentage of cells gated was variable between preparations, but was always 
less than 30%, the MFI of any staining was always low. CD 19 is a B cell lineage 
marker and CD3 is a T cell lineage marker (the signalling associate of the T cell 
receptor complex). Both of these markers were consistently negative (at the same 
level as the background staining), this indicates that the gate chosen for DC analysis 
excluded contam inating lymphocytes. The CD la antigen is involved in the 
presentation of carbohydrate antigens. Strong expression of this marker is a 
characteristic of DCs and the expression shown in figure 4.6 is consistent with this, 
the majority of cells being gated. The final marker examined in DC phenotyping 
was CD86, the B7-2 antigen. This is a potent T cell co-stimulatory molecule and its 
expression increases with DC maturity (Woodhead etal., 1998). The weak expression 
of this molecule seen here may indicate that these DCs are of a relatively immature 
phenotype.

Whilst the list of markers analysed in the assessment of DC phenotype is not 
exhaustive, it is sufficient to exclude other cell types. In addition to this, the DC 
preparations of our laboratory have been subjected to a rigorous and detailed 
phenotypic assessment, confirming their DC phenotype (Woodhead et al., 1998). 
These results confirm that peripheral blood monocytes and DCs could be obtained 
from peripheral blood from healthy volunteers, as well as from Buffy coat.
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Figure 4.5 - Phenotype of peripheral blood derived monocytes

Peripheral blood m onocytes w ere ob ta ined  a s  d escrib ed  in ch ap te r 2.

A. Forward sca tte r vs. s ide  sca tte r profile for m onocytes obtained  on flow cytometry. 
T h e  c irc led  p o p u la tio n  r e p re s e n ts  m o n o c y te s  a n d  w a s  th e  g a te  u s e d  for 
fluo rescence  analysis.

B. T he fluo rescen ce  profile for CD 14 su rface  staining of the  population show n in 
A. Filled peak  = anti-CDI 4 + FITC seco n d  layer, em pty  p eak  = seco n d  layer only.
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Figure 4.6 - Phenotype of peripheral blood derived dendritic ceiis

Peripheral blood derived DCs w ere ob ta ined  a s  d escrib ed  In ch ap te r 2. C ells w ere 
harvested  and  stained  for su rface  an tigens using a  range  of m onoclonal antibodies. 
S taining w as  de tec ted  using FITC con jugated  an ti-m ouse an tibodies and  an a ly sed  
using flow cytometry. T he forward sca tte r  vs. s id e  sc a tte r  profile for a  d ay  8 DC 
preparation  Is show n In panel 1. T he DC population Is ringed, this Is th e  g a te  u sed  
for su b se q u e n t analysis of fluorescence. T he rem aining p an e ls  show  fluo rescence  
levels of the  m arker Indicated (filled peak) com p ared  to  the  level of th e  seco n d  
layer a lone (em pty peak).

164



CF Dendritic Cells

4.2.2.2 Cathepsin E protein expression is induced by DC differentiation

Having confirmed the phenotype of these cells, their expression of cathepsin E was 
assessed. Figure 4.7 shows flow cytometry fluorescence profiles for staining of 
permeabilised monocytes and DCs with the CEl.l anti-cathepsin E antibody. It can 
be clearly seen that monocytes do not express the epitope bound by this antigen. 
Monocyte staining with CEl.l was consistently lower than the background staining 
with the secondary antibody alone. By contrast the day 8 culture DCs showed 
strong reactivity with the CEl.l monoclonal antibody. Nearly all the cells (95% in 
the representative profile shown in figure 4.7) are gated and the MFI value is high. 
For comparison a fluorescence profile for HLA-DR staining of day 8 DCs from the 
same culture is shown.

An assessment of three monocyte and four DC staining experiments is shown in 
table 4.1. The mean number of cells gated is indicated with the range and standard 
deviation of these values shown. The MFI value shows a high intrinsic variability as 
can be seen from the wide range of these values. The MFI was assessed as the MFI 
of the stained population - MFI of the negative control population. Where monocyte 
staining experiments produced MFI values of less than the negative control they 
were recorded as zero. From the data presented in this table and in figure 4.7, it is 
clear that the DC culture period is associated with an induction of cathepsin F 
expression, as monitored with the CEl.l antibody. To assess the level of expression 
of the mature CF enzyme these experiments were repeated with the BMC-11 anti- 
CF serum.

Figure 4.8 shows representative fluorescence profiles for the staining of monocytes 
and DCs with the BMC-11 serum (filled peaks) or with the pre-immune serum from 
the BMC-11 host (empty peaks). As can be seen in the monocyte there is no difference 
in antibody staining between pre-immune and the BMC-11 sera. However in the 
day 8 DC there is a significant staining of BMC-11 above the background. The 
results of three experiments are shown in table 4.2. The BMC-11 staining generally 
showed a lower level of immunoreactivity than the staining with the C Fl.l antibody. 
The mean number of cells gated is lower, and although the mean MFI value is 
higher, this is from a very wide range of values. Thus the increase in CF expression 
betw een monocyte and DC is reflected in an increase in BMC-11 immunoreactivity, 
although this staining is not as strong as the CFl.l reactivity.
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Figure 4.7 - Peripheral blood derived DCs, but not peripheral blood 
monocytes, express cathepsin E

P erip h e ra l b lood  m o n o c y te s  or p e rip h e ra l b lood  d e riv e d  D C s w e re  fixed, 
perm eab ilised  and  s ta ined  for ex p ressio n  of CE using  th e  CE1.1 m onoclonal 
antibody. Antibody w as d e tec te d  with a  FITC seco n d  layer and  staining ana ly sed  
by flow cytometry. R ep resen ta tive  profiles a re  show n here: panel 1 - m onocytes, 
CE1.1, panel 2 - DCs, C E1.1, panel 3 DCs, L243 (for com parison). Filled p e a k s  = 
prim ary  an tib o d y  s ta in in g , em p ty  p e a k s  = s e c o n d  la y e r only. R e su lts  a re  
rep resen ta tive  of 4 experim ents.
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Figure 4.8 - Peripheral blood derived DCs, but not peripheral blood 
monocytes, express the BMC 11 epitope

P erip h e ra l b lood  m o n o c y te s  or p e rip h e ra l b lood  d e riv e d  D C s w e re  fixed, 
perm eabilised and  stained  for expression  of m ature CE using the BMC 11 polyclonal 
serum . Antibody w as d e tec te d  with a  FITC anti-rabbit seco n d  layer an d  staining 
an a ly sed  by flow cytometry. R ep resen ta tive  profiles a re  show n here: panel 1 - 
m onocytes, BMC 11, panel 2 - DCs, BMC 11. Filled p e a k s  = BMC 11 staining, 
em pty  p eak s  = pre-im m une serum . R esu lts  a re  rep resen ta tiv e  of 3 experim ents.
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Table 4.1 Expression of C E l.l by monocytes and peripheral blood derived 
DCs

Ceil Type Mean % % Range Mean MFI MFI Range
gated
(SD)

Monocytes
(n = 3)

0* 0* 2* 0-3*

DCs
(n = 4)

82%  60-95%  56 24 -144  
(19% )

T he m e an  v a lu es  of th e  p e rc e n ta g e  of cells g a ted  (negative  control a lw ays 
<2%  g ated ) is show n. T he s tan d a rd  deviation (SO) an d  ra n g e s  of th e s e  figu res 
a re  show n. M ean m ean  flu o re sce n ce  intensity is ca lcu la ted  a s  th e  MFI m inus 
th e  MFI value  of th e  negative  control. T he  ran g e  of MFI v a lu es  o b ta in ed  is 
show n. * - W here  % of cells g a ted  or MFI w as  below  th e  va lue  of th e  n eg a tiv e  
control v a lu es  w ere  reco rd ed  a s  0.

Table 4.2 Expression of BMC 11 by monocytes and peripherai blood 
derived DCs

Cell Type Mean % % Range Mean MFI MFI Range
gated
(SD)

Monocytes
(n=3)

0* 0* 1* 0-3*

DCs
(n=3)

70%  60-86%  65 6-177  
(14% )

T h e  m ean  v a lu es  of th e  p e rc e n ta g e  of cells g a ted  (negative  control a lw ays 
<2%  gated ) is show n. T he s tan d a rd  deviation (SO) an d  ra n g e s  of th e se  figures 
a re  show n. M ean m ean  f lu o re sce n ce  intensity is ca lcu la ted  a s  th e  MFI m inus 
th e  MFI va lue  of th e  neg a tiv e  control (pre-im m une serum ). T he  ran g e  of MFI 
v a lu e s  ob ta ined  is show n. * - W here  % of cells g a ted  or MFI w as  below  th e  
v a lu e  of th e  negative  control v a lu es  w ere  reco rded  a s  0.
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4.2.2.3 LPS treatment induces DC maturation

The DCs obtained from the peripheral blood monocyte after 8 days of culture are of 
an immature phenotype. This is the phenotype of DC associated most strongly with 
endocytic activity, intracellular class II and antigen processing. It was therefore of 
interest to investigate whether this potential antigen processing enzyme’s expression 
was affected by further DC maturation.

A number of stimuli can cause a change in DC phenotype consistent with a maturation 
from an ‘antigen processing specialist’ to an ‘antigen presenting specialist’. These 
include TNF-a, IL-1, CD40L, whole bacteria and the bacterial cell wall component 
LPS (Sallusto and Lanzavecchia, 1994, Sallusto eta l, 1995, Banchereau and Steinman,
1998). In these studies treatment with LPS at lOOng/ml for the final 24 hours of 
culture was used as a stimulus of DC maturation.

Figure 4.9 shows fluorescence profiles for the cell surface markers HLA-DR, HLA- 
DQ and CD86 before and after LPS treatment. Such flow cytometric analysis was 
performed with each LPS treatment to ensure that an effect on DC phenotype 
consistent with maturation had occurred. Figure 4.9 shows a detectable increase in 
both the number of cells gated for each of these markers and the MFI, both increases 
being represented in a shift of the profile to the right. The most dramatic change in 
the percentage of cells gated is in the co-stimulatory molecule CD86. Nearly all the 
cells are past the gate point for this marker after treatment with LPS. This is consistent 
with previous data (Sallusto and Lanzavecchia, 1994, Sallusto e ta l, 1995, Banchereau 
and Steinman, 1998), and would be expected to correlate with an increased antigen 
presentation ability.

Figure 4.10 shows the percentage gated and MFI values for a wider range of markers. 
Again the most significant increase in percentage of cells gated for a marker is in 
CD86. Other markers such as HLA-DQ and DR already show a very high percentage 
positive value on untreated DCs. The CD83 marker has been described as a mature 
DC marker (Zhou and Tedder, 1995) although other workers have not found its 
expression to be associated with DC maturity. In studies in our laboratory (including 
those described here) the expression of CD83 has been found to be highly variable 
and its association with DC maturity questionable. In the representative values 
shown in figure 4.10 CD83 did show some positivity in terms of percentage of cells 
gated, but the MFI values of these stained cells was very low.

In general the MFI values in figure 4.1GB are more revealing about the phenotypic 
changes associated with LPS induced maturity than the percentage of cells gated for
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the expression of a particular surface marker. There are dramatic increases in the 
MFI values of CD86, CDla, HLA-DQ and largest of all HLA-DR. The MFI value 
represents the amount of antibody bound to the cell surface after staining, and 
hence the density of a particular molecule on the cell surface. The large increases in 
density of these antigen presentation associated molecules are consistent with a 
maturation of DC phenotype.

4.2.2.4 LPS treatment has no effect on cathepsin E protein expression by 
DCs

Having confirmed that LPS treatment could induce changes consistent with DC 
maturation, the expression of CE in LPS treated DCs was then assessed. The data 
shown in figure 4.9 and 4.10 were obtained from cells treated with lOOng/ml LPS 
for the last 24 hours of culture. A time course of LPS treatment of cells was also 
performed on two occasions. Here cells at the last day of culture were treated with 
fresh medium and cytokines (GM-CSF and IL-4) and then treated with lOOng/ml of 
LPS for the last 12, 24 or 48 hours of culture. The phenotypic changes found at each 
of these time points were similar to those seen at the 24 hour time point as shown 
in figures 4.9 and 4.10 (data not shown). There was a slight further increase in 
marker expression with increased LPS treatment time.

Cells treated in this manner were permeabilised and stained for CE expression with 
CEl.l and BMC 11. Representative profiles from the extremes of the time points (12 
and 48 hours) are shown in figure 4.11. As can be seen from this figure there is no 
obvious difference in either CEl.l or BMC 11 binding between the control and LPS 
treated cells (no difference was observed at 24 hours - not shown). There appears 
to be slight shift to the right in BMC 11 staining at the 12 hour time point in figure 
4.11, this was not consistent between experiments and was not present at later time 
points. Table 4.3 summarises the data on CE antibody staining at the 24 hour time 
point (from 3 experiments). In each experiment the change in % gated or MFI was 
measured between the control and LPS treated cells. The mean value and ranges of 
these changes are shown. As can be seen for both antibodies these values went up 
as well as down in different experiments, with no obvious trend being apparent.

In summary, as the peripheral blood monocyte is driven towards a DC phenotype 
by culture with GM-CSF and IL-4 it seems to increase it expression of the potential 
antigen processing enzyme cathepsin E. A specific induction of this kind would 
imply that CE has a functional role to play in the dendritic cell. The expression of 
the enzyme is not further increased or decreased by DC maturation using an LPS
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Figure 4.9 - LPS treatment of DCs for 24 hours causes phenotypic 
changes consistent with DC maturation

DCs w ere activated  with LPS (1 OOng/ml) for the  last 24  hours of th e  culture period 
or left un trea ted  (control). C ells w ere  h arv ested  and  s ta ined  for ex p ress io n  of 
su rface  m arkers, staining w as  an a ly sed  by flow cytometry. Show n h ere  a re  th e  
profiles for HLA-DR (panel 1), HLA-DQ (panel 2) and  CD 86 (panel 3). Blue line = 
seco n d  layer only control cells, black line = antibody staining control cells, filled 
peak  = antibody staining LPS trea ted  cells. S eco n d  layer controls did not differ 
significantly betw een  control and  LPS trea ted  cells (not show n).
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Figure 4.10 - LPS treatment of DCs for 24 hours causes phenotypic 
changes consistent with DC maturation

DCs w ere  activated  with LPS for 24 hours a s  for figure 4.8.

A. P e rcen tag e  of cells g a ted  for m arker exp ression  with (hatched  bars) or w ithout 
(blue sh a d e d  bars) LPS trea tm ent. S eco n d  layer only controls w ere alw ays < 2%  
gated .

B. M ean fluo rescence  intensity of m arker exp ression  (ha tched  bars) or w ithout 
(blue sh a d e d  bars) LPS treatm ent.
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Figure 4.11 - LPS treatment of DCs has no effect on cathepsin E 
expression

D Cs w ere activated  with LPS (100 ng/ml) for 12, 24 and  48 hours. C ells w ere 
harvested , fixed, perm eabilised  and  sta ined  for CE ex p ress io n  using th e  C E l .l  
and  BMC 11 antibodies. R ep resen ta tiv e  flow cytom etry profiles from th e  12 and  
48 hour tim e points a re  show n here. Left colum n = C E l . l  staining, right colum n = 
BMC 11 staining. Em pty p eak  = seco n d  layer only control (C E l .l )  or pre-im m une 
serum  (BMC 11). Filled p eak  = antibody staining. R esu lts  a re  rep resen ta tive  of 
two tim e co u rse  experim ents.
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Table 4.3 Effect of 24 hours LPS maturation on cathepsin E expression 
by peripheral blood derived DCs

Antibody CE1.1 (n=3) BMC 11 (n=3)

% Gated 92 60
(control) 65 86

95 60

% Gated 91 61
(LPS) 86 57

89 69

Mean change % 5%  (14%) -7%  (20% )
gated (SD)

MFI (control) 27 9
29 179
74 9

MFI (LPS) 27 17
19 92
92 8

Mean MFI change 3 -87

T h e  c h a n g e  in % of cells g a ted  an d  c h a n g e  in m e an  flu o re sce n ce  intensity  
w a s  a s s e s s e d  by flow cytom etry  for D Cs befo re  an d  afte r 24  hours of LPS 
m aturation, a s  described . For eac h  experim ent (n=3) the  c h a n g e  in p e rc e n ta g e  
of cells g a ted  w as  d e te rm in ed  a s  %of cells g a te d  (LPS) - %  of cells g a te d  
(control). T he m ean  of th e se  values is show n, SD = s tan d ard  deviation. C h an g e  
in MFI w as  ca lcu la ted  a s  MFI (LPS) - MFI (control). T h u s in c re a se s  in % 
g a ted  or MFI from control to LPS trea ted  a p p e a r  a s  positive v a lu es.T h e  original 
v a lu es  show n a re  in co rresp o n d in g  positions, i.e. th e  first v a lue  in th e  list for 
e .g . % g a te d  (LPS) is from th e  s a m e  experim en t a s  th e  first v a lue  in th e  list for 
% g a te d  (control) etc.
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stimulus, consistent with a role for CE in antigen processing in the immature DC. 
The functional role of the enzyme in the DC remains unclear. Some insight into this 
role may be obtained from examining the subcellular localisation of the CE enzyme 
in the DC.

4.2.3 Subcellular localisation of cathepsin E in the dendritic cell

The confocal microscope was set up and used as described in chapter 3-

4.2.3.1 CE staining in DCs shows a reticular pattern

The peripheral blood derived DCs obtained after 8 days of culture are of a loosely 
adherent nature. These DCs can easily be obtained in suspension by vigorous re
suspension of the culture. Alternatively adherent DCs can be obtained for staining 
by adherence to poly-lysine coated coverslips. Staining of permeabilised DCs with 
the CEl.l antibody, both in suspension and after adherence was performed, the 
results of this staining are shown in figure 4.12. CEl.l shows a reticular staining 
pattern in both adherent (4.12A) and non-adherent (4.12B) cells. This reticular 
pattern is reminiscent of the staining of cytoskeletal elements such as actin. Thus CE 
may be cytoskeletally associated in the peripheral blood derived DC, alternatively 
this staining may represent an artefactual interaction of the CEl.l antibody with 
cytoskeletal elements. In cells stained in suspension the reticular distribution was 
less apparent, and cells also showed a very peripheral distribution of CE, examples 
of this peripheral staining can be seen in cells shown in figure 4.20. The nature of 
this staining was investigated further.

4.2.5.2 Some CE1.1 staining in the immature DC overlaps the endoplasmic 
reticulum

Cathepsin E in transfected cells and in other cells has been reported to reside in the 
endoplasmic reticulum (Saku et a l, 1991, Sakai et a l, 1989, Ichimaru et a l, 1990, 
Fiocca et a l, 1994, Finley and Kornfeld, 1994). CE was also found in the ER of 
Langerhans cells (Solcia et a l, 1993). Whether some of the staining seen in figure 
4.12 can be attributed to CE resident in the ER was therefore investigated. Co- 
staining of a rabbit polyclonal antibody (a-KDDD) against the ER marker KDDDKDEL 
(Tooze et a l, 1989), and the CEl.l murine anti cathepsin E was performed and is 
shown in figure 4.13. The merged image shows some yellow overlap at the nuclear 
rim, where there is increased intensity of CEl.l staining. The remainder of the more 
peripheral CEl.l staining does not colocalise with the ER marker.
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Figure 4.12 - Staining of DCs with CEl.l reveais apparent cytoskeietai 
eiements

A. DCs (day 8 of culture) w ere  h arv ested  from tissu e  culture an d  allow ed to a d 
here  to poly-L-lysine co a ted  coverslips a s  described  in ch ap te r 2. Cells w ere  
fixed, perm eab ilised  and  s ta ined  for ca th ep sin  E ex p ression  using th e  CE1.1 
m onoclonal antibody. Antibody staining w as v isulaised with a  FITC con jugated  
seco n d  layer. Cells w ere  view ed by confocal microscopy. Controls s ta ined  with 
an  irrelevant prim ary antibody show ed  no staining.
B. DCs (day 8 of culture) w ere harvested , fixed, perm eabilised  an d  s ta ined  in 
su sp e n sio n  a s  d escrib ed  in ch ap te r 2. C ells w ere view ed by confocal m icroscopy. 
B ars = 10pim
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Figure 4.13 - Co-stalning of 
DCs for CEl.l and the ER 
marker KDDD reveals a partial 
overlap

A 
1 CE1.1

Green - CEl.l 
Red - a-KDDD

A. DCs (day 8 culture) w ere  al
lowed to ad h e re  to poly-L-lysine 
co a ted  coverslips a s  described . 
C E 1 .1 staining w as d e tec ted  with 
a  g reen  (FITC) con jugated  anti
m ouse seco n d  layer (panel 1 ) and 
a-KDDD with a  Texas red anti-rab
bit seco n d  layer (panel 2). T he 
m erged  im age is show n a s  panel 
3. Bar = 10^m. Im ages a re  rep re 
sen tative of th ree  experim ents.

B. Controls. Cells w ere p repared  
a s  above and  s ta ined  a s  follows: 
P a n e l 1 - a-KDDD + FITC a- 
m ouse, panel 2 - CE1.1 + Texas 
red a-rabb it, panel 3 - FITC a- 
m ouse seco n d  layer only, panel 4 
- Texas red a-rabb it seco n d  layer 
only. Bar = 50pim.

2 a-KDDD
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4.2.S.3 Cathepsin E and the dendritic cell endocytic route

4 .2 .3 3  1 Fluorescent labelled dextrans can be used to trace tbe DC endocytic 
route

Previous studies of the dendritic cell endocytic route have used fluorescently labelled 
dextrans as tracers of the endocytic pathway (Levine and Chain, 1992, Sallusto et 
a l, 1995) and antibody blocking studies showed that the uptake of dextrans was 
mediated by the mannose receptor (Sallusto et a l, 1995). Figure 4.14 shows a flow 
cytometric analysis of dendritic cells pulsed with FITC labelled dextran and then 
allowed to endocytose this tracer at 37"C for 60 minutes. In order to carry out this 
procedure unpurified DCs were incubated with 1 mg/ml FITC conjugated dextran 
(Mr 70,000) at 0"C for 10 minutes. The cells were then washed at 4°C to remove 
dextran not associated with the cell surface, cells were warmed to 37"C for 60 
minutes to allow endocytosis. From the forward scatter vs. side scatter profile of 
these cells the lymphocyte and DC populations were gated (figure 4.14A). A plot of 
forward scatter vs. FITC fluorescence, shows that the majority of the lymphocyte 
population are dim for FITC fluorescence, whilst the majority of the DC population 
have taken up FITC dextran (figure 4.14B). Thus unseparated day 8 cultures of 
peripheral blood derived DCs and lymphocytes can be examined by confocal 
microscopy and DCs will be identifiable by their dextran binding, as well as their 
larger size.

Figure 4.15 shows a time course of DC endocytosis following a 0"C pulse of Texas 
red conjugated dextran as described above. After washing the cells were warmed to 
37"C for 0, 2, 5, 10, 20, 30, 60 and 120 minutes. As can be seen at 0 minutes (cells 
pulsed and never warmed) the labelled dextran is associated with the cell surface, 
as the timecourse progresses it can be seen to progress through a ‘ring’ of peripheral 
vesicles deeper into the cell, where the vesicles become discreet structures. At the 
later time points the vesicles are mainly concentrated in the peri-nuclear area, although 
vesicles can be found distributed throughout the cytoplasm at these times.

Figure 4.16 shows an overlay of two similar sized cells following such an endocytosis 
experiment. The first cell has been chased at 37°C for 2 minutes, the dextran is seen 
in a ring around the area of the cell membrane (which was identified from a confocal 
phase contrast picture of the cell). The second cell (panel 2) has been chased for 60 
minutes. Here the dextran tracer is located deep within the cell. The non-overlap of 
these two tracers would indicate that, on warming to the permissive endocytosis 
temperature, the pulsed dextran passes into the cell as a ‘cohort’. Unlike the studies 
of Mel JuSo (see chapter 3) where dextran was present throughout the chase time, 
the DCs shown in this experiment should contain dextran within a group of
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Figure 4.14 - Dendritic ceils are more efficient than lymphocytes at taking 
up high molecular weight dextran

A. Forward sca tte r  vs. side sc a tte r  profile of an  unpurified day  8 culture DC p re p a 
ration after incubation a t 37°C for 1 hour with FITC -conjugated dex tran  (1 mg/ml). 
Cells w ere harvested , fixed an d  an a ly sed  by flow cytometry. T he portion of th e  
profile occupied  by DCs is g a ted  (circled) and  highlighted red. T he portion of th e  
profile occupied  by lym phocytes is g a ted  (circled) and  highlighted blue.

B. Forward sca tte r  vs. fluo rescence  of th e  populations show n in A. DC g a te  = red, 
lym phocyte g a te  = blue. T he p e rc e n ta g e s  indicate the  proportion of cells in e a c h  
quad ran t of the plot.
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Figure 4.15 - Labelled 0  ITlinS 
dextran bound to the 
dendritic cell surface 
at 0°C Is progressively 
Internalised on 
warming to 37°C

2 mins 5 mins 10 mins

DCs (day 8 culture) w ere 
incubated with T exas red 
c o n ju g a te d  d e x t ra n  
(1 mg/ml) a t 0°C for 10 
m inutes. E x cess  dextran  
w as then  w ash ed  aw ay  2 0  m i n S  
an d  cells w ere  w arm ed 
to 37°C for in c re a s in g  
p e rio d s  of tim e. At th e  
end  of eac h  c h a se  point 
cells w ere cooled  to 0°C 
a n d  fixed . C e lls  w e re  
then  view ed by confocal 
m icrocopy . T h e  c h a s e  
tim e a t 37°C  is sh o w n  
above  eac h  fram e. B ars 
= 5^m.
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Figure 4.16 - Labelled dextran 
moves into the dendritic cell 
as a cohort 

Red - 2 mins dextran 
endocytosis 
Blue - 60 mins endocytosis

D C s (day  8 cu lture) w ere  incu
bated  with Texas red con jugated  
dextran (1 mg/ml) at 0°C for 10 min
u tes. E x c e ss  d ex tra n  w a s  th en  
w a s h e d  a w a y  a n d  c e l ls  w e re  
w arm ed  to 37°C for 2 m ins (top 
panel) or 60 m ins (middle panel). 
At the end of each  ch ase  point cells 
w ere cooled to 0°C and  fixed. Cells 
w ere then  view ed by confocal mi
crocopy. Similar sized  cells w ere 
se lec ted  after confocal m icroscopy 
a n d  o v e rla y e d  (bo ttom  p a n e l) . 
O uter line = position of cell m em 
b rane  a s  determ ined  from p h a se  
con trast picture, inner line = posi
tion of nucleus a s  determ ined  from 
p h a se  con trast picture.

2 mins

60 mins

Overlay
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endosomes at a particular stage on the endocytic pathway. Experiments such as 
these should allow the assessment of the functional nature of endocytic route without 
referral to phenotypic definitions of late or early endosomes.

4.2.3-3 2 Characterisation o f tbe DC endocytic route

To compare this functional definition of the endocytic pathway to the phenotypic 
definition, the molecular markers contained within the dextran time point defined 
endosomes were examined. Double labelling was performed for dextran endocytosis 
and markers characteristic of early endosomes and late endosomes/lysosomes.

Figure 4.17 shows a double labelling between Texas red dextran and the transferrin 
receptor. At 0 and 2 minutes of chase the dextran tracer appears to be associated 
with the cell surface. The transferrin receptor staining is mainly confined to 
intracellular vesicles just below the cell membrane, although there is some cell 
surface staining visible. At the 0 and 2 minute time points there is no colocalisation 
betw een the tracer and the TfR, at five minutes of chase there is extensive 
colocalisation between the TfR and the endocytic tracer. This colocalisation is 
decreasing at 10 minutes, with the dextran apparently passing deeper into the cell, 
at 20 minutes and later time points there is no colocalisation between transferrin 
receptor and the dextran tracer, with the latter having passed into more central 
structures.

This staining time course indicates that the early endosome, as defined as the 
transferrin receptor recycling compartment, is reached by a pulse of dextran 5 
minutes after warming to the permissive temperature for endocytosis. This early 
endosome is a compartment which endocytic tracer passes through in a brief space 
of time.

Figure 4.18 shows an equivalent experiment to that illustrated in figure 4.17. In 
figure 4.18 the dextran endocytosis is co-stained for the late endosomal/lysosomal 
marker CD63. In this figure it is clear that CD63 resides in central compartments of 
the cell. The peripheral dextran binding seen in the early time points of endocytosis 
does not encroach on these central compartments. After 20 minutes of endocytosis, 
when dextran tracer represents discreet endocytic vesicles that have passed some 
way into the cell, there is still no colocalisation between tracer and CD63. At the 30 
minute time point there is extensive colocalisation between these two markers, 
suggesting that late endocytic structures are reached by 30 minutes of endocytosis. 
At the 60 and 120 minute time points the level of colocalisation has increased from 
that seen at 30 minutes. It has previously been postulated that DCs do not have an
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extensive lysosomal compartment (Levine and Chain, 1992). However in these 
immature DCs, there would seem to be accumulation of endocytic tracers in late 
endocytic/lysosomal compartments. The nature of these compartments appears to 
be such as to support retention of endocytic tracers for some periods of time.

The position of MHC class II in the endocytic route of the DC has been reported to 
be both in late endosomal MIICs (Kleijmeer e ta l,  1995, Kleijmeer e ta l,  1994), or in 
CIIVs with more of the characteristics of the early endosome (Pierre et a l, 1997). 
The nature of the class II containing compartment in the DC may depend on its 
state of maturity (Pierre et a l, 1997). The position of MHC class II in the DCs 
studied in this thesis may have a relevance in the antigen processing capability of 
these cells.

Figure 4.19 shows HLA-DR staining of DCs after different periods of Texas red 
dextran endocytosis. Although cell surface HLA-DR staining is visible in these cells 
(see the 10 minute time point for example), the majority of HLA-DR staining is 
intracellular. At the 0 and 2 minute time points (where the transferrin receptor time 
course would suggest that most dextran is still cell surface associated) there is no 
apparent colocalisation between MHC class II and the dextran tracer. This situation 
alters at the 5 minutes of endocytosis time point - here the peripheral MHC class II 
colocalises with the ‘ring’ of dextran endocytosis. There is no colocalisation prior to 
this point, this is also the time point that clear TfR colocalisation with dextran 
occurred (see figure 4.17). These facts suggest that this meeting between MHC class 
II and tracer occurs in an intracellular early endosome. This would be consistent 
with class II recycling through an early endosomal compartment as described by 
Reid and Watts (1990).

Following this class II/endocytosis meeting at an early time point, there is no 
colocalisation between the tracer and MHC class II at the 10 and 20 minute chase 
times. Indeed at these time points it seems that the dextran tracer has passed beyond 
the peripheral class II localised at, or just below, the cell surface, but has not yet 
reached deeper MHC class II containing structures. Colocalisation between the tracer 
and these deeper class II containing structures begins again at 30 minutes, and is 
almost total at 60 and 120 minutes. These time points of MHC class II and endocytosis 
cross over coincide with those seen for the entrance, and accumulation of dextran 
in CD63 positive late endosomal compartments. This suggests that in these cells the 
majority of intracellular MHC class II is localised in late endosomal and lysosomal 
compartments - the site of the majority of dextran accumulation.
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0 mins 2 mins 5 mins 10 mins
Figure 4.17 - Labelled dextran passes 
through a transferrin receptor positive 
endosome after 5 mins chase

Red - Texas red dextran endocytosis 
Green - Antl-TfR

DCs (day 8 culture) w ere incubated  with 
T exas red con jugated  dex tran  (1 mg/ml) a t 
0°C for 10 m inutes. E x cess  dextran  w as 
then  w ash ed  aw ay  an d  cells w ere  w arm ed 
to 37°C for increasing  tim es. At th e  end  of 
eac h  c h a s e  point cells w ere cooled to 0°C 
and  fixed, perm eabilised  and  s ta ined  with 
m ouse  an ti-hum an a-TfR antibody. Cells 
w ere then  view ed by confocal microcopy. 
C h a s e  tim es  a re  ind ica ted  a b o v e  e a c h  
fram e. Cells a re  rep resen ta tiv e  of 2 experi
m ents. B ars = 5fxm. TfR only - cells w ere 
incubated without dextran, endo  only - cells 
w ere incubated with dextran a t 37°C for 120 
m inutes an d  not s ta ined . Irrelevant Ab - 
cells w ere s ta in ed  with isotype m atched  
control antibody.
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0 mins 2 mins 5 mins 10 mins
Figure 4.18 - Labelled dextran 
accumulates In a CD63 positive 
lysosome from 30 minutes of chase 
onwards

Red - Texas red dextran endocytosis 
Green - Antl-CD63

DCs (day 8 culture) w ere incubated  with 
Texas red con jugated  dextran  (1 mg/ml) a t 
0°C for 10 m inutes. E x ce ss  dex tran  w as 
then  w ash ed  aw ay  an d  cells w ere w arm ed 
to 37°C for increasing  tim es. At th e  end  of 
eac h  c h a se  point cells w ere  cooled  to 0°C 
and  fixed, perm eabilised  and  s ta ined  with 
m ouse  an ti-hum an a-CD63 antibody. Cells 
w ere then  view ed by confocal microcopy. 
C h a s e  tim e s  a re  ind ica ted  a b o v e  e a c h  
fram e. Cells a re  rep resen ta tive  of 2 experi
m ents. B ars = 5pim. CD63 only - cells w ere 
incubated without dextran, en d o  only - cells 
w ere incubated with dextran a t 37°C for 120 
m inu tes an d  not s ta ined . Irrelevant Ab - 
cells w ere s ta in ed  with isotype m atched  
control antibody.
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0 mins 2 mins 5 mins 10 mins
Figure 4.19 - Labelled dextran passes 
through early and late MHC class II 
containing compartments

Red - Texas red dextran endocytosis 
Green - Antl-HLA-DR

DCs (day 8 culture) w ere Incubated with 
Texas red con jugated  dex tran  (1 mg/ml) a t 
0°C for 10 m inutes. E x cess  dex tran  w as  
then  w ash ed  aw ay  an d  cells w ere w arm ed 
to 37°C for increasing  tim es. At th e  en d  of 
eac h  c h a se  point cells w ere  cooled  to 0°C 
and  fixed, perm eabilised  and  s ta ined  with 
m o u se  an ti-h u m an  a-HLA-DR an tibody  
(L243), C ells w ere then  view ed by confocal 
m icrocopy. C h a s e  tim e s  a re  in d ica te d  
ab o v e  eac h  fram e. C ells a re  re p re se n ta 
tive of 2 experim ents. B ars = 5fim. C la ss  II 
only - cells w ere incubated without dextran, 
endo  only - cells w ere incubated  with d ex 
tra n  a t  37°C  for 120  m in u te s  a n d  no t 
sta ined . Irrelevant Ab - cells w ere s ta ined  
with isotype m atched  control antibody
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If the model of DC maturation described by Pierre et al. (1997) for murine DCs 
holds true in these human peripheral blood derived DCs, then it would seem that 
these DCs show an intracellular MHC class 11 distribution consistent with an immature 
phenotype. In this model the lysosomal retention of MHC class 11 correlates with a 
stage of low MHC class 11 surface expression, and a high rate of MHC class 11 
degradation (Pierre et a l, 1997, Celia et a l, 1997, Watts, 1997b). On DC maturation 
this phenotype should change to one where the majority of MHC class 11 resides in 
a more peripheral CllV like compartment. That the MHC 11 distribution observed in 
these experiments is that of an immature DC is consistent with the increase in 
phenotypic maturity achieved by LPS treatment (shown in figures 4.9 and 4.10).

In summary of the data shown in figures 4.17-19 the immature DC used in these 
experiments has an endocytic route which can be easily traced with fluorescently 
labelled dextrans. The dextran tracer passes through a TfR positive EE at 5 minutes 
of chase, and this compartment also contains MHC class 11. The majority of MHC 
class 11 is found in late intracellular compartments where dextran tracer accumulates 
from 30 minutes onv/ards, these compartments are positive for CD63.

4 .2 .3 3 3  Cathepsin E localisation relative to the DC endocytic route

The dextran endocytosis time courses provide the opportunity to examine the 
localisation of CE relative to the endocytic route of the DC in a similar way to the 
experiments performed on Mel JuSo and FC7 in chapter 3. Figure 4.20 shows an 
example of such a timecourse, double labelled with the CEl.l antibody.

As can be seen, the majority of the CEl.l staining occupies a very peripheral position, 
sometimes to the exclusion of any other subcellular location (see 5 minute time 
point for example). This peripheral localisation is evidenced by the ‘cross-over’ of 
endocytic tracer and C E l.l staining. Although there is never an extensive 
colocalisation observed, the 0 minute and 2 minute time points show some areas of 
yellow extending around the cellular rim. This colocalisation at early time points is 
further illustrated in figure 4.21 where representative cells from the 0, 2 and 5 
minute time points from another experiment are shown. Here it is apparent that 
after 0 minutes at the permissive temperature the majority of dextran is outside the 
peripheral CEl.l distribution. At the two minute time point the dextran and CEl.l 
staining appear to be level, at the cell surface, and there is yellow colouring, indicating 
colocalisation. After 5 minutes at the permissive temperature the dextran tracer has 
passed inside the peripheral CE positive structures. Aside from its peripheral 
localisation CE is also seen in a central ring around the nucleus. This structure 
probably corresponds to the peri-nuclear CE staining see in adherent DCs (fig.4.13).
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The remainder of the time points in figure 4.20 following the two minute ‘cross
over’ indicate no further colocalisation between CEl.l staining and endocytosis. 
Thus, as in FC7 and Mel JuSo, there is no indication of cathepsin E localisation in 
the mid and later structures of the endocytic route.

The flow cytometry staining of figure 4.7 indicates that the day 8 peripheral blood 
derived DC expresses the epitope bound by the BMC 11 serum, raised against the 
mature CE N-terminal sequence. A time course of dextran endocytosis co-stained 
with the BMC-11 serum is shown in figure 4.22. As with the CEl.l staining, most 
BMC-11 staining seems to be present at the cell rim, and colocalises with the early 
(2 and 5 minute) time points of endocytosis. Central staining shows less (and less 
clear) colocali^ation v/ith the later time points of endocytosis. However the BMC-11 
staining of these cells in suspension is somewhat reminiscent of that seen for Mel 
JuSo stained in suspension in chapter 3. Much of the staining is extremely diffuse 
and spread throughout the cytoplasm. The panel showing BMC-11 staining alone 
shows that the distribution does have some punctate elements, but is mostly diffuse. 
Double labelling of adherent DCs for BMC-11 and CEl.l is shown in figure 4.23. 
Unlike the co-staining of Mel JuSo with these two antibodies there is little 
colocalisation between the two of them in DCs. This indicates that, in DCs, BMC-11 
is probably showing reactivity with another component of the cell, not found in Mel 
JuSo. This lack of colocalisation between the two anti-CE sera, means that the 
staining of BMC-11 in DCs cannot be taken to exclusively represent CE staining, the 
significance of the data presented in figure 4.22 is therefore questionable.

4.2.3 3 -4  The effect o f LPS on DC antigen processing machinery

Figures 4.24-4.27 show the results of a preliminary experiment performed to 
investigate the effect of LPS induced maturation of the subcellular localisation of CE 
relative to the DC endocytic route.

The DCs were treated with LPS (lOOng/ml) for the last 24 hours of the eight day 
culture period, as described for the DCs of figures 4.9 and 4.10. The DCs showed 
phenotypic changes consistent with maturation as assessed by analysis of cell surface 
markers (not shown). Figures 4.24-4.27 show the effects of LPS treatment on the 
double labelling studies between dextran tracing of endocytosis and TfR, CD63, 
MHC class II and CE, as shown for untreated DCs in figures 4.17-4.20. Generally the 
LPS treated DCs showed decreased intracellular dextran after endocytosis compared 
to the untreated cells. This was not reflected by a decreased surface binding of 
dextran at the 0 minute time point, but rather by a greater proportion of dextran 
remaining on the cell surface during the permissive temperature chase (see figure
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Figure 4.20 - Labelled dextran does not 
colocalise with CE1.1 staining beyond 
2 minutes chase

Red - Texas red dextran endocytosis 
Green - CE1.1

DCs (day 8 culture) w ere  incubated  with 
T exas red con jugated  dex tran  (1 mg/ml) a t 
0°C for 10 m inutes. E x ce ss  dex tran  w as  
then  w ash ed  aw ay  an d  cells w ere w arm ed 
to 37°C for increasing  tim es. At the  en d  of 
eac h  c h a s e  point cells w ere  cooled to 0°C 
and  fixed, perm eabilised  and  sta ined  with 
m o u se  an ti-hum an  ca th ep s in  E (C E l .l) .  
Cells w ere then  view ed by confocal micro
copy. C h a s e  tim es  a re  ind ica ted  a b o v e  
eac h  fram e. Cells a re  rep resen ta tiv e  of 6 
experim ents. B ars = 10pim. CE only - cells 
w ere incubated  without dextran , en d o  only 
- cells w ere incubated  with dex tran  a t 37°C 
for C E l .l  only - cells w ere  incubated  with
out dextran , en d o  only - cells w ere  incu
bated  with dex tran  a t 37°C for 60 m inutes 
and  not sta ined . Irrelevant Ab - cells w ere 
s ta ined  with isotype m atched  control anti
body.

0 mins 2 mins

■ y
20 mins 30 mins

5 mins

60 mins

10 mins
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Figure 4.21 - CEl.l staining 
overiaps dextran endocytosis 
at very eariy time points

Red - Texas red dextran
endocytosis
Green - CEl.l

D C s (d a y  8 c u l tu re )  w e re  
in c u b a te d  w ith T e x a s  re d  
con jugated  dex tran  (1 mg/ml) a t 
0°C fo r 10 m in u te s .  E x c e s s  
dextran w as then  w ash ed  aw ay 
and  cells w ere w arm ed to 37°C 
for increasing tim es. At the end  
of e a c h  c h a s e  point cells w ere  
c o o le d  to  0°C a n d  fix ed , 
perm eab ilised  and  s ta in ed  with 
m o u se  an ti-hum an ca th ep s in  E 
(CE1.1). Cells w ere then  view ed 
by confocal m icrocopy. C h a s e  
tim es a re  indicated in each  fram e. 
C e lls  a r e  r e p re s e n ta t iv e  of 6 
experim ents. B ars = 5|im

0 mins

2 mins

5 mins
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0 mins 2 mins 5 mins 10 mins
Figure 4.22 - BMC 11 staining is diffuse 
and co-iocaiises with dextran endocytosis 
at several time points

Red - Texas red dextran endocytosis 
Green - BMC 11

DCs (day 8 culture) w ere incubated  with Texas 
red con jugated  dex tran  (1 mg/ml) a t 0°C for 10 
m inu tes. E x c e ss  d ex tra n  w a s  th en  w a sh e d  
a w a y  a n d  c e lls  w e re  w a rm e d  to  37°C  for 
increasing tim es. At the end  of each  c h a se  point 
c e l ls  w e re  c o o le d  to  0°C a n d  f ix e d , 
perm eabilised  an d  s ta ined  with BMC 11. Cells 
w e re  th e n  v iew ed  by co n fo ca l m icrocopy. 
C h a se  tim es a re  indicated in e a c h  fram e. Cells 
a re  rep resen ta tiv e  of 2 experim en ts. B ars = 
Sum.BMC 11 only - cells w ere incubated without 
dextran, en d o  only - cells w ere  incubated  with 
dextran a t 37°C for 120 m inutes and  not stained. 
P re-im m une - pre-im m une serum  from BMC 11 
host.

20 mins 30 mins 60 mins Endo onl

BMC 11 onlv Pre-immune
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Figure 4.23 - BMC 11 staining 
shows no extensive 
colocalisation with CEl.l in DCs

Red - BMC 11 
Green - CEl.l

A. DCs (day 8 culture) w ere  allowed 
to a d h e re  to poly-L-lysine co a ted  
coverslips a s  described . CE1.1 d e 
tec ted  with a g reen  (FITC) conju
g a te d  a n t i-m o u s e  s e c o n d  la y e r  
(panel 1) and  BMC 11 with a  Texas 
red anti-rabbit seco n d  layer (panel 
2). T he m erged  im age is show n a s  
panel 3. Bar = lO^m.

B. Controls. Cells w ere p repared  a s  
above and  sta ined  a s  follows: Panel
1 - BMC 11 -f FITC a-m ouse , panel
2 - C E I . 1 + Texas red a-rabbit, panel
3 - FITC a -m o u se  seco n d  layer only, 
panel 4 - P re-im m une rabbit serum . 
Bar = 50|xm.

A1 
CE1.1

2 BMC 11

3 Merge
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4.24-4.27 for examples). This is consistent with previous reports of decreased 
endocytic uptake of tracers following maturation (Sallusto et a l, 1995).

Figure 4.24 shows a dextran endocytosis timecourse in LPS treated DCs co-stained 
for the transferrin receptor. From all the TfR stained frames it is apparent that the 
receptor shows a distribution which differs from that seen in control cells In untreated 
cells the transferrin receptor appears to reside mainly at the cell surface and in 
peripheral vesicles at the cell perimeter (see figure 4.17). By contrast, in LPS treated 
cells, TfR positive vesicles are present at much deeper locations in the cytosol. This 
altered distribution is reflected by an apparently altered position in the endocytic 
route. As with the untreated cells seen in figure 4.17 there is no colocalisation 
between the transferrin receptor and endocytic tracer at the 0 and 2 minute time 
points, where tracer seems to remain on the cell surface. Colocalisation between 
TfR and endocytosis begins after 5 minutes chase, again as in the control cells. At 10 
minutes of chase, however, differences between control and LPS treated cells become 
apparent. Whereas in control cells dextran and TfR colocalisation was decreasing 
after 10 minutes of chase, in LPS treated cells there is complete colocalisation between 
TfR and dextran in intracellular vesicles. In control cells 20 minutes of chase 
completely separated dextran and the TfR, however in LPS treated cells there is still 
extensive tracer and TfR colocalisation. Such colocalisation is decreasing at 30 minutes, 
and absent at 60 and 120 minutes, where TfR and dextran appear to occupy separate, 
central vesicles.

Figure 4.25 shows a similar figure, co-stained for the lysosomal marker CD63. In 
control cells dextran passed through earlier compartments to accumulate in CD63 
positive lysosomes from 30 minutes of chase onwards (see figure 4.18). In LPS 
treated cells there is no colocalisation between endocytic tracer and CD63 at early 
time points as seen in untreated cells. There is no colocalisation between tracer and 
CD63 at the 20 minute time point, and the 30, 60 and 120 minutes of chase time 
points show decreased colocalisation compared to that seen in untreated cells. 
Much of the tracer in these cells has remained peripheral to the CD63 positive 
structures and some appears to still be associated with the cell surface. Thus there 
appears to be a decreased lysosomal delivery of endocytic tracers in the LPS treated 
DC.

In presenting the distribution of MHC class II relative to the endocytic route in the
LPS treated DC obtaining a representative figure is more difficult. The majority of
the cells treated with LPS for 24 hours had lost almost all intracellular MHC class II,
and a redistribution to the cell surface had occurred. This is consistent with the
increased MFI of L243 staining on the cell surface of LPS treated cells shown in
figures 4.9 and 4.10, and with previously published data (Winzler et a l, 1997).
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Some cells however retained intracellular class II, the different phenotypes observed 
are represented in figure 4.26, 5 minutes time point. Of these two adjacent cells, 
one demonstrates complete localisation at the cell periphery, where it colocalises 
with dextran, the other shows a mainly intracellular distribution. These two 
distributions are represented to some extent in both control and LPS treated cells.

As flow cytometric data shows, immature DCs demonstrate a high level of surface 
MHC class II (see figure 4.6), this is poorly represented in confocal pictures where 
the image gain is adjusted for the brighter intracellular signal. The surface expression 
of class II becomes visible in LPS treated cells, where it colocalises with the early 
(cell surface associated) time points of dextran endocytosis. Examples of this 
phenotype are shown in the 0, 2 and 5 minute panels of figure 4.26. The later time 
points all contain representative cells from the those still containing intracellular 
MHC class II, cells with surface MHC II only were also present at these time points, 
where there was no colocalisation between class II and intracellular dextran. Of 
those cells with high intracellular MHC class II there is some colocalisation berv/een 
tracer and dextran at 10 and 20 minutes, this colocalisation is lost or greatly reduced 
at 60 and 120 minutes. Thus, in contrast to the untreated DCs, those which have 
been matured by LPS treatment do not demonstrate a lysosomal retention of MHC 
class II.

Having established that the endocytic antigen processing machinery of the human 
peripheral blood derived DC is altered by maturation with LPS, the subcellular 
localisation of CE was then examined in these cells. Figure 4.27 shows the distribution 
of cathepsin E staining with the CEl.l antibody, relative to dextran endocytosis. 
The distribution of CEl.l staining in this experiment appears to be largely unaltered 
from that seen in the untreated cells. Once again at five minutes of chase the 
dextran tracer is passing beyond the peripheral CE distribution, and there is no 
central colocalisation between CEl.l staining and dextran endocytic tracing. Whilst 
there is no change in CE localisation relative to the dextran traced endocytosis, 
there does appear to be a loss of the central peri-nuclear CE distribution. This peri
nuclear distribution was apparent in adherent DCs (figs. 4.12, 4.13) as well as in 
DCs in suspension (e.g. see CEl.l only panel of figure 4.20). This distribution 
(which may represent ER retained CE) is absent from the LPS treated DCs (figure 
4.27) where CE is more peripheral in distribution. From these data it may be concluded 
that LPS maturation of the human peripheral blood derived DC does not cause the 
translocation of CE into an endosome, but may cause the redistribution of CE away 
from central structures.
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0 mins 2 mins 5 mins 10 mins
Figure 4.24 - In LPS treated DCs 
transferrin receptor shows an 
altered distribution

Red - Texas red dextran endocytosis 
Green - TfR

D Cs w ere  m atu red  by incubation with 
LPS (100ng/m l) for th e  last 24  hours of 
culture. C ells w ere then  incubated  with 
Texas red con jugated  dex tran  (1 mg/ml) 
a t 0°C for 10 m inutes. E x ce ss  dextran  
w as then  w ash ed  aw ay  an d  cells w ere 
w arm ed to 37°C for increasing  tim es. At 
the  end  of eac h  c h a s e  point cells w ere 
cooled to 0°C and  fixed, perm eabilised  
and  s ta ined  with a-transferrin  recep tor 
antibody. Cells w ere  view ed by confocal 
microcopy. C h a se  tim es a re  indicated in 
eac h  fram e. B ars = 5fxm, ex cep t bottom  
row w here b a rs  = TfR only - cells 
w ere  incubated  w ithout dex tran , en d o  
only - cells w ere incubated  with dextran  
a t 37°C for 120 m inutes and  not sta ined . 
Irrelevant Ab - cells w ere  s ta in ed  with 
isotype m atched  control antibody.

20 mins 30 mins 60 mins 120 mins

Endo only TfR only Irrelevant Ab
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Figure 4.25 - In LPS treated DCs there 
Is decreased dextran delivery to CD63 
positive compartments

Red - Texas red dextran endocytosis 
Green - CD63

DCs w ere m atured  by incubation with LPS 
(1 OOng/ml) for th e  last 24  hours of culture. 
Cells w ere then  incubated  with T exas red 
con jugated  dex tran  (1 mg/ml) a t 0°C for 10 
m inutes. E x cess  dextran  w as  then  w ash ed  
aw ay  and  cells w ere  w arm ed  to 37°C for 
increasing  tim es. At th e  end  of eac h  c h a se  
point cells w ere  cooled to 0°C an d  fixed, 
perm eab ilised  an d  s ta in ed  with a-C D 63 
antibody. C ells w ere  view ed by confocal 
microcopy. C h a se  tim es a re  indicated in 
each  frame. Bars = 5p.m, excep t bottom row 
w here b ars  = SOpim. CD63 only - cells w ere 
incubated without dextran, en d o  only - cells 
w ere incubated with dextran a t 37°C for 120 
m inutes and  not s ta ined . Irrelevant Ab - 
cells w ere  s ta in ed  with iso type m atched  
control antibody.
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0 mins 2 mins 5 mins 10 mins
Figure 4.26 - In LPS treated DCs there 
is decreased lysosomal MHC class II 
retention, and Increased surface MHC 
class II

Red - Texas red dextran endocytosis 
Green - MHC class II

DCs w ere m atured  by incubation with LPS 
(1 OOng/ml) for the  last 24  hours of culture. 
Cells w ere  then  incubated  with T exas red 
conjugated  dextran  (1 mg/ml) a t 0°C for 10 
minutes. E xcess dextran w as then w ashed  
aw ay  and  cells w ere w arm ed to 37°C for 
increasing tim es. At the  end  of e ac h  c h a s e  
point cells w ere  cooled  to 0°C an d  fixed, 
perm eabilised and  sta ined  with L243 Cells 
w e re  v ie w e d  by co n fo c a l m icrocopy . 
C h a se  tim es a re  indicated in e a c h  fram e. 
B ars = 5^im, ex ce p t bottom  row w here  
bars  = 50^m . C la ss  II only - cells w ere 
incubated  w ithout dex tran , e n d o  only - 
cells w ere incubated  with dex tran  a t 37°C 
for 120 m inutes and  not stained . Irrelevant 
Ab - c e lls  w e re  s ta in e d  w ith iso ty p e  
m atched  control antibody.
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Figure 4.27 - LPS treatment of DCs 
has no effect on CE distribution 
relative to the endocytic route

Red - Texas red dextran
endocytosis
Green - CE1.1

DCs w ere m atured  by incubation with 
LPS (1 OOng/ml) for th e  last 24  hours of 
culture. C ells w ere then  incubated  with 
Texas red con jugated  dextran  (1 mg/ml) 
a t 0°C for 10 m inutes. E x cess  dextran  
w as then  w ash ed  aw ay  and  cells w ere 
w arm ed to 37°C for increasing  tim es. 
At th e  end  of e a c h  c h a s e  point cells 
w e re  c o o le d  to  0°C a n d  f ix ed , 
perm eabilised  an d  s ta in ed  with C E l .l  
antibody. Cells w ere view ed by confocal 
m icrocopy C h a se  tim es a re  indicated 
in e a c h  fram e . B ars = 5 |im , e x c e p t 
bottom row w here bars  = SO^im. CE only 
- cells w ere incubated  without dextran, 
en d o  only - cells w ere incubated  with 
dextran a t 37°C for 120 m inutes and  not 
s ta in e d . I r re le v a n t Ab - c e lls  w e re  
s ta in ed  with iso type m atch ed  control 
antibody.
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In summary the examination of dextran endocytic tracing in the human peripheral 
blood derived DC has illustrated several points. In immature cells the tracer appears 
to remain on the cell surface for a few minutes, possibly due to a lag time in the 
cells reaching the permissive endocytosis temperature. At five minutes the tracer 
has entered the cell and reached a TfR positive early endosome. Residence in this 
recycling endosome is short lived and the tracer then passes into deeper cellular 
structures. After 30 minutes at the permissive temperature tracer begins to reach 
CD63 positive structures and accumulation in these late endosomal/lysosomal 
structures continues at 1 and 2 hours after the start of endocytosis.

MHC class 11 occupies compartments in both the early and late portions of the 
endocytic route. Some class 11 appears to reside in the 5 minute chase compartment, 
the presence of TfR in this compartment appears to indicate that this is a recycling 
endosome. There is then no significant colocalisation between class 11 and the mid 
endosomes (neither TfR nor CD63 positive), until the tracer reaches the late endosomal 
compartments previously defined as CD63 positive.

Cathepsin E, in contrast, does not occupy any of the compartments defined by TfR, 
MHC class 11 or CD63, but instead resides at the very cell periphery. The nature of 
the staining at very early time points, where tracer appears to be cell surface 
associated, makes it debatable as to whether this early CE 1.1/dextran colocalisation 
represents a genuine endocytic structure.

LPS results in a maturation of DC phenotype. A preliminary experiment examining 
the endocytic route of LPS treated cells in the same way as for control cells, indicates 
that LPS has an effect on the endocytic pathway of the DC. Treatment with LPS 
results in increased retention of dextran tracer at the cells surface; a redistribution of 
TfR to later points in the endocytic route; a reduction in endocytic traffic to late 
endosomes/lysosomes; a redistribution of MHC class 11 to the cell surface and a loss 
of lysosomal MHC class 11. Despite these obvious changes to the processing machinery 
there is no translocation of CE into the endocytic antigen processing compartments 
of these cells.
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Chapter

Discussion

‘Events were to prove that my idea...was just 
one of those that seem good at the time’

The Mating Season, P.G. Wodehouse

Cathepsin E is widely expressed in the cells of the immune system. Its expression 
can be regulated by cytokines, B cell differentiation and via the MHC class II 
transactivator. A specific inhibitor of cathepsin E abolished the ability of murine B 
cells to generate T cell epitopes from ovalbumin. The premise under which this 
thesis was begun therefore, was that cathepsin E is an enzyme with an involvement 
in the proteolysis of antigen leading to the generation of epitopes for MHC class II 
presentation.

5.1 Cathepsin E expression is induced during the 
monocyte to DC transition

The dendritic cell is the most potent antigen presenting cell described and has a 
pivotal role in the activation of naive T cells (see section 1.2.1.3). It was therefore of 
interest to ascertain whether a member of the DC family, the human peripheral 
blood derived DC, expressed the putative antigen processing enzyme cathepsin E. 
The use of permeabilised flow cytometry indicated that, during the transition from 
a monocyte to a DC of immature phenotype, the expression of CE is induced at the 
protein level.

This induction implies that CE may have a role to play in the physiological function 
of the immature DC. The main function of the immature DC is the capture and 
processing of antigen. If CE has a role to play in this process then the DC would be
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expected to be an ideal candidate cell for CE expression, however it is not clear 
whether the antigen processing enzymes expressed by different APCs will be the 
same. Previous work has implicated B cells as a cell type in which CE is involved in 
antigen processing (Bennett etal., 1992, Sealy et al., 1996). As was discussed in the 
introduction to chapter 4, there is evidence that B cells and DCs may process the 
same antigen differently, resulting in a different range of epitopes produced from 
one protein. In order for this to occur there may be a difference in processing 
enzyme expression.

The dendritic cell is a multi-functional cell. Although its only ‘effector’ function is 
the capture, processing and presentation of antigen, through this process it can 
affect many other cellular responses of the immune system. These include the 
activation of peripheral T cells, the negative selection of thymic T cells, and the 
promotion of B cell Ig production. This may result in the DC requiring a different 
set of processing enzymes to other APCs. On the other hand for the primary 
activation of naive T helper cells, and their subsequent sanctioning of B cell antibody 
production, a continuity of antigen processing enzymes between DCs and B cells 
would be required. With the same enzymes in place, both DCs activating the T cell 
for the first time, and B cells requiring help, can produce the same epitopes and 
thus stimulate the same T cell clones.

The data presented here indicate that the immature DC possesses the same enzyme, 
cathepsin E, as is present in the activated human primary B cell. The human peripheral 
blood monocyte, however, appears not to express this enzyme. Previous reports 
have indicated that the human macrophage is CE (protein) negative. The significance 
of altered processing enzyme expression between DCs and macrophages may prevent 
the generation of ‘DC epitopes’ by macrophages. This could have significance in 
the control of antigen presentation during inflammatory responses with macrophage 
infiltration.

If CE is an antigen processing enzyme, its expression might be expected to decrease 
on maturation of DCs from an ‘antigen processing’ to an ‘antigen presenting’ 
phenotype. Such a phenotypic maturation was achieved in the cells examined in 
chapter 4 by treatment with LPS. This treatment had no effect on the expression of 
CE protein levels. Whilst this could be taken as evidence that CE is not regulated in 
a manner similar to other elements of the antigen processing machinery, there are 
other possible explanations. There is evidence that the immature DC may have an 
intracellular antigen retention compartment, which does not apparently act in antigen 
degradation (Lutz et a l, 1997). In murine DCs a first stage of maturation resulted in 
the movement of lysosomal MHC II to an early, CllV-like, endosomal compartment.
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At the same time MHC II half life was increased, so that MHC II reaching the cell 
surface from that time onwards would show a prolonged lifespan (Pierre et a l, 
1997, Celia e ta l,  1997). Thus it may be that the most significant antigen processing 
in DCs (i.e. that resulting in the greatest number of cell surface MHC/peptide 
complexes) occurs only after the start of any maturation process. If this were the 
situation then the requirement for the most processing enzyme activity would be in 
the early stages of the DC maturation, and not at the antigen capturing stage.

The fact that CE is expressed in both DCs and human B cells does not necessarily 
indicate a role in antigen processing. The enzyme may have a role involved in the 
process, but not directly in the proteolysis of antigen. A role for aspartic proteinases 
in the degradation of li has been suggested (see section 1.3.5.5.3). This role may be 
called into question as monocytes and macrophages, which can process antigen, 
do not appear to express CE. On the other hand, the requirement for li in MHC II 
antigen processing is dependent on cell type and the antigen in question (as discussed 
in section 1.2.2.5). Further clues as to the role of CE in the dendritic cell may be 
obtained from analysis of the enzyme’s subcellular localisation within the DC.

CE expression in FC7 B cells has been previously described (Sealy et al., 1996). In 
chapter 3 antibody staining and Western blotting experiments indicate that CE is 
also expressed in the model antigen presenting cell line Mel JuSo. The importance 
of the subcellular localisation of CE in analysing its potential role in antigen processing 
was discussed in previous chapters. CE subcellular localisation was therefore analysed 
in FC7, Mel JuSo and DCs.

5.2 Studies on endocytosis

5.2.1 Passage of exogenous material to an MHC class II 
enriched compartment in FC7 and Mel JuSo

In order to address the question of whether CE resided in one of the structures of 
the endocytic route it was necessary to develop a method of tracing the endocytic 
route of APCs. In the FC7 B cell line, fluid phase tracers were, perhaps unsurprisingly, 
ineffective. The endocytic route of these cells could be traced for microscopy purposes 
with a ligand of the cell’s mig. The early (pre 10 minutes chase) endosome was not 
visible with this method of tracing. It is possible that the early endosome, with its 
reported large, ramified structure, may not achieve a high enough localised
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concentration of fluorophore. After 10 minutes the endocytic route became apparent. 
Double staining showed that mIg ligands were delivered (not exclusively) to an 
MHC class II positive compartment (fig. 3.3). Colocalisation in this compartment 
was maximal at 20 and 30 minutes and decreasing by 60 minutes.

Thus these results correspond with those of others who have demonstrated mIg 
mediated delivery of ligand to an intracellular class II enriched compartment (West 
et a l, 1994, Mitchell et at., 1995, Knight et al., 1997, Ferrari et a l, 1997). The fact 
that this compartment is optimally accessed at 20-30 mins of chase may indicate 
that it is of an early/mid endosomal nature, akin to the ‘CUV’ described by (Amigorena 
et a l, 1994). The B cell’s small size and scanty cytoplasm may result in a reduced 
lysosomal capacity in these cells. None the less, there are later structures on the 
endocytic route of these cells (fig. 3.3).

It is interesting to note that CIIVs were initially described in B cells (Amigorena et 
a l, 1994), and have subsequently been described in mature DCs (Pierre et a l, 
1997), but not in other cell types. Functional studies based on T cell read out 
indicate that in B cells loaded MHC class II can be found in a low density early/mid 
endosomal compartment (Barnes and Mitchell, 1995). There is data to suggest that 
such a compartment is accessed only via mig mediated uptake, and if this is the 
case, may truly represent a specialisation of B cells as APCs (Mitchell et a l, 1995, 
Ferrari et a l, 1997, Drake et a l, 1997).

When the MHC class II distribution in FC7 cells was examined by DGF (figs. 3.6 and 
3.7) the limitation of class II to lower density fractions was apparent. In FC7 where 
the later endocytic route had been traced with 30 minutes of HRP endocytosis (fig. 
3.6) the tracer was present to the left (in denser fractions) of the MHC class II 
distribution. It is important to remember in this case that the endocytosis was traced 
using a fluid phase marker and not an mig ligand. This may result in a more 
extensive passage into the conventional late endosomal/lysosomal structures of the 
cell.

In comparison to FC7 cells, the MHC class II compartment of Mel JuSo appears to 
be a much more lysosomal type structure. In Mel JuSo MHC class II is extensively 
located in the peri-nuclear region as a collection of small vesicles. Such a position 
is typical of late structures of the endocytic route (Mellman, 1996, Schwartz, 1990). 
In Mel JuSo where the endocytic route had been studied in suspension, accumulation 
of dextran in this perinuclear area became apparent from 20 minutes onwards (fig. 
3.17). This colocalisation of endocytic tracer with an MHC II positive peri-nuclear 
compartment is more clearly defined in experiments where endocytic tracing was
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performed on adherent Mel JuSo (in situ) (fig. 3.18). Here tracer clearly reached 
class II positive vesicles from 20 minutes onwards. The level of class II and tracer 
overlap carries on increasing up to 60 minutes, the latest time point in this experiment. 
This suggests that, in contrast to the situation in FC7, fluid phase uptake in Mel JuSo 
reaches a compartment late in the endocytic route where class II is retained. Such a 
compartment could be considered more akin to the ‘MIIC’ described by (Peters et 

a/., 1991).

The possibility that the reported differences in the nature of peptide loading 
compartments represented cell type differences was discussed in chapter 1. The 
data described here are consistent with this. Transferrin conjugated antigens, whilst 
processed and presented effectively by B cells and splenocytes, were not presented 
by macrophages or L cell transfectants (McCoy et a l, 1993c). MHC class II on the 
endocytic route of macrophages and other cells may function to present antigen, 
but B cells and possibly DCs may use specialised mechanisms and compartments 
related to earlier endosomes.

5.2.2 Endocytosis studies in DCs

Figures 4.14-4.20 demonstrate that dextran endocytosis is an efficient method for 
progressive tracking of the DC endocytic route. The 0 minute time point can be 
assumed to represent cell surface binding of the dextran tracer. The distribution at 
two minutes does not appear significantly different. There must be a certain lag 
time for warming to the permissive endocytosis temperature, although the small 
volume of fluid and large surface area of the container used should have kept this 
to a minimum. Thus the two minute time point may represent the same state as the 
0 minute point. Alternatively the 2 minute time point may equate to the point of 
receptor and ligand concentration in clathrin coated pits at the cell surface. Certainly 
the altered distribution of dextran relative to the CEl.l staining at 2 minutes would 
suggest this.

At 5 minutes of chase, endocytosis has reached an intracellular compartment. The 
change in localisation relative to TfR indicates that the colocalisation between the 
two markers is occurring in an intracellular compartment. This colocalisation is 
largely diminished after 10 minutes of chase and this represents the dynamic nature 
of the early endosome. Tracer passes through this peripheral compartment very 
quickly in comparison to the longer accumulation of dextran in central lysosomal 
compartments.
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The compartment labelled by 5 minutes chase of dextran was also positive for MHC 
class II. Whilst the CUV is an early endosomally related compartment accumulating 
new MHC class II (Amigorena etal., 1994), it still has morphological characteristics 
of a late endosome, and was described as being reached by endocytic tracer within 
one hour (Amigorena et at., 1994). The CUV also formed dramatically after LPS 
treatment of DCs and this was not a change seen in the five minute compartment in 
LPS treated DCs in chapter 4. The inducible nature of the CIIV, and it’s later position 
in the endocytic route make it seem unlikely that the peripheral TfR positive class II 
containing compartment identified in chapter 4 represents a CUV. More likely this 
endosome, which represents the recycling site of TfR, is a site of cell surface MHC 
class II recycling. This process has been described as having a half time of 2-4 
minutes (Reid and Watts, 1990, Reid and Watts, 1992) and appears to be active in 
the immature DC.

Following its early encounter with MHC class II, dextran does not again reach a 
class II containing compartment until 30 minutes of chase. This is longer than the 
time required in Mel JuSo. From this point onwards dextran seems to accumulate in 
class II positive structures. This seems to resemble lysosomal retention of class II 
and exit from such a structure to the cell surface may be via direct transport (Wubbolts 
e ta l ,  1996).

5.3 Subcellular localisation of cathepsin E

5.3.1 Subcellular localisation In FC7

5.3.1.1 Confocal microscopy

The fact that endocytic tracers in both FC7 and Mel JuSo gained access to MHC class 
II enriched compartments, indicates that the systems used are valid for the detection 
of the endocytosis relevant to MHC class II antigen processing. Staining of FC7 
cells, shown in fig. 3.4 and as previously reported (Sealy et a l, 1996), indicates a 
diffuse peripheral distribution for CE. When the first mig ‘derived’ endocytic structures 
in FC7 became visible they appeared to have already passed the area of CE 
immunoreactivity (fig. 3.5). This peripheral distribution, and the demonstration that 
CE does not occupy later endosomes in FC7 indicated that if CE is on the endocytic 
route of FC7, the structure in which it resides must be an early endosome.
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Unfortunately the difficulty in illuminating the early endosome by confocal microscopy 
meant that a direct answer to this question could not immediately be provided. Part 
of this problem may stem from the necessity of compensation between green and 
red images in these studies. The software used removed a proportion of the red 
staining due to crossover from the green channel. The proportion compensated 
was calculated from the mean crossover determined from a green only image. 
Whilst this successfully dealt with the crossover problem it may have prevented 
visualisation of the peripheral cell surface associated/early endosomal staining which 
may have been weaker than the green staining. In mig endocytosis only controls of 
figures 3-3 and 3.5 peripheral and apparent cell surface staining is visible. However, 
in compensated images this staining may no longer have been visible, due to the 
bright peripheral CEl.l and L243 staining. Not all the endocytic structures labelled 
with this method suffered, as figures 3 3 and 3 5 do show red labelled structures 
both colocalising with and not colocalising with the FITC stain.

5.3.1.2 Density gradient electrophoresis

In an attempt to approach the subcellular localisation question without the need for 
direct microscopic examination, DGE was used. The separation of the subcellular 
components of FC7 showed a limited range, possibly reflecting the limited dimensions 
of their endocytic pathway. The bulk of protein activity migrated with the ER, 
however separation of the ER, Golgi apparatus, early endosome and plasma 
membrane is poor, even with the double charge and density separation provided 
by DGE. CE seems to be excluded from the left hand side of the gradient, indicating 
a low density compartment. CE residence in the ER has been reported in a number 
of cell types (Fiocca et a l, 1990, Saku et a l, 1991, Solcia et a l, 1993, Finley and 
Kornfeld, 1994). It is likely, therefore, that some of this distribution represents the 
ER. Whether there is also an early endosomal element here is impossible to determine.

5.3.2 Subcellular localisation In Mel JuSo

The model antigen presenting cell line Mel JuSo, provides a much greater range of 
separation on DGE. Mel JuSo was the cell line in which DGE was perfected (Tulp et 
a l, 1994, Tulp et a l, 1996) and, unlike in B cells, precise protocols exist for the 
preparation of Mel JuSo for DGE fractionation (Tulp et a l, 1996). It was decided to 
examine the distribution of CE in these cells in order to examine the early endosome. 
Separation by DGE, however, showed that a 3 minute pulse of HRP migrated to the 
same region as the protein peak and ER. Thus, even in these cells, the EE proves 
impossible to isolate using this technique.
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The examination of the Mel JuSo distribution did, however, suggest that in these 
cells CE migrated far more anodally than in FC7. The presence of CE throughout the 
lower density fractions containing MHC class II and HLA-DM indicated that in these 
cells CE might occupy the MHC class II positive compartment which can be defined 
by DGE (Tulp et a l, 1994, Fernandez Borja et a l, 1996).

5.3.2.1 Is CE localisation in Mei JuSo reguiated by enzyme maturity?

The extended CE distribution detected in Mel JuSo was examined morphologically. 
CE staining in these cells showed peripheral diffuse components and vesicular 
elements - a difference from the distribution seen in B cells (figs. 3.9 and 3.10). A 
rabbit polyclonal serum raised against a peptide corresponding to the N-terminus 
of mature CE (BMC 11) stained these vesicles only (fig. 3.11).

It is tempting to speculate that this represents a cell specific regulation of CE 
subcellular localisation, with immature CE being present in one cellular compartment 
and the mature enzyme being located in a vesicular structure. Tsukuba et a l, found 
intracellular CE in transfected CHO cells to have cytosolic and vesicular componants. 
The cytosolic enzyme consisted of proenzyme (sequence beginning at Ser  ̂ of the 
human gastric CE sequence) and an intermediate form (sequence beginning at Lyŝ  ̂
of the human gastric sequence). By contrast the vesicular structures (which migrated 
at a low density on Percoll gradient separation) contained both these two forms 
and the mature enzyme (Tsukuba et a l, 1993).

A recent paper has examined the distribution of CE in microglia of rat brain. These 
workers found that immature CE was localised mainly within the endoplasmic 
reticulum and Golgi areas. With maturation of the enzyme however, CE distribution 
was altered and included vesicular elements, and this corresponded with acquisition 
of endo H resistance (Sastradipura et a l, 1998). Thus these data point toward a 
classical secretory protein life cycle for CE, with a Golgi apparatus mediated passage 
into the endocytic route. However there was no demonstration of the endocytic or 
otherwise nature of the vesicles containing mature CE in the cells studied by 
Sastradipura et a l , and thus it may be that these data reflect what appears to be the 
situation in Mel JuSo.

The regulation of CE expression in APCs, such as FC7 and primary B cells (Sealy et 
a l, 1996), leads to speculation as to whether localisation is somehow regulated in 
these cells. Possibly the BMC 11 positive vesicle represents a delivery structure 
awaiting a signal to merge with its final destination. The addition of phorbol ester 
had no apparent effect on the subcellular localisation of BMC 11 in Mel JuSo,
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although other stimuli which have been shown to regulate CE, such as IFN-y, were 
not tested. If the BMC 11 positive vesicle is on the exocytic route of the cell, co- 
staining with markers of exocytic structures, such as certain members of the rab 
family of signalling molecules, may reveal more of the nature of this structure.

Recombinant CE expressed in L cell murine fibroblasts was retained in the ER 
(Finley and Kornfeld, 1994). In contrast Tsukuba et al, reported that CE could be 
found in the cytosol of transfected cells (Tsukuba et a l, 1993). Whilst there is 
evidence for cytosolic CE in erythrocytes (where it is associated with the interior of 
the plasma membrane - Yamamoto and Marchesi, 1984), it is unknown whether 
such a transport pathway exists in other cells.

C reactive protein of the liver is retained in the ER of the hepatocyte via an interaction 
with an RER resident binding site. During the acute phase response C reactive 
protein is secreted from the cell, and this is accompanied by the loss of the high 
affinity ER binding site (Macintyre, 1992). There may be a similar mechanism for the 
release of CE, regulated in a cell type or stimulus controlled manner.

Cathepsin D is converted into its mature form during passage through the endocytic 
route (Diment et a l, 1988). If the vesicle containing mature CE in Mel JuSo is of an 
acidic nature, a similar activation process could occur, as is suggested by the data of 
Tsukuba et a l, (1993).

5.3.3 Subcellular localisation in dendritic cells

5.3.3.1 Diffuse CE staining in DCs - a cytoskeletal interaction?

An immunofluorescent staining of peripheral blood derived DCs for the CE protein 
produces a reticular staining pattern. This pattern of staining resembles cytoskeletal 
elements. Likewise the cells stained in suspension with the CEl.l antibody following 
dextran endocytosis show their brightest staining at the cell rim. Actin elements of 
the cytoskeleton lie just under the cell surface at the cytoplasmic cortex (Alberts et 
a l, 1994), the CE staining seen in figures 4.21 and 4.27 fits this description. Whilst 
some of the staining seems to overlap with ER markers, care must be taken in 
interpreting such results as the ER is also cytoskeletally supported. The subcellular 
localisation of CE in the DC can certainly be described as heterogeneous.
Such patterns of staining could be taken to indicate that this represents an artefactual 
interaction of the CEl.l antibody with cytoskeletal elements. This, however, is
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inconsistent with the data presented earlier in chapter 4 that CEl.l immunoreactivity 
is induced during the transition from monocyte to DC. As monocytes have 
cytoskeleton but no CEl.l immunoreactivity, it must be assumed that the CEl.l 
staining represents a genuine interaction of cathepsin E with cytoskeletal elements. 
Such an interaction has some precedent in the literature.

There are reports that in the brains of aged rats there is substantial degradation of 
microtubule associated proteins (MAPs) leading to defective microtubule assembly 
and loss of MAP associated protein kinase activity (Matus and Green, 1987, Leterrier 
and Eyer, 1992). This degradation is due to the action of an aspartic proteinase, 
which was inhibitable by pepstatin, and demonstrated increased activity at acidic 
pH, but which could act at near neutral pHs (Matus and Green, 1987). The aspartic 
proteinases derived from the HIV and AMY (avian myeloblastosis virus) retroviruses, 
which have similarities to CE, have been found to have a degradative action on 
brain MAPs (Wallin e ta l ,  1990).

Other studies have frequently demonstrated an increase in CE expression and activity 
with ageing in the rat brain. CE is not present, or present only at trace levels in the 
neonatal rat brain, but shows increased expression in the cortex, neostriatum and 
cerebellum with ageing (Nakanishi et a l, 1994, Nakanishi et a l, 1997). In the 
senescence accelerated mouse there are also large increases in CE expression during 
the rapid ageing of this mouse model (Amano et a l ,  1995). In the hum an 
neurodegenerative condition Altzheimers disease, a disease associated with loss of 
microtubule function in brain tissue, there are also large increases in the expression 
of CE in cortical and hippocampal neurones, as well as in microvessels, microglia 
and senile plaques (Bernstein and Wiederanders, 1994). Such increases in CE 
expression may be due to neuronal trauma as transient forebrain ischaemia in the 
rat resulted in an increased level of CE expression (Nakanishi et a l, 1993).

In these studies the subcellular localisation of CE was mainly assessed by 
immunohistochemistry. The distribution in neurones was described as diffuse and 
cytoplasmic in two studies (Nakanishi et a l, 1994, Amano et a l, 1995), but as 
colocalising with cathepsin D in vesicular structures in a third (Nakanishi et a l,
1997). In these neurones CE was positive in lysosomes containing lipofuscin, a 
residual body observed in neuronal ageing. These neurones were also positive for 
carboxy terminal fragments of the apolipoprotein. Both of these findings are thought 
to correlate with age related changes in the endosomal/lysosomal system (Nakanishi 
e ta l ,  1997).
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Taken together these data implicate CE as an enzyme important in the cytoskeletal 
damage in the ageing brain. Whether this pathological process has a physiological 
correlate remains to be seen. The indication of CE accumulation in the endosomal/ 
lysosomal system of neurones following age induced increases in expression, may 
indicate a cross over between the cytoskeletal and endosomal interactions of this 
enzyme. In MHC class II antigen presentation, the ablation of actin filaments in B 
cells resulted in a loss of presentation of li dependent epitopes. This appeared to be 
due to an inhibition of endosomal traffic between early and late endosomal 
compartments where li breakdown and class II loading was to occur (Barois et al.,
1998). This effect could be distinguished from another effect of actin filament loss 
on the antigen processing pathway - a reduction in the cell surface uptake of the 
BCR (Barois et a l, 1998).

Cytoskeletal transport mechanisms between structures of the endocytic pathway 
exist. The fungal metabolite brefeldin A (BFA) results in a tubulation of the early 
endosomal network, which reorganises around the microtubule organising centre 
(MTOC) after BFA treatment, and which is still capable of recycling to the cell 
surface. Lysosomal structures are isolated from the rest of the endocytic pathway 
after BFA treatment (Lippincott-Schwartz eta l, 1991). Such effects reveal the probable 
tubular transport mechanisms between certain parts of the endocytic route (Lippincott- 
Schwartz et a l, 1991).

Although in the studies of CE expression in the ageing rat brain, CE was detected in 
neurones, in most cases the cells most positive for CE were microglia at the site of 
tissue damage (Nakanishi e ta l, 1994, Amano eta l, 1995). Microglia are macrophage 
related cells, positive for MHC class II and with an immune/inflammatory role in the 
nervous system. Thus the fact that these cells were most often CE positive calls into 
question the importance of CE as the principle candidate for neuronal microtubule 
damage. Once again cathepsin E’s presence in MHC positive leucocytes is emphasised. 
In the microglia of rat brain both diffuse staining of CE has been reported (Amano 
et a l, 1995), as well as a maturation dependent transport to vesicular structures 
(Sastradipura et a l, 1998). Cytoskeletal interactions of CE have not been directly 
observed.

Ultimately the significance of a possible CE cytoskeletal interaction requires further 
investigation. Transfection studies may allow us to see whether de novo CE associates 
with similar structures. Double staining between CEl.l and antibodies to cytoskeletal 
components would allow the nature of the cytoskeletal element in question to be 
examined. Disruption of the cytoskeleton by agents such as cytochalasin D would 
enable the examination of whether CEl.l staining is redistributed on such a treatment.
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In terms of a direct role in antigen processing however the central question remains 
'does CE ever encounter incoming antigen?’.

S.3.3.2 CE localisation in DCs relative to the endocytic route

Figure 4.21 showing CEl.l staining allows us to rule out all but the earliest endocytosis 
time points for CE localisation in the DC. Thus CE is not present in class II positive 
late endosomes, lysosomes or even TfR positive early endosomes. The BMC 11 
staining of DCs was, disappointingly, not as clear cut as for the model Mel JuSo cell 
line. Thus whilst DCs express BMC 11 positive vesicles, what proportion of these 
actually represent CE remains to be seen. Differential display studies on the DC 
lineage are generating large amounts of data regarding proteins expressed exclusively 
or largely within DCs. The presence of one such protein with immunological cross
reactivity with BMC 11 which is not found in Mel JuSo is possible.

Both BMC 11 and CEl.l colocalised with dextran endocytosis at the cell perimeter. 
If CE in the peripheral blood derived DC is associated with actin or some other 
cytoskeletal element, then this could represent the distribution of that element just 
below the cell surface. The nature of the very early endosome remains something 
of an enigma. A two minute pulse of mannosylated antigen was found to be present 
in coated vesicles just below the plasma membrane of peripheral blood derived 
DCs, and after a three minute chase, this distribution had shifted to a large electron 
lucent macropinosome like vesicle. Thus there appears to exist a veiy short lived 
coated vesicle step early in the endocytic pathway of mannose receptor ligands in 
DCs. Reid and Watts found the MHC class II recycling endosome had a very brief 
half time (Reid and Watts, 1990). The data presented in chapter 4, however, indicate 
that if CE does reside in an early endosome, then it is even earlier than this structure, 
as class Il/dextran colocalisation did not occur until five minutes of chase.

5 3 3 -2 .1  LPS maturation o f DCs does not alter CE distribution

One possible explanation for the apparent anomaly between CE’s distribution in 
the DC and its proposed role in antigen processing, could be that CE localisation is 
regulated by some external factor. As we have seen LPS, which stimulates DC 
maturation, has no effect on the level of CE expression. However LPS does have 
profound effects on the machinery of the DC endocytic route itself. As discussed 
above (section 5.1) the most important time for a processing enzyme to act may be 
after the initial maturation stimulus. The data presented in chapter 3 indicate that 
CE subcellular localisation may be regulated by enzyme maturity, as do other
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published findings (Sastradipura etal., 1998). It could be that LPS treatment leads to 
a dramatic redistribution of CE to a position on the endocytic route of the DC 
enabling it to perform its antigen processing function. The results of the preliminary 
experiment presented in figure 4.24-4.27 indicate that this is not the case.

LPS does have an effect on the antigen processing compartments of the DCs used in 
this study. There is a redistribution of the TfR into later endosomal compartments, 
consistent with the increase in CIIV type compartments described elsewhere (Pierre 
e ta l, 1997). This redistribution may be regulated by a slowed endocytosis of dextran. 
The 0, 2 and 5 minute time points double stained for MHC class II are all very 
similar in appearance, instead of showing a progression into the cell as seen in 
untreated DCs. There is increased retention of dextran at the cell surface, possibly 
due to reduced dextran uptake. There is also a reduction in endocytic traffic to 
CD63 positive late endosomes and lysosomes, and a loss of MHC class II from these 
structures. All these findings are consistent with a ‘redesigning’ of the DC endocytic 
pathway from a late endosomal/lysosomal retention system to a much larger early 
endosomal system. This is consistent with other models of DC maturation. There is 
no alteration, however, in CE distribution.

There may be other stimuli which control DC antigen processing. Recent work in 
our laboratory has indicated that murine DCs treated with the inflammatory cytokine 
IL-6 alter their presentation of HEL derived antigens and begin presentation of a 
previously cryptic determinant (Drakesmith et a l, 1998). This could be an example 
of a pathological alteration in DC antigen presentation. Although the mechanism of 
this effect seems to be via decreased endosomal pH, this in turn will have an effect 
on proteinase cleavage specificities. There may be as yet unknown stimuli which 
further alter the antigen processing machinery of the DC.

5.3.4 Cathepsin E is not an endosomai enzyme

5.3.4.1 The nature of the BMC 11 containing vesicie in Mel JuSo

Double staining experiments allowed clear definition of what the BMC 11 positive 
vesicle found in Mel JuSo is not. BMC 11 positive vesicular structures did not contain 
MHC class II (figs. 3.13 & 3.14). As DM cannot function in the absence of class II, 
the relative distribution of this molecule was not examined. This shows the importance 
of confirming apparent distribution patterns found on DGE with morphological 
studies. The DGE separation of Mel JuSo suggested that BMC 11 might be present in
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a late endosomal, MHC class II positive, compartment as seen in figure 3.18. We 
know from the confocal data of figures 3.16 and 3.18 that almost all, if not all, later 
endocytic structures in Mel JuSo are positive for MHC class II. The fact, therefore, 
that BMC 11 did not colocalise with MHC class II staining, and yet was distributed 
in this area of the DGE fractionation, probably indicates that the structure is not 
endocytic.

The BMC 11 positive structure does not stain for the lysosomal marker CD63 (fig. 
3.15), which is consistent with earlier reports that CE is not a lysosomal enzyme. 
Double staining for BMC 11 and transferrin receptor indicated that there may be 
some connection between these two compartments (fig. 3.12). However the DGE 
separation of fig. 3 8 indicates that a lot of CE resides in a compartment of a charge 
and density inconsistent with that of the EE.

A DGE separation of Mel JuSo cells which examined the distribution of subcellular 
proteinase activity, found neutral proteinase activity associated with the cell membrane 
and early endosome fractions, whereas acidic proteinase activity was late endosomal/ 
lysosomal (Fernandez Borja etal., 1996). In B cells there is a good deal of evidence 
that there is extensive processing activity in the EE (Shaw and Chain, 1989, Barnes 
and Mitchell, 1995). It is possible that early endosomes of other cell types may also 
have proteolytic activity (Diment and Stahl, 1985, Mayorga et a l, 1989), which may 
be delivered to the early endosome (Mayorga et at., 1989). The BMC 11 positive 
vesicles may represent a structure on an export pathway, mediating delivery of CE 
activity to an early endocytic structure. Experimentally this has proved difficult to 
demonstrate, although the early endosome of Mel JuSo can be seen following dextran 
endocytosis in suspension, the definition of BMC 11 positive vesicles is lost in this 
case. Thus the suggestion that in FC7 and Mel JuSo mature CE may be an early 
endosomal resident remains one of exclusion.

S.3.4.2 CE is excluded from the MHC class II enriched compartment

The endocytosis time course experiments shown in figures 3 3, 3 5, 3.16-3.19 and 
4.17-4.20 demonstrate that in B cells, Mel JuSo and human peripheral blood derived 
DCs, CE is excluded from the MHC class II enriched compartment. This has 
implications for the postulated role of CE in antigen processing. Effects of antigenic 
protection by MHC class II can be disregarded in the case of antigen processing by 
CE. It also seems unlikely that CE has a role in the initial cleavage of li, although the 
reported passage of MHC/Ii through an early endosomal structure may be too rapid
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for detection by confocal microscopy w hen com pared to class II retention 
compartments (Kleijmeer et a l, 1997).

A fragment of CE has been eluted from the MHC class II of B cells (Chicz et a l, 
1993) the data presented here indicate that the location from which this fragment 
originated is probably not the MHC class II containing compartment. Most of the 
self peptides eluted from MHC class II appear to derive from molecules on the cell 
surface, or from those having access to the endocytic route (Chicz e ta l,  1992, Chicz 
e ta l,  1993). CE is not located on the cell surface, but from the presence of cathepsin 
E derived peptides in the binding site of MHC class II, could be deduced to reside 
in a proteolytically active compartment upstream of the MHC class II containing 
compartment.

S.3.4.3 CE is excluded from endosomes in all cell types investigated

The data in chapters 3 and 4 discussed above, indicated that in FC7 and in Mel JuSo 
(where endocytic tracing was performed in situ) CE did not co-localise with the 
visible time points traced (i.e. later than 10 minutes of endocytosis). In the peripheral 
blood derived DC where endocytic tracing was visible at all time points, there was 
no colocalisation between dextran endocytosis and CEl.l staining from 5 minutes 
of chase onwards. Thus in all three cell types residence of CE in mid/late endosomes 
and then MHC class II enriched compartment was not detected. These compartments 
are the site of the other putative MHC class II antigen processing enzymes such as 
cathepsin D. This exclusion from the mid/late endosome, coupled with the peripheral 
distribution of CE in the three cell types examined, suggested that CE might reside 
in an early endocytic structure.

From a cell biological perspective, residence in the early endosome poses several 
problems. The EE is a dynamic and unstable structure, residence in it can usually 
only represent recycling between the cell membrane and EE, or passage through it 
to late endosomes. The peripheral distribution of CEl.l staining in both FC7 and 
Mel JuSo may possibly represent interaction with a plasma membrane associate, but 
how such a location could be reached is unclear. If CE were present in the EE it 
must have an ability to leave as it is not present in later structures.

In the DC a more definitive answer was obtained. Peripheral CEl.l staining appeared 
to colocalise with the 2 minute time point of endocytosis (see figures 4.20 and 
4.21), by the time the tracer has reached the TfR positive endosome at 5 minutes it 
has passed the peripheral CE staining. Thus in DCs CE appears not to be endocytic 
but located at the level of the cell surface.
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Here we see a difference between CE and other proposed antigen processing enzymes 
such as cathepsins D and B. Whist knockout studies indicate that CD and CB are 
dispensable for the processing of a range of model antigens (Deussing etal., 1998), 
they remain in an endocytic position. Thus there may be antigens that require CD 
or CB cleavage, and these enzymes will be able to perform that cleavage when the 
antigen arrives. In the case of CE this cannot occur. To further complicate matters, 
the subcellular position of the majority of relevant antigen processing remains unclear. 
The evidence stressing the importance of early/mid endosomal compartments as 
major antigen processing stations was discussed in section 1.3.4.1. However this 
appears highly dependent on the nature of the antigen, the nature of the antigen 
presenting cell (B cells use early endosomal processing more than macrophages or 
L cell models), and the epitopes in question (see section 1.3.4.1 for full treatment).

None of the data presented in this thesis therefore indicates that CE has a subcellular 
localisation consistent with a role in proteolysis of exogenous antigen.

5.4 Further work and future perspectives

5.4.1 Alternative methods of investigating subceiiuiar 
iocaiisation

Problems in the investigation of the endocytic route lead to the question of alternative 
methods for investigating these organelles. In terms of biochemical methods, 
endosomal ablation systems have been used with some success in studying the 
cellular machinery of class II antigen processing (West e ta l,  1994). In these methods 
HRP is used as a fluid phase endocytic tracer. After allowing HRP endocytosis for a 
certain length of time the cells are treated with 3 ,3 ’ diaminobenzidine and hydrogen 
peroxide, cross-linking all proteins within the HRP containing compartment. The 
cross-linked proteins are no longer detectable on Western blotting and so ‘disappear’ 
from Western blots at the time point where tracer reaches the compartment containing 
the protein of interest. This approach provides a specific biochemical test for 
subcellular localisation. If the protein is widely distributed in other areas of the cell 
(as CE appears to be), the method becomes less effective (at least on whole cell 
extracts) as the decrease in detectable protein on Western blotting becomes less 
apparent. This method also does not allow analysis of proteins not on the endocytic 
route of the cell.
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The method most extensively used in the definition of MHC class II enriched 
compartments has been electron microscopy (Peters et al., 1991, Amigorena et at., 
1994, Calafat et at., 1994). The use of this technique allows the detailed resolution 
of compartments on a subcellular level. Critically, it also allows the definition of 
compartments on a morphological basis. Thus electron microscopy does not suffer 
from the problems of definition associated with the use of fluorescent tracers of 
endocytosis, or in the problems of diffuse staining, such as that seen with the CEl.l 
antibody. An attempt was made to use electron microscopy in the definition of 
subcellular CE with the assistance of J. Neefjes and J. Calafat at the Netherlands 
Cancer Institute. Unfortunately the cathepsin E antibodies used in this thesis did not 
prove suitable for use with the electron microscopy preparations necessary for 
these investigations. Further work in this method of investigation may yield more 
precise answers on the nature of subcellular cathepsin E.

Arguments against the use of electron microscopy centre on the limited extent to 
which a whole cell or groups of cells can be analysed. Electron microscopy may 
therefore under or over emphasise one localisation finding at the cost of other 
subcellular locations.

5 .4.2 Cathepsin E knockout

The most unambiguous route to examine the function of a protein is to knockout 
the gene for that protein in an organism. The knockout approach allows the gene 
product to be completely removed without directly affecting any other proteins 
expressed. This approach can, of course, have other problems associated with it. If 
the gene to be knocked out is essential for some cellular housekeeping or 
developmental function, then the knockout mouse may not be viable. This is the 
case, for example, in the cathepsin D knockout mouse, which dies on the day 
of life, probably due to a failure of intestinal function (Saftig et a l, 1995). Unlike 
cathepsin D, cathepsin E is not ubiquitously expressed and the removal of the 
enzyme is less likely to be fatal. CE is, however, expressed throughout the gut and 
its loss may have a similar effect in this tissue to the loss of cathepsin D.

One method of circumventing this problem is the generation of a tissue specific 
knockout. Here the CE gene could be specifically knocked out in cells of one type. 
A tissue specific CE knockout is currently under development in our laboratory (Dr. 
L. Petrovska, UCL). Once generated, the ability of CE negative APCs in the presentation 
of different epitopes can be compared with those derived from normal mice. This
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should provide unambiguous answers to the question of whether CE is involved at 
some stage in the processing of certain model antigens, but it will leave some 
questions addressed by this thesis unanswered.

One problem with the knockout approach is that the requirement for CE in antigen 
processing may be restricted to certain epitopes of certain antigens. Thus analysis 
may be very dependent on the antigen presentation model assessed, with some 
systems indicating that CE plays a major role in antigen proteolysis and others that 
the enzyme is not required.

5.4.3 Other approaches

A knockout mouse will only allow the examination of CE function in murine cells. 
The first demonstration that CE may be important in the processing of antigen for 
MHC class II presentation was in murine B cells (Bennett et al., 1992). Subsequent 
studies have found CE to be expressed in human B cells (Sealy et a l, 1996) and in 
this thesis in dendritic cells. However murine cells seem to express more CE than 
equivalent human cells. The differences in the subcellular localisation of CE between 
B cells, DCs and Mel JuSo revealed in this thesis, probably indicate that CE expression 
and localisation is highly heterogeneous between cell types. Care must be taken in 
extrapolating the findings in murine cells to those of human cells.

As an initial response to this it would be advisable to examine the subcellular 
localisation of CE in murine B cell lines such as A20, and in primary murine B cells. 
The apparent inconsistencies between the implication of CE in murine antigen 
processing, and its subcellular localisation in human cells may reflect a species 
specific difference in localisation.

The data presented in chapter 3 indicated that mature CE may be in a position to 
redistribute intracellularly in response to late differentiation or other stimuli. As 
discussed above, the effect of inflammatory stimuli on antigen processing may be 
dramatic and could act via an alteration in the subcellular localisation of CE. Testing 
a series of other stimuli using the methods outlined in chapters 3 and 4 may provide 
interesting insights into how the subcellular localisation of this enzyme is regulated.
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5.4.3.1 A molecular approach

The use of a CE expression approach may also be helpful in precisely determining 
the subcellular localisation of CE. The construction of a CE expression vector 
containing a recognition ‘tag’ would allow the unambiguous identification of 
transfected CE in APCs. The subcellular localisation of CE does, however, seem to 
vary enormously between cell types. The study of Finley and Kornfeld indicated 
that CE was retained in the ER or secreted when transfected into COS or L cells 
(Finley and Kornfeld, 1994), in chapter 3 Mel JuSo did not seem to conform to this 
distribution pattern. Any molecular investigation of CE localisation should be carried 
out in more than one cell type, and should include professional APCs.

5.4.3-1-1 The reverse tetracycline transactivator system

One possible molecular approach to examining CE’s role in antigen processing 
might be an inducible expression system. One such system is the reverse tetracycline 
transactivator system (Gossen eta l, 1995). This system allows the inducible expression 
of a protein via the use of an altered bacterial tetracycline resistance repressor/ 
transcriptional activator fusion protein. The gene of interest (in this case cathepsin 
E) is placed under the control of a tetracycline transactivator dependent promoter 
and expressed in a cell line stably expressing the tetracycline dependent transactivator. 
The addition of increasing doses of doxycycline to the culture medium allows 
precise control of expression of the gene of interest (Gossen et a l, 1995).

Such a system allows the control of gene expression without the toxic effects of 
heavy metal ion dependent promoters, and by expressing the sense or antisense 
mRNA for a gene would allow induction or antisense repression of CE expression 
in the appropriate cell line. An L cell murine fibroblast line containing a functional 
reverse tetracycline transactivator has been constructed in our laboratory (P. Medd) 
and development of this system may allow the further analysis of CE function in 
antigen processing.

Once a molecular expression system is set up, possibly via the use of the rtTA 
system the targeting of CE would also be open to investigation. Recent data imply 
that CE follows a classical secretory route across the Golgi apparatus (Sastradipura 
et a l, 1998). The sequences through which such targeting are achieved remain an 
enigma, as does the putative mechanism for CE release from the ER (Finley and 
Kornfeld, 1994).
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5.43-1-2 Recombinant Ascaris inhibitor

Aside from the subcellular localisation of CE, the development of recombinant 
Ascaris inhibitor will allow functional studies in human cells on the role of CE in 
antigen processing. Whilst inhibitor studies have limitations as discussed in section 
1.3.4, they do allow the investigation of functional enzyme, and a gauge of the level 
of enzyme activity within a particular cell type. The use of inhibitors targeted 
intracellularly via receptors such as the mannose receptor may allow the role of 
proteinases on the MHC class II endosomal system to be analysed. Such inhibitor 
studies are currently in progress in our laboratory.

5.4.4 Future perspectives

Recent advances in the study of antigen processing have highlighted the degree to 
which the intracellular MHC class II antigen processing machinery is regulated. At 
the same time there has been little real progress in identifying the enzymes involved 
in antigen proteolysis. For a number of model antigens two of the traditional 
candidates - cathepsins B and D have been ruled out in knockout studies. The data 
presented in this thesis indicate that CE may be ruled out on the basis of its subcellular 
localisation. This begs the question of which enzymes are responsible.

Whilst such questions may seem to be of somewhat academic interest, enzymes 
have frequently been proved to be reliable therapeutic targets in the treatment of 
disease. The cysteine proteinase cathepsin S, implicated in the proteolysis of invariant 
chain, has recently been targeted on a whole organism level (Riese et al., 1998). 
The systemic administration of the LHVS inhibitor of cathepsin S attenuated the 
antibody response to immunisation with the T cell dependent antigen ovalbumin. 
LHVS also abrogated a rise in IgE titres and eosinophilic infiltration into the lung in 
a murine model of pulmonary hypersensitivity (Riese et at., 1998). On examination 
of cysteine proteinase activity in the cell, cathepsin 8 only contributed a fraction of 
the total activity compared to that due to cathepsin B, indicating that enzyme 
specificity and not activity may be the key element.

Inhibition of enzymes involved in the processing of antigen will probably not have 
such a global effect as inhibition of those involved in li processing such as cathepsin 
S. However it should be remembered that not all antigens are dependent on li for 
presentation, and that inhibition of li cleavage will most likely skew rather than 
abrogate the T cell regulated immune response.
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The presence of many possible antigen processing enzymes within the endocytic 
system of the APC may allow specific inhibition or augmentation of the generation 
of particular epitopes. This would be a therapeutic approach of previously unmatched 
specificity in the fields of autoimmunity and allergy.
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5.5 Conclusions

The aspartic proteinase enzyme cathepsin E has been implicated in the proteolysis 
of antigen and the generation of immunogenic epitopes. Here the subcellular 
localisation and expression of cathepsin E was investigated in several cell types.

In FC7 human EBV transformed B cells, the human MHC class II positive melanoma 
cell line Mel JuSo and in the human peripheral blood derived DC, cathepsin E was 
excluded from the MHC class II positive endosome. CE was also excluded from 
lysosomes and all later stages of the endocytic route assessed.

In the peripheral blood derived DC, CE expression was induced during the 
differentiation of these cells from the peripheral blood monocyte. Treatment of 
these cells with LPS induced a phenotypic maturation, but had no effect on the 
expression or subcellular localisation of CE. The method used for tracing the endocytic 
route in these cells illuminated compartments positive for early and late endosomal 
markers, as well as MHC class II positive compartments. This indicates that this 
method encompassed the endocytic compartments relevant in MHC class II antigen 
processing.

The use of a polyclonal antibody against the N-terminus of the mature enzyme 
indicated that in Mel JuSo mature CE was distributed in a series of vesicles. These 
vesicles were not positive for TfR, CD63 or MHC class II, they also did not appear 
to be on the endocytic route.

In conclusion CE is an enzyme of heterogeneous intracellular distribution. Its 
distribution may be regulated by enzyme maturity and cell type. In all the cell types 
examined the subcellular localisation of CE was not endocytic and therefore 
inconsistent with a role in exogenous antigen proteolysis for MHC class II presentation. 
An investigation of the effects of inflammatory and other immune system derived 
stimuli on the subcellular localisation of CE may provide more insights into the role 
of this enzyme in antigen presenting cells.
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Appendix - Plasmid map
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