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Abstract

Antigen presenting cells internalize exogenous protein and degrade it in the 

endocytic pathway into peptides which bind to MHC class II molecules. This 

complex is displayed on the cell surface where it can activate class Il-restricted T 

cells. This work compares the ability of different antigen presenting cells, 

expressing endogenous C5 (fifth com ponent of m ouse complement), to 

present their biosynthesized C5 to MHC class Il-restricted C5-specific T cells.

B cells and fibroblasts were able to present several epitopes of their 

endogenous C5 with class II molecules, whereas macrophages were not. 

However, macrophages were able to present endogenous C5 if treated with 

low doses of the lysosomotropic agent, ammonium chloride. All transfectants 

were able to present C5 from an exogenous source.

The level of endogenous presentation of the B cell transfectants correlated with 

the relative am ount of C5 expression. The presentation was ammonium 

chloride, chloroquine, leupeptin and pepstatin A sensitive, but aprotinin and 

E64 insensitive; indicating that C5 processing and presentation requires acidic 

compartments as well as aspartic acid and serine proteases.

In the presence of an inhibitor of autophagy - a process whereby ER derived 

vesicles fuse with lysosomes - presentation of endogenous C5 was abrogated, 

whilst that of exogenous C5 was unaffected. This suggests that an autophagic 

mechanism is responsible for shuttling C5 into the endocytic pathway.

Taken together, this study suggests that C5 destroyed in m acrophage 

lysosomes, and that proteolytic activity in lysosomes of macrophages is greater 

than that in B cells and fibroblasts. Alternatively, it suggests that there may



inherent differences in presentation trafficking pathw ays between antigen 

presenting cell types.
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INTRODUCTION

A scientist is a searcher after truth, hut 

complete certainty is beyond his reach

Peter Medawar
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Introduction

1.1. The Immune System

1.1.1. Innate and Adaptive Immunity

The Immune system is the body’s defence against infection and it acts by 

removing foreign material, such as parasites, bacteria and viruses. It can be 

divided into the innate and the adaptive immune systems, the former including 

factors such as phagocytic cells and complement, the latter response based on 

lymphocytes and antibodies (Ab). Specificity and development of memory are 

the distinguishing features of the adaptive immune response. Lymphocytes 

develop and mature in the central lymphoid organs, the thymus and the bone 

m arrow, from where they migrate to the secondary lym phoid organs, the 

spleen and the lymph nodes.

1.1.2. Lymphocytes and Antigen Presenting Cells

Two types of lymphocytes are responsible for the adaptive immune response - 

T and B cells. They carry receptors on their surfaces which recognize foreign 

antigens (Ag). The receptor on the B cell is called surface immunoglobulin (sIg), 

and it recognizes secondary and tertiary structures on native protein called 

epitopes. The T cell receptor (TCR) only recognizes Ag once it has been 

degraded into peptides and presented in a complex with molecules of the 

major histocompatibility complex (MHC) (see figure 1). This is known as MHC 

restriction (Zinkernagel and Doherty, 1979). MHC molecules are peptide 

binding glycoproteins and there are two classes (see biosynthesis of MHC class 

I and II). All nucleated cells display MHC class I on their surface, whilst only 

specialized cells known as antigen presenting cells display MHC class II. The 

latter group includes m acrophages (M(j)), dendritic cells (DC) and B cells 

(reviewed in Jane way and Travers, 1994).

Antigen presenting cells (APC) must fulfil certain criteria. They m ust be able to 

internalize as well as process the antigen, and p resen t the resulting
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Macrophage or 
target  cell

Peptide of 
antigen

MHC I or

CDS 
orCD4

T-cell 
receptor

Lck 
protein

TCR-CD3
complex Tcell

Figure 1

The TCR consists of a disulphide-linked heterodim er of the highly variable a  

and p chains expressed at at the cell m em brane as a complex with the CD3 

chains. APC display their peptide fragments in a complex w ith MHC molecules, 

which together are the ligand for the TCR.

Adapted  from  Lodish et a l ,  1995
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peptide with MHC molecules. The signal caused by recognition of 

peptide/MHC and co-receptor CD4 or CD8, is not sufficient to activate a naive 

T cell to become an effector cell. For this, a costimulatory signal is required (see 

figure 2). Only 'professional' APCs, such as dendritic cells, macrophages and B 

cells, possess the surface molecules which can deliver this signal.

Specific signai and co-stim ulator

MHC 
class II

antigen

T-cell
receptor

Activates T ceil

oo 
QQOO

T-cell proliferation

Figure 2

Activation of naive T cells requires two signals. The first is TCR binding 

peptide/MHC complex, and the second is a costimulatory signal delivered by 

the same APC.

Adapted from Janeway and Travers, 1994
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T cell Activation

Mature T cells subdivide into two major populations, which are distinguished 

by their function and expression of surface molecules. Helper T cells (Th), 

which express the co-receptor CD4, recognize peptides presented to them 

bound to MHC class II molecules. They are further divided into Thl and Th2 on 

the basis of differential cytokine production. When activated, Thl cells secrete 

cytokines including 11-2 and IFN-y, which activate macrophages, whereas Th2 

cells secrete H-4,11-5 and 11-10 which stimulate Ag binding B cells to produce Ab. 

Cytotoxic T cells (Tc), which express the co-receptor CDS, recognize peptides in 

the context of MHC class I molecules. They lyse infected cells either by 

secretion of perforin and granzymes, or by a Fas ligand mediated mechanism, 

both cases inducing apoptosis (programmed cell death) in the target cell. Thl 

cells also express Fas ligand and can kill target cells expressing Fas.

When T cells encounter APCs, the first interactions are transient (Dustin and 

Springer, 1989), and initiated by cell adhesion molecules on the cell surfaces. 

This helps the TCR to sample peptide/M H C complexes on the APC. As few as 

100 peptide-M HC complexes can serially engage as m any as 18,000 TCRs 

(Valitutti et al., 1995). Adhesion molecules mediate the binding of one cell to 

other cells. Families of these molecules include the integrins and the 

immunoglobulin superfamily. When TCR recognize peptide/M H C complexes, 

w ith additional signals from costimulatory molecules, T cells develop into 

effector cells (Liu and Janeway, 1992). Once activated, these additional signals 

are no longer required for effector function.

One such co-stimulatory molecule is B7 which binds to CD28 on the T cell. B7 is 

expressed as more than one isoform, B7-1 and B7-2 (Freeman et al., 1993). The 

importance of the CD28-B7 interaction has been shown in CD28-deficient mice. 

T cell responses to some (but not all) viruses were absent, as were T-cell-

21
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dependent antibody responses (Shahinian et al., 1993). Additionally, T cell 

proliferation in the presence of APC was markedly reduced (Green et al., 1994). 

These results suggest that CD28 is the major receptor for co-stimulatory T cell 

signals. However, T cells are not totally dependent on stimulation through 

CD28. The recently described molecule, SLAM, can act as a substitute (Cocks et 

al., 1995). A second ligand for B7 is CTLA-4 (Linsley et al., 1991). However, mice 

deficient in CTLA-4 die from an aggressive lym phoproliferative disorder 

(Waterhouse et al., 1995, Tivol et al., 1995), suggesting that the ligation of 

CTLA-4 plays a negative regulatory role in activated T cells.

Recognition of M H C /A g complex by TCR in the absence of co-stimulation, 

results in a state of unresponsiveness, known as anergy. This can be induced 

both in vivo and in vitro using APC which lack co-stimulatory molecules 

(Jenkins et al., 1987). This mechanism may allow the imm une system to 

inactivate potentially autoreactive peripheral T cells, which have not been 

deleted in the thymus.
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1.2. Antigen Presenting Cells

1.2.1. Introduction

Professional APC, so called since they can express co-stimulatory molecules 

able to activate T cells, in addition to MHC class II, are dendritic cells, 

m acrophages, and B cells. These APC m ust internalize and process Ag, 

displaying the resulting peptides with MHC class II molecules. Ag is taken up 

by endocytosis, a process which can be divided into phagocytosis and 

pinocytosis (reviewed in Mellman, 1990). The former is the internalization of 

particulate matter, the latter, that of soluble molecules. Pinocytosis can be 

d ivided into clathrin- and non-clathrin-m ediated endocytosis, the latter 

including uptake by macropinocytotic vesicles and caveolin-coated vesicles. 

Each of the APC internalize Ag in different ways, which reflects the main 

function of each cell type. B cells use receptor-mediated internalization of Ag 

via sig and are inefficient at pinocytosis, so that Ag uptake is likely to be 

restricted to specific B cells only. DC however, when immature and sampling 

the local environment for pathogens, are highly efficient at pinocytosis as well 

as phagocytosis. Phagocytosis is the main method of antigen internalization for 

macrophages, which reflects their function in removing particulate substances, 

be it foreign Ag such as bacteria, or the body’s own material such as senescent 

red blood cells or apoptotic lymphocytes.

After internalization, the Ag is cleaved in acidic compartments by enzymes 

such as the cathepsins. Different Ag have shown different requirements for 

particular enzymes. The following chapters will describe the APC; DC, 

m acrophages and B cells, with respect to their developm ent, activation, 

molecules im portant in their function as APC, and mechanism of antigen 

uptake for processing and presentation.
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B lymphocyte Macrophage Dendritic cell ' ' .

1

Æ

Figure 3

APC seen under light microscope (second row), transm ission EM (third row) 

and scanning EM (fourth row)

A dapted  fivrn Janeway and Travers, 1994
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1.2.2. Dendritic Cells 

Development, Function and Maturation

DC are professional APC. They are sparsely distributed in many tissues and 

organs, and are known as interstitial DC in the heart, kidney (Austyn et al.,

1994), gut (Liu and MacPherson, 1995) and lung (Sertl et al., 1986); Langerhans 

cells (LC) in the skin; interdigitating DC in the thymus and secondary lymphoid 

tissue (Crowley et al., 1989; Schuler and Steinman, 1985); and veiled DC in the 

blood (Freudenthal and Steinman, 1990) and lymph (O’Doherty et al., 1993).

The m ain function of DC is to present Ag to naive T lymphocytes, which 

induces their differentiation and proliferation (Steinman and Inaba, 1989). DC 

are able to capture and retain antigen at low external concentrations (Bhardwaj 

et al., 1993) which results in T cell responses to extremely low levels of antigen. 

DC appear to be unique in their ability to activate naive T cells, since they 

express high levels of class II and co-stimulatory molecules. Other APC do not 

express the appropriate surface molecules to do this, until they themselves 

have first been activated.

DC are of bone m arrow origin and have a distinct dendritic morphology. 

Com parison of non-lym phoid and lym phoid DC reveal functional and 

phenotypic differences. DC from skin, lungs, heart and kidney are better at 

internalising and processing Ag than are lymphoid DC (Reis-e-Sousa et al., 

1993). However, the reverse is true of their presentation abilities (Inaba et al.,

1993).

A crucial cytokine involved in the generation of DC from bone m arrow 

progenitors is granulocyte-macrophage colony-stimulating factor (GM-CSF). 

Other cytokines such as TNFa, Il-l or 11-4 have been shown to upregulate the 

surface expression of B7-1 (Chang et al., 1995).
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As DC mature, their ability to present antigens is enhanced, but their ability to 

internalize Ag is decreased. This has been shown for LC which are thought to 

represent an im m ature phenotype, as well as bone-m arrow  derived DC 

precursors (Inaba et al., 1993). When DC capture Ag at peripheral sites, they 

migrate to the lymph nodes where they lose their phagocytic ability, reduce 

synthesis of MHC class II, but reach functional m aturity for activation of T cells 

(Austyn, 1996). This is achieved by the upregulation of expression of surface 

molecules, including MHC class II, the adhesion molecule ICAM-1, and the co

stim ulatory molecules B7-1 and B7-2. This m igration has been show n 

experimentally in mice by applying fluorescein isothiocyanate (FITC) to the 

skin, or by in vitro culture of skin explants (Larsen and Austyn, 1991). 

M aturation and migration of DC to lymph nodes appears to be triggered by 

injury or infection, most likely resulting in local release of TNFa or Il-l which 

are known activators of DC (Wang et al., 1996; Cumberbatch and Kimber, 

1992), although the molecular mechanisms are not clear.

Mature DC constitutively express high levels of MHC class I and II molecules as 

well as co-stim ulatory molecules B7 (Larsen et al., 1992), and adhesion 

molecules, including IC AM-1, LFA-3 and CD40. Freshly isolated LC express 

little B7.1 and B7.2, but as they m ature in culture these molecules become 

upregulated (Symington, 1993). A novel endocytic receptor DEC-205 (Jiang et 

al., 1995), expressed on DC, is implicated in antigen internalization. Ag which 

bind DEC-205 are presented to specific T cell hybridom as 100-fold more 

efficiently than those which do not bind the endocytic receptor (Jiang et al.,

1995).
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Antigen Uptake

DC internalize Ag by phagocytosis and pinocytosis. LC and other immature 

DC are able to phagocytose certain particles, using the mannose receptor 

(Inaba et al., 1993; Reis-e-Sousa and Austyn, 1993), as well as having the ability 

to take up immune complexes via Fc receptors (Schuler and Steinman, 1985; 

Manca et al., 1991).

Hum an DC, which can be grown from blood in the presence of 11-4 and GM- 

CSF, have been observed to constitutively macropinocytose large amounts of 

extracellular material (Sallusto et al., 1995). Macropinosomes are non-clathrin 

coated vacuoles of heterogeneous size (0.5-200 pm) which form at the leading 

edge of the cell (Hewlett et al., 1994; West et al., 1989). This was originally 

observed by time lapse photography of macrophages which revealed ruffling 

of the cell surface membrane. Intracellular vesicles were formed by the ruffles 

making contact (Lewis, 1931). Ruffling is caused by bands of outward-directed 

actin polymerization near the plasma membrane, which lengthens into an 

extension of the cell surface. Unlike clathrin-coated vesicles (see B cell section), 

macropinosomes have no coat protein and they do not concentrate receptors 

(Racoosin and Swanson, 1992). Macropinocytosis enables DCs to take up large 

volumes of fluid, which are concentrated and accumulate in lysosomal 

compartments containing class II molecules (Sallusto et al., 1995).

The Ag processing and presentation capacity of DC is regulated by cytokines. 

Efficient presentation of soluble Ag by cultured hum an DC is maintained by 

GM-CSF plus 11-4. The addition of TNFa appears to induce maturation and 

results in a 10 fold decrease in the internalization and processing of soluble Ag, 

whilst the ability to stimulate T cells is increased (Sallusto and Lanzavecchia,

1994). There is evidence that soluble mediators other than cytokines regulate 

the Ag presenting capacity of DC and LC. It has been shown that calcitonin
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gene-related peptide (CGRP) inhibits Ag processing in vitro (Hosoi, 1993). In 

vivo, CGRP-containing nerve fibres are intim ately associated with LC in 

human epidermis and furthermore, CGRP is found at the surface of some LC.
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1.2.3. Macrophages

Development, Function and Activation

Macrophages (M(|)) are bone marrow derived and develop in different tissues 

from blood monocytes, undergoing term inal differentiation to become 

resident tissue macrophages in different organs. They are widely distributed in 

lym phoid and non-lymphoid tissues. M<|> play im portant roles in both the 

innate and specific immune systems.

Their role in innate immunity is the phagocytosis (see later) of dead cells and 

bacteria (Unanue and Allen, 1987). Liver- (Kupffer cells) and splenic- 

macrophages continuously remove large numbers of senescent cells from the 

blood, whilst thymic M(j) rapidly phagocytose apoptosing thymocytes. M<j) are 

able to phagocytose bacteria or toxins which are coated with complement, a 

system of plasma proteins that greatly enhance the ability of phagocytic cells to 

phagocytose and destroy certain bacteria. Additionally, antibodies are able to 

bind to certain complement proteins, which aids phagocytosis. Their role in 

adaptive immunity is one of antigen presentation to T cells, as well as playing a 

part in shaping the T cell response.

Resting M(j) do not express MHC class II or co-stim ulatory molecules 

constitutively, which means they are neither able to activate T cells nor can 

they fulfil their role in adaptive immunity. However, a num ber of stimuli 

results in their upregulation, enabling M(j) to operate in adaptive immunity and 

act as APC to T cells. These stimuli include ingestion of microorganisms (Liu 

and Janeway, 1991), or the presence of IFNy (secreted from Thl cells and NK 

cells). Activation can be defined as a response to stim ulation where the 

response includes increased expression of MHC m olecules, increases 

cytotoxicity towards parasites and tumour cells as well as enhanced expression
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of co-stimulatory molecules (Doherty, 1995). IFNy is the main M(|) activating 

molecule, which drives all of these functions.

The importance of IFNy in immune activation of M(|) is illustrated in the IFNy 

and IFNyR knock-out mice (Dalton et al., 1993; Huang et al., 1993). The IFNy 

knock-out mice have reduced levels of MHC class II, nitric oxide and reactive 

oxygen intermediates (Cooper et al., 1993; Flynn et al., 1993), and they are 

susceptible to mycobacterial infections. The IFNyR knock-out mice have 

reduced levels of TNFa, Il-l a  and 11-6 after Bacille Camille-Guerette (BCG) 

infection. Mycobacterial infection is lethal, whilst susceptibility to Listeria 

andVaccinia infection is increased (Kamijo et al., 1993).

The effects of IFNy are mediated by IFNy receptor signalling. This event causes 

aggregation of members of the Janus tyrosine kinase (JAK) family through 

their association with the cytoplasmic membrane-proximal regions of the 

receptor, and results in tyrosine phosphorylations that activate their catalytic 

activity (Ihle and Kerr, 1995). Subsequent tyrosine phosphorylation of the 

receptor takes place, which provides docking sites for SH2 (SRC homology) 

domain-containing signalling proteins, the Signal Transducers and Activators of 

Transcription (STAT). ST AT proteins contain SH2 and SH3 domains, and have 

direct DNA-binding activity. The IFNyR signals through heterodimers of JAKl 

and JAK2 (Muller 1993, Watling 1993). This mediates tyrosine phosphorylation 

of the p91 ST ATI protein (Darnell et al., 1994). Glucocorticoids have been 

shown to upregulate IFNyR expression (Strickland et al., 1986). They appear to 

play a role in binding to the receptors that then translocate to the nucleus to act 

as DNA-binding proteins (Bishop and Schulten, 1996).

Macrophages display a variety of receptors and adhesion molecules. CD14 is a 

GPI-linked glycoprotein and is the receptor for the LPS-binding protein in
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serum. CD14 is upregulated on M(|) (as well as other cells) during inflammatory 

and immune responses (Matsuura et al., 1994) and it can be shed into the 

circulation as a soluble receptor. Other sugar-binding receptors include the 

m annose and fucose receptors. The scavenger receptor (MSR) has been 

implicated in endocytosis of modified lipoproteins (Krieger, 1994). MSR is up

regulated by M-CSF, and expression is further increased if LPS is endocytosed 

by the MSR itself. There are three distinct antibody-binding Fc receptors, as 

well as complement receptors CRl and CR3. These receptors are involved in 

opsonic (antibody and complement mediated) and non-opsonic pathogen 

entry into cells.

Cytokines released from M(j) are another component which influences T cells 

and immune responses. An important cytokine induced in M(|) by IFNy is 11-12, 

which is the determining factor in the development of Thl responses (Hsieh et 

al., 1992; Manetti et al., 1993; Germ ann et al., 1993). 11-12 enhances the 

production of IFNy by Thl cells, which in turn further activates M<|), enhancing 

the expression of B7 (Ding et al., 1993). M(|) also secrete 11-12 on phagocytosis of 

bacteria and other parasites. The ability of cytokines to influence the Thl:Th2 

balance is exploited by certain parasites such as worms. They do not induce II- 

12 in macrophages, but cause secretion of 11-4 from other cells, which skews the 

Th response towards Th2 and therefore away from the activation needed to kill 

the parasite (reviewed in Biron and Gazinelli, 1995).

Another example of this is the effect of measles virus (MV) on monocyte/M(|) 

production of 11-12. Karp and colleagues (1996) showed that monocytes, 

isolated from MV infected volunteers, did not produce 11-12 when treated with 

bacterial inducers of the cytokine, compared to mock-infected monocytes. This 

skews the response from T hl to Th2, therefore away from cell m ediated 

immunity.
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Another cytokine, M(j) migration inhibitory factor (MIF), has been shown to be 

a major product of activated M(j) (Calandra et al., 1994). Both MIF and IFNy 

increase leishmanicidal activity, synergize with TNFa to induce nitric oxide 

production and inhibit M(|) migration. Both are inhibited by 11-10 (Wu et al.,

1993). Despite the similarities, MIF and IFNy operate by different mechanisms 

(Herriott et al., 1993).

IFNy, MIF and 11-12 are the main M(|) activating cytokines; 11-4, -10, -13 and 

TGFP are the deactivating ones. Each of the deactivating cytokines inhibit 

some, but not all M(j) functions. All can inhibit nitric oxide release from M(|), but 

it is dependent on the activation state of the M(j), and the presence of other 

cytokines (Doherty et al., 1993). 11-10 is produced by T cells and M(|) (Mossman 

and Moore, 1991), and is an inhibitor of m ultiple M(|) functions thereby 

indirectly inhibiting T cell responses (Bogdan et al., 1991; Fiorentino et al., 1991; 

Gazinelli et al., 1992). 11-10 inhibits the production and activity of MIF (Wu et al.,

1993) , 11-12 (Kubin et al., 1994), TNFa (Bogdan and Nathan, 1993) and B7 

expression (Ding et al., 1993).

Another group of molecules produced by M(}), are the chemokines and their 

receptors (Baggiolini et al., 1994). Chemokines are able to attract and activate 

specific leucocyte subsets. They are grouped on the basis of the cysteine 

residues at the N-terminus in addition to their genetic locus. One group of 

chemokines has a C-X-C motif and maps to a single locus on chromosome 4, 

whilst another group has a C-C m otif and m aps to chromosome 17. The 

former group includes 11-8, the latter, MCP-1. MCP-1 attracts monocytes, 

memory T cells and basophils. A transgenic mouse model shows monocyte 

infiltration into thym us, brain and pancreatic islets in response to MCP-1 

expression (Puentes, 1995), although this does not cause monocyte activation 

or tissue damage. However, a second transgenic mouse model, with high
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constitutive expression of MCP-1 show s no m onocyte infiltration into 

expressing organs. Instead the mice are more susceptible to infection by 

Listeria monocytogenes and Mycobacterium tuberculosis (Rutledge et al., 

1995).

Killing of bacteria within phagolysosomes requires the production of toxic 

oxygen products including superoxide (O2-), hydrogen peroxide (H2O2), and 

singlet oxygen (IO2). Toxic nitrogen oxides are produced including nitric oxide 

(NO). NO mediates a variety of functions. It is derived from L-arginine and 

m olecular oxygen in a reaction catalysed by nitric oxide synthase (NOS) 

(Marietta, 1994). At least two types of NOS exist, one is a calcium-dependent 

constitutively expressed NOS expressed in m any tissues, the other is an 

inducible calcium-independent NOS. The latter is induced in rodent M(j), as well 

as other cells including hepatocytes and neutrophils. Large amounts of NO are 

required to combat infectious agents, but it is important that iNOS production 

is under tight regulation since excessive am ounts can lead to a range of 

pathologies. Various immunological stimuli are able to induce expression of 

iNOS including IFNy and LPS. Once M(j) are activated, they secrete cytokines 

such as TNFa, which cause inflammation. The action of IFNy and TNFa 

together increase the anti-bacterial action by inducing the production of NO 

and oxygen radicals.

In addition to the M(j) deactivating cytokines, it has been shown that certain 

products of the Leishmania parasite can inhibit the production of iNOS (Severn 

et al., 1993; Proudfoot et al., 1995). A negative feedback mechanism appears to 

exist whereby NO can inactivate iNOS (Assreuy et al., 1993). There is evidence 

that NO both inhibits and facilitates T cell proliferation. It has been 

dem onstrated that NO inhibits the expansion of T hl cells and therefore 

production of IFNy, which is one of the main stimuli for NO synthesis (Taylor-
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Robinson et al., 1994). Another way that NO influences T cell function is 

through its down regulation of class II MHC expression (Sicher et al., 1994) and 

therefore antigen presentation to T cells. However a role for NO in enhancing 

T cell proliferation is seen in a mouse model where an NO inhibitor (L-NMMA) 

reduced the local inflammatory response, as well as Thl expansion compared 

to control mice treated with the inert enantiomer (D-NMMA) (lanaro et al.,

1994). It is possible that the effect of NO on T cells depends on the 

concentration - at low constitutive levels, proliferation is induced, however at 

the higher concentrations produced by iNOS, NO inhibits the expansion.

Antigen Uptake

Phagocytosis, the internalization of particulate m atter including infectious 

agents, senescent cells and cellular debris, is the main process utilized by 

monocytes and neutrophils for Ag uptake. It is initiated by the interaction of 

specific surface receptors of the phagocyte with ligands on the particle surface 

(Griffin et al., 1974). The importance of receptor interactions is shown in the 

case of lym phocytes, which, w hen partially  opsonized by IgC, were 

incom pletely ingested, whereas those completely opsonized were fully 

ingested (Griffin et al., 1976). Receptors involved are complement, as well as Fc 

and the mannose receptors. The fibronectin receptor and other integrins have 

also been implicated in this process (Blystone et al., 1994).

Polymerization of actin occurs at the site of ingestion, and the particle is 

internalized via an actin-based mechanism. The process is inhibited by the 

microfilament-disrupting agent, cytochalasin B (Cannon and Swanson, 1992). 

Once inside the cell, phagosomes, which will vary in diameter according to the 

size of the ingested  particle, fuse w ith  lysosom es to form acidic 

phagolysosomes where the ingested material is degraded (Heiple and Taylor,
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1982). Peptides bind to MHC class II (see later) and are displayed on the cell 

surface.

Like DC, M(|> are also able to take up Ag via macropinocytosis. In unstimulated 

m acrophages, ruffles are short and only rarely close in, how ever after 

stimulation with M-CSF or phorbol esters, the ruffling increases and many 

macropinosomes are formed (Racoosin and Swanson, 1989).

Co-stimulatory molecules are displayed on the cell surface and deliver signals 

to T cells which are crucial in influencing the adaptive immune response. 

Monocytes express B7-1 and B7-2 at low levels (Powers et al., 1994; Thompson,

1995), however expression of both is enhanced following activation with IFNy 

(Freedman et al., 1991). Cytokines exert differential effects on B7 isoform 

expression on resting monocytes; 11-10 (and LPS) upregulate expression of B7-1, 

but down regulate B7-2 (Creery et al., 1996).

In addition to presenting Ag to MHC class II restricted T cells, there is evidence 

that M(j) (or a subset of M(j)) are able to present exogenous Ag to MHC class I 

restricted T cells (see later).
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1.2.4. B Cells

Development and Activation

B cells develop in the bone m arrow  and subsequently seed peripheral 

lymphoid organs where their main function is the production of specific Ab. 

Circulating Ab is able to coat bacteria directly, and neutralize virus, as well as 

bind to complement, which aids phagocytic cells to clear the bacteria. This 

process of altering the surface of a pathogen or other particle so that it can be 

ingested by phagocytes is know n as opsonization. Their role in Ag 

presentation is entirely self fulfilling by attracting the help of Ag specific T cells 

through display of peptide/M H C  complexes. Differentiation and isotype 

switching are dependent on cognate interaction with T cells involving CD40- 

CD40L interaction and cytokine release.

B cells receive help in the form of cognate interaction and cytokines from Th2 

cells, to produce soluble Ab (reviewed in DeFranco 1987). This is initiated by 

internaliztion of Ag with m ig and subsequent recognition of a MHC class 

II/pep tide  complex by TCR, as well as an additional signal through the 

molecule CD40 on B cells and its ligand on Th2 cells (Noelle and Snow, 1992). 

Signalling through CD40 is crucial for isotype switching. The cytokines 11-4, -5 

-6 and -10, secreted by Th2 cells, influence the isotype expression and drive the 

proliferation and differentiation of the B cell into an Ab-secreting plasma cell.

Molecules Important for B cell Function

The B cell receptor includes surface immunoglobulin, and a heterodimer of 

Ig a /Ig P , which are transmembrane proteins. Crosslinking of the receptor 

results in tyrosine phosphorylation of various protein substrates. The 

cytoplasmic tail of the Ig a /Ig p  heterodim er contains an im m unoreceptor 

tyrosine-based activation m otif (ITAM), w hich is required  for signal 

transduction (Flaswinkel and Reth, 1994).
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Engagement of the receptor causes increased expression of B7.2 (Lenschow and 

Goodnow, 1994), and ligation of CD40 induces B7.1 (Roy et al., 1995). B cells 

constitutively express MHC class II and CD40, but expression is upregulated on 

activation. Certain microbial constituents are able to induce expression of 

costimulatory molecules (Hathcock et al., 1994). Once B cells differentiate into 

plasma cells in order to secrete antibody, MHC class II expression is down 

regulated (Silacci et al., 1994).

CD19, part of the complement receptor CR2, is a co-receptor of mIg, and its 

ligand is CD23 on follicular dendritic cells. It is thought that signalling through 

CD19 contributes to the differentiation of B cells into plasma cells. Binding of a 

complement-opsonized immunogen to CR2 allows cross-linking of CD19 to 

mig, which lowers the threshold for B cell activation (reviewed in Janeway and 

Travers, 1994).

Antigen Uptake

B cells are non-phagocytic but are adapted to bind and take up soluble Ag via 

receptor mediated endocytosis. This is the most efficient method of Ag uptake 

(Lanzavecchia 1985; Lorenz et al., 1990). The B cell receptor, mig, provides a 

dual function: signalling leading to B cell activation as well as antigen uptake 

and delivery to the processing compartment.

Internalization of an tigen/m ig receptor is m ediated by clathrin-coated pits 

(Watts et al., 1989), and this is inhibited using conditions which block clathrin 

lattice formation (Heuser and Anderson, 1989, Davidson et al., 1990). The 

endocytosis of m ig can be triggered by or be independent of ligand binding 

(Davidson et al., 1990), as is the case with the transferrin receptor (Watts, 1985).
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Clathrin consists of three heavy and three light chains, which together form a 

triskelion structure. Clathrin-coated vesicles bud from the plasma membrane 

(as well as the trans Golgi network), by interacting with protein complexes of 

adaptins (Robinson, 1987; Able et al., 1988), and a GTP-hydrolysing protein, 

dynam in (Van der Bliek and Meyerowitz, 1991; Chen et al., 1991) at the cell 

surface. Transmembrane receptors are concentrated 1 0 - 2 0  fold in clathrin- 

coated pits. They include the LDL receptor which binds LDL-bound cholesterol, 

and the transferrin receptor which binds transferrin-bound iron. Once the 

vesicle has formed, the clathrin is rapidly depolymerized, and the uncoated 

vesicle is term ed an early endosome. This fuses with the Com partm ent for 

Uncoupling of Receptor and Ligand (CURL) to become a late endosome. The 

receptor and ligand disassociate in this compartment, and the receptor is 

recycled to the cell surface (Keen, 1990).

Processing of receptor-ligand complexes occurs early in the case of transferrin- 

bound, and LDL-bound receptors (Mellman, 1990). However, the high affinity 

binding of mIg-Ag complexes does not allow dissociation of Ag from Ig at 

endosomal pH which means that the complex m ust be processed further into 

the endocytic pathw ay. The processing substrate is the antibody-antigen 

complex.

Other receptors influence signalling and antigen capture. CR2, the complement 

receptor for C3d, when cross-linked to the BCR upregulates signalling and 

decreases the triggering threshold of B cells (Fearon and Carter, 1995). A model 

antigen engineered to express three copies of C3d is 10,000-fold more 

immunogenic than antigen alone (Dempsey et al., 1996).

Whilst Ag is taken up by binding of a specific B cell epitope by the Ig receptor, 

subsequent processing makes epitopes available which bind to MHC and are
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recognized by T cells. This process is known as linked recognition and forms 

the basis of T-B co-operation which leads to secretion of specific Ab.

39



Introduction

1.3. Antigen Processing and Presentation

1.3.1.TWO Pathways of Presentation

The immune system has to distinguish between the presence of extracellular 

Ag and intracellular Ag, of foreign origin. Accordingly, different pathways of 

processing and presentation operate, to provide Ag for recognition by either 

MHC -class I or -class II restricted T cells.

If a cell is infected by a virus, the main protective T cell response is mediated by 

CD8 restricted T cells and the result is the killing of the infected cell. This 

information is given to the Tc cells by APC displaying viral peptide generated 

in the endogenous pathway (see later) with MHC class I molecules (Townsend 

and Skehel., 1984). Conversely, if foreign Ag is circulating in the blood, an 

appropriate response w ould be the production of neutralising Ab. This 

message is given to Th cells by APC displaying Ag with MHC class II via the 

endosomal pathway (Morrison et al., 1986; Allen et al., 1987). This causes Th2 

cells to activate appropriate B cells to produce Ab whereas Thl cells activate 

M(j).

MHC genes are found on chromosome 17 in the mouse, and 6 in the human, 

and the organization is similar in both species (see figure 4). There are separate 

regions of class I and II genes. There are three main class I genes in both 

species, and the genes for TAP and LMP (see later) are present here. The class II 

region consists of additional class Il-like genes such as DM (see later).
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Organization of the MHC genes in humans and the mouse 

Adapted from  Janeway and Travers, 1994
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1.3.2. MHC Class I Presentation

Structure and Biosynthesis of MHC class I molecules

Any cell expressing MHC class I (all nucleated cells) can process and present 

antigen to cytotoxic T cells. Mature MHC class I molecules are heterodimers 

made up of a glycosylated a  chain, non-covalently linked to a non-glycosylated 

light chain, p2-m icroglobulin, and a short peptide antigen. The crystal 

structures of some MHC class I molecules (see figure 5) have been solved. 

(Bjorkman et al., 1987). The heavy chain consists of three domains and each of 

these makes extensive contacts with p2-m. Two domains, a l  and a2, of the 

heavy chain fold to form the binding cleft, with a p-pleated sheet forming the 

base of the cleft and a-helices forming the sides. The crystal structures revealed 

how the MHC molecules could bind so many different peptides. Many of the 

molecular interactions involve the atoms from the main chain of the peptide as 

well as the amino and carboxy termini, and these are features common to all 

peptides. In addition, some of the side chains are able to extend into pockets 

along the groove and this will accomodate many different peptides, although 

this does im part a degree of selectivity to different MHC class I haplotypes 

(Falk et al., 1991).

Assembly and Transport to the Cell Surface (see figure 6)

MHC chains are synthesized separately on the rough ER and are co- 

translationally transported into the ER. Peptides generated in the cytosol are 

transported into the ER by proteins TAP-1 and -2 (Transporters associated with 

Antigen Presentation). This is an ATP dependent process and TAP-1 and -2 

molecules both have characteristic ATP binding domains (Kleijmeer et al.,

1992). M utant cell lines such as RMA-S (Powis et al., 1991), which is TAP-2 

deficient, have low surface expression of MHC class I molecules due to the lack 

of pep tides available for binding. The TAP m olecules also play a
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Structure of MHC class I

Adapted from  Janeway and Travers, 1994
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Assembly and Transport of MHC class I molecules to the cell surface 

Adapted from  Rock, Im m unol. Today, 1996
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role in selecting peptides by size for transport into the ER, with a maximum 

length of 14/15 amino acids (Momburg et aL, 1994).

It has been shown in vitro that stable complexes arise whether the heavy chain 

binds p2-m, or peptide, first (Townsend et al., 1990), although both 

intermediates are much less stable than the mature complex (Elliotbet al., 1991, 

Fahnestock et al., 1992). It now seems likely that the major pathw ay involves 

heavy chain and P2-m binding together first (Neefjes et al., 1993; Wang et al., 

1994; Smith et al., 1995). In the ER, a  chains bind P2-m and a membrane bound 

molecule calnexin, which retains class I in a partially folded state (Degen and 

Williams, 1991). Class I molecules are retained in the ER until the a  chain has 

bound peptide (Townsend et al. 1989). Binding allows the completion of class I 

folding, and the subsequent conformational change releases calnexin. More 

recent evidence suggests that dimerization of class I/p2m  is m ediated by 

calnexin, and then association with TAP molecules facilitates peptide binding 

(Ortmann et al., 1994). However there is no absolute requirement for calnexin 

in class I assembly. It has been shown that calnexin deficient cells are able to 

assemble mature, functional class I molecules (Scott and Dawson, 1995).

Only class I molecules that are completely folded are exported from the ER to 

the Golgi. Calnexin is associated with class I for significant periods of time, 

which suggests that peptide supply is limiting. The assembly process, however, 

does vary between cell types and lines (Neefjes and Ploegh, 1988). The 

abundance of class I molecules over peptides is important with respect to their 

function, because they m ust be available to transport viral peptides to the cell 

surface should infection arise. The excess of class I molecules in the ER allows 

rapid presentation of viral peptides. In the ER peptides bind to newly 

synthesized MHC class I molecules. The binding groove requires peptides 

between 8-10 amino acids long with certain charged /hydrophobic residues at
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critical positions (Van Bleek and Nathenson, 1990).The MHC-peptide complex 

is then transported to the cell surface, via the Golgi apparatus. Empty class I 

molecules or complexes that lose their peptide become unstable and rapidly 

dissociate (Ortiz-Navarette et al., 1991; Rock et al., 1991), however, under some 

circumstances such as lower temperature, (Ljunggren et al., 1990; Schumacher 

et al., 1990) peptides can be bound at the cell surface.

Generation of peptides for class I binding

Early studies showed that class I associated peptides could be derived from 

viral antigens in the cytoplasm (Bennink et al., 1982; Gooding and O'Connell, 

1983; Townsend et al., 1986), as well as from proteins that were artificially 

introduced into the cytoplasm (Yewdell et al., 1988; Moore et al., 1988). This 

could not be abrogated using lysosomal protease inhibitors (Morrison et al., 

1986) which suggested that the peptides were generated by neutral proteases 

in a non-lysosomal pathway. A cytosolic structure known as the proteasome 

has been implicated in the proteolysis of MHC class I antigens. Evidence for 

this includes firstly, that the two proteasome subunits LMP2 and LMP7 are 

positioned in the MHC region; and secondly, that ubiquination (a prerequisite 

for proteolysis via the proteasome) of the antigen increases the efficiency of 

peptide generation (Townsend et al., 1988).

Proteasomes (or 26S particles) are large proteolytic complexes of 3 subunits, in 

which proteins are degraded in an ATP-dependent m anner following 

conjugation by multiple molecules of the polypeptide ubiquitin (Hershko, 

1988). Processing of MHC class I Ag requires both ubiquitination and 

subsequent degradation by the proteasome (Michalek et al., 1993; Rock et al.,

1994). The crystal structure of the archaebacterium 20S particle (part of the 26S 

complex) has recently been solved (Lowe et al., 1995). It is a barrel-shaped 

structure made up of four stacked rings. Each ring contains seven subunits, and
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the catalytic sites face inside the barrel. They consist of a num ber of 

polypeptides, which have tryptic, chymotryptic, and peptidyl-glutam yl- 

hydrolysing activity. Two polypeptides, encoded for by the genes LMP-2 and 

LMP-7 (Ortiz-Navarrete et al., 1991) are incorporated into the 20S subunit in the 

presence of IFNy. This increases the hydrolysis follow ing basic and 

hydrophobic amino acids and decreases it following acidic residues (Gaszynska 

et al., 1993). This orresponds to the sequence of peptides required for binding 

to class I, which term inate almost exclusively with hydrophobic or basic 

residues (Dick et al., 1994).

The use of inhibitors has provided more evidence that proteasomes play a 

major role in the generation of peptides for MHC class I molecules. Peptide 

aldehydes, which are proteasom e inhibitors, prevented presentation of 

cytosolic ovalbumin and induced a marked reduction of MHC class I assembly 

(Rock et al., 1994). However, it is possible that these inhibitors are affecting 

other cytosolic proteases that may also contribute to the generation of peptides 

for MHC class I.

Elution studies of pepides bound to class I reveal that the majority of peptides 

derive from the degradation of cellular proteins. Examples include peptides 

from the tyrosine kinase JAKl (Falk et al., 1991), Heat shock protein (hsp70) 

(Guo et al., 1992), MHC signal sequences (Huczko et al., 1993), and ribosomal 

proteins (Jardetsky et al., 1991).
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Presentation of Exogenous Antigen by MHC class I (see figure 7)

There is clear evidence that exogenous Ag can be presented by class I (Rock et 

ah, 1990; Hakim et al., 1991). Soluble, exogenous proteins can be efficiently 

processed for class I presentation if they are introduced directly into the 

cytosol. This has been shown by methods such as electroporation (Moore et al., 

1988) and osmotic lysis of Ag-containing pinocytbtic vesicles (Okada and 

Rechsteiner, 1982). Bacteria such as Listeria M onocytogenes, secrete a 

haemolysin called listeriolysin, which lyses vesicular membranes at low pH. 

This allows the escape of Ag from phagolysosomes into the cytosol (Brunt, 

1990). Macrophages can present soluble Ag, but the Ag m ust be present at a 

high concentration (Rock et al., 1990; Norbury et al., 1995). It is possible that it 

is a subset of the macrophages that are responsible (Rock et al., 1992). If 

antigen is bound to particles such as latex beads, the presentation is enhanced 

1,000-10,000 fold (Kovacsovics-Bankowski et al., 1993).

Peptide regurgitation has been suggested as a mechanism for presentation of 

exogenous Ag with MHC class I, for example, bacterial Ag can be presented 

with MHC class I molecules even though the bacteria remain in phagosomes. 

This loading of class I molecules may occur by peptide exchange on the cell 

surface, or following reinternalization within vacuolar compartments (Pfeifer et 

al., 1993). Ag which is internalized into phagosomes of macrophages can be 

transferred into the cytosol, and is able to stimulate CD8+ T cells. This is a 

proteasome, TAP-dependent process (Kovacsovics-Bankowski and Rock, 1995). 

A num ber of im portant roles for this phenomenon are immune surveillance 

for vacuolar pathogens, re-presentation of antigens on professional APC in 

lymphoid organs and as a pathway for vaccines.
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Figure 7

Pathways for presentation of exogenous Ag with MHC class I

(a) Transfer of exogenous Ag into the cytoplasm by an unknown mechanism, 

followed by the classical class I presentation pathway.

(b) Exogenous Ag are degraded in acidic compartments and the resulting 

peptides are presented on class I. Possible mechanims are shown.

A dapted from  Rock, Im m unol. Today, 1996
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1.3.3. MHC Class II Presentation

Structure and Biosynthesis of class II molecules

MHC class II molecules consist of two disulphide-linked polypeptide chains - a  

and p (Brown et al., 1993; Stern et al., 1994). Their structure is very similar to 

that of MHC class I molecules (see figure 8). Shortly after synthesis, in the ER, 

the ap  chains combine with the polypeptide Invariant chain (li) (Jones et al., 

1979; Kvist et al., 1982). During assembly, the component parts are associated 

with calnexin (Anderson and Cress well, 1994; Schreiber et al., 1994). Alternative 

splicing generates different isoforms of li of which Ii31 and Ii41 are the most 

important (Strubin et al., 1986; O'Sullivan et al., 1987). li forms trimers with each 

molecule binding non-covalently to a class II aP heterodimer, ap h  complexes 

leave the ER as nonamers (Roche et al., 1991). Formation of the nonamer is a 

prerequisite for transport to the Golgi (Bonnerot et al., 1994). A part of the li 

chain lumenal domain physically occupies the peptide-binding groove of the 

ap  dimer (Romagnoli and Germain, 1994). It is known as Class Il-associated 

Invariant chain Peptide (CLIP).

li occupies the MHC binding groove in order to prevent the binding of 

endogenous peptides present in the ER (Teyton et al., 1990), however the 

mechanism is not only one of blocking. Class II molecules from li deficient mice 

fail to show any of the properties of peptide-occupied class II molecules, 

including SDS-stability (Bikoff et al., 1993). li mutants, co-expressed in COS cells 

with MHC class II chains were able to correct all the measured functions for 

class II, as long as exon 3, which contains CLIP, was present (Romagnoli & 

Germain, 1994), leading to the prediction that forced occupancy of class II could 

replace li function in the ER. This has been tested by tethering suitable peptide 

sequences to the amino-terminus of the p chain (Kozono et al., 1994), and these 

molecules exhibit similar properties to normal class II/li complexes (Zhong et 

al., 1996).
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Structure of MHC class II

A dapted from Janeway and Travers, 1994
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In the absence of li, unfolded or misfolded class 11 molecules aggregate with 

each other or with additional ER proteins (Bonnerot et al., 1994), and the empty 

binding sites interact with segments of proteins present at high density (Marks 

et al., 1995). li m ay correct these problem s by facilitating folding and 

inactivating the binding site.

li also serves to target the MHC class 11 molecule to the endocytic pathway 

(Elliott et al., 1994), in which peptides from exogenous Ag are produced. 

A lthough not a stringent requirem ent for class 11 surface expression, li 

increases ER to Golgi trafficking (Layet and Germain, 1991). The targetting 

function of li involves the cytoplasmic domain (Bakke and Dobberstein, 1990; 

Lotteau et al., 1990), possibly involving two dileucine motifs in the cytoplasmic 

tail (Pieters et al., 1993; Verhey and Birnbaum, 1994). li is degraded by 

proteases in the endocytic pathway (Blum and Cress well, 1988), resulting in 

truncated forms that remain bound to class 11 molecules for extended periods. 

N ew ly form ed peptide  m eets b iosynthesized  MHC class 11 in the 

endosom al /  lysosomal pathw ay, defining a point of intersection between 

endocytic and secretory pathways (Germain and Hendrix, 1991; Neefjes et al.,

1990). Peptides binding to class 11 are characteristically between 13 and 20 

residues long, but even longer peptides can bind because the class 11 binding 

groove is not closed like that of class 1. The complex is displayed on the surface, 

about 4 hours after synthesis (Peters et al., 1991). This delay in surface 

expression compared with class 1 biosynthesis is due to the li facilitated de

routing of class 11 molecules to the endocytic pathway.

As with class 1, excess class 11 molecules are generated. This would enable rapid 

peptide binding to empty molecules in the event of infection. In vitro, class 11
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molecules that do not bind peptide after li cleavage, aggregate and may rapidly 

degrade (Stern and Wiley, 1992; Germain and Rinker, 1993).
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Figure 9

Ag that bind class II are degraded in acidic vesicles of the endocytic pathway. li 

targets class II molecules to the endocytic pathway, where the CLIP peptide is 

exchanged for Ag peptide.

Adapted from Harding and Geuze, Curr. Opin. Cell Biol, 1993
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Regulation of MHC class II Expression

Expression of MHC class II is constitutive in B cells and DC, and is induced 

under certain circumstances in various other cells of the monocyte-macrophage 

lineage. Expression of these genes is prim arily regulated at the level of 

transcription (Ting and Baldwin, 1993). The main control element, the proximal 

prom oter contains sequence motifs called S, X, X2 and Y. The MHC class II 

promoter binding complexes include RFX (Reith et al., 1988), X2BP (Moreno et 

al., 1995) and NF-Y (van Huijsduijnen et al., 1990). which bind to the X, X2 and 

Y boxes respectively.

MHC class II deficiency, known as Bare Lymphocyte Syndrome (BLS), is a 

severe combined immunodeficiecy in humans. It is an autosomal recessive 

disease characterized by the lack of HLA class II gene expression (Klein et al.,

1993). Death often results from persistent and m ultiple infections. There are 

two types of molecular defects in BLS. One is caused by a RFX defect in binding 

to the X box (Reith et al., 1988), the other by a defect in a molecule which 

should bind to the transcription factor complex (Steimle et al., 1993). This 

molecule is the class II trans-activator (CUTA).

In addition to its role in constitutive class II expression, CIITA is essential in the 

modulation of class II expression. It is differentially expressed and can only be 

detected in class II positive cell lines (Steimle et al., 1993). The CIITA gene itself, 

is controlled by at least four independent promoters (Mach et al., 1996).

CIITA expression is induced by IFNy which precedes the presence of MHC 

class II mRNA by several hours, and constitutive expression of recombinant 

CIITA causes class II negative cell lines to express class II (Steimle et al., 1994). 

Further evidence that CIITA is induced by IFNy is its inability to induce class II
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expression in JAKl deficient cell lines (Chang et al., 1994). Silencing of CIITA 

suppresses class II expression in plasma cells (Silacci et al., 1994).

It has been shown that CIITA also controls the expression of li and HLA-DM 

(Chang and Flavell, 1995). Although transfection of class II, li and HLA-DM is 

sufficient for processing and presentation in a non-professional APC (Karlsson 

et al., 1994), melanoma cells transfected with CIITA are unable to act as APC 

(Siegrist et al., 1995). These cells are able to present exogenously added 

peptides indicating an antigen processing defect. Treatment of these 

transfectants with IFNy corrects the defect. This suggests that an additional 

CIITA-independent IFNy-inducible function is necessary for processing.

Antigen 
processingSTAT1

/
IFN-yR.

JAKl ,2
MHC class II 
II
DMA, DMB 
?

CIITA

CIITA

Figure 10

Role of CIITA in the modulation of MHC class II expression 

Adapted from  M ach et a l ,  1996
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Generation of peptides for class II binding

Ag enters the cell by endocytosis, where it becomes localized in endosomes 

which are intracellular vesicles form ing part of the endocytic pathw ay. 

Endosomes sort proteins, recycling some such as the transferrin receptor, 

whilst degrading others. The endocytic pathw ay can be considered as three 

increasingly acidic and proteolytic compartments. The least acidic is the early 

endosome (pH 6 - 6.5) and the most acidic is the lysosome (pH 4.5 - 5). The late 

endosome (pH 5 - 6) is intermediate. Lysosomes are organelles with well 

defined structure and enzymes. Two models have been proposed for the 

biogenesis of endosomes and lysosomes. The pre-existing compartment model 

proposes that m aterial is carried through a series of stable subcellular 

organelles (Griffiths and Gruenberg, 1991), w hilst the m aturation model 

suggests that early endosomes internalise material and gradually develop into 

lysosomes (Murphy, 1991). The endosomal pathway plays a crucial role in the 

production of antigenic peptides. Cells in which the endosomes are unacidified 

(McCoy et al., 1989), treated with neutralising agents or protease inhibitors 

(Berzofsky et al., 1988) are defective for Ag processing and presentation.

Proteases implicated in antigen processing are the cathepsins. Cathepsins B, a 

cysteine protease, and D, an aspartic acid protease, are found in both early and 

late endosomes as well as lysosomes. Cathepsin B is active at a neutral pH  

whilst cathepsin D is acid-dependent. This suggests that the former will be 

more active in early endosomes and the latter more active in late. Cathepsin E, 

an aspartic acid protease, has also been implicated in endosomes of murine B 

cells, but not peritoneal macrophages (Bennett et al., 1992).

Cathepsin D has been implicated in the generation of antigenic peptides from 

myoglobin (Van Noort et al., 1991) and lysozyme (Van N oort and Jacobs,

1994), although in both cases cathepsin B may be involved in the trimming of
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initially released fragments. Digestion of ovalbumin with cathepsin D generates 

an epitope recognized by an I-A^ restricted T cell hybridoma (Rodriguez and 

Diment, 1995) and cathepsins B and L not only failed to generate an epitope, 

bu t also destroyed the cathepsin D epitope. Mechanisms exist to protect 

epitopes from degradation such as their binding to MHC class II (Donermeyer 

and Allen, 1989; M ouritsen et al., 1992). In the presence of fixed APC, 

expressing I-A^, cathepsins B and L were unable to destroy the Ova epitope 

(Rodriguez and Diment, 1995). Antigens that require digestion with cathepsin B 

are hepatitis B antigen, rabies (M atsunaga et al., 1993) and conalbumin 

(Cradehandt and Ruede, 1991).

Mice, deficient for cathepsin D have been generated (Saftig et al., 1995). They 

exhibit progressive atropy of the intestinal mucosa and profound destruction 

of lymphoid cells. Lysosomal bulk hydrolysis is maintained in deficient mice, 

and this is due to compensation by other types of proteases. It has been 

suggested that cathepsin D plays an essential activating, or inactivating role, of 

signalling proteins by limited proteolysis. It has been show n in cultured 

macrophages that parathyroid hormone is processed by cathepsin D resulting 

in a bioactive peptide (Diment et al., 1989). The processing ability of APC from 

cathepsin D deficient mice has not been tested.

Ag differ in their structure, and therefore differ in the stringency of processing 

that is required. This is seen with different Ag which bind to class II molecules 

at different stages in the endocytic pathw ay. Evidence that peptides are 

produced and bind class II early in the endosomal pathway can be seen with 

experiments that colocalize molecules found in early compartments with class 

II and li (Guagliardi et al., 1990). Some Ag require processing in later 

compartments of the endocytic pathway. Ag encapsulated in liposomes of 

differing pH  sensitivity (Harding et al., 1991) would be delivered either early
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on in the endosomal pathw ay (liposomes pH>6.5) or released later in the 

pathway (liposomes pH<6.5). Hen egg lysozyme (HEL) internalized using this 

method showed more efficient processing and presentation if delivered to a 

late endosom al/lysosom al compartment. The final result of processing Ag is 

the generation of peptides which vary in length from 10-30 amino acids.

MHC Class Il/Peptide Binding

None of the conventionally characterized endocytic compartments have the 

characteristics expected of an efficient antigen processing compartment. Early 

endosomes are relatively low in proteolytic enzymes and residence time is 

short (Schmid et al., 1988). Late endosomes and lysosomes have higher 

proteolytic activities and residence times are longer, but transport from these 

com partm ents is inefficient compared to early endosom es (Kornfeld and 

Mellman, 1989). The MHC class Il/Ii complex trafficks first to early endosomes 

where most of the li remains intact, the bulk of the li proteolysis occuring in 

later compartments (Romagnoli et al., 1993). However, the binding sites of 

m ature class II molecules re-entering the endocytic pathw ay from the cell 

surface would be able to bind antigenic peptides in early endosomes.

A compartment rich in MHC class II molecules, which may be specialized for 

MHC class II/ Ag binding has been identified, and is known as MHC class II 

compartment (MIIC). This was first described in hum an B cells (Peters et al.,

1991) and consists of multimembranous vesicles which contain many, but not 

all, lysosomal markers, and could accumulate some endocytic tracers after long 

periods of uptake. A sim ilar com partm ent has been show n in mouse 

macrophages (Harding and Geuze, 1993).

Evidence that MIIC is a specific MHC class II/peptide loading compartment in 

B-cells (CIIV) has been accumulating (Amigorena et al., 1994; Tulp et al., 1994;
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West et al., 1994). It contains class II, li and SDS-resistant stable class II peptide 

intermediates ready for export to the cell surface. It is not known whether the 

same structures exist in all cells, or even all APCs. It has been suggested that 

the CIIV is a specialized type of post-endosom al recycling vesicle, that 

accumulates the molecules required for class II loading. They may arise in the 

same way as other specialized vesicles including transcytotic vesicles in 

epithelial cells or synaptic vesicles in neurones (Mellman et al., 1993). The CIIV 

may be the m ain site for class II loading but it is not the only site. The 

mechanism by which Ag is targetted to the loading com partm ent may be 

complex, since processing of Ag occurs in different endosomal compartments.

HLA-DMA/B is a heterodimer that is required for class Il-peptide loading. 

M utant human B cell lines, deficient in HLA-DM accumulate ap-CLIP dimers, 

which are unstable in SDS (Mellins et al., 1990, 1994; Riberdy et al., 1994). The 

two genes encoding DM A/B, are positioned in the MHC region and 

transfecting the mutant cell lines with the HLA-DM region corrects the defect in 

antigen processing (Fling et al., 1994; Morris et al., 1994; Denzin et al., 1994). 

There is evidence, in vitro, that HLA-DM catalyses the dissociation of the CLIP 

peptide from class II molecules (Sloan et al., 1995; Denzin and Cresswell, 1995; 

Sherman et al., 1995), in addition to facilitating peptide loading (Denzin and 

Cresswell, 1995). Association between HLA-DM and class II has been shown in 

vivo (Sanderson et al., 1996) as well as their colocalization in peptidase- 

containing lysosomal subcompartments (Fernandez-Borja et al., 1996).

Presentation of Endogenous Antigen by MHC class II (see figure 11) 

Sequencing of peptides eluted from MHC class II molecules has allowed the 

characterisation of those peptides. Not unexpectedly, some of the ligands 

identified derive from proteins internalized by receptor mediated endocytosis 

such as apolipoprotein (Chicz et al., 1993), and bovine serum  album in
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(Rotzschke and Falk, 1994) A larger num ber of identified ligands originate 

from cellular proteins, mainly from the plasm a membrane. They include 

peptides from the transferrin receptor (Rotzschke and Falk, 1994), from MHC 

class I and from other receptors such as 11-3 (Falk et al., 1994). O ther 

endogenous proteins that are membrane associated may also be expected to 

complex with class II, since their internalisation would follow the route of any 

exogenous Ag. There are also examples of peptides from proteins of the 

endosomal or lysosomal compartments. Most of them are from the invariant 

chain, but there are some from cathepsins (Rudensky et al., 1991; Chicz et al.,

1993). This has also been shown for viral Ag that are displayed on the cell 

surface. Although found less frequently, there are peptides from cytosolic 

proteins bound to MHC class II - phosphoglycerate kinase 1 (Rotzschke and 

Falk, 1994), cytochrome b5 (Chicz et al., 1993) and hsp 70 (Newcomb and 

Cresswell, 1993).

Further evidence of intracellular Ag presentation with class II comes from 

functional experiments, which can be divided into membrane-associated or 

secreted Ag, and cytosolic Ag. The former group includes the surface Ag of 

H epatitis B virus (Jin et al., 1988), the g p l60 envelope protein of HIV 

(Polydefkis et al., 1990), class I and II molecules (Chen et al., 1990), B cell 

immunoglobulin (Bikoff and Eckhardt, 1989; Weiss and Bogen, 1991), hen egg 

lysozyme (Brooks et al., 1991; Moreno et al., 1991) and LCMV Gp (Oxenius et 

al., 1995). The latter group includes influenza matrix proteins (Jaraquemada et 

al., 1990), cytosolic HIV envelope pro tein  (Polydefkis et al., 1990), 

neuraminidase (Hackett et al., 1991), vaccinia H3 (Malnati et al., 1992), vaccinia 

Gpt (Bartido et al., 1995) and influenza matrix protein (Nuchtem et al., 1990).

However, many cytosolic Ag fail to be presented w ith class II, such as 

lysozym e expressed after transfection (Calin-Laurens et al., 1992), a
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haemagglutinin epitope expressed after transfection (Sweetser et al., 1989), X 

light chain w ithout the ER targetting sequence (Weiss and Bogen, 1991), and 

LCMV-NP (Oxenius et al., 1995). The underlying reasons which allow some, 

but not all cytosolic proteins to access the class II presentation pathw ay are 

presently unknown, but may be related to the half-life of synthesized protein 

(Calins-Laurens et al., 1991). Although the contact point between peptide and 

class II has not been identified, in most cases the presentation is chloroquine 

sensitive, suggesting that contact takes place in the endocytic pathway. Several 

m echanisms could account for endogenous Ag binding to MHC class II 

molecules.

One m echanism  for transfer of intracellular protein into lysosomes is 

autophagy, which is the sequestration of cytoplasmic material by membranous 

organelles that subsequently  deliver their contents to lysosom es for 

degradation (Pfeifer, 1987). Dunn (1990) has further characterized the 

formation and development of autophagic vesicles, which originate from the 

ER or Golgi. Amino acids, present in the cytoplasm, appear to exert a 

regulatory effect, by suppressing the form ation of autophagic vacuoles 

(Schworer and Mortimore, 1979). Amino acid deprivation is a potent inducer of 

autophagy. The process of autophagy has been characterized and studied in 

hepatocytes, although there are reports of the process in fibroblasts 

(Chervonsky and Sant, 1995). Another mechanism for transfer of intracellular 

Ag to the endocytic pathway is the chaperoning of cytosolic Ag directly into 

lysosomes by proteins of the heat shock family. It has been shown that 

RNaseA can be chaperoned by hsc73 from the cytosol into lysosomes (Chiang 

et al., 1989).
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I

Figure 11

Pathways for presentation of endogenous Ag with MHC class II 

Autophagic transport (1); Crinophagic transport (2); and Heat shock protein- 

mediated transport (3); into the endocytic pathway.
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1.4 Protein Synthesis,Trafficking and Degradation

A typical mammalian cell may express 10,000 to 20,000 different proteins and 

each of these m ust be incorporated into the correct membrane, organelle or 

compartment, or secreted, in order for the cell to function properly. Thus, 

protein targeting, the direction of newly synthesized proteins to a particular 

destination, is critical. Most proteins are encoded by nuclear DNA, and are 

translated on ribosomes in the cytoplasm some of which are bound to the ER. 

This is the first level of sorting, since proteins synthesized on unbound cytosolic 

ribosomes rem ain in the cytoplasm or are incorporated into the nucleus, 

mitochondrion, chloroplast or peroxisome. This study involves the transfection 

of the protein C5 (fifth component of complement) which enters the secretory 

pathway and should therefore follow the pathway described in this section.

Transport into the ER (see figure 12)

Proteins that are translated on ER-bound ribosomes are destined for residence 

in the ER, Golgi, lysosome or plasma membrane, or for secretion (Palade, 

1975). These newly synthesized proteins are localized to the lumen of the ER in 

a num ber of steps. As the N-term inal signal sequence emerges from the 

ribosome it binds to the signal recognition particle (SRP) (Kurzchalia et al., 

1986), and this complex binds to the ER membrane through the SRP receptor 

(Gilmore et al., 1982). The signal sequence inserts itself into the membrane by 

binding to an ER-membrane protein, the signal sequence binding protein; and 

other membrane proteins are recruited to form a channel through which the 

growing polypeptide chain crosses the ER membrane. The SRP and its receptor 

are released, and the signal sequence is cleaved off. Nascent polypeptide chains 

bind to the abundant ER protein chaperone Bip (Bole et al., 1986), which 

provides an essential function in binding to hydrophobic amino acids, and 

therefore preventing dénaturation or non-specific aggregation of the protein. 

Folding of the polypeptide chain takes place in the ER and only properly folded
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proteins are transported out of the ER to the Golgi. Bip releases the protein, 

which may fold correctly, but if this does not happen the chaperone will rebind 

to exposed hydrophobic residues, thus preventing misfolding.
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M utant forms of haemagglutinin (HA) which are unable to form the usual 

trim er configuration remain in the ER, and in most cases are perm anently 

bound to Bip. The transport from the ER of a m utant Herpes Simplex Virus 1 

(HSV-1) glycoprotein B is arrested and is found bound to the chaperones: 

glucose regulated protein (GRP) 94 and Bip (Navarro et al., 1991). A mutation 

in the inhibitor a-1-antitrypsin (AAT) results in the accumulation of the m utant 

protein in the ER.

As well as prom oting protein folding, chaperones m ay play a role in the 

degradation of misfolded, unfolded or unassembled proteins (Hayes and Dice., 

1996). The best characterized proteolytic systems are the ubiquitin-mediated 

and lysosomal degradative pathways, which breakdow n proteins from the 

cytoplasm and vacuolar system respectively. However, the ER has also been 

implicated as a degradative com partm ent for certain proteins which are 

retained in the ER (Klausner & Sitia., 1990), and this degradation is brefeldin A 

(BEA) resistant. Two well characterized examples of ER degadation are 

subunits of the T cell (Chen et al., 1988) and acetylcholine receptors (Blount and 

Merlie, 1990). Both of these receptors are assem bled into m ulti-subunit 

complexes whilst in the ER, and only completely assembled complexes are 

allow ed to leave the ER. The TCR is a complex of seven different 

transmembrane subunits and complete complexes are rapidly displayed on the 

cell surface. In m utant T cells, or fibroblasts transfected with individual chains 

or partial complexes, most of the chains do not exit the ER, and undergo 

selective degradation. The transmembrane domain of the TCR a  chain contains 

a specific determinant for rapid degradation in the ER (Bonifacino et al., 1990). 

Additionally, there is evidence that misfolded proteins may be degraded by the 

ubiquitin-proteasome pathw ay (Hiller et al., 1996), or in lysosomes via an 

autophagic mechanism (see later).
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Post-translational Modifications in the ER

Enzymes in the ER add preform ed branched carbohydrate complexes 

[containing mannose (Man), glucose (Glc) and N-acetylglucosamine (GlcNAc)] 

to the chain at certain glycosylation sites (asparagine, serine and threonine 

residues) (Kornfeld and Kornfeld, 1985). The complex is known as high 

mannose form and its structure is (Glc)3(Man)g(GlcNAc)2- (see figure 13).

The formation of disulphide bonds occurs in the lumen of the rough ER. These 

bonds are im portant stabilizing forces and are confined to secretory proteins 

and external domains of membrane proteins. The tripeptide glutathione (GS) is 

the major thiol containing molecule in eukaryotic cells, and it prevents the 

formation of disulphide bonds in the cytosol whilst catalysing their formation 

in the ER by shuttling between the reduced form GSH and the oxidized form 

GS-SG. The ratio in the ER of reducedroxidized GS is 5:1, which is optimum for 

the formation of disulphide bonds (Hwang et al., 1992).

Certain ER resident proteins are retained in the ER by a C-terminal KDEL 

sequence, or are retrieved back there from the cis-Golgi.

Transport from the ER to the Golgi

Proteins in the secretory pathway move between organelles by means of small 

transport vesicles, some of which have a protein coat, clathrin or coatomer, on 

their cytosolic surface. Transport between the ER and Golgi and within 

different Golgi compartments is mediated by coatomer coated pits. Budding of 

vesicles is initiated when ADP-ribosylation factor (ARE) molecules bind to 

membrane-bound ARE receptors (Serafini et al., 1991) which recruits coatomer 

complexes around the vesicle.
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Fusion involves a vesicle associated membrane protein (VAMP)-like protein in 

the transport vesicle and a syntaxin-like protein in the acceptor compartment. 

Several cytosolic proteins are involved in different steps of vesicle fusion. One 

of these is N-ethylmaleimide-sensitive fusion (NSF) protein (Beckers et al., 

1989), another is the soluble NSF attachment protein (SNAP) (Sollner et al., 

1993). The ability to ensure that transport vesicles recognize only the correct 

acceptor vesicles is thought to be mediated by differences in specificities of the 

VAMP-like molecules on the transport vesicles and the syntaxin-like molecules 

on the acceptor vesicles. A GTP-binding group of proteins, the Rab family, is 

also implicated in the control of vesicular traffic (Pfeffer, 1994).

Golgi Modifications and Sorting

Enzymes localized in different parts of the Golgi act sequentially to process the 

high-mannose N-linked oligosaccharide to a variety of N-acetylneuramic acid 

(NANA) bearing forms. The movement of proteins through the Golgi can be 

monitored by following the processing of N-linked oligosaccharides.

The trans-Golgi network (TGN) is responsible for sorting proteins into at least 

three groups: proteins that are constitutively secreted or secreted in a regulated 

manner, those that are destined for the plasma membrane and those that are 

destined for lysosomes.

Protein Degradation in Lysosomes

Proteases have been identified in the cytoplasm, ER, endosomes, but the vast 

majority reside in lysosomes (Olson and Dice, 1989). Proteins destined for 

degradation can enter lysosomes by endocytosis, hsc73-mediated carrier 

transport, crinophagy, or autophagy.
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Pathway of Macroautophagy

An early autophagosome (AP) is formed from invagination of the ER around 

an organelle (1). This vacuole may fuse with a vesicle containing lysosomal 

membrane proteins and become a late AP (2); or it may fuse directly with a 

lysosome also becoming an AP (2a). The late AP then acquires lysosomal 

constituents by fusion with a late endosome or a lysosome (3). The vacuolar 

contents are degraded(4).

Adapted from D unn, Trends in Cell B iol,  1994
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C arrier-m ediated transport has been dem onstrated for soluble cytosolic 

proteins which contain the peptide recognition signal, KFERQ (Terlecky and 

Dice, 1993). This signal can be found on 25-30% of cytosolic proteins. The 

carrier, or chaperone, belongs to the family of heat shock cognate proteins 

known as hsc-73 (Chiang et al., 1989), and on binding to such a protein, the 

receptor initiates the transport into a lysosomal com partm ent resulting in 

complete degradation of the protein. Serum withdrawal causes an increase in 

hsc73 synthesis, which causes increased selective degradation of the KFERQ- 

containing proteins (Cuervo and Dice, 1995; Wing et al., 1991). It has been 

recently shown that the lysosomal membrane glycoprotein, known as LAMP- 

2, is a receptor for the selective uptake of proteins for subsequent degradation 

(Cuervo and Dice, 1996).

C rinophagy is a process whereby secretory proteins are delivered to 

lysosomes. This can occur by the fusion of secretory vesicles with lysosomes 

(Glaumann et al., 1989), or through an alternative pathway in which ribosome- 

free intracisternal granule-containing regions of the ER are converted to 

lysosome-like structures (Noda and Farquhar, 1992). The latter mechanism 

proceeds first by the acquisition of lysosomal membrane proteins, followed by 

acquisition of hydrolytic enzymes through fusion with lysosomes.

Autophagy can be divided into microautophagy - the sequestration of small 

portions of cytoplasm by an invagination of the lysosome membrane (Marzella 

and Glaumann, 1987), and macroautophagy - the sequestration of organelles 

and cytosol which are subsequently degraded within lysosomes. The formation 

of autophagic vacuoles proceeds in distinct stages, from early autophagosomes 

(AP) to late AP. Several origins for the sequestering membranes have been 

proposed including the ER, Golgi and plasm a m embranes (Marzella and 

G laum ann, 1987). Although not completely resolved, there is substantial
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evidence that AP are formed from ribosome-free regions of the rough ER 

(Dunn, 1990). Early AP are acidified by fusion with lysosomes, or with a Golgi 

vesicle containing lysosomal membrane proteins and subsequent fusion with a 

late endosome or lysosome (Lawrence and Brown, 1992). This is an ATP- 

dependent process (Dunn, 1993). Autophagy (and protein degradation) are 

regulated by a variety of environmental factors, the most influential of which is 

the availability of amino acids. AP formation is m odulated by a group of 

regulatory amino acids: histidine, glutamine, leucine, m ethionine, proline, 

phenylalanine, tryptophan and tyrosine (Mortimore et al., 1989). If these amino 

acids are withdrawn from culture, both the rate of protein degradation and the 

number of AP increases.

Inhibitors in Cellular Trafficking

Ammonium chloride and chloroquine are lysosomotropic agents that block 

acidification of intracellular compartments, resulting in a decrease of the 

proteolytic enzymatic activity required for degradation. Ammonium chloride, 

an aliphatic amine, is a weak base which diffuses across the plasma membrane 

in the unprotonated form and is know n as lysosom otropic because it 

accum ulates in acidic com partm ents. The accum ulation is due to the 

unprotonated amine being converted to the protonated form by the initially 

low pH, effectively acting as a proton sink and establishing a higher lysosomal 

pH  (Seglen 1983). Endocytosis is unaffected (Ziegler and Unanue, 1981). 

Chloroquine is an aromatic amine and its mode of action is similar to that of 

ammonium chloride, although the two do not have identical effects. It has been 

shown that ammonia inhibits phagosome-lysosome fusion in macrophages, 

whilst chloroquine actually enhances the effect (Gordon & D'Arcy Hart 1980). 

Using a fluorescence probe, FITC-dextran (FD), which is endocytosed and 

accumulates in lysosomes without degradation, the intralysosomal pH  can be 

measured (Ohkuma & Poole 1978). The fluorescence spectrum of FD changes
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with pH  within the range of 4-7. The effect of these reagents is reversed rapidly 

after removal.

Protease inhibitors commonly used include leupeptin, pepstatin A, and E64. 

Leupeptin, a m ixture of propionyl- and acetyl-leu-leu-arg, is a serine and 

cysteine protease inhibitor, inhibiting enzymes such as trypsin, plasmin, papain 

and cathepsins B and L. Pepstatin A, of microbial origin, is a specific inhibitor of 

aspartic acid proteases such as cathepsins D and E. Aprotinin is a serine 

protease inhibitor. E64 [N- (L- 3- trans- ethoxycarbonyloxirane -2 -carbonyl)- L- 

leucine- 4-amino butylam ide], is an inhibitor of cysteine proteases. The 

cleavage of li from MHC class II molecules requires both cysteine and aspartic 

acid proteases, therefore the use of some of these inhibitors will effect the 

biosynthetic pathway of MHC class II (Marie et al., 1994).

Brefeldin A (BFA) is a fungal metabolite that alters the normal trafficking of 

vesicles between the ER and Golgi complex, therefore blocking the exocytosis 

of secretory and membrane proteins. It has no apparent effect on endocytosis, 

endosome acidification, lysosomal function or TGN (Misumi et al., 1986). BFA 

has been shown to inhibit presentation by MHC class I molecules by blocking 

transport of newly synthesized MHC molecules from the ER to the Golgi 

(Nuchtern et al., 1989; Yewdell and Bennink, 1989).

The inhibitors listed here have all been tested for their effect on Ag processing 

and presentation and have served to either delineate pathways of processing 

or crucial enzymes involved in Ag degradation. MHC Class II presentation is 

inhibited by ammonium chloride, chloroquine and leupeptin, highlighting the 

dependence on degradation in acidic compartments and dependency on li. 

Class I Ag presentation, on the other hand, is insensitive to amm onium  

chloride and chloroquine, but sensitive to BFA, indicating that the MHC class

72



Introduction

I/pep tide  complex exits from the ER to the Golgi and acidic compartments are 

not involved.
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1.5. Aims

My project addresses the issue of presentation of intracellular antigen with 

MHC class II molecules. Classically, MHC class II presents protein from an 

exogenous source, however a significant amount of literature now shows that 

B cells and fibroblasts are able to process and present endogenous Ag with 

class II. No comparable studies investigating whether M<j) are able to present 

endogenous Ag with MHC class II exist, and this work aims to address that 

point.

Previous work in our lab established that two model proteins which are 

synthesized by M(|) could not be recognized by class II restricted T cells unless 

they were added to APC as an exogenous source of Ag. The first Ag was the 

fifth component of complement, C5, which is synthesized by hepatocytes 

(Colten 1992), and M(j) (Ooi and Colten, 1979) as a single 200kDa chain 

precursor molecule pro-C5. The molecule is modified, cleaved and secreted as a 

functional heterodim er of 115kD and 83kDa. A widespread natural genetic 

mutation which affects 40% of inbred mouse strains results in the absence of 

secreted C5 protein (Cinader et al., 1964; Nilsson et al., 1975). As a consequence, 

C5 deficient mice are not tolerant to C5 (Lin and Stockinger, 1989) and T cell 

hybrids specific for C5 were generated from these mice. A number of hybrids 

specific for different epitopes of C5 are available. To target C5 synthesis 

exclusively to M<|), bone marrow chimaeras were set up  using C5 deficient 

irradiated hosts which were reconstituted with bone m arrow  from C5+ 

donors. In these chimaeras, M(j) were shown to synthesize, but not secrete C5. 

In the absence of an exogenous source of C5, class II restricted T cells did not 

recognize any C5. The mice were neither tolerized nor rendered autoimmune 

(Stockinger, 1993). This indicates that under physiological conditions 

intracellular C5 within M(|) does not get access to the class II pathway. Similar
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experiments were set up using the protein a l-an titrypsin  (AAT), and the 

results were in agreement with those using C5 (Grant et al., 1996).

In these studies, it was unknown how much intracellular protein was naturally 

synthesized by M(|) so that the possibility existed that their failure to present 

was due to very low levels of biosynthesis.

To address the question of what conditions allow intracellular Ag to access the 

class II presentation pathw ay, and w hether m acrophages can present an 

endogenous Ag with class II at all, APC lines (B cells, macrophages and 

fibroblasts) were transfected with the cDNA coding for mouse C5. Presentation 

of C5 with MHC class II, was tested using C5-specific class Il-restricted T cell 

hybridomas. This system allowed investigation of the intracellular pathways 

involved by the use of different inhibitors in the presentation assay. A number 

of questions were considered. Firstly, to what extent the different APC are able 

to process and present endogenous C5 with class II, and secondly to find out in 

which compartments C5 is processed and how it gets to those compartments.

This chapter has reviewed DC, M(|), and B cells as APC, the cell biology of the 

MHC class I and II pathways and protein trafficking and degradation. Chapter 

2 describes the methods used throughout this study; chapter 3 describes the 

results of the experiments. This contains the strategy for the cDNA cloning, and 

the molecular and functional analysis of the transfectants generated. Chapter 4 

discusses the significance of these results in the context of the current body of 

knowledge.

75



METHODS

Though this he madness, yet there is method in*t

Hamlet IIii(211)

William Shakespeare
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2.1. Cloning full length cDNA of mC5

The cDNA of mouse C5 (mC5) in an Okayama-Berg (O-B) vector was a kind 

gift of Dr R. Wetsel (Wetsel et al., 1985). A missing 150 bp sequence at the 5' end 

was generated by four forward and four reverse overlapping oligos.

[Oligo IF TCGACGCCGCCAGGCATGGGTCTTTGGGGAATAC incorpo- rates 

an altered Kozak sequence which removes a natural N col site. A Sail overlap 

w as p laced  5' of the oligo for d irec t cloning; O ligo 2F Pi-T 

TTGTCTTTTAATTTTCCTGGACAAAACTTGGGGACAGG; Oligo 3F Pi- 

AACAAACCTACGTCATTTCAGCACCCAAAATCCTCCGG; Oligo 4F Pi- 

GTCGGCTCGTCTGAAAATGTGGTAATTCAAGTCCATGG; Oligo 5R AATT 

CCATGGACTTGAATTACCACATTTTC incorporates an EcoRl sticky end; 

Oligo 6R Pi’AGACGAGCCGACCCGGAGGATTTTGGGTGCTGAAATGAC G; 

Oligo 7R Pi-TAGGTTTGTTCCTGTCCCCAAGmTGTCCAGGAAA; Oligo 8R 

Pi-ATTAAAAGACAAAGTATTCCCCAAAGACCCATGCCTGGCG GCG.] All 

oligos were from NIMR sequencing and synthesis service. Mill Hill, NW7 1AA. 

Equimolar amounts of the purified oligos were mixed, heated to 95^0 for 2 

minutes and incubated at 65®C for 1 hr. After cooling to 40®C, ligase (2U) and 

buffer (Boehringer Mannheim) were added, and the mixture was incubated for 

an hour. After cooling to 37^0, another 2U of ligase was added and the ligation 

was continued for an hour at 37^0 and 3 hrs at 30<̂ C. The 150 bp product was 

ligated into the vector bluescript (KS, Stratagene) opened in the m ultiple 

cloning site at Sail and EcoRl and called KS-5’. The sequence was checked by 

dideoxy sequencing (Sanger et al., 1977) using universal and reverse 

sequencing primers (USB).

The remaining sequence of mC5 was now cloned into KS-5', which was opened 

at Ncol and Spel. The main part of mC5 was cut from the O-B vector with 

Ncol and D ral. As there was no suitable site 3' of O ral in mC5, a few base
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pairs were left in the vector. This was replaced with an oligo with D ral and 

Spel ends. These three fragments were ligated together to give the full length 

mC5 in bluescript - KS-5’mC5.

2.2. Cloning mC5 into a mammalian expression vector

The full length mC5 was cloned into a vector (pHPAPr-l-neo) (Gunning, 1987) 

with the p-actin prom oter (Leavitt et al., 1984; Ng et al., 1985).The prom oter 

gives constitutive expression in mammalian cells. KS-5’mC5 was digested with 

Sail and Bell. The 5 kb mC5 was directionally cloned into the Sail and BamHl 

sites of the P-actin vector (making use of Bell and BamHl compatible sticky 

ends). The resulting construct is known as pA-mC5.

2.3. DNA Sequencing

Sequencing was carried out with sequenase (USB/Amersham) using the 

method of Sanger and colleagues (1977). For each set of sequences (4 lanes) a 

single annealing reaction was set up. In a centrifuge tube, primer (0.5-1 pmol), 

single-stranded or denatured DNA (3-5|ig) and reaction buffer were added to a 

volume of lOpl. The tube was warmed to 65®C for 2 mins, allowed to cool 

slowly to room temperature over a period of 30 mins, and then placed on ice. 

To set up the labelling reaction, DTT, labelling mix, [^^S] dATP, and sequenase 

was added to this tube in a volume of 5.5|xl, and this was left at room 

tem perature for 2-5 mins. For the termination reaction, 3.5|il of the labelling 

reaction was transferred  to each of the four p rew arm ed  (3 7 ^ 0 )  

dideoxynucleotide mixes, and after continued incubation for 5 mins at 37^C, 

4pl of stop solution was added. Directly before loading onto a sequencing gel, 

the samples were heated to 75®C for 2 mins.
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2.4. Cell Lines and Culture Media

97.2 is a C5- bone marrow derived macrophage cell line of the haplotype H-2^, 

generated by R.Palacios in the Basel Institute for Immunology. Class II 

molecules are induced by a 48 hr incubation with IFNy (200U/ml) prior to any 

presentation assay.

LMTK is a fibroblast cell line transfected with MHC class II (I-E^) under 

Hypoxanthine Am inopterin Thymidine (HAT) selection generated in the 

laboratory of D.Mathis and C.Benoist, Strasbourg.

LK35 is a B cell lymphoma with haplotype H-2^d^ ATCC Cat. No. HB 98.

CTLL is an 11-2 dependent T cell line, ATCC Cat. No. TIB 214.

A18 is a class Il-restricted C5-specific T cell hybridoma (Lin and Stockinger 

1989). It was established from a C5-specific T cell line fused with the HAT- 

sensitive cell line B W a-p- according to the method of White et al (1989). A18 

recognizes the C5 epitope peptide 107-121, close to the N-terminus of the C5 p 

chain, in the context of I-E^.

IMDM (Gibco-BRL, Paisley, Scotland) was supplem ented w ith 5% heat 

inactivated foetal calf serum  (PCS), penicillin (lOOU/ml), streptom ycin 

(lOOpg/ml), mercaptoethanol (5 x IG'^M) and L-glutamine (2 x lO'^M) (all 

Sigma, Poole, UK). Cell washing was carried out in air buffered IMDM (Gibco- 

BRL) supplemented with NaCl (0.21%), penicillin (lOOU/ml) and streptomycin 

(lOOpg/ml). LMTK were grown in HAT (Sigma) supplemented medium.
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2.5. Transfections into cells

Macrophages, fibroblasts and B-cells were transfected with the construct pA- 

mC5 by protoplast fusion. The protoplasts were prepared and fused according 

to Maniatis et al. The PA vector carries the neo gene and endows resistance to 

the drug neomycin (G418 sulphate. Life Technologies, Paisley, Scotland). 

Selection with this drug was carried out 24 - 48 hours after fusion. Macrophages 

and fibroblasts were selected with Im g/m l, B cells with 2m g/m l.

Electroporation and calcium phosphate-m ediated transfer were also used as 

m ethods of transfection. The former was carried out using 5 x 10^ cells per 

cuvette plus 15-20 pg of DNA, and pulsed at 250mV, 250 or 500|iF. The latter 

was carried out according to Graham and Van der Eb (1973).

2.6. FACS Analysis

Cells were analysed for the presence of surface MHC class II using the 

Fluorescence Activated Cell Sorter (FACS). Between 2x10^ - 1x10^ cells were 

washed and resuspended in phosphate buffered saline (PBS) containing 0.2% 

PCS, in a 96-well plate. The cells were incubated on ice for a minimum of 30 

min with 10% mouse serum, to block Fc receptors binding the prim ary Ab. 

They were then washed and further incubated on ice for of 30 min, with the 

fluorescein-conjucated (FITC) Ab 14.4.4 (ATTC No HB32), which binds to the 

non-polymorphic I-F chain. After washing, the cells were resuspended in PBS- 

FCS and analysed on the FACS.

2.7. PCR screening of transfected cells

PCR was used to check the presence of C5 cDNA. DNA was prepared from 

transfected APC (2 x 10$) by incubation overnight at 50°C in ’tail' buffer 

(lOOmM tris-HCl pH8.5, 5mM FDTA, 0.2% SDS, 200mM NaCl) and proteinase 

K. PCR was performed directly on a 1 in 200 dilution of this lysate. The primers
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used w ere fo rw ard  (GGATCCACATTAAGACCCTGTT) and  reverse 

(GGGATCCTGTATGGGAATTCCTTT) prim ers which am plified a 0.6kb 

fragment in the centre of the C5 cDNA. PCR was performed in 30 cycles in 20pl 

1 X PCR buffer, containing lOOpmol of each primer, lUTaq polymerase (Perkin 

Elmer) and 50mM dNTPs (Pharmacia, Sweden).The reaction mixture was 

overlayed w ith 20pl of light paraffin oil (Sigma). Each cycle consisted of 

dénaturation (1 min at 94^C), annealing (1 min at SS^C) and extension (1.5 min 

at 720C).

2.8. RNA Isolation and Northern Blotting

RNA was isolated from 1 x 10^ cells, by homogenizing and sonicating in 5-10ml 

of 3M lithium chloride/6M urea solution. The homogenates were left at O^C (in 

ice, in a cold room at 4°C) overnight, and then spun for 30 minutes (15,000 x g). 

The RNA pellet was dissolved in Tris (lOmM, pH7.6), EOT A (ImM), SDS (0.5%), 

extracted with phenol: chloroform: isoamylalcohol (24:24:1), and ethanol 

precipitated. RNA was redissolved in Tris-EDTA.

RNA (30pg) isolated from transfected cells, non-transfected cells and a C5+ 

mouse liver were heat shocked (60^C, 10 minutes) and then run on an agarose 

gel (2%) with formaldehyde (37%) and MOPS (0.04M, pH7), for 5-7 hours at 

70V. The gel was soaked in NaOH (50mM), NaCl (O.IM) for 20 minutes; Tris 

(O.IM, pH7.6) for 20 minutes and 2 x SSC for 20 minutes. Transfer from gel to 

nylon N+ bond filter (Amersham) was set up by capillary action overnight.

The filter was briefly rinsed in 6 x SSC; UV cross-linked at 1200 mW atts/cm^ 

(254nm source) for 2 minutes and then baked at SO^C for 2 hours. Filters were 

prehybridized for a minimum of 2 hours at 42oC in 50% formamide, 5 x SSC, 5 

X Denhardts, 50mM sodium phosphate buffer pH6.8, 250pg/m l sonicated 

salmon sperm DNA and 0.2% SDS. Hybridizations were carried out overnight
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at 50®C in 50% formamide, 5 x SSC, 1 x Denhardts, 20mM sodium phosphate 

buffer pH6.8, lOOpg/ml sonicated salmon sperm DNA, 0.2% SDS, 10% dextran 

sulphate and lOOng labelled full length C5 cDNA as probe. Filters were washed 

first with 3 x SSC, 0.1% SDS; then 1 x SSC, 0.1% SDS; and finally 0.1 x SSC, 0.1% 

SDS. The filter was exposed overnight, at -70°C.

The probe was labelled using nick translation, a reaction catalysed by E.Coli 

DNA polymerase I. DNA was diluted in water to a concentration of 50ng/pl. 

Buffer (tris-HCl pH7.8, p2-ME, MgCl]), nucleotide mix (lOOmM each of dATP, 

dGTP and dTTP), 50ng DNA, [a^^PjdCTP label and enzyme (0.5 units DNA pol 

I and DNase lOpg) were added together, and incubated at 15^C for 1-2 hours. 

Unincorporated nucleotides were removed using sephadex G-50 columns 

(Amersham).

2.9. Immunoprécipitation, SDS-PAGE and Western Blotting

Samples of cell lysates were electrophoresed on sodium  dodecyl sulphate - 

polyacrylamide gels (Laemmli, 1970). Cell lysates were prepared by adding 1ml 

lysis buffer (Tris pH7.3 (50mM), NaCl (lOOmM) , EDTA (5mM), Triton X-100 

(1%), PMSF (O.lmM), iodoacetamide (ImM), pepstatin A (Im g/m l), leupeptin 

(Im g/m l), chymostatin (Im g/m l), all Sigma) to 20x10^ cells and incubating on 

ice for 20 minutes. After spinning (13,000 rpm, 15 minutes, 4°C), the lysate was 

removed from the cell debris.

Cell lysates were precleared with goat anti-mouseIgG magnetic beads (Dynal) 

at 4^C for 4 hours. The samples were immunoprecipitated with fresh magnetic 

beads and the mouse anti-C5 monoclonal Ab, Agi (Grant, 1993), at 40C 

overnight. Alternatively, the cell lysates were im m unoprecipitated with 

streptavidin magnetic beads (Dynal) and biotinylated-Agl. The samples were 

washed (PBS + triton X-100 (1%)), and then reduced in loading buffer (20% v /v)
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containing SDS (2%), and ^-mercaptoethanol (5% v /v ), and heated (5 minutes, 

9 5 ^ 0  before loading and running at 30mA.

Proteins were transferred onto nitrocellulose filters (Schleicher & Schuell, 

Dassel, Germany), in a blotting chamber (Hoefer, San Francisco, USA) run in 

blotting buffer (12.5mM Tris-base, 96mM glycine, 20% methanol) at 50V/gel. 

Blots were blocked in blocking buffer (2% dry milk powder Marvel, Premier 

Beverages, UK, 0.25% tween-20 Sigma, in PBS) for 4 hours. A gi Ab was 

appropriately diluted in buffer (2% dry milk powder, 0.05% tween-20 in PBS) 

and incubated with blots (overnight). Washing (0.25% tween-20 in PBS) for 3 

hours preceded an incubation with HRPO-conjugated goat anti-rabbit Ab 

(Southern Biotechnology Alabama, USA). After further washing (3 hours) the 

ECL system (Amersham International, Bucks, UK) was used as instructed, to 

develop the blot. All the steps were carried out at room tem perature, on a 

shaking platform at 100 rpm.

Treatm ent w ith Endo H (Boeringer M annheim) was carried out after 

immunoprécipitation. Samples were divided into two; fresh PMSF and sodium 

phophate buffer were added to both (final pH  5.5). 2U of enzyme were added 

to one sample whilst the other was mock treated. Both were incubated at 37^C 

overnight. Samples were adjusted for pH  and run on SDS-PAGE as described 

above.

2.10. Antigen Presentation Assays

Presentation of C5 was assessed by incubating the T cell hybrid A18 (5 x 10^) 

with different numbers of APC in 200|il in a 96-well plate (Costar, Cambridge, 

Ma., USA). After 24 hours, supernatant (100 pi) was transferred to a fresh plate, 

and the 11-2 content measured by incubation with Il-2-dependent CTLL. After a
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further 24 hours IfiCi [^H] thymidine was added to the wells, and 8 hours later 

the read out was obtained as mean cpm of incorporated [^H] thymidine.

Each transfected clone was tested in triplicate for the ability to present its 

endogenous C5. Untransfected cells acted as a negative control; and the 

addition of C5 protein and peptide to transfectants acted as positive controls 

for the ability to process and present Ag and the presence of surface MHC class 

II respectively. Each experiment was repeated at least three times.

T cell hybridomas specific for different epitopes of C5 were generated by 

immunizing mice with C5 as previously described (Lin and Stockinger 1989), 

restimulating draining lymph node cells in vitro with different fusion proteins 

of C5, and fusing the cells with B W a-p- (White et al., 1989).

2.11. Fusion Proteins

Thirteen fragments of the mouse C5 sequence, starting from the position 

corresponding to residue 19, were amplified with PCR prim ers to encode 

polypeptides of 150 amino acids in length and overlapping by 50 amino acids. 

The primers included appropriate restriction sites for cloning the amplification 

products into the vector pMAL-c (New England Biolabs) to obtain fusion 

proteins with the maltose binding protein (MBP) of E.Coli.

For purification, 500ml bacterial cultures were grown from a single colony at 

37oCto an OD^oo of 0.5. Protein expression was induced with 1.5ml of O.IM 

IPTG, and the cultures were incubated for a further 2-4 hours at 370C. Cultures 

were harvested by centrifugation, resuspended in lysis buffer (lOmM 

Na2HP04, 30mM NaCl, lOmM b2-ME, lOmM EDTA, lOmM EGDA, O.lmM 

PMSF), and lysed using a French Press and sonication. The lysate was cleared 

by centrifugation and fusion proteins were precipitated w ith ammonium
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sulphate (50% saturation). The pellet was redissolved in column buffer (200mM 

NaCl, ImM EDTA, ImM p2-ME, 20mM Tris pH7.4) and affinity purified over 

an amylose resin (New England Biolabs) using maltose (lOmM) for elution. 

Fusion proteins were dialysed against PBS and used with the MBP attached.

2.12. Coculturing experiments with dendritic cells

Dendritic cells were prepared from BALB/c mice (H-2d haplotype). Bone 

marrow cells (5 x 10^/ 9cm plate. Nunc, Denmark) were cultured with 5% v /v  

GM-CSF (supernatant of HAT sensitive Ag8653 myeloma cells transfected with 

GM-CSF cDNA) for 6-7 days. The bulk of the granulocytes was removed after 

3 days by carefully pipetting off non-adherent cells. Fresh medium with GM- 

CSF was added to the DC. After 6 days the DC were transferred to fresh plates 

leaving behind the adherent macrophages (Stockinger and Hausmann, 1994).

DC (1x10^) were incubated with different numbers of the H-2l^ transfectants in 

200pl. After 24 hours, the T cell hybridoma C8-15 (5 x 10*) was added. C8-15 

recognizes an epitope within fusion protein 4 (481-520 of C5) in association 

with I-Fd. (Fibroblast and M(j) transfectants are of haplotype H-2k and therefore 

unable to present to C8-15, however B cells also express H-2d and therefore 

supernatant from an overnight culture was used with the DC instead). After a 

further 24 hours lOOpl supernatant were transferred to a fresh plate and CTLL 

(5x1 Q3) were added. The assay proceeded as previously described. The read out 

was obtained as mean cpm of incorporated [^H] thymidine.
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I know why there are so many people who love chopping wood. 

In this activity one immediately sees the results

Albert Einstein
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3.1 Cloning And Transfecting The Full Length C5 cDNA

3.1.1 Cloning

We obtained a partial cDNA of mC5 in an Okayama-Berg vector (a gift from 

R.Wetsel). Since the 5' end was incomplete, m issing the first 150bp, this 

sequence was artificially reconstructed by ligating and cloning overlapping 

oligos. The annealed oligos gave the expected ISObp fragment, which was 

engineered to have Sail and EcoRl complementary ends at the 5' and 3’ end 

respectively. This fragment was ligated into Sail/E coR l cut pBluescript (KS), 

and the resulting plasmid is known as KS-5' (see figure la). Figure lb  shows the 

Sail/E coR l double digest of KS-5', which liberates the overlapping oligo 

fragment, leaving the empty vector. The parent vector KS has no Ncol site and 

is therefore undigested on exposure to this enzyme, however KS-5' contains an 

Ncol site and is linearized on digestion.

KS-5' was opened at the Ncol site (at the 3'end of the oligo fragment), and the 

Spel site (part of the KS polylinker). The major part of the cDNA from the 

Okayama-Berg vector was removed at the 5' end with N col, and 3' withDral. 

Some remaining bases at the 3' end of the mC5 gene could not be removed 

since there was no suitable restriction site. This was resolved by using another 

pair of overlapping oligos (Dral and Spel ends 5' and 3' respectively) to 

complete the cDNA. A triple ligation gave the complete mC5 cDNA in 

pBluescript, known as KS-mC5 (see figure 3a). Figure 3b shows digests of KS- 

mC5 which when cut with Sail or Spel give an expected linear fragment of 

7.9kb. A double digest cuts out the complete mC5 cDNA (5kb) from the vector 

(2.9kb).

To verify the correct sequence, both the 5' and 3' ends were sequenced (see 

figure 3). The complete cDNA of mC5 was cloned into a mammalian expression 

vector with expression driven by the P actin promoter (see figure 4).
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3.1.2 Transfections

Cell lines representing  different APC com petent for processing and 

presentation of Ag were stably transfected with the pA-mC5 construct: the bone 

marrow derived C5-deficient M(J> cell line 97.2; the B cell line LK35.2; and the 

MHC class Il-transfected fibroblast line LMTK.

Transfections were carried out by protoplast fusion, calcium phosphate-DNA 

coprecipitation or electroporation. Protoplast fusion was used predominantly 

because of its consistent success rate and the fact that no preparation of purified 

DNA was required.

Clones of transfectants started to appear 10-12 days after transfection. Colonies 

were subcloned by picking clonal cells out of the 6-well transfection plate into 

wells in 24-well plates. Five independent clones from two separate transfections 

of the B cell line LK35; three independent clones from one transfection of the 

fibroblast line LMTK; and nine independent clones from two separate 

transfections of the M(j) line 97.2, were established.
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3.2 Molecular Analysis Of Transfectants

3.2.1 Stable Integration Of C5 cDNA Into Genome

The presence of the C5 cDNA construct integrated into the genomic DNA of 

the APC was shown by PCR (see figure 5). The prim ers amplify a 630bp 

fragment near the centre of the 5kb cDNA. They will not amplify endogenous 

genomic mC5 as they cross a num ber of in tron/exon junctions, so only the 

cDNA will be amplified. Not all of the clones were positive for mC5 by PCR 

and these were discarded. Conversely the PCR positive clones needed to be 

tested for expression of protein, since the PCR product only shows that part of 

the sequence is present. PCR analysis, in this case, is a useful negative screen.

3.2.2 C5 Expression In Transfectants

The m ature C5 protein is a heterodimer consisting of an a  (llSkDa) and P 

(82kDa) chain. Initial attempts to visualize C5 protein directly from total lysate 

using various different antibodies were unsuccessful. Enrichment of C5 in 

lysate of 20x10^ cells by immunoprécipitation with mouse IgC Ab, A gi (see 

below), prior to Western blot analysis allowed detection of C5. The technique 

was performed using magnetic beads conjugated to anti-mouse IgC. Previous 

work had shown sepharose to be unsuitable for immunoprecipitaing C5 due to 

the ability of C5 to bind non-specifically to sepharose (Grant, 1993).

The im m unoprecipitates were run on 10% SDS-PAGE, under reducing 

conditions. For Western blotting, the mouse monoclonal aC5 antibody. Agi, 

was used. This Ab recognizes a determinant on the C5 p chain. The P chain 

band of 82kDa can be clearly seen in all the transfectants (see figure 6), and is 

absent in each of the corresponding un transfected APC. Two other bands 

appear on the gels, which are also present in the untransfected APC, suggesting 

that they are not related to C5, and could be proteins that bind directly to the
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magnetic beads. They appear to be fairly abundant as they are still present after 

vigorous washing.

Although not strictly quantitative, the W estern blots routinely show ed a 

consistent hierarchy in relative band intensities of the transfectants. The 

greatest band intensities, from other experiments, were from M<|) transfectant 

97.13 and B cell transfectant LK35.4.

3.2.3 Presence Of mRNA Transcripts In B cell Transfectants

Total RNA was isolated from 100 x 10^ cells of each B cell transfectant as well 

as untransfected B cells and liver from a C5+ mouse. Figure 7a shows the 

isolated RNA run on an agarose gel; the 28S and 18S ribosomal bands are 

clearly visible at the expected ratio of 2:1. 30pg of each RNA was run on a 

formaldehyde gel, and transferred onto a nylon membrane by capillary action. 

Figure 7b shows the ethidium  brom ide stained ribosomal bands on the 

membrane. The full length C5 cDNA was used to probe the membrane. Figure 

8a shows that each of the clones has a clear band at a size similar to C5 message 

from liver. The band is the same size as that cited in the literature, about 6kb. 

O ther C5-specific bands are also visible but could represent degraded C5 

mRNA. The C5 probe did not bind to RNA from untransfected B cells. It is 

unclear why there is a larger band of C5 mRNA. The size of the larger band is 

difficult to determine from the resolution of this gel, but given the spacing 

between the two bands, it is likely to be substantially greater in size than 6kb.

To compare the amount of C5 message in each transfectant, the C5-probed 

membrane was stripped and reprobed with a glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH) probe. GAPDH is an enzyme of the glycolytic 

pathway which catalyses a fundamental step for the production of energy in all 

living systems, and shows a high degree of interspecies homology. The size of
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the GAPDH message is 1.3kb (Dugaiczyk et al., 1983). It can be seen in Figure 

8b that the amounts of total RNA loaded were similar, and Table 1 shows the 

equalization of those amounts so that the relative amount of C5 message in the 

B cell transfectants can be calculated. Transfectants LK35.1 and LK35.4 have 

more C5 message than the other three clones. Table 1 shows the comparative 

amounts of C5 message in the five B cell transfectants. Additionally, the relative 

amounts of message (see figure 8) correlate with the relative amounts of protein 

expression (from other experiments)^ j However the western blot shown in figure 6,

doesj not correlate with the northern blot in figure 8.

3.2.4 Endoglycosidase H Resistance

C5 is a glycosylated protein with five consensus sites (Asn-X-Thr, or Asn-X-Ser) 

for N-linked oligosaccharides. N-linked sugars are added to asparagine 

residues as large preformed oligosaccharides containing 14 residues in the ER. 

While still in the ER a num ber of residues are removed. Final modifications 

take place in the Golgi and result in one of three different glycosylation 

patterns known as complex, high-m annose, or hybrid oligosaccharides. 

Trimming of oligo-saccharides from the high mannose form of the glycoprotein 

is carried out by the enzyme a-mannosidase I, and takes place in the medial- 

Golgi. Endoglycosidase H (Endo H) is an enzyme that selectively cleaves N- 

linked oligosaccharides that have not been processed in the Golgi by a- 

mannosidase I. Acquisition of Endo H resistance is therefore commonly used to 

monitor glycoprotein passage and exit from the Golgi.

C5 was immunoprecipitated from 40 x 10^ cells of B cell transfectant LK35.4, as 

previously described and eluted in Endo H buffer in a volume of 20pl. Half of 

this amount was digested with Endo H, while the other half was left untreated.

Both samples were run on SDS-PAGE together with control samples which 

consisted of immunoprecipitated serum from a C5+ mouse, either treated or
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untreated with Endo H. W estern blotting was carried out with the aC5 

monoclonal Ab A gi, as before.

Figure 9 shows that C5 from m ouse serum  is fully resistant to Endo H 

consistent with the fact that it has exited the Golgi and entered the secretory 

pathway. Conversely, C5 immunoprecipitated from LK35.4 remained Endo H 

sensitive, suggesting that it does not pass through the medial- or trans-Golgi 

but is retained in the ER or cis-Golgi.
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3.3. Fxmctional Analysis Of Transfectants

3.3.1 Surface Expression Of MHC Class II On APC

A prerequisite for antigen presentation to MHC class II restricted T cells, such 

as A18, is a sufficient level of MHC class II expression. To act as APC M(|) must 

be induced w ith IFNy, which upregulates the expression of MHC class II 

molecules. The M<J> cell line 97 is incubated with IFNy (200 U /m l) for 48 hours 

prior to the presentation assay. Figure 10 shows the induction of MHC class II 

molecules by FACS analysis. No increase in surface expression is seen in the 

first 24 hours, presum ably because the class II transactivator m ust first be 

expressed, which in turn acts as one of the transcription factors for generating 

MHC class II message. Figure 11 compares surface expression of MHC class II 

on the three types of APC. B cells express the highest levels, about five-fold 

more than the fibroblasts and about eight-fold more than the IFNy induced M<j) 

line.

3.3.2 Presentation Of C5 To MHC Class II Restricted C5-Specific T cells

Transfectants were tested for their ability to act as APC and present their 

biosynthesized C5 with MHC class II, for activation of the C5-specific T cell 

hybridoma A18. In the absence of an exogenous source of C5, all B cell and 

fibroblast clones were able to activate A18, albeit to varying degrees. The 

magnitude of the activation of A18 correlates with the amount of C5 message, 

as determined by Northern blotting, in the five B cell transfectants. LK35.4 has 

the highest am ount of RNA and gives the greatest response, followed by 

LK35.1, then LK35.3 and lastly, transfectants 2 and 5, which are very similar. 

None of the M<|) transfectants were able to do so (see left side of figure 12a/b /c , 

Endogenous Ag). Considering that at least M(j) transfectant 97.13 expresses 

higher levels than any of the other transfectants it seems unlikely that 

insufficient quantities of C5 were responsible for the failure of M<|) to present. 

As expected, none of the untransfected cell lines were able to activate A18
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without the addition of exogenous Ag. In the presence of exogenous C5 all 

transfectants were able to activate A18 indicating that they expressed MHC 

class 11 molecules and were competent to process and present antigen. The 

activation of A18 by the transfectants was comparable to activation by 

untransfected APC (see graphs on right side of figure 1 2 a /b /c  Exogenous Ag). 

High cell numbers of all APC lead to lower H-2 levels which is probably caused 

by overcrowding of the wells.

Figure 13 shows the ability of APC transfectants to process and present 

exogenous C5, which is titrated into the culture. Untransfected B cells and 

fibroblasts, require a minimum of 30 - 60ng/m l, and M0, more than lOOng/ml 

of exogenous C5 to achieve significant presentation. Thus, M(j) are least efficient 

in internalizing C5, although if C5 were coupled to latex beads the efficiency 

may increase. The B cell and fibroblast transfectants present their endogenous 

C5 below the internalization threshold of each APC so the basal levels of 

presentation are not zero.

3.3.3 Detection Of Secreted C5 From B cells And Fibroblasts

C5 is a serum  protein secreted by hepatocytes. The possibility exists that 

transfected C5 is secreted from the APC and presentation is due to re-uptake 

into the endocytic pathway. In this case presentation of transfected C5 would 

follow the classical MHC class 11 presentation pathway.

To investigate this possibility, co-culture experiments between dendritic cells 

(DC) and transfected APC clones were set up (see figure 14). These exploit the 

fact that DC can process and present very small amounts of protein to T-cells. 

Using DC and a C5-specific T cell hybrid of MHC-haplotype (H-2<^), coculture 

with H-2^ transfectants is possible. Any activation of the C5-specific T cell 

hybridoma C8-15 which can only recognize C5 in the context of H-2< ,̂ can only
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come from the H-2^ DC processing and presenting of C5, released into the 

medium by the transfectants. In the case of LK35 transfectants, supernatant was 

transferred to DC instead of coculturing, since these cells express both H-2<  ̂

and H-2^ and can therefore present directly to C8-15.

Figure 15 shows the results of this experiment. The limit of sensitivity of the DC 

was determined by titration of exogenous C5 in cultures of C8-15 and H-2*  ̂DC. 

Concentrations as low as 8ng/m l resulted in detectable activation of the T cell 

hybrid (see figure 15a). In order to ascertain that the DC can pick up C5 from a 

C5-secreting cell, the hepatocyte line Fao was added in serial titration into the 

co-culture (see figure 15b) resulting in the activation of C8-15. This shows that 

the H-2<  ̂DC indeed can process and present C5 secreted into the medium from 

another cell. The lack of C8-15 activation with any of the B cell or fibroblast 

transfectants indicates that no C5 is secreted into the medium, within the limits 

of detection of this assay. This result rules out that the possibility that 

presentation of endogenous C5 by B cell and fibroblast transfectants, is due to 

secretion and re-uptake of C5 into the endocytic pathw ay rather than 

processing from an intracellular location. Furthermore the demonstration that 

biosynthesized C5 remains Endo H sensitive as shown in Fig 10, is consistent 

with the absence of secretion.

3.3.4 C5 Is Processed In The Endocytic Pathway In  B Cells

It is not known where biosynthesized C5 and MHC class II meet intracellularly, 

or in which compartments C5 is processed. Various inhibitors (at non-cytotoxic 

concentrations) and lysosomotropic drugs, such as leupeptin, ammonium 

chloride and chloroquine, have been used to inhibit class II restricted 

presentation of exogenous Ag. These reagents prevent the production of 

antigenic peptides by inhibiting proteases found in endosomal and lysosomal 

compartments either directly or by affecting the pH. The same reagents can also
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be used to define the processing of endogenously synthesized Ag, as well as 

indicating the route that it may take to access MHC class II. To determine 

whether biosynthesized C5 is processed in the endocytic pathway, a number of 

inhibitors were used in the presentation assays. Since B cell transfectants have a 

higher growth rate than fibroblasts the following experiments were set up with 

a representative B cell transfectant, LK35.4.

Ammonium chloride is a lysosomotropic agent which raises the pH  of the 

endocytic pathway, resulting in inefficient or lack of proteolysis. LK35.4 was 

co-cultured in serial dilution with A18 T cells in the presence or absence of 

increasing doses of ammonium chloride (see figure 16a). The effect of 

ammonium chloride on presentation of exogenous and endogenous C5, as well 

as cognate peptide was investigated. Presentation of peptide is a functional 

read out of surface MHC class II since neither internalization nor processing is 

required. The ability of the transfectants to present the cognate peptide of A18 

is an important control since ammonium chloride may have a detrimental effect 

on the APC or A18. The results are sum m arized in Figure 16b where the 

presentation of C5 was directly compared with the concentration of ammonium 

chloride. The results show that ammonium chloride had similar effects on the 

presentation of exogenous and endogenous C5, reducing presentation with 

increasing dose. Peptide presentation, was unaltered in the presence of 

ammonium chloride.

Chloroquine, another agent shown to inhibit antigen processing in endocytic 

compartments, was used in a similar manner. However cells could only be 

pretreated for two hours as chloroquine is toxic if left longer in culture. Again, 

both exogenous presentation and endogenous presentation was inhibited after 

chloroquine treatment, whilst the presentation of peptide remained constant 

(see figures 17a/b).
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Leupeptin is a serine and thiol protease inhibitor for enzym es such as 

cathepsins B and L, which are important in degradation of Ag. Additionally, in 

the presence of leupeptin invariant chain products rem ain associated with 

MHC class II molecules (Blum and Cresswell, 1988; Nguyen et al., 1989). Like 

ammonium chloride, leupeptin was left in the presentation assay for the whole 

period. Figures 18a/b show that the presentation of endogenous C5 is reduced 

in the presence of this inhibitor, suggesting that proteases such as cathepsin B 

or L, resident in acidic compartments of the endocytic pathw ay, may be 

involved in its processing. At higher concentrations a reduction in the 

processing of exogenous C5 is seen, suggesting that processing requirements 

may be similar for C5 regardless of its source.

Pepstatin A is an aspartic acid protease inhibitor and figure 19 shows the effect 

of increasing concentrations of this inhibitor on processing and presentation of 

C5. Above concentrations of 3|iM, presentation of endogenous C5 dropped 

steadily until 12|xM where all presentation was lost. The presentation of 

exogenous C5 was constant until 12|iM when a steady drop was observed. At 

all concentrations of this reagent (up to 50|iM), the peptide control was clearly 

unaffected. Aprotinin, a serine protease inhibitor, had a slightly depressing 

effect on C5 processing regardless of its source (figure 20), however since the 

peptide control also fell, this result is unclear. E64, a cysteine protease inhibitor, 

had no effect on presentation of C5 (figure 21).

That leupeptin, but not E64, reduces presentation of C5 suggests that serine 

proteases may be involved in processing of C5, both from an endogenous and 

exogenous source. The results with pepstatin A show clearly that aspartic acid 

proteases are necessary for presentation of C5 w hether endogenous or 

exogenous. However it is difficult to separate the effect of C5 processing from li 

processing, since the latter requires both cysteine and aspartic acid proteases
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(Marie et al., 1994). It would be fair to say that processing of C5 does not 

require cleavage by cysteine proteases.

Taken together, these results show that in the B cell transfectant LK35.4, 

processing of endogenous (and exogenous) C5 takes place in the endocytic 

pathw ay, in com partm ents which are sensitive to endosom otrop ic/ 

lysosomotropic agents.

3.3.5 Endogenous C5 Enters The Endocytic Pathway Via Autophagy In B 

Cells

One possible mechanism for proteins to traffic from the ER to the late endocytic 

pathway is through the formation of autophagic vesicles (Dunn, 1990), which 

form directly from the ER membrane and ultimately fuse with lysosomes. This 

transport pathw ay which bypasses the Golgi complex leads to proteolytic 

degradation by lysosomal enzymes. Autophagy increases with cellular stress 

but the presence of amino acids reduces this action, so a number of . .

,. compounds (N^-methylated adenosine derivatives) were tested for their 

ability to act as autophagy inhibitors (Seglen and Gordon, 1982). Autophagy 

can be abrogated by a number of these inhibitors. In particular one of these 

compounds, 3-methyl adenine (3MA) inhibits lysosomal degradation, but has 

no effect on the degradation of exogenous protein or protein synthesis and in 

addition reduces formation of autophagic vesicles according to electron 

microscopy (Seglen and Gordon, 1982).

To investigate if autophagy is a possible trafficking pathway used by C5 to gain 

access to the endocytic pathway, LK35.4 was incubated w ith A18 in the 

presence of 3MA. Evidence that endogenous C5 enters the endocytic pathway 

via autophagy is seen with abrogation of presentation in the presence of 3MA 

at concentrations of O.IM (see figures 22a/b). 3MA had no effect on the
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presentation of exogenous peptide, nor on presentation of exogenous C5 at 

least until excessive concentrations of IM were reached.

3.3.6 Presentation Of Endogenous C5 By Macrophages

As shown in Figure 12 M<I), in contrast to B cells and fibroblasts, were unable to 

process the epitope required to activate A18. To exclude the possibility that C5 

transfected Mcj) were selectively unable to generate this particular epitope, their 

capacity to generate other epitopes was tested. To investigate this, three 

additional class II restricted T cell hybrids specific for different epitopes of the 

C5 molecule were used. The hybrids were generated by immunizing mice with 

C5, and then restimulating lymph node cells with fusion proteins of C5 with 

the E.Coli maltose binding protein (see figure 23). These fusion proteins contain 

overlapping 150 amino acid fragments of C5 over the entire length of the C5 

protein. Fusion protein 1 contains the epitope for the A18 hybrid, fusion 

proteins 3, 4 and 7 the epitopes for 3A3, 4H7 and 7A3 respectively. The ability 

of APC to generate these different epitopes from endogenous or exogenous C5 

is tested by their ability to activate the different T cell hybrids. Two of each of 

the B cell and fibroblast transfectants, and three M(j) clones were tested.

Figure 24 shows that both the B cell and fibroblast transfectants could generate 

all epitopes from their biosynthesized C5 and activate the appropriate T cell 

hybrid, whilst the M<|) transfectants could not generate any of the epitopes (left 

hand panels). In the presence of exogenous Ag (right hand panels), all the 

transfectants, as well as the untransfected APC are able to generate the relevant 

epitope. The different APC transfectants have different abilities in the 

generation of their endogenous epitopes: B cells and fibroblasts are similar in 

the generation of epitopes 3 and 7, but B cells are superior to fibroblasts in the 

generation of epitope 4. A similar situation can be seen with the generation of 

epitopes from exogenous C5. From this data it appears that B cells and

99



Results

fibroblasts can generate similar epitopes from exogenous and endogenous 

sources of C5, whilst M(}) are unable to present any epitope of C5 from an 

endogenous source.

A num ber of possibilities could explain why M(|) are unable to present 

endogenous C5 with MHC class II: the absence of suitable enzymes to generate 

epitopes in the compartments in which intracellular C5 may reside; or the 

absence of class II in those compartments. To act as APC, M<j) must be induced 

with IFNy in order to upregulate MHC class II expression levels that will allow 

presentation. In addition IFNy increases the levels of various enzymes and 

cofactors within the endocytic pathway. Given that endogeous C5 may have 

access to lysosomes via an autophagic mechanism (see Figure 25), the 

possibility arises that lysosomal compartments in M(j) expose C5 to harsher 

conditions than those in B cells and fibroblasts. It is possible, therefore, that this 

increase in proteolytic activity causes the destruction of epitopes entering the 

endocytic pathway from endogenous protein in M(|).

3.3.7 Effect Of Ammonium Chloride On Endogenous Presentation Of C5 

In Macrophages

If, as suggested, epitopes from biosynthesized C5 in M(|) are destroyed in their 

proteolytically active endocytic pathway, it is possible that a reduction in that 

activity may allow presentation to be detected. To that end, the lysosomotropic 

agent ammonium chloride was used.

Figure 26 shows the effect of different concentrations of ammonium chloride on 

presentation of exogenous and endogenous protein as well as peptide by the 

M(|) transfectant 97.13, which was used as a representative M()> clone. In the 

presence of am m onium  chloride, 97.13 gained the capacity to present 

endogenous C5 to A18. The effect was most pronounced at concentrations of
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ammonium chloride between 5 and 12mM. Beyond 12mM, presentation of 

endogenous C5 was decreasing, in line with that of exogenous C5. Presentation 

of the cognate peptide was not affected by ammonium chloride. These results 

show that M(|) are able to present endogenous C5 with MHC class II molecules 

under certain conditions, and that processing of C5 from both an exogenous 

and endogenous source is taking place in the endocytic pathw ay. The 

explanation could be that reducing proteolytic activity in acidic compartments 

allows the rescue of epitopes of C5, normally destroyed in that environment. It 

rules out explanations such as absence of suitable enzymes that could generate 

the epitope in compartments that intracellular C5 has access to, or the absence 

of MHC class II molecules in those compartments.

3.3.8 Detection Of Secreted C5 In Macrophages

As with the B cell and fibroblast transfectants, the question arises as to whether 

the reason for the ability of M<|) to present C5 in the presence of ammonium 

chloride, is due to secretion and reuptake of exogenous C5 or increased cell 

death. The same coculture assay used previously, with DC as APC, was set up 

to test for secreted C5. Figure 27 shows that there is no activation of C8-15 by 

the DC, therefore no detectable C5 secreted or shed from dying cells. The 

controls for the DC are as previously.

3.3.9 Endogenous C5 Enters The Endocytic Pathw ay Via A utophagy In 

Macrophages

Addition of the autophagy inhibitor 3-MA in the presence of SmM ammonium 

chloride established that - as with the B cells and fibroblasts - endogenous C5 

seems to access acidic compartments via an autophagy step. Figure 28 shows 

clearly that the endogenous presentation of C5 (in the presence of ammonium 

chloride) starts to fall at a concentration of about 0.6mM 3-MA, whereas the 

presentation of exogenous protein and peptide were unaffected at those levels.
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whatever opposition there might he was tested in action,

on the very spot.........if we had had more time for discussion

we should probably have made more mistakes

Leon Trotsky
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4.1. MHC class II Presentation of C5 in B cells and Fibroblasts

Antigen presented to class II restricted T cells is classically derived from 

exogenous sources which is internalized into the class II presentation pathway. 

In some cases, however, intracellular biosynthesized proteins can also be 

presented with MHC class II molecules. It has become apparent that the main 

distinction between the two classes of MHC molecules is their preferred site of 

ligand loading, rather than the initial intracellular location of the Ag. While the 

contact point for peptide and class II seems to be in the endocytic pathway, the 

question remains, from what intracellular location(s) can the Ag arrive there? 

As the results for B cells and fibroblasts were similar to each other, they will be 

discussed in separate sections.

This study shows that C5 expressed in fibroblast and B cell transfectants is 

recognized by C5-specific MHC class Il-restricted T cells, indicating that 

biosynthesized C5 accesses the class II presentation pathway. In contrast, 

transfected M(j) cannot present their biosynthesized C5 to the T cell hybrid, A18. 

In addition to untransfected cells as a negative control, APC transfected with 

the C5 cDNA construct carrying a point mutation near to the 5' end of the 

coding region and therefore not biosynthesizing any C5, were checked for the 

ability to activate A18; these transfectants cannot activate A18 unless 

exogenous C5 is present. All transfectants can process and present exogenously 

added C5 to MHC class II restricted T cells, and their capacities to do so are 

similar to their respective untransfected APC; although B cells are slightly more 

efficient APC than fibroblasts, and M(j) show somewhat lower efficiency.

It has previously been shown that C5 is an li-dependent Ag (Stockinger et al., 

1989). All the transfectants in this study express li, so the simple presence or 

absence of li cannot explain the failure of M(|) to present C5 from an 

intracellular source. It is also known that DM is required to remove CLIP from
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MHC class II molecules, although some MHC alleles are more DM -dependant 

than others. I-Al  ̂ appears to be relatively DM independent in its presentation 

(Brooks et al., 1994), but it is not known whether I-Ek requires DM for removal 

of CLIP. If I-Ek was DM dependent, it seems unlikely that it would have an 

effect on processing of endogenous but not exogenous C5 presentation, 

although formally the possibility exists that if exogenous and endogenous C5 

are processed in different compartments, any differential distribution of DM 

may have an effect. However, no studies investigating the distribution of DM 

in the APC used in this study have been performed.

Ag can be presented with class II from a num ber of intracellular locations. 

Similar transfection studies were carried out by Brooks and colleagues (1991), 

who investigated class Il-restricted presentation of hen egg lysozyme (HEL) 

constructs targeted to: ER (ER-HEL), plasma-membrane (mHEL) or soluble 

(sHEL). This was done in I-Ak transfected B lymphoma cells, and all forms 

were able to present an immunodominant epitope (46-61) to a class Il-restricted 

HEL-specific T cell (3A9). Calins-Laurens et al. (1992) also transfected a sHEL 

construct as well as a trans-membrane haemagglutinin (HA) construct into B 

cells and in both cases obtained endogenous presentation. B cells were 

transfected with an ovalbumin (OVA) construct by Michalek et al. (1992), and 

they were able to present the endogenous Ag with MHC class II; and so were 

those transfected with forms of an Ab light chain ^2^15 targeted to the ER, or 

membrane-bound (Weiss and Bogen, 1991). Another group of studies involved 

viral infections or vaccinia vectors in order to stably transfect the APC under 

investigation. Eager et al. (1989) showed that fibroblast, mastocytoma and B cell 

lines, stably transfected with HA, constitutively present HA with MHC class II 

(as well as class I). Jaraquem ada et al. (1990) and Much tern et al. (1990) 

demonstrated that influenza matrix protein can be presented with class II in B 

cells.
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4.1.1 Is Presentation really from an intracellular source?

A fundamental question is whether the presentation of biosynthesized Ag was 

really from an intracellular source. In this study, coculture experiments with 

DC show that there is no detectable secretion, at least none above 8ng/m l. If 

DC cannot pick up C5 protein and present it to the T cell hybridoma, it is 

unlikely that the transfectants will be able to do so, since DC are more sensitive 

than other APC in endocytosing protein. From the C5 titration curve of each 

APC, it can be seen that B cells and fibroblasts are unable to present less than 

30-60ng/ml of exogenous C5. It therefore appears certain that the presentation 

observed was from an intracellular source of C5.

None of the studies mentioned use DC as indicator APC to test for secretion. 

Brooks et al. (1991) demonstrated that secreted HEL was not responsible for 

presentation in class ll-transfected B lymphoma cells, by culturing transfectants 

in removable microporous chambers above wells containing the untransfected 

APC, so that HEL molecules were freely diffusable across the membrane. After 

suitable incubation time the test source of HEL w as rem oved and the 

untransfected APC were assayed for presentation of HEL. No presentation was 

observed with any of the test sources of HEL, however a control source of 

lOOpg/ml was readily presented, although exogenous HEL titration curves 

showed that the un transfected cells could present a concentration of lOOng/ml. 

Direct coculturing experiments (untransfected APC class II + as reporters and 

mHEL-transfected class II- cells) confirmed that there was no detectable 

stimulation, although the mHEL cells in the direct mixing experiments may not 

be expressing an d /o r secreting the same amount of HEL as the original class 11 

transfectants. Eager et al. (1989) used transfer of cell free supernatant to 

bystander APC, and found with A20 B cells that there was no transfer of HA 

and therefore the presentation was endogenous.
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Calin-Laurens et al. (1992), investigating presentation of endogenous HEL, 

used a similar approach as the one taken in this study to detect secretion; 

incubating untransfected MHC disparate reporter APC and T cells, in coculture 

with the transfectants. The reporter APC could not present the secreted HEL, so 

re-uptake of released HEL cannot account for the endogenous presentation. In 

addition, incubation of untransfected APC with lOpg/m l HEL for 10 days did 

not result in presentation of the Ag.

Although presentation is shown to be endogenous, it is still possible that the 

antigen in question is being secreted, but not detected. The same is true for C5 

which may be secreted at amounts less than 8ng/m l and would not be detected 

by the DC. However, as these studies show, even if secretion does occur, there 

is still not enough Ag to be internalized and presented with class II. Therefore it 

is not secretion per se that is im portant to rule out, bu t that the APC in the 

study cannot internalize the level of Ag that is secreted. This thesis shows that 

C5 is presented from an intracellular source.

4.1.2 Does quantity of Ag play a role in the m agnitude of the response

There is evidence that quantity of protein synthesized affects presentation in 

the class II pathway (Michalek et al., 1992). This is in agreement with the results 

of the B cell transfectants in this study. Total RNA, isolated from the B cell 

transfectants, was probed with a full length C5 probe. It is apparent from 

northern blots that clones 1 and 4 have higher expression levels of C5 message 

than clones 2,3 and 5. This correlates with their presentation of endogenous C5, 

where the greatest response is obtained from clones 1 and 4.

Previous transfection studies in which B cells or fibroblasts were used rarely 

quantified the amounts of protein synthesized as a result of transfection. 

However, Eager et al. (1989) analysed five HA-transfected B cell clones which
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gave differing levels of endogenous class II presentation. In particular one clone 

stood out as a high presenter (10-fold greater than the other clones) and 

northern blot analysis showed that the level of hybridoma activation correlated 

with maximal expression of HA message.

Rock and colleagues (Michalek et al., 1992) also found that quantity of Ag plays 

a role in determining the magnitude of the response. Of six OVA-transfected B 

lymphoblastoid cells, two displayed strong, two displayed weak and two 

displayed no endogenous class II restricted presentation. This correlated with 

the level of expression of OVA, the strong presenters producing the highest 

levels of Ag, the negative presenters producing the lowest levels of Ag. In 

addition, a similar correlation was seen with class I restricted responses to 

OVA, although the responses were correspondingly higher than the 

endogenous class II responses within each group. It would be interesting to see 

whether the same correlation exists in the C5-transfected B cell clones with 

class I responses, however no class I restricted C5-specific T cell hybridomas 

exist. This study from Rock and colleagues also suggests that biosynthesized 

protein presented by MHC class II requires higher intracellular levels of protein 

compared to that presented by class I, indicating that its access to the class II 

presentation pathway may be limiting.

Brooks et al (1991) created HEL constructs resulting in Ag secreted at high and 

low levels and in both cases presentation was shown to be from an endogenous 

source. The level of presentation of the high expresser sHEL(hi), was greater 

than that of the low expresser sHEL(lo), w ith both HEL-specific T cell 

hybridomas (3A9 and A2.2B2) tested. Neither the high or low expressing sHEL 

transfectants secreted enough Ag to be internalized and presented via the 

exogenous route.
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Under physiological conditions, untransfected M()) from a C5+ mouse make

only a small amount of C5 which raises the possibility that there is not enough

to be presented from an endogenous source with class II. The Western blots

show that the M(|) transfectants express a range of C5 levels. Although this is

not strictly quantitative, a similar pattern was seen each time this experiment

was repeated. The M(|) transfectants do not make significantly less C5 than the B

cell or fibroblast transfectants (it even appears that 97.13 is the largest C5

producer), so it seems unlikely that insufficient Ag is the reason for lack of

presentation by | However, Western blots show the amount of protein in 
the steady state, which reflects the balance between the rates of synthesis and 
degradation. Since there is no data about those rates for all the transfectants, it 
is not possible to interpret figure 6 in a quantitative manner.
4.1.3 Trafficking of C5
Since C5 is normally secreted by hepatocytes and is present in the blood of C5- 

sufficient mice at levels of about 50pg/m l, it seemed a reasonable possibility 

that it w ould be secreted from the transfected cells. We had therefore 

anticipated the need to m utate C5 in order to abolish secretion so that we 

would be able to analyse endogenous presentation. However, the tests for 

secretion clearly established that there was no detectable secretion of C5. One 

possibility for this failure to secrete C5, was a potential requirem ent for 

hepatocyte specific factors such as chaperones, which aid secretion, since no C5 

can be detected with any of the transfected cell types. However, transfection of 

a hepatoma cell line with the C5 construct still did not result in secretion of C5, 

so this possibility seems unlikely.

Biochemical analysis of biosynthesized C5 in the transfectants showed that C5 

remains Endo H sensitive, in contrast to C5 immunoprecipitated from serum of 

a C5+ mouse. This indicates that C5 in the transfectants is core glycosylated in 

the ER, and may remain there, or it could traffic' to the cis-Colgi. It is possible 

that a mutation in the C5 cDNA sequence prevents a step which is essential for
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its further transport along the secretory pathway, for example, the binding to a 

chaperone for secretion.

C5 is synthesized as the single chain precursor pro-C5 (Ooi and Colten, 1979), 

which m atures to C5 after the cleavage of four amino acids resulting in two 

chains, the a  and p. Mature protein is detected by Western blotting with the 

antibody Agi (Agi does not recognize the precursor). At first sight this appears 

contradictory with the Endo H data which suggest retention at an early stage of 

the secretory pathway, since m aturation of insulin, for example, occurs in 

secretory vesicles late in the secretory pathway. The location of pro-C5 to C5 

maturation is unknown and it is possible that it happens earlier rather than 

later in the secretory pathway.

Attempts were made to co-localize C5 with markers in different compartments, 

however no C5 signal was obtained with fluorescence microscopy. It would be 

interesting to try confocal m icroscopy, or gold labelling and electron 

microscopy.

4.1.4 Presentation of Endogenous/Transfected Ag requires access to ER

Class II associated presentation is alm ost exclusively observed with 

endogenously synthesized proteins, residing or passing through the ER. Those 

Ag which do not have access to the ER are not found to be presented with 

MHC class II. This is shown clearly by Weiss and Bogen (1991). They 

transfected B lymphocytes with different forms of an immunoglobulin light 

chain (X2^I5) targeted to specific cellular locations. The transmembrane- and 

ER-targeted forms were able to activate a specific class II restricted T cell clone, 

but the cytosolic- and nuclear-targeted forms were not. Bikoff (1992) shows 

similar results transfecting an imm unoglobulin heavy chain (V-CH3) into 

myeloma and lymphoma cells. The secreted form, which passes through the
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ER, was able to activate a specific class II restricted T cell hybridoma, however 

the cytosolic form was not. Studies working with hen egg lysozyme as a model 

antigen have shown that membrane bound or secreted HEL is presented with 

class II (Bodmer 1994, Brooks 1991, Moreno, 1991, Calin-Laurens 1992) but the 

cytosolic form is not (Calin-Laurens 1991). Michalek et al. (1992) and Weiss and 

Bogen (1991) both transfected B cell lines. The former group used OVA as a 

model Ag, and it is shown to be secreted which indicates that OVA had access 

to the ER.

Although most transfected or endogenous Ag demonstrate requirem ent for 

access to the ER this is not necessarily the case with virally infected Ag as well 

as transfected measles Ag. Jacobson and colleagues (1989) transfected 

fibroblasts (HLA-DR+) with the cytosolically localized measles NP and matrix 

proteins and class II presentation was observed.

It is possible that once the Ag has access to the ER, one factor in determining 

the magnitude of the response is expression levels of Ag. The data presented 

here would fit into that hypothesis, in that C5 has access to the ER - the leader 

sequence w ould translocate the nascent protein  directly there during 

translation. Indeed that glycosylation in the ER is occurring can be seen from 

the Endo H sensitivity - the size difference with Endo H digestion is due to the 

loss of certain carbohydrate groups. The C5 presentation data from B cells and 

fibroblasts are in agreement with the general finding that endogenous Ag with 

access to the ER can be presented with MHC class II. Additionally there is a 

consistent hierarchy in the magnitude of presentation according to the relative 

quantities of antigen synthesized, determined for the B cell transfectants.
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4.1.5 Endogenous C5 is processed in the endocytic pathw ay

C5 antigen that binds to class II MHC, whether exogenous or endogenous, is 

processed in the endocytic pathw ay. This was show n by sensitivity of 

presentation to drugs such as chloroquine, ammonium chloride or leupeptin. 

Inhibition of class II presentation by lysosom otropic agents and certain 

protease inhibitors may be expected since cleavage of li occurs in the endocytic 

pathway, and the drugs that inhibit Ag processing may also inhibit the removal 

of li. Therefore inhibitor studies must be interpreted with care.

That C5 presentation is sensitive to chloroquine and amm onium  chloride 

proves that loading of C5 peptide on class II occurs in acidic compartments. 

Leupeptin has been shown to inhibit presentation due to failure of li to be 

cleaved from class II a /p  chains (Blum and Cresswell 1988), as well as 

preventing transport to the cell surface. (Neefjes and Ploegh, 1992). However 

leupeptin does not abolish class II/li cleavage completely; although it inhibits 

presentation of some epitopes of OVA, it has no effect on the presentation of 

bovine insulin, proving that li can still be cleaved from MHC class II in the 

presence of the inhibitor at a concentration of approxim ately 500pM 

(200|ig/ml) (Michalek et al., 1992). Further evidence that leupeptin does not 

abolish class II presentation because of failure of li cleavage is shown by Vidard 

et al. (1991), who rescue presentation of some epitopes in the presence of the 

reagent presumably by inhibiting proteases which destroy that epitope.

Leupeptin was used in this study at up to 200pM, a concentration which has 

been shown to allow cleavage of li, so the effect of this drug can be attributed to 

processing. Leupeptin inhibits the presentation of C5 which suggests that 

processing of C5 involves cysteine and serine proteases. Presentation of 

exogenous and endogenous C5 is pepstatin A sensitive which suggests the
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involvement of aspartic acid proteases in the processing of C5, although li 

cleavage also requires the action of this type of protease (Marie et al., 1994).

Many of the studies referred to so far, did not test the effect of such agents on 

endogenous presentation and from the data with C5 we would predict that 

endogenous presentation of Ag with access to the ER would be chloroquine 

and ammonium chloride sensitive. This is the case with endogenous OVA 

transfectants (Michalek et al., 1992). However another study that investigated B 

cell class II presentation of self-MHC class I HLA-B/C molecules (which have 

access to the ER and are mem brane-bound), found surprisingly that the 

presentation was chloroquine resistant and BFA sensitive (Chen et al., 1990), 

implying that proteolysis in endocytic compartments was not required.

In some cases it is possible that the ER could be the processing compartment. 

Incorrectly folded proteins are retained there, and there is evidence for ER 

degradation (Klausner and Sitia, 1990). There is evidence in yeast for transport 

of a glycosylated tripeptide from the ER to the cytoplasm (Romisch and 

Schekman, 1992). Peptides could be transported to a compartment where they 

load class II. Alternatively there is evidence that proteins can be exported out of 

the ER and conjugated with ubiquitin for proteasome degradation. In fact the 

cystic fibrosis transmembrane conductance regulator (CFTR), much of which 

does not acquire Endo H resistance, undergoes degradation which requires 

ubiquitination and is inhibited by proteasome inhibitors (Ward et al., 1995; 

Jensen et al., 1995). A similar phenomenon is reported with an ER component 

of yeast, Sec61p subunits (Biederer et al., 1996) and CPY which in ubiquitin- 

conjugating enzyme deficient yeast is not degraded (Hiller et al., 1996).

If peptides are produced from these ER proteins by cytoplasmic degradation 

these peptides must then meet MHC class II in an appropriate compartment.
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The processing of Ag would not be chloroquine sensitive since processing is 

not taking place in acidic compartments. Since C5 processing is ammonium 

chloride and chloroquine sensitive it is unlikely that the ER or cytoplasm is 

involved in the generation of peptides in this study.

4.1.6 Mechanism of entry to Endocytic Pathway

A num ber of mechanisms could account for transport of C5 from the ER or 

Golgi. These mechanisms may transport only a fraction of C5 if a few molecules 

happen to be in a vacuole that is delivered to a lysosome, but this may be 

enough to elicit an immune response even though this route could not be 

detected biochemically. Autophagic mechanisms could account for C5 being 

transported from the ER to lysosomes, either by formation of autophagosomes 

where ER membranes surround an organelle so that ER contents are delivered 

to lysosomes (Dunn, 1990); or by crinophagic mechanisms, where secretory 

vesicles fuse with lysosomes (Glaumann et al., 1989). This has been shown by 

Chervonsky and Sant (1995) who transfected fibroblasts with li and found that 

its degradation is ammonim chloride sensitive, implying endosomal /  lysosomal 

involvement, but the majority of li that undergoes this degradation does not 

acquire Endo H resistance. This suggests that li reaches a lysosomal 

compartment by a route which bypasses the Golgi. In support of the hypothesis 

that an autophagic mechanism is responsible for this pathway, an autophagy 

inhibitor 3-methyl adenine (3MA) prevented degradation. 3MA, like certain 

amino acids, exerts its effect by suppressing the formation of autophagosomes. 

It has no effect on the degradation of exogenous protein, or on protein 

synthesis (Seglen and Gordon, 1982). It would be interesting to know whether 

lysosomally degraded li as described in the Sant study could be presented with 

MHC class n, although testing this would require some ingenious experiments, 

since to raise T cell hybridomas against li would require an li knock-out mouse, 

but these mice do not have CD4+ T cells.
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Kittlesen and colleagues (1993) investigated class II presentation of influenza 

haemagglutinin (HA) transport mutants in B cells. Two of these are particularly 

interesting and relevant to this work. HAC67S has a single mutation (serine for 

cysteine at position 67) in a site outside of the epitope (129-140), such that a 

critical intramolecular disulphide bond necessary for HA trimer formation is 

unable to form, although the molecule is relatively stable with a half-life of 4-6 

hours. This molecule does not reach the cell surface and is efficiently presented 

with class II in a chloroquine-sensitive manner. Furthermore HAC67S does not 

gain Endo H resistance, but Endo D treatm ent shows the formation of some 

complex oligosaccharides, suggesting retention in the cis-Golgi and the ER. The 

second mutant, HAARl, has residues 248-409 deleted, a half life of around 2 

hours and is presented inefficiently with MHC class II, but in a chloroquine 

resistant manner. This molecule also remains Endo H sensitive, but treatment 

with Endo D shows no complex oligosaccharides which indicates that it is 

retained in the ER. The difference in efficiency of presentation could be 

connected to the half-life, leading to degradation of HAARl in the ER without 

much being translocated to the processing compartm ent. Presentation of 

HAARl in contrast to HAC67S was chloroquine resistant, and pre-processed 

peptides from the ER could be translocated to a compartment to meet class II. 

Kittlesen and colleagues also believed that an autophagic mechanism could be 

responsible for the HA m utants to get from the ER or Golgi to the endocytic 

pathway, however 3MA had no effect on the class II presentation. It is possible 

that an unknown 3MA-insensitive pathway exists which w ould fully explain 

these data.

Both these examples of class II presentation of endogenous Ag have much in 

common with that of C5. It would be interesting to see whether C5 has access to 

the cis-Golgi by digesting with Endo D, and to determine its half-life.
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There is evidence that cytosolic antigens can reach class II molecules. One 

endogenous cytosolic antigen which is presented w ith MHC class II is the 

measles NP and matrix protein (Long and Jacobson 1988). These antigens do 

not require proteolysis in acidic com partm ents since the presentation is 

chloroquine insensitive. Jacobson et al. (1989) found that presentation of 

m easles m atrix and nucleocapsid proteins (although cytoplasm ically 

expressed) was also chloroquine resistant.

Another mechanism for entry into the endocytic pathw ay is one that is 

mediated by heat shock proteins (HSP). The heat shock cognate 73 (HSC73) 

molecule is implicated in chaperoning proteins containing a KFERQ signal to 

lysosomes (Chiang et al., 1989). Recent evidence shows that a lysosomal 

membrane protein, LAMP-2, is the receptor for HSC73 (Cuervo and Dice, 1996). 

There is no KFERQ signal in the C5 protein, however there is a KFEIR motif, 

although whether this is exposed and how stringent the binding requirements 

are, is not clear.

Additional evidence for the role of HSP in Ag processing comes from increased 

presentation with heat shock, although the following examples deal with 

presentation of exogenous Ag. Heat stress was investigated in a human B cell 

line, and an increase in the ability to process and present whole Ag correlated 

with increased synthesis of HSP70 even though overall protein synthesis was 

decreased (Rees et al., 1991). Cristau et al. (1994) also found that heat shock 

enhanced processing and presentation of cytochrome c (Cyt c) by a mouse B 

cell line; although surface class II was not increased, the formation of compact 

dimers was accelerated. Another member of the HSP family shown to be 

involved in antigen processing, was the peptide binding protein (PBP72/74), 

which has been localized to endosomes, as well as associating with the plasma 

membrane and ER (VanBuskirk 1991). PBP74 has been cloned and sequenced; it
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is highly hom ologous to m embers of the HSP70 family, appears to be 

constitutively present in all cell types tested and has been localized to 

cytoplasmic vesicles (Domanico et al., 1993).

It is possible that C5 is transported from the ER to the endocytic pathway by 

heat shock proteins or other chaperones, such as HSC73. This could be in 

addition, or as an alternative, to autophagy. If HSP play a role in endogenous 

presentation, increased presentation may be found after heat shock.
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4.2 Macrophages and endogenous presentation

The previous part of the discussion has discussed the evidence for presentation 

of endogenous protein in B cells and fibroblasts and potential mechanisms 

which could shuttle biosynthesized protein into the class II presentation 

pathway. The aim of this thesis was to define differences between APC types 

focussing on the inability of M(|) to present intracellular protein. Previously 

reported failures to present biosynthesized protein to MHC class II restricted T 

cells, were confirmed in this study using transfection of a cDNA C5 construct. 

Given the quantitative analysis, compared with B cells and fibroblasts, it is 

unlikely that insufficient quantités of C5 produced was the reason underlying 

the failure of M({) to present endogenous C5. This is further supported by the 

presentation observed in the presence of ammonium chloride. Possibilities to 

explain this failure to present are: differences in the distribution and trafficking 

of MHC class II or differences in processing com partm ents between M(j) 

compared to B cells and fibroblasts.

4.2.1 D istribution and Trafficking of MHC class II molecules in APC

The trans-Golgi network (TGN) is the major site of signal-dependent sorting 

and, in general, proteins enter the endocytic pathway either directly from the 

TGN, or via transient cell surface expression followed by rapid internalization 

and delivery to endocytic compartments. Evidence for the former possibility is 

found in B cell lines where it has been show n from im m unoelectron 

microscopy studies that class II molecules segregate from the default pathway 

which is followed by class I (Peters et al., 1991). Evidence for the latter 

possibility is also found in B cell lines and comes from detection of apli 

complexes on the cell surface detected through rapid  internalization of 

invariant chain Ab (Roche et al., 1993). It is possible that the sorting process in 

the TGN m ay not be complete, and endocytosis rescues the class I I /li  

complexes that escape. There are differences in the trafficking and distribution
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of class II in different cell lines. Early studies in B cells showed that class I l/Ii 

complexes are accessible to the transferrin-receptor pathw ay implying that 

class II molecules are present in early endosom es (Cresswell, 1985). 

Immunoelectron microsopy in a human B cell line, carried out by Brodsky and 

colleagues (Guagliardi et al., 1990), appeared to confirm these findings by 

showing the co-localization of class II and li in early endosomes. However, 

Peters et al. (1991) showed (also by immuno-electron microscopy) that in a B 

lym phoblastoid line, class II molecules were localized to a distinct late 

endosomal, lysosome-like compartment, which they nam ed MHC class II 

containing compartment (MIIC). Similar results were shown in the B cell line, 

A20 (Amigorena et al., 1994), and B lymphoma CH27 (Qiu et al., 1994).

In the case of M(j), H arding et al. (1990, 1992) found the majority of class II 

molecules in early endocytic structures, but a small percentage (2%) was 

present in homogenous dense lysosomes. Interestingly, the distribution of class 

II changed after treatment with IFNy, the lysosomal percentage increasing to 

17%. Additionally, as well as the typical dense lysosomes, tubulo-vesicular 

lysosomes were also seen. Another study found class II mainly present in early 

and late endosomes (Lang and Antoine, 1991). Further work by Harding and 

Geuze (1993) identified a compartment in M()), in which peptides bind to class II 

in a subset of high density lysosomes. EM studies showed early tubulovesicular 

lysosomes with high levels of class II although typical m ature lysosomes 

contained less class II. Lysosomal class II molecules were loaded soon after 

exposure of M(j> to Ag (detected with a T cell read out); furtherm ore this 

loading was blocked at 18°C, a tem perature which prevents internalized 

material trafficking into lysosomes (Harding and Unanue, 1990). Nascent class 

II molecules in M(j) may target to early lysosomes and bind peptides there.
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Murine L cells were transfected with class II by Salamero et al. (1990), and its 

distribution was also shown to be late endocytic in nature. However li was not 

supertransfected and there is evidence that in fibroblasts, this may alter the 

distribution of class II. Bakke and colleagues (1993) transfected rat-2 

(embryonic fibroblasts) and HeLa (human cervix carcinoma) cell lines with I-Ak 

alone, or supertransfected with li. li is responsible for endosomal targeting of 

class II molecules in HeLa cells, without which expression follows the default 

path to the cell surface. In rat-2 cells the presence of li leads to an altered 

endosomal distribution.

The evidence suggests that class II molecules can be found at some level 

throughout the endocytic pathway in B cells and M(j). Some of the microscopy 

studies previously referred to, did not investigate w hether class II was 

associated with li and the class II molecules could be newly synthesized or 

mature li-free internalized from the surface. The competence of class II to bind 

peptide is important, as well as the distribution itself. Several studies in B cells 

showed evidence that it was the class II in MIIC (Amigorena et al., 1994; Tulp et 

al, 1994) or early lysosomal compartments (Harding and Geuze, 1993) that was 

able to bind peptide.

In the case of an EBV-transformed B cell line, endocytosis of class II from the 

cell surface does not seem to be an efficient process (Neefjes et al., 1990; Davis 

and Cresswell, 1990). However M(j) and B cells in another study (Harding and 

Unanue, 1989) have been shown to internalize class II more efficiently; and a B 

lymphoblastoid cell line has been shown to recycle class II (and class I) rapidly 

whilst keeping the intracellular pool small. The addition of primaquine, which 

slows the rate of recycling, increases the size of the intracellular class II pool in 

a reversible manner (Reid and Watts, 1990).
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There are many similarities in the distribution of class II in B cells and M(|), 

although less is known about the trafficking differences. Whether class I l/Ii is 

transiently expressed on the cell surface before arriving in the endocytic 

pathway is not clear. In our system, therefore, it is difficult to predict whether 

differences in these param eters could account for the lack of endogenous 

presentation of C5 in M(|), but not B cells or fibroblasts.

4.2.2. Processing of C5 in Macrophages

Once Ag has entered the endocytic pathway, the precise location of processing 

seems to be Ag dependent. There is evidence that HEL, delivered to lysosomes 

in acid-resistant liposomes of M(j>, is presented more efficiently with class II 

than if it is delivered in acid-sensitive liposomes, to endosomes (Harding et al.,

1991). Additionally, HEL (Collins et al., 1991) and insulin (Jensen, 1991) need 

reduction of disulphide bonds before they can be presented, and penetration to 

lysosomes is critical for reduction. There is also evidence that some Ag require 

processing in early compartments. OVA may require processing by the aspartic 

acid protease, cathepsin E, which is found in early compartments (Bennet et al.,

1992). Some Ag require only minimal processing. Jensen (1993) demonstrated 

that reduction and dénaturation of insulin is sufficient for binding to class II 

molecules for presentation.

There is evidence that processing differences exist between different APC 

types. Vidard et al. (1991) compared the ability of splenic APC and a B cell 

hybridoma to process and present OVA to a panel of four T cell hybridomas. 

Splenic APC were able to process and present the Ag to all the T hybridomas, 

whilst the B cell hybridoma was very inefficient in activating two of them. The 

fact that the inefficient presentation was significantly increased, and the more 

efficient presentation, decreased, by the presence of leupeptin, supports the 

concept that individual APC may have quantitative and qualitative differences
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in their expression of processing enzymes resulting in differences in the 

repertoire of peptides that they generate. Further work (Vidard et al., 1992) 

comparing the ability of splenic B cells, peritoneal M<j) and splenic APC to 

present OVA to a panel of T cell hybridomas showed that different epitopes on 

the same protein can be processed differentially by these APC. B cells, whether 

purified by depletion of DC and M(j) or by positive selection, showed the same 

variation in generating various epitopes as the B cell hybridoma used in the 

previous experiments, which are not due to inherent differences in presentation 

ability. The peritoneal M(j) showed no difference in the presentation of OVA 

epitopes to the T cell hybridomas. In this study although no increase in 

presentation was observed in the presence of leupeptin , selective and 

differential inhibition of presentation was seen with some of the epitopes with 

both B cells and splenic APC. This supports the concept that different APC 

differ in their processing of Ag. As well as differences between APC type, 

differences in the processing abilities of individual APC clones have also been 

reported. Michalek et al. (1989) showed that the genetically identical BALB/c 

lym phoblastoid B cell lines, A20 and M12, display heterogeneity in Ag 

processing. A20 cells processed and presented native OVA to two T cell 

hybridomas that recognize overlapping epitopes, whilst M l2 can generate only 

one epitope. Both lines can present OVA peptides to both hybridomas.

Differences in presentation between APC types can be seen in the epitope 

analysis of C5. All the transfectants generate all the epitopes tested from 

exogenous C5: B cells are more efficient at generating epitopes 4 and 7, than 3; 

the fibroblasts are equally efficient at generating all of them; and the M(|) are 

least efficient in generating epitope 3. Differences within APC type can be seen 

with epitope generation from endogenous C5: B cell tranfectant LK35.4 may be 

better than LK35.1 at generating epitope 3, but they appear equal in their 

generation of epitopes 4 and 7; fibroblast LMTK.4 appears more efficient than
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LMTK.l at generating epitope 3 but as with the B cells, they appear equal in 

their generation of epitopes 4 and 7. M(}) are unable to generate any epitopes 

from endogenous C5, and processing differences do not explain this. One 

criticism of this approach is that it assumes that the activation of all of the T cell 

hybridomas is equal, and this may not be the case. A peptide control for the 

epitope analysis would answer that question. Since M(|) can process and present 

exogenous C5 it is fair to say that they are not deficient in processing enzymes 

per se.

Although the requirements for C5 processing are not known, exogenous and 

endogenous m ay be largely processed in different com partm ents. If 

endogenous C5 is destroyed due to harsh conditions in lysosomes, then 

exogenous C5 m ust be processed in a compartment where the conditions are 

less harsh, such as an endosomal one. If endogenous epitopes are destroyed in 

lysosomes, it seems unlikely that the reduction of disulphide bonds in C5 is 

critical, since presentation is observed with exogenous C5. It seems unlikely 

that M<}) lysosomes would destroy all epitopes from all Ag, especially since 

exogenous material for presentation may need vigorous processing. This could 

be tested by transfecting M(|) with an Ag that requires processing in lysosomes, 

such as HEL. If there were endogenous presentation of HEL, lack of C5 

presentation could be explained by the requirement of C5 for gentle processing. 

This would be consistent with the argum ent that there may be a qualitative 

difference in the processing abilities of lysosomes between different APC, 

assuming that the C5 trafficking pathways are the same in B cells and M(|) and 

lysosomes are the final destination. However, if there were no endogenous 

HEL presentation, this would suggest a difference in trafficking of Ag or class II 

in M(|) compared to other APC.
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4.2.3. C onditions under which m acrophages do p resen t endogenous Ag 

w ith MHC class II molecules

The addition of a lysosomotropic agent, 8-12mM ammonium chloride, to M<|), 

results in presentation of C5 with MHC class II molecules. This rules out a 

number of previously raised possibilities such as lack of processing enzymes in 

appropriate compartments, high enough levels of class II or too low an amount 

ofC5.

The effect of ammonium chloride raises the possibility - given its reported 

effect on protein catabolism - that M(}) normally degrade C5 epitopes before 

they have the opportunity  to bind with MHC class II. The addition of 

ammonium chloride may be sufficient to reduce catabolism and thus reveal 

presentation of endogenous C5. One of the reasons for the harsh proteolytic 

conditions may be the influence of IFNy, without which M(|) cannot act as APC 

due to insufficient levels of class II. The effects of this cytokine are numerous, 

including production of reactive oxygen and nitrogen intermediates (Ding et 

al., 1988) and increasing the amount of hydrolases including cathepsins B,L and 

D (Lah et al., 1995; Matsunaga et al., 1993; Rossman et al, 1990), all of which 

have been implicated in Ag processing. Whilst IFNy is essential for M(|) function 

- both in vitro and under physiological conditions in vivo - it does not have 

similar effects on proteolysis in B cells or fibroblasts. Exposure of these 

transfectants to IFNy did not abrogate nor enhance presentation of endogenous 

C5 (data not shown).

Ammonium chloride, as well as raising the pH in acidic compartments, has 

been shown to affect vesicular trafficking (Gordon et al., 1980) by preventing 

fusion of phagosomes with lysosomes. This strategy is used by some bacteria to 

evade destruction within M(|) lysosomes. The effect of ammonium chloride on 

vesicular fusion m ust be considered in the context of C5 presentation, but it
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seems unlikely that inhibition of vesicular fusion could explain the ability of 

M(j) to present endogenous C5. There is also evidence that ammonium chloride 

induces phagosome-endosome fusion (D’Arcy H art and Young, 1991), but 

again, it seems unlikely that this could result in presentation of endogenous C5 

with class II. We favour the explanation that partial inhibition of proteolysis is 

the cause of endogenous presentation.

The fact that M<)) present exogenous C5 well, bu t not endogenous C5 

furtherm ore suggests that C5 internalized from an exogenous source may 

undergo processing in different compartments compared with endogenous C5. 

Exogenous C5 may proceed through the endocytic pathway gradually so that 

newly generated epitopes can bind class II before the highly degradative 

lysosomal compartment is reached. Endogenous C5, however may enter the 

endocytic pathway directly into lysosomes. There is evidence that binding of 

peptide to class II will protect them from further degradation (Donermeyer and 

Allen, 1989; Mouritsen et al., 1992). The effect of proteolysis could be further 

exaggerated if lysosomes have less class II than earlier compartments and 

therefore C5 peptides would have even less chance to be rescued.

We are currently transfecting 97.13 with class II a  and p chains, so that 

induction with IFNy will not be necessary. This will allow us to test whether the 

effect of IFNy is responsible for destruction of epitopes from endogenous C5. 

However the expression of surface class II is just one of many molecules that is 

required for Ag processing and presentation, and there is evidence that without 

induction with IFNy, M(j) are unable to process and present Ag. Hockett and 

colleagues (1996) investigated the Ag processing functions other than MHC 

class II expression that are regulated by IFNy. A m urine M<|) cell line was 

transfected with I-Â  ̂ and the resulting cells were able to present peptide HEL 

with class II, but were not able to process and present intact exogenous HEL,
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however treatm ent with IFNy restored the ability to process and present 

exogenous HEL. To determine if the problem was one of processing, HEL 

peptides were delivered directly to lysosomes in acid-resistant liposomes but 

these were also only able to be presented after stimulation with IFNy, although 

this was less pronounced if HEL peptides were delivered to endosomes. It is 

suggested by the authors that IFNy regulates the ability of peptides in certain 

lysosomal compartments to meet with MHC class II and form complexes or to 

transport complexes to the plasma membrane. However two other Ag, RNaseA 

and haemoglobin (Hb) were processed and presented by the class II transfected 

M(j), so the absolute requirement for IFNy may be Ag dependent.

IFNy co-regulates the expression of li or DM, the requirement of which is Ag 

dependent. IFNy also turns on expression of the class II transactivator (CIITA) 

which in turn upregulates expression of MHC class II and other relevant 

molecules involved in Ag processing (Chang and Flavell, 1995). If 97.13 were 

unable to present exogenous or endogenous C5 with class II transfected alone, 

it would be interesting to see the effect of CIITA transfection.

The inability of M(|> to present endogenous C5, AAT and perhaps others, is 

obviously relevant physiologically, since M(t> only act as APC when they have 

been activated by IFNy. Why would this be important? It could be related to the 

main function of M(j), which involves ingesting and degrading extracellular 

foreign particles for presentation to class II restricted T cells. Class II molecules 

occupied with endogenous Ag may hinder this scavenging role as there is 

evidence that peptides derived from exogenous proteins have to compete with 

endogenous peptides (Adorini et al, 1991).

That M()) do not present endogenous C5 or AAT (Grant et al., 1996; Stockinger 

et al., 1993; this study) with MHC class II would lead to the prediction that their
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elution profile of peptides from class II would be different to the profile of B 

cells and fibroblasts. Analysis of peptides eluted from class II in B cell lines 

have shown that the majority were derived from endogenous protein sources 

(Rudensky et al., 1991).

The main conclusion of this study is that B cells and fibroblasts are able to 

present endogenous C5, whilst M(j) are not. The evidence suggests that 

proteolytically active lysosomes in M<J) are destroying the C5 epitopes before 

they can bind to MHC class II, and that in the presence of the lysosomotropic 

agent ammonium chloride, presentation can be rescued. Additionally the 

m echanism for the transport of C5 to the endocytic pathw ay could be an 

autophagic one, which is supported by the abrogation of presentation in the 

presence of the autophagy inhibitor 3MA.
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Figures

Figure 1 Cloning of KS-5*

The annealed oligos gave an expected 150bp fragment w ith Sail and EcoRI 

sticky ends at the 5' and 3' ends respectively. This fragment was ligated into 

Sail/EcoRI cut KS and the resulting plasmid was known as KS-5' (see lb), 

which is about 150bp larger than KS. When digested simultaneously with Sail 

and EcoRI the 150bp fragment is removed and the remaining fragment and KS 

are the same size, 2.9kb (see la). KS has no Ncol site and appears undigested as 

expected, however KS-5' is cut due to the Ncol site in oligo 4.

lane 1 Ikb marker

lane! KS Sail digest

lane 3 KS-5' Sail diges 

lane 4 KS EcoRI digest 

lane 5 KS-5' EcoRI digest 

lane 6 KS Sail/EcoRI digest 

lane 7 KS-5' Sail/EcoRI digest 

lane 8 KS Ncol digest 

lane 9 KS-5' Ncol digest
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Figures

Figure 2 Sequencing of KS-5' and KS-mC5 (3* end)

2a: KS-5' was sequenced from both ends to check incorporated oligos.

F o rw ard  (-40) (CAG CACTGACCCTTTTG) a n d  R ev erse  (-21) 

(AACAGCTATGACCATG) primers were used. The sequence matches with the 

oligos listed in the methods.

2b: KS-mC5 was sequenced from an internal mC5 prim er near the 3' end

(GTTTCAAGTATATATACCC) to check the oligo incorporated at the 3' end. 

The sequence reads (Dral) ITTAAACAGCTGTGAATGATCACTAGT (Spel)
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Figures

Figure 3 Cloning of KS-mC5

KS-5' was opened at the Ncol and Spel sites. The rem aining length of the 

cDNA from the Okayama-Berg (O-B) vector was cut out with Ncol and Dral, 

The remaining base pairs which could not be cut out of the O-B vector due to 

lack of a suitable restriction site were reinserted by an oligo with Dral and Spel 

ends, which completed the vector KS-mC5 (see 3b). (For sequence of 3' oligo, 

see Fig 2b).

Fig 3a shows digests of KS-mC5 which when digested withSall or Spel gives 

an expected linear fragment of 7.9kb. Digestion with both enzymes cuts out the 

mC5 cDNA from pBluescript to give fragments of 5kb and 2.9kb respectively. 

Insertion of an oligo containing a Sail site, just downstream of the 3' end, gives 

the KS-mC5salink construct. A single Sail digest completely cuts out the mC5 

cDNA.

lane 1 KS Spel digest

lane! KS-mC5 Sail digest

lane 3 KS-mC5 Spel digest

lane 4 KS-mC5 Sail 1 Spel digest

lane 5 KS-mC5salink Sail

lane 6 Ikb marker
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Figures

Figure 4 Cloning of p A-mC5

The full length mC5 cDNA was cloned into the p-actin mammalian expression 

vector. The vector is lOkb in size and carries a neo gene which endows 

resistance to the drug G418. The mC5 cDNA was cut from KS-mC5 with Sail 

and Bell (3’ of the Dral site), and ligated into the vector at the Sail and BamHl 

sites of the multiple cloning site (BamHl and Bell have compatible sticky ends) 

(see 4b). The construct pA-mC5 is 15kb in size and when cut with Xhol gives 

the expected fragment sizes of 2.Ikb and 12.9kb (see 4a).

lane 1 Ikb marker

lane 2 PA Sail digest

lane 3 PA-mC5 Sail digest

lane 4 PA Xhol digest

lane 5 pA-mC5 Xhol digest

lane 6 Ikb marker
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Figures

Figure 5 FCR analysis of Transfectants

PCR was perform ed with mC5 internal primers (BF: GGATTCACATTAAG 

ACCCTGTT; and BR: GGGATCCTGTATGGGAATTCCTTT); denaturing temp 

9 4 0c ,  annealing temp 55% , extension temp 72°C; 25 cycles.

5a

lanes 1 & 8 Ikb marker

lanes 2-6 (from left—>right) LK35 clones 1-5

lane 7 untransfected LK35

5b:

lanes 1 & 8 Ikb marker

lanes 2-6; LMTK clones 1 ,2 ,4 ,6  and 7

lane 7 untransfected LMTK

5c:

lanes 1 & 7 Ikb marker

lanes 2-5 97 clones: 3,12,13,16

lane 6 untransfected 97

136



■  I l  I I

11 I

■ I I  I  I

CÛ o



Figures

Figure 6 Western blot analysis of Transfectants

W estern blot analysis of C5 transfectants. Total lysate of 2 x 10^ cells were 

im m unoprecipitated with anti-C5 monoclonal antibody A gi. Samples were 

reduced, boiled and analysed on 10% SDS-PAGE. Affinity purified C5 served as 

a positive control.
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Figures

Figure 7 Isolation of total RNA from Transfectants

(a) Total RNA was isolated from 10 x 10^ cells of untransfected as well as the 

same cell number of each of the LK35 transfectants, and from a liver from a C5 

sufficient mouse; and l^ig was run on a 1.5% agarose gel.

lanes 1-5, transfectants 1-5 respectively 

lane 6, untransfected 

lane 7, liver RNA

(b) Transfer of RNA to nitrocellulose

30|ig of total RNA from, each of the LK35 transfectants (lanes 1-5), 

untransfected (lane 6) and C5+ liver (lane 7), were run on a formaldehyde gel 

(see methods) and blotted onto a nitrocellulose membrane. The presence of 

RNA is visualized by staining with ethidium bromide.
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Figures

Figure 7 Isolation of total RNA from Transfectants

(a) Total RNA was isolated from 10 x 10^ cells of untransfected as well as the 

same cell num ber of each of the LK35 transfectants, and from a liver from a C5 

sufficient mouse; and l|xg was run on a 1.5% agarose gel.

lanes 1-5, transfectants 1-5 respectively 

lane 6, untransfected 

lane 7, liver RNA

(b) Transfer of RNA to nitrocellulose

30|ig of total RNA from, each of the LK35 transfectants (lanes 1-5), 

untransfected (lane 6) and C5+ liver (lane 7), were run on a formaldehyde gel 

(see methods) and blotted onto a nitrocellulose membrane. The presence of 

RNA is visualized by staining with ethidium bromide.
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Figures

Figure 8 Northern blot analysis of transfectants

(a) The nitrocellulose membrane was probed with full length C5 cDNA. 

lanes 1-5, transfectants 1-5 respectively

lane 6, untransfected 

lane 7, liver RNA

(b) M embrane was stripped and probed with GAPDH probe as a loading 

control.
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Figures

Table 1 Relative amount of message in LK35 transfectants

Correction of C5 phosphor imager units with those from loading control, gives 

relative amount of mRNA.
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Phosphor Imager units

Transfectant loading control C5 probe am ount of mes.

LK35.1 70569 108561 1.54

LK34.2 93475 4751 0.05

LK35.3 90226 20135 0.22

LK35.4 95026 167189 1.76

LK35.5 80504 25909 0.32

LK35 untransf. 131421 / /

liver 50569 47625 0.94

145



Figures

Figure 9 Endoglycosidase H digests of C5

(a) C5, immunoprecipitated from LK35.4, was treated and left untreated with 

Endo H. Samples were reduced, boiled and analysed on 10% SDS-PAGE.

(b) C5, immunoprecipitated from mouse serum, was treated and left untreated 

with Endo H. Samples were reduced, boiled and analysed on 10% SDS-PAGE.
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Figures

Figure 10 Induction of MHC class II expression on 97

The kinetics of induction of surface expression of MHC class U molecules on the 

macrophage cell line 97 with IFNy, was analysed by flow cytometry. Wells of 97 

in a 24-well plate were set up at the same time point, and IFNy (200U/ml) 

added at different time points over 48 hours. At that time, the cells were stained 

with 14.4.4-FITC. The unstained control is filled in blue.

Isotype matched control (IgG72a) was negative (data not shown on graph)
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Figures

Figure 11 Expression of MHC class II on APC

Surface expression of MHC class II molecules on: a) LK35; b) LMTK; and c) 97 

after 48 hours induction with IFNy(200U/ml); was analysed by flow cytometry.

Cells were stained with Ab 14.4.4 which binds to the P chain of I-E^ (unfilled 

curve). The unstained controls are filled in green.
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Figures

Figure 12 Presentation of C5 by Transfectants

Transfectants of B cells (a), fibroblasts (b) and macrophages (c) were serially 

titrated by cell number, and incubated with the C5-specific class II restricted T 

cell hybridoma A18 (5 x 10"^/well), for 24 hours.

Supematents were transferred to fresh 96-well plates and incubated with CTLL 

(5x10^/w ell), an 11-2 dependent cell line. 24 hours later ^H-thymidine was 

added and the level of incorporation by the CTLL was measured in a p-counter. 

The figure shows mean cpm of triplicate cultures. Each experiment included a 

standard titration curve of 11-2.

Graphs on the left-hand side show activation of A18 by endogenous C5, those 

on the right-hand side by an exogenous source of C5 (5|ig/ml).
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Figures

Figure 13 Dose response curves of presentation of exogenous C5

Dose response curves of transfectants of B cells (a), fibroblasts (b) and 

macrophages (c), at constant cell number (1x10^, following addition of titrated 

am ounts of C5 (from 5p g /m l dow n to 0.32ng/m l). Transfectants were 

incubated w ith the C5-specific class II restricted T cell hybridom a A18 (5 x 

10^/well), for 24 hours. Activation was measured by 11-2 release as described in 

the legend to Fig 12.
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Figures

Figure 14 Detection of secreted C5

(a) Is endogenous C5 secreted and taken up by endocytosis into the APC, hence 

activating A18 from an external source of C5?

(b) Secreted C5 can be detected using dendritic cells (DC) as APC. Transfectants 

(k haplotype) are co-cultured with DC of the d haplotype, which are able to 

stimulate the d restricted T cell hybridoma C8-15. The transfectants are unable 

to activate the T cells.

LMTK has a haplotype of H-2^ and is not recognized by C8-15. The dendritic 

cells are H-2^, a haplotype which is recognized by C8-15. The APC being tested 

for secretion therefore cannot activate the T cell hybridoma. LK35 have a 

haplotype of H-2k,d and would be able to activate C8-15, so they cannot be 

directly cocultured with the dendritic cells, but supernatent is used instead.
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Figures

Figure 15 Co-culturing B cell supernatant and fibroblast transfectants 

with DC and T cells

MHC disparate H-2^ dendritic cells (2 x 10^/well) were incubated with the H- 

2^  restricted C5-specific T cell hybrid C8-15 (5 x 10^/well) and serial dilutions 

of exogenous C5 protein, to determine the minimal antigen dose which would 

result in T cell activation (a).

The C5-secreting rat hepatocyte line Fao, was incubated with DC and C8-15, to 

determine that DC can pick up C5 from a secreting cell (b).

To determine if transfected APC secrete their biosynthesized C5 they were co

cultured in serial dilutions with 2 x lO^^/well dendritic cells and C8-15 T cells. B 

cells which are themselves could not be used, bu t supernatants from

overnight cultures of serial cell titrations were assayed instead (c, 5 

transfectants). Fibroblasts are shown in d, 3 transfectants. T cell activation was 

assayed by 11-2 release as described in the legend to Fig 12.
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Figures

Figure 16 Effect of amm onium  chloride on presentation of C5 by LK35.4

(a) Serial titrations of the B cell transfectant LK35.4 were incubated with the T 

cell hybridoma A18 (5 x 10^/w ell), in the presence of ammonium chloride at 

the indicated concentration, for 24 hours (closed red circles). Control cultures 

received either the cognate peptide of A18 (lp.M) (open squares) or exogenous 

C5 protein (5}xg/ml) (closed blue triangles). Activation was measured by 11-2 

release as described in the legend to Fig 12.

(b) Presentation of 1x10^ cells was plotted against am m onium  chloride 

concentration for peptide (open squares), exogenous (closed blue triangles) and 

endogenous (closed red circles) C5.
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Figures

Figure 17 Effect of chloroquine on presentation of C5 by LK35.4

(a) Serial titrations of the B cell transfectant LK35.4 were incubated with the T 

cell hybridoma A18 (5 x lO^/well), after pretreatment with chloroquine at the 

indicated concentration for 2 hours (closed red circles). Control cultures 

received either the cognate peptide of A18 (IpM) (open squares) or exogenous 

C5 protein (5pg/m l) (closed blue triangles). Activation was measured by 11-2 

release as described in the legend to Fig 12.

(b) Presentation for 1x105 cells was plotted against chloroquine concentration 

for peptide (open squares), exogenous (closed blue triangles) and endogenous 

(closed red circles) C5.
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Figures

Figure 18 Effect of leupeptin  on presentation of C5 by LK35.4

(a) Serial titrations of the B cell transfectant LK35.4 were incubated with the T 

cell hybridoma A18 (5 x 10^/well), in the presence of leupeptin at the indicated 

concentration, for 24 hours (closed red circles). Control cultures received either 

the cognate peptide of A18 (l|iM ) (open squares) or exogenous C5 protein 

(5fxg/ml) (closed blue triangles). Activation was m easured by 11-2 release as 

described in the legend to Fig 12.

(b) Presentation for 1x10^ cells was plotted against leupeptin concentration for 

peptide (open squares), exogenous (closed blue trianges) and endogenous 

(closed red circles) C5.
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Figures

Figure 19 Effect of pepstatin A on presentation of C5 by LK35.4

1x105 cells of the B cell transfectant LK35.4 were incubated with the T cell 

hybridoma A18 (5 x 10" /̂well), in the presence of pepstatin A at the indicated 

concentration, for 24 hours (closed red circles). Control cultures received either 

the cognate peptide of A18 (IpM) (open squares) or exogenous C5 protein 

(5|ig/m l) (closed blue triangles). Activation was m easured by 11-2 release as 

described in the legend to Fig 12.
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Figures

Figure 20 Effect of aprotinin on presentation of C5 by LK35.4

1x1 Q5 cells of the B cell transfectant LK35.4 were incubated with the T cell 

hybridoma A18 (5 x lO^/well), in the presence of Aprotinin at the indicated 

concentration, for 24 hours (closed red circles). Control cultures received either 

the cognate peptide of A18 (lp.M) (open squares) or exogenous C5 protein 

(Spg/ml) (closed blue triangles). Activation was m easured by 11-2 release as 

described in the legend to Fig 12.
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Figures

Figure 21 Effect of E64 on presentation of C5 by LK35.4

1x105 cells of the B cell transfectant LK35.4 were incubated w ith the T cell 

hybridom a A18 (5 x 10^/w ell), in the presence of E64 at the indicated 

concentration, for 24 hours (closed red circles). Control cultures received either 

the cognate peptide of A18 (l|iM ) (open squares) or exogenous C5 protein 

(5pg/m l) (closed blue triangles). Activation was m easured by 11-2 release as 

described in the legend to Fig 12.
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Figures

Figure 22 Effect of 3MA on presentation of C5 by LK35.4

(a) Serial titrations of the B cell transfectant LK35.4 were incubated with the T 

cell hybridom a A18 (5 x 10^/well), in the presence of 3MA at the indicated 

concentration, for 24 hours (closed red circles). Control cultures received either 

the cognate peptide of A18 (l|iM ) (open squares) or exogenous C5 protein 

(5^ig/ml) (closed blue triangles). Activation was m easured by 11-2 release as 

described in the legend to Fig 12.

(b) Cpm  values for 1x105 cells were plotted against 3MA concentration for 

peptide (open squares), exogenous (closed blue trianges) and endogenous 

(closed red circles) C5.
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Effect of 3-Methyl Adenine on C5 presentation of LK35.4
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Figures

Figure 23 Generation of MBP-C5 fusion proteins

Overlapping fusion proteins of C5 were used to generate additional T cell 

hybrids. To test w hether different epitopes from the C5 protein could be 

generated from an intracellular source, the indicated hybridomas were tested in 

a functional assay with transfectants.
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Fusionproteins of C5 (with maltose binding 
protein)

lb AA 52-200 contains epitope for A18

Ic AA 92-200

T AA 231-370

2/3 AA 254-370

3 AA 321-520 contains epitope for 3B1

4 AA 481-680 contains epitope for 4E2

5 AA 621-820

6 AA 761-960

7 AA 921-1120 contains epitope for 7A7

8 AA 1061-1260

9 AA 1201-1400

10 AA 1341-1540

11 AA 1481-1680



Figures

Figure 24 Generation of different C5 epitopes by Transfectants

Representative transfectants from each APC type (LK35.1/4 yellow; LMTK.1,4 

blue; 97.3/13/16 red) were incubated for 24 hours with C5-specific class II- 

restricted T cell hybridomas 3B1, 4E2 and 7A7 which recognize epitopes from 

fusion proteins 3,4 and 7 respectively. Panels on the left-hand side show the 

ability of the transfectants to generate epitopes from endogenous C5. Those on 

the right-hand side show ability of transfectants to generate epitopes from 

exogenous C5 (5pg/ml). Activation was measured by 11-2 release as described 

in the legend to figure 12.
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Figures

Figure 25 Are C5 epitopes destroyed by harsh  proteolytic conditions in 

M(|)?

Is it possible that endogenous C5 enters the endocytic pathw ay from the 

lysosomal end, and C5 epitopes are destroyed by proteolytic activity in M([) 

lysosomal compartments before they contact class II?
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Figures

Figure 26 Effect of ammonium chloride on presentation of C5 by 97.13

(a) Serial titrations of the Mcj) transfectant 97.13 were incubated with the T cell 

hybridoma A18 (5 x 10^/well), in the presence of ammonium chloride at the 

indicated concentration, for 24 hours (closed red circles). Control cultures 

received either the cognate peptide of A18 (IpM) (open squares) or exogenous 

C5 protein (5|ig/m l) (closed blue triangles). Activation was measured by 11-2 

release as described in the legend to Fig 12.

(b) Cpm values for 1x10^ cells were plotted against am m onium  chloride 

concentration for peptide (open squares), exogenous (closed blue triangles) and 

endogenous (closed red circles) C5.
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Effect of Ammonium Chloride on C5 Presentation of 97.13

CD

l ( ) ( ) ( ) ( ) ( )  - I

0  25 0  5  0 75 I

0  m M

50 0 0 0  -

0 2 5  0 .5  0 7 5 Io

<S m M

o 0  25 0.5  0 - 5 1

mM

T T T
O 0 2 5  0 5  0 7 5  I

12 m M

o 0 25 0 5 0  75

2 mM

O 25 I

16 m M

A R C  /  W e l l  ( x I O - ^ )

T 1
0  O 25 0 .5  0  75  I

5 m M N H 4 CI c o n e

0 0 .25  0 .5  0.75 1

2 0  m M
N H 4 CI c o n e



Effect of Ammonium Chloride on C5 presentation of 97.13

I ()()()()()

Ü

0 s 12 20I

N H 4 CI Cone ( mM)

181 a



Figures

Figure 27 Co-culturing M(j) transfectants w ith DC and T cells 

MHC disparate H-2<  ̂dendritic cells (2 x 10^/well) were incubated with the H- 

2^  restricted C5-specific T cell hybrid C8-15 (5 x 10^/well) and serial dilutions 

of exogenous C5 protein, to determine the minimal antigen dose which would 

result in T cell activation (a).

The C5-secreting rat hepatocyte line Fao, was incubated with DC and C8-15, to 

determine that DC can pick up C5 from a secreting cell (b).

To determine if macrophage transfectants secrete their biosynthesized C5 they 

were co-cultured in serial dilutions with 2 x 10^/w ell dendritic cells and C8-15 

T cells (c, 9 transfectants). T cell activation was assayed by 11-2 release as 

described in the legend to Fig 12.
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Figures

Figure 28 Effect of 3MA on presentation of C5 by 97.13

(a) Serial titrations of the M(j) transfectant 97.13 were incubated with the T cell 

hybridom a A18 (5 x 10^/w ell), in the presence of 3MA at the indicated 

concentration, for 24 hours (closed red circles). Am m onium  chloride was 

present in the cultures at SmM throughout the assay. Control cultures received 

either the cognate peptide of A18 (IpM ) (open squares) or exogenous C5 

protein (5^g/m l) (closed blue triangles). Activation was m easured by 11-2 

release as described in the legend to Fig 12.

(b) Cpm values for 1x10^ cells were plotted against 3MA concentration for 

peptide (open squares), exogenous (closed blue triangles) and endogenous 

(closed red circles) C5.
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Effect of 3-methyl adenine on C5
presentation of 97.13
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