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Abstract
The possibility of inducing cytotoxic T lymphocytes (CTL) to m utant
or normal Ras has been investigated using recombinant vaccinia
viruses expressing these proteins. M utant Ras or over expression of
Ras is frequently associated with human malignancies, being
implicated in 40% of colorectal cancers and 95% of pancreatic
cancers. Oncogenic activation occurs by single point mutation of
amino acid 12, 13 or 61. The structurally mutated or over expressed
Ras oncogene has the potential of producing novel peptide antigens,
which if presented on the cell surface by class I MHC molecules
may be recognized by cytotoxic T cells. These may serve as targets for
immunotherapy of certain cancers. Recombinant vaccinia viruses
expressing normal (Vac-Ras) or m utant (Vac-Ras^l) Ras were
constructed. Vac-Ras^^ immunized C57B1/10 mice (H-2^) developed
Ras® 1-specific CTL which recognized normal Ras inefficiently. CTL
isolated from Vac-Ras immune mice showed the opposite specificity.
Endogenous levels of Ras expression were insufficient for lysis.
Synthetic Ras peptides with an H-2K® motif were identified. Peptide
binding of MHC class I was demonstrated using the H-2® derived
RMA-S m utant thymoma cell line in which peptide induced class I
stabilisation was detected by immunofluorescence. One CTL epitope
mapped to amino acids 60-67 and residue 61 was critical for T cell
recognition. Anti-Ras®l CTL recognised peptide 60-67 containing
m utant residue 61, while anti-Ras CTL recognised wild type 60-67. A
second epitope mapped to residues 152-159 of Ras and was
recognised equally well by CTL raised to normal and m utant Ras.
These peptides could stimulate in vitro proliferation of specific CTL
which recognised target cells pulsed with the appropriate peptides.
II

The murine data suggest the possibility of exploiting Ras-specific
CTL for targeted immunotherapy of certain human cancers.
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C hapter 1. G eneral Introduction

1.1. T ceU Im m unology
T lymphocytes represent part of the cellular component of the immune
system. In common with B cells, these lymphocytes specifically recognise
foreign antigen molecules using a receptor expressed on their cell
surface. The B cell antigen receptor consists of immunoglobulin (Ig)
molecules while T cells recognise antigen with a T cell receptor (TCR)
consisiting of a and p, or y and Ôpolypeptide chains linked by disulphide
bonds. The ap TCR is expressed on the surface of most peripheral T
cells. Both T cell subsets express the TCR chains in association with
polypeptides of the CD3 complex (reviewed in: Davis, 1990). In addition,
T cell antigen recognition involves the CD4 and CDS accessory molecules.
Mature T lymphocytes express either of the T lymphocyte-specific cell
surface molecules CDS or CD4 in a mutually exclusive manner (1), (2)
while expression of CD4 and CDS is developmentally regulated on
thymocyte subpopulations.

1.11 Class I and Class II restricted T lym phocytes

T lymphocytes may be separated into two functionally distinct subsets,
cytotoxic T lymphocytes (CTL) and helper T lymphocytes. CDS+ CTL
generally recognise antigen in association with class I MHC molecules
while CD4+ cytokine producing helper T lymphocytes recognise antigen
associated with class II molecules (3, 4, 5). This functional separation.

however is not absolute, since class II restricted CD4+ cells can show
cytolytic activity and class I restricted CD8+ cells can secrete cytokines
(6, 7, 8, 9, 10).

Recognition by the T lymphocyte antigen receptor of foreign antigen in
association with products of the major histcompatibility complex (MHC)
led to the concept of MHC-restriction (11,12,13). Effector function by
specific CTL was only observed when virus infected target cells and
responding CTL shared class I alleles of the MHC. (14). Transfection
experiments using cloned TCR genes demonstrated th a t specificity both
for MHC and for antigen resided in a single receptor molecule (15) which
suggested th at antigen associated with class I or class II MHC molecules
in presentation to the TCR. MHC molecules are now known to bind
peptide fragments of protein molecules and present these fragments on
the surface of antigen presenting cells (APCs). Processing and
fragmentation processes were demonstrated to be involved in the
production of peptides for presentation by MHC class II molecules (16,
17) (18, 19, 20). Cytotoxic T cells specific for viral antigens not
expressed on the cell surface, such as polymerase and nucleoprotein were
commonly obtained after viral infection (21, 22, 23), which suggested th at
class I restricted CTL might also recognise degraded forms of antigen.
This was confirmed by the ability of class I restricted CTL to lyse target
cells pre-incubated with peptides derived from viral proteins and the
recognition of cells transfected with truncated viral genes (24) and the
sensitization of target cells by oligopeptides corresponding to a specific
viral polypeptide, but not by native antigen (25).

1.12 MHC structure and antigen presentation

Greater understanding of the Interaction between MHC molecules and
peptide fragments of protein antigens was provided by the resolution of
the crystal structure of MHC class I molecules. The structure of HLA-A2
provided clues as to bow the molecule functions in presenting peptide
antigens (26), (27). A platform of p strands supporting two long parallel
a belicies creates a groove which could accomodate peptides of between 8
and 25 amino acids, depending on whether the peptide was in an
extended or helical form respectively. Comparison of the amino acid
sequence of different class I molecules indicated th at polymorphic
residues line the peptide binding groove (26), resulting in the selection of
specific sets of peptides by specific MHC alleles (28). This would explain
the ability of different class I MHC molecules to bind distinct peptides
and provide the basis for diversity in the immune repense relating to
different MHC alleles. Extra non-MHC electron density detected within
the groove of HLA-A2 indicated peptide remained bound during
purification and the crystal structure of HLA-B27 has now provided
direct visualization of nonameric peptides (29). A high
resolution structure of a class II MHC molecule has not been obtained,
but sequence comparisons and modelling on the basis of class I MHC
structure suggests that that they are similar (30).

1.13 Peptides naturally bound to MHC m olecules

Two groups directly investigated the nature of the peptide antigens
associated with MHC class I molecules (31, 32). Naturally processed

peptides were isolated from purified MHC class I molecules obtained
from virally infected cells and in each case the endogenously processed
peptides were a uniform size, being between 8 and 9 amino acids residues
in length. Synthetic peptides corresponding to these naturally processed
virus-derived peptides were efficiently recognised by class I restricted
CTL. Similar isolation of naturally processed self peptides from different
MHC alleles revealed short peptides (8-9 residues) of uniform length.
When these peptides were sequenced, allele specific amino acid motifs
were identified, which are discussed later (33). Nonomeric peptides were
demonstrated to bind to class I MHC molecules with 100-1000 fold higher
affinity than longer versions (34, 35). When present as a low level
contaminant in preparations of longer synthetic peptides, they bind
preferentially to class I MHC molecules in vitro (34).

1.14Two processing pathways for class I and class II MHC
presentation

Studies of the utilization of T lymphocyte antigen receptor genes showed
th at the variable genes of the TCR on class I and class II MHC-restricted
T cells are derived from the same V gene pools (36). The biochemical and
cellular features of antigen processing revealed distinct pathways for
class I and class II presentation. The availability of class I and class II
restricted influenza virus hemagglutinin specific cytolytic T cell clones,
enabled the direct comparison of these presentation pathways (37). Both
conventional class I and the class II restricted CTL recognised influenza

virus infected target cells, but only the latter recognised target cells
treated with non-infectious virus. Conventional class II MHC restricted
helper T lymphocytes also recognise and proliferate in response to target
cells pulsed with non-infectious virus (38, 39). The two pathways
represent different mechanisms for presentation of endogenous and
exogenous antigens (40, 41). Endogenous proteins are degraded into
peptides within the cytoplasm, transported into the endoplasmic
reticulum (ER), where they combine with nascent MHC class I molecules,
which promotes the assembly of MHC class I molecules with p2
microglobulin (P2-M) or stabilizes the conformation of MHC class I-p2
microglobulin complexes (42). Exogenous proteins are endocytosed,
processed in the endosomal compartment where peptide binding to class
II MHC molecules occurs.

Class I MHC restricted T lymphocytes may recognise viral antigens th at
are not expressed on the cell surface of the virally infected target cell.
Characterization of CTL that recognised influenza infected cells revealed
subsets of CTL th at specifically recognised a viral polymerase (PB2) and
nucleoprotein (NP) as well as the cell surface glycoprotein,
hemagglutinin (HA) (21, 22, 43, 44). Target cells are sensitised for lysis
by class I restricted CTL when incubated with peptide fragments of
antigen such as nucleoprotein, which are assumed to bind directly to
surface class I molecules. The target cells were not lysed if pulsed with
the native nucleoprotein antigen (24). Several studies indicated that
recognition of native antigens requires th at they are introduced into the
cytoplasm where they are degraded into peptides. Transfection of
minigenes encoding short peptides containing known CTL epitopes

sensitise targets cells for lysis by the relevant class I restricted CTL (45,
46, 47). These peptides are produced on free ribosomes in the cytoplasm
and must be transported into the exocytic pathway by a signal sequence
independent mechanism. A truncated influenza hemagglutinin gene that
lacked the amino terminal signal sequence was transfected into target
cells which were recognised by hemagglutinin specific CTL (48). No core
glycosylation of hemagglutinin was detected indicating th a t the intact
molecule did not gain entry to the ER, but was degraded in the
cytoplasm. Finally, cells infected with vaccinia virus expressing a
ubiquitin-nucleoprotein fusion protein which was rapidly degraded in the
cytoplasm were efficiently recognised by CTL, suggesting th at this
degradation system may be important for antigen processing (49).

Classic experiments to analyse MHC presentation involved treating
APCs with several drugs. Peptides loaded onto MHC class II molecules
are derived from endocytosed secreted or soluble proteins, which are
degradated in acidified endosomes and lysosomes. Consequently,
processing is sensitive to endosomal proteases inhibitors (50) and
lysomotrophic agents such as chloroquine and ammonium chloride (51,
52) which neutralise the acidic endosomal compartments. Class I MHC
presentation is resistant to these drugs. Lysosomotropic agents may also
alter the morphology of endocytic compartments (53), inhibit breakdown
of class II associated invariant chain and transport of class II molecules
to the cell surface (54). The drug brefeldin A (BFA) inhibits the exit of
newly synthesised proteins from the ER (55). This was used to
demonstrate inhibition of class I restricted presentation (56, 57).
Prolonged incubation of APCs with BFA may also inhibit the transport of
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newly synthesised class II molecules, thereby inhibiting class II
presentation (58).

The concept of endogenous and exogenous antigens being presented by
class I and class II MHC respectively is generally accepted, although the
two pathways may not be absolutely exclusive. In principal once the
class II ap dimer has assembled in the ER it could bind peptide. The
association of invariant chain with the dimer is thought to prevent
possible binding of endogenously derived peptide within the ER (59).
Certain peptides bind to and stabilise class II molecules, increasing their
resistance to SDS (60). Using SDS resistance as a means of inferring
peptide binding to MHC class II molecules, it was concluded that they
associate with peptides in the endocytic compartment (54, 60).

Some studies have observed class II presentation of endogenous antigens.
Using recombinant vaccinia viruses expressing influenza virus M l
matrix protein (61) and neuraminidase (62) class II peptide presentation
was demonstrated but the kinetics and characteristics of this
presentation pathway differed from both the normal exogenous class II
pathway, and the endogenous class I pathway.

1.15 Peptide generation for class I MHC presentation

Proteins are cleaved into peptides within the cytoplasm and transported
to the ER where they interact with class I MHC molecules. The isolation
of cell lines with defects within the endogenous antigen processing
pathway has allowed studies into these processes. These cell lines
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include the mouse T cell line RMA-S (63), (64), plus the human B
lymphoblastoid cell lines 721.174 (and its derivative T2) and 721.134, all
of which have a greatly reduced surface expression of MHC class I
antigens. The lines have wild type MHC class I structural gene
sequences which are transcribed normally but high levels of stable class I
molecules are not expressed on the cell surface. These cells do not serve
as targets for virus specific class I restricted CTL when infected with
virus, but both class I surface expression and their ability to act as
targets can be restored after incubation with appropriate peptides. The
phenotype is thought to be the result of the inability to provide
appropriate peptides for association with the class I molecules during
their biosynthesis. This might be due to the inability to generate
peptides within the cytoplasm or transport those peptides from the
cytoplasm into the ER.

These cell lines are known to have deletions or in the case of RMA-S a
point mutation, in the class II region of the MHC (65, 66). This region of
the MHC in mouse (67) ra t (68) and human (69, 70) contains at least two
genes belonging to a family of related transporter proteins sometimes
referred to as the ABC (ATP binding cassette) family due to the presence
of a pair of highly conserved sequence motifs likely to form an ATP
binding domain. Nomenclature has now been rationalized for all species
and these genes are referred to as Tap-1 (Ham-1, m tp l and Y3, PSFl
RING 4) and Tap-2 (Ham-2, mtp-2 and Y1 PSF2 RING 11) for
Transporter Associated with antigen Processing.
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Transfection of Tap-1 cDNA into m utant 721.134 restores class I surface
expression (71) and recognition by antigen specific CTL (72). Restoration
of MHC class I surface expression in the 721.174 line which has a
homozygous deletion encompassing both Tap-1 and Tap-2 genes was not
achieved after transfection of Tap-1, but transfection of both Tap-1 and
Tap-2 into T2 cells derived from 721.174, restored class I surface
expression (73). RMA-S has a point mutation within the Tap-2 region
which causes a premature stop during transcription (74). Transfection of
Tap-2 cDNA restored MHC class I expression in RMA-S (75, 76). These
results indicate th at Tap-1 and Tap-2 gene products are both required for
peptide transport. Antibodies specific to either Tap-1 and Tap-2 co
precipitate both proteins indicating th at they are physically associated
(72) suggesting that a TAP heterodimer transports peptides from the
cytoplasm into the lumen of the ER where they associate with newly
synthesised class I molecules, though formal proof is lacking.

This interpretation is supported by studies in which a minigene
corresponding to an epitope of influenza virus matrix protein was
introduced into wild type (Tl) and m utant (T2) cell derived from 721.174
in which both transporter Tap-1 and Tap-2 genes are deleted (47). When
the minigene encodes a classic ER translocation sequence preceding the
influenza peptide which allows the peptide to be transported via the
normal signal recognition particle (SRP) dependent secretory pathway,
both cells lines are sensitive to CTL lysis. Both lines appear to contain all
the machinery required for presentation if peptide is delivered directly
into the ER lumen. Peptide is produced in the cytoplasm when the
minigene lacks the signal sequence. In this case wild type T l but not
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m utant T2 cells present the peptide and are sensitive to lysis, suggesting
the Tap genes function in SRP independent peptide transport.

The class II region of the MHC also contains at least two genes (77, 78,
79) encoding subunits of a large cytoplasmic structure called the low
molecular weight polypeptide (LMP) (80, 81, 82), which is related to the
proteasome (83) a large cytoplasmic proteolytic complex. The
proteasomes' cytoplasmic location and their proteolytic activity has
implicated the MHC encoded subunits in generation of MHC class I
binding peptides. Investigating this possible role for the proteasome two
groups have transfected the Tap-1 and Tap-2 transporter genes into the
m utant cell lines 721.174 and T2, which have deletion in the MHC class
II region encompassing both Tap-1 and Tap-2 and the LMP-2 and LMP-7
proteasome subunit genes (73, 84). Both investigations demonstrated
th at the transporter genes alone was sufficient for class I mediated
antigen presentation, suggesting no absolute requirement for MHC
linked proteasome subunits LMP-2 and LMP-7. Either the proteasome
has no role in antigen presentation or other cytosolic proteolytic enzymes
may also provide MHC class I binding peptides.

1.16 Assembly and intracellular transport in MHC class II
presentation

MHC class II molecules are assembled in the ER (85) as aP heterodimers
which associate with a third chain, the invariant chain (86). The
invariant chain is thought to be responsible for preventing the binding of
(endogenous) peptides and targeting the aP dimer to the endocytic
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compartment via the trans- Golgi reticulum (TGR) and Golgi (58).
Endosomal proteases degrade the invariant chain (87), which allows the
class II molecules to bind peptides (59). The exact location in the
endocytic pathway where class II molecules bind peptides has not been
established. The proteases involved in breakdown of the invariant chain
may also participate in the production of peptides for presentation of
class II MHC molecules. Endosomes and lysosomes maintain an acidic
pH which may contribute to antigen degradation and allow favourable
kinetics for peptide binding to class II MHC (88, 89). The route of
transport of class Il-peptide complexes to the cell surface has not been
completely resolved, but could follow the reverse route taken by the
endocytosed antigen and be transported from the lysosome via late and
early endosomes to the cell surface. This route has been described for the
lysosomal protein LEPlOO (90).

1.17 CD4 and CD8 accessory m olecules

T cell recognition of peptide-MHC molecules on the surface of target cells
is mediated by the TCR and either CD8 or CD4. The variable regions of
the TCR are thought to contact the antigenic peptide and surrounding
polymorphic regions of the MHC molecule, while CD8 and CD4 associate
with nonpolymorphic regions of class I and class II MHC molecules
respectively. Coengagement of the TCR and either CD4 or CD8 with a
target cell MHC molecule is required to shape the T cell repertoire
during thymocyte development in the thymus and for activation of
mature T cells. CD8 and CD4 expressed by developing thymocytes are
involved in the selection events in the thymus th at generate mature T
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cells. CD8 and CD4 (91, 92) transm it intracellular signals through
p56lck^ a src related tyrosine kinase (93). Mutational analysis of class I
MHC has identified a seven residue loop on the cc3 domain th at is
required for CD8 binding (94, 95, 96). The three dimensional structures
of CD8 (97) and CD4 (98, 99) have been resolved and used in conjunction
with previous functional data to predict the regions th at interact with
MHC molecules.

1.18 Costimulation Receptors

Peptides bound to MHC molecules interact with antigen specific
receptors on T lymphocytes for T cell activation. Stimulation requires co
stimulation signals from the antigen presenting cell (100). Antigenspecific TCR stimulation activates the tyrosine kinases p59fy^, p56^^^
and ZAP-70, which cause activation of phospholipase C-y 1 leading to
increased intracellular calcium and activation of protein kinase C (PKC).
Intracellular calcium activates the calmodulin dependent phosphatase,
calcineurin which causes T cell nuclear factors to combine with newly
formed fos and jun proteins induced by the PKC pathway. Activation of
the transactivating factor NF-AT and possiblily NF-kB leads to IL-2
transcription.

Interleukin-2 (IL-2), one of two major growth hormones for stimulation of
immune cells (IL-4 is the other) is mainly produced by CD4+ helper T
cells. IL-2 stimulates autocrine division of these cells and paracrine
division of effector CD8+ cytotoxic T cells. Production of high levels of
IL-2 involves the costimulatory molecules B7/BB1 on antigen presenting
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cells (APC) which interacts with CD28 (101) and CTLA-4 (102) receptors
on the T lymphocyte, which augments antigen induced IL-2 production.

Costimulation of CD28 increases IL-2 transcription and posttranslational activity interferes with degradation of IL-2 mRNA,
augmenting IL-2 production by antigen specific TCR signalling. B7/BB1
was identified on antigen presenting cells (activated B cells and dendritic
cells) and interacts with CD28 on T lymphocytes providing the
costimulation signal. B7/BB1 also interacts with CTLA-4 T lymphocyte
receptor which is upregulated in response to TCR signalling. CTLA-4
may function to provide maximal B7/BB1 binding and T cell
proliferation. Increased IL-2 production raises IL-2 production from
autocrine to paracrine levels. Antigen specific TCR stimulation alone
leads to low IL-2 production resulting in inhibition of subsequent
proliferation or anergy (100) by transactivator inhibitors (103). If
costimulation also occurs IL-2 induced cell division dilutes the
proliferation inhibitors preventing the production of anergy (104). Thus,
costimulation is central in the production of IL-2 and determining the
state of proliferation or anergy.

Tumours suppress the immune response by being poor antigen
presenting cells. Normally CD8+ T cells rely on CD4+ T cells for the IL-2
required for their expansion. Tumours usually present antigenic
peptides with class I MHC molecules which are recognised by CD8+ T
cells. If CD4+ T cells remain unactivated the cytotoxic T cells may be
inactivated due to lack of IL-2 production resulting in lack of response.
Transfection of B7/BB1 into a mouse melanoma tumour cell (105) and

17

into one expressing the human papillomavirus E7 gene product (106),
lead to rejection of B7/BB1 transfected but not untransfected tumour
cells by activated CD8+ T cells. The cytotoxic T cells were active against
tumour cells not expressing B7/BB1 as initial stimulation by the
transfected tumour cell also lead to rejection of the original tumour at a
different site and to the elimination of métastasés. Antibodies to CD28
also provided costimulation of T cell activation.

1.19 T cell Developm ent and Selection

During T cell development in the thymus a repertoire of T cell receptor
(TCR) specificities which recognise processed antigenic peptides
presented by self MHC molecules is generated# Early T cell precursors
are produced in the bone marrow which arrive in the thymus expressing
no TCR (no receptors generally). Diverse TCR specificity is generated
during ontogeny by somatic recombination of multiple genetic segments
to a single constant segment. Rearrangement of variable (V), diversity
(D), and joining (J) gene segments at the p locus and V-J rearrangements
at the a locus, results in cell surface expression of ap TCR. N region
diversity is created by imprecise joining of the gene segments and
nucleotide insertion at the joining sites, and the combinatorial
association of the two chains produces the initial germline repertoire.
This large repertoire is subject to two selection processes which identify
thymocytes expressing receptors binding self MHC which are positively
selected (107) and mature into peripheral T cells, and those thymocytes
which recognise self peptides which are negatively selected or deleted
(108). The molecular mechanisms of these two selection processes has
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not been resolved. Both selection mechanisms depend upon recognition
of MHC-peptide complexes by the TCR while the consequences for the
developing thymocyte (maturation or death) are very different.

P ositive selection

Peripheral T cells recognise antigen in association with self MHC (109).
This is the result of positive selection which allows the maturation of
only those developing thymocytes expressing TCRs with specificity to self
MHC. Evidence suggesting the existence of this selection process was
first demonstrated in classic experiments with radiation bone marrow
chimeric mice (109, 110). In these experiments bone marrow injected
into an irradiated allogenic/semiallogenic host developed into T cells with
the restriction specificity of the host animal. The T cells were capable of
responding to antigen presented by the MHC of the irradiated host, but
not the MHC expressed by the bone marrow donor. After histological
and functional analysis of chimeras produced by grafting with thymuses
depleted of bone marrow-derived cells, radioresistant thymic epithelium
cells which express MHC molecules were postulated to interact with
developing thymocytes. Mice were injected from birth with antibodies to
either TCR or MHC, which interfered with the development of mature T
cells possessing the blocked TCR, or TCR capable of recognising the
blocked MHC molecule, respectively (111, 112), suggesting a direct
interaction between the thymocyte TCR and the thymus selecting cells
MHC.
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Further demonstration of positive selection was achieved with TCR ap
transgenic mice constructed to express a single TCR on virtually all
thymocytes and peripheral T cells (113, 114). Transgenic mice were
produced expressing an H-2Dt> restricted TCR specific for H-Y antigen
and the TCR transgenes were then bred into H-2^ and H-2^ haplotypes.
Immature CD4+8+ thymocytes expressing the transgenic receptor
developed in both strains of mice. But, mature thymocytes and
peripheral T cells did not differentiate in transgenic mice expressing H2^, as these mice do not express the H-2D^ allele necessary for positive
selection of thymocytes expressing the transgenic TCR . In the H-2^
mice mature thymocytes and peripheral T cells appeared only in female
mice, as in male H-2^ mice H-Y is a self antigen and immature CD4+8+
thymocytes were deleted. Female H-2^ mice developed mature CD8+4" T
cells which were positively selected. The CD4:CD8 ratio of the selected
cells reflected the accessory molecule expressed by the original T cell
clone suggesting an instructive mechanism based on the TCRs specificity
for MHC class I. But commitment to CD4 or CD8 lineage could occur by
a directed, instructive mechanism, or by a stochastic mechanism followed
by selection allowing only CD8+, class I-specific and CD4+ class IIspecific cells to survive. This was investigated using transgenic mice in
which a CD8 transgene was constitutively expressed in developing T cells
(115). The study indicates th at positive selection by class I MHC may
generate an instructive signal th at directs the commitment to a CD8
lineage.

Antibodies to Vp have been used to measure positive selection of T cells
in mice and reproduced the classical chimera experiments (116). These
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revealed th at Vp 17a+ T cells were deleted in mice expressing I-E. In
the absence of I-E expression the number of peripheral Vp 17a+ CD4+ T
cells was found to vary in mice of different haplotypes but was consistent
for any particular MHC haplotype, suggesting a correlation due to
positive selection. Reconstitution experiments involving radiation
chimeras and thymus grafts have been repeated using Vp antibodies to
measure selected peripheral T cell specificities, to support the suggested
role for the thymic cortical epithelium as a controlling cell type in
positive selection (117).

N egative Selection

The lack of response to self components, or self tolerance, is a basic
property of the immune system. Developing thymocytes expressing
TCRs with randomly generated specificities which have been positively
selected for recognition of self MHC plus antigen will include some cells
bearing autoreactive TCRs. These are deleted before the thymocytes
mature and leave the thymus, maintaining self-tolerance.

Antibodies specific for particular Vp segments of the TCR revealed that
mice expressing a superantigen lacked the corresponding self reactive T
cells clones, (108). Peripheral T cells bearing a Vpl7a+ TCR which were
a major subpopulation in mice th at do not express the MHC molecule I-E,
were deleted when these mice were crossed with I-E expressing strains or
in strains expressing I-E. Analysis of the thymocyte TCR expression of IE expressing mice revealed normal numbers of immature CD4+8+ cells
expressing the autoreactive Vpl7a+ TCR, which were deleted during
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maturation to CD4+8' and CD4'8+ single positive medullary cells. CD8+
V pl7a T cells must be deleted at the CD4+8+ double positive stage of
thymocyte maturation as only the CD4+ T cells may interact with the
class II molecule (108). This is supported by the survival of CD8+, Vpl7a
T cells in developing thymuses of I-E mice after treatm ent with
antibodies to CD4 or I-E (118). Other Vp gene products have been
identified with similar effects on the generation of the T cell repertoire
(119, 120, 121). The reactivity of many Vp gene products towards MHC
class II antigens is mediated by superantigen molecules (122,123, 124).
Superantigens are not thought to bind MHC molecules in the same way
as conventional antigens, hence their ability to interact with any TCR
which contains the appropriate Vp gene product, irrespective of the
apTCR specificity. Questions therefore arise about the relevance of the
clonal elimination pathway described in these studies, for induction of
tolerance to more conventional antigens.

In male mice expressing the H-Y specific TCR transgene (see above),
thymocytes were deleted in large numbers at the CD4+8+ double positive
stage and even at the earlier CD4’8+ stage due to earlier high density
expression of TCR, resulting from the pre-existance of rearranged a and
p trans genes. TCR P-chain transgenic mice display a normal time course
for TCR expression on developing thymocytes which is dependent on
endogenous rearrangement of the a chain locus. In these mice deletion
has an identical pattern to nontransgenic mice (125).
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Co-existence of positive and negative selection m echanism s

How developing thymocytes might distinguish between positive and
negative selection using a single receptor (TCR) for recognition of MHC
plus antigen has generated several competing theories (126,127). If the
two selection processes involve the same TCR-MHC interactions,
thymocytes th at are positively selected would also be negatively selected
and no mature T cells would emerge into the periphery. One theory
suggests th at positive and negative selection are mediated by distinct
thymic stromal populations, th at provide the thymocyte with
qualitatively different signals via distinct ligands. Self-MHC molecules
in combination with unique thymic cortical epithelial cell 'educating'
peptides not usually expressed as common self antigens in the periphery
direct positive selection, while bone marrow derived cells are responsible
for clonal deletion (126). Only thymocytes with TCR specificity for self
MHC plus self peptide expressed by bone marrow derived thymic cells
are deleted.

The alternative "affinity" hypothesis assumes th at interaction of a TCR
with a peptide-MHC complex may lead to one of two outcomes depending
on the strength of the interaction (107, 128). High-affinity interactions
will lead to clonal deletion, while interactions of lower affinity lead to
positive selection and maturation of the thymocyte. The result of
selection would be a mature T cell repertoire whose TCRs have low
affinity for self MHC. This low affinity is insufficient to activate mature
T cells, but particular T cells might have high affinity for complexes
formed between foreign antigens and self MHC molecules.
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This model has been difficult to investigate experimentally and most
experimental evidence has been compatible with the notion th at positive
and negative selection mechanisms result from the interaction of the
developing thymocyte and distinct thymic stromal cell types. Functional
analysis of TCR specificity in bone marrow chimeric mice and model
systems where transgenic TCR or particular TCR s in normal mice are
selected by specific MHC molecules, suggest th at radiation resistant
thymic epithelial cells are responsible for positive selection of T cells
bearing the appropriate TCR. Recently two groups have demonstrated
that thymic epithelial cell lines are able to induce MHC restricted
positive selection when directly injected intrathymically (129, 130).

Several recent studies question the specialised role of distinct thymic cell
types being strictly required for positive selection. Using class I MHC
negative mice, radiation chimeras where either the donor or host cells
expressed class I MHC molecules were produced. The specificity of
functional T cells suggested that hematopoietic cells were capable of
directing positive selection, although less efficiently (131). The
medullary hematopoietic cells are generally accepted to be required for
clonal deletion of self reactive thymocytes. In TCR transgenic mice,
clonal deletion could also be demonstrated to be mediated by radiation
resistant thymic epithelial cells (132).

The lack of strict compartmentalisation of thymic stromal components
responsible for the two selection events would make it difficult to
demonstrate experimentally that thymocytes encounter distinct thymic
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ligands in positive and negative selection. There is also additional
support for an affinity type of mechanism. Transgenic progeny were
produced by crossing two transgenic mice expressing either a class I
MHC restricted TCR or a CDS transgene. In double transgenic progeny
expressing low levels of the CDS transgene, T cells bearing the class I
restricted TCR were positively selected, while the equivalent cells were
negatively selected in progeny expressing high levels of CDS, suggesting
that increased avidity between the class I MHC molecule and TCR was
induced by the CDS coreceptor which converted the positive selection
signal into a negative one (133, 134).

Clonal inactivation-anergy

There remains the question of how tolerance to self antigens th at are not
constitutively expressed in the thymus is achieved. Clonal deletion does
not appear to act on mature T cells in the periphery as Mls-1^ reactive
Vp6+ and VpS.l+ T cells are not eliminated after intravenous injection of
Mls-1^ bearing spleen cells into adult mice (135).

The non-deletional mechanism of peripheral tolerance, clonal
inactivation or anergy, has been demonstrated experimentally after
manipulation of the anatomical expression of self antigens. When adult
Mis-it) mice were injected with Mls-1^ bearing spleen cells, Vp6+ (Mls-1^
reactive) T cells are not deleted. But, these mature T cells do become
unresponsive to challenge (136). Similarly abnormal expression of I-E on
peripheral cells (acinar cells of the pancreas) in transgenic mice resulted
in I-E reactive V p ll and V pl7a bearing cells being unresponsive (137).
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These in vitro systems of anergy (100) suggest th at binding of TCR in the
absence of a costimulatory signal contributed by the antigen presenting
cell may result in clonal inactivation rather than responsiveness. In the
case of the transgenic mice above, pancreatic cells expressing I-E were
removed and used to stimulate a CD4+ T cell line specific for a particular
peptide and the I-E molecule. The T cells were not stimulated following
presentation of the peptide by the pancreatic cells and were even
rendered unresponsive to subsequent activation by normal sple nic
antigen-presenting cells and the peptide (138). The conclusion was th at
the pancreatic cells were unable to deliver a costimulatory signal
required for T cell activation and so are able to functionally inactivate
the T cells. This could represent one mechanism for maintaining
tolerance to self antigens found only in specific peripheral tissues.

1.2. Recom binant V accinia Viruses
1.2.1. History

Vaccinia virus was introduced into immunology early on with its
successful use for the prevention of smallpox. The protective effect of
vaccination was reported by Edward Jenner in 1798 (139). Vaccination
with cowpox material compared to the practise of variolation which
involved inoculation with small quantities of live variola virus, was
demonstrated to be safe and its prophylactic value soon became evident.

Vaccinia virus was initially isolated from infected cows. Subsequently, to
increase potency some preparations of vaccine were derived from pox
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lesions of horses and other vaccinia virus preparations included
quantities of smallpox virus. The precise derivation of present day
vaccinia virus is therefore obscure (140), and DNA analysis indicates that
vaccinia virua is closly related but not identical to variola virus, cowpox
virus and other members of the poxvirus family (141).

In 1967, the Intensified Smallpox Eradication Programme was
implemented by the World Health Authority (WHO). In th a t year there
were 131,776 reported cases of smallpox in 31 different countries. The
last case of endemic smallpox occured in Somalia in 1977 (142).
Vaccination is now discontinued except for investigators at special risk of
poxviral infection. Continued studies of vaccinia virus have established
new uses for these viruses as tools for research in molecular biology, cell
biology and immunology. More controversial are efforts to develop
recombinant poxviruses as live vaccines to prevent unrelated diseases
and for cancer immunotherapy.

1.22 Biology Of Vaccinia Viruses

Infectious virions are 300-400 nm in diameter and consist of a lipoprotein
envelope surrounding a core structure containing a linear 187 000 base
pair (bp) duplex DNA molecule (143), with hairpin loops connecting the
two strands at each end. Virus encoded enzymes are also contained in the
core. These include a multisubunit DNA-dependant RNA polymerase, a
transcription factor, capping and methylating enzymes and a poly (A)
polymerase which enable synthesis of translatable mRNA.

27

Infection is initiated with viral attachment to the cell and membrane
fusion releasing the core into the cell cytoplasm. Poxvirus replication
occurs in the cytoplasm rather than the nucleus of infected cells.
Initially roughly 100 early genes are transcribed by the viral RNA
polymerase. During viral DNA replication concatemeric intermediates
are formed which are resolved into unit-length genomes. Each temporal
class of viral genes has its own promotor sequences th at are recognised
by a specific viral protein. Once late structural proteins have been
synthesised, progeny virus particles are assembled and released
completing the infectious cycle.

The molecular biology of poxviruses has provided a system for the study
of transcription (144) and replication (145) and consequently is well
understood. The main features making the system so useful are; that
most enzymes and factors needed are encoded in the large 187 000 bp
genome, RNA/DNA synthesis occurs in the cytoplasm so is physically
separated from corresponding host events in the nucleus, virus early
transcription components are in a partially purified form, and virus
mutants are easily isolated. Consequently many virus genes involved in
replication of poxviruses have been identified and avaliability of the
sequence of the vaccinia virus genome (146) will allow the identification
of additional genes.

The expanded interest in vaccinia virus is mainly because of its
development as a vector for the expression of foreign genes. Homologous
recombination occurs naturally during replication of poxviruses so
vaccinia genes can be mapped by marker rescue and foreign DNA can be
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inserted (147). Its large genome, extensive host range and the non
infectious nature of isolated DNA (148), make it an ideal vector for
expression of exogenous genes. Vaccinia vectors retain infectivity (149),
(150) and may accomodate at least 25 000 base pairs (bp) of exogenous
DNA (151).

As vaccinia virus proteins normally undergo a variety of posttranslational modifications (152), recombinant proteins undergo normal
N- and 0-glycosylation, phosphorylation, myristylation, proteolytic
cleavage, membrane transport and secretion.(153,154,155).

1.23 Vaccinia virus expression vectors

Methods for the production and selection of recombinant viruses are well
documented (150), (149) (154). Insertion or transfer vectors have been
developed which simplify the construction and isolation of recombinant
vaccinia viruses. Plasmids are designed to contain vaccinia virus DNA
flanking sequences interrupted by an expression cassette consisting of a
vaccinia virus promotor upstream of unique restriction sites for insertion
of foreign sequences. Vaccinia promotors are necessary because of the
specificity of the virus transcription system (149). The virus encoded
DNA dependent RNA polymerase does not recognize exogenous
promotors. The temporal control of vaccinia virus replication (156) (157),
into early and late genes means th at time of onset and amount of foreign
gene expression is determined by the virus promotor used. Expression
directed by early promotors begins during the first few hours after
infection but then diminishes as the early promoters are switched off.
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whereas expression directed by late promotors is delayed until the onset
of DNA synthesis. The highest amounts of protein are obtained with late
pomotors (158) (159) (160).

Because of the temporal nature of vaccinia virus gene expression the use
of recombinant expression vectors for the induction of immune responses
relies on the choice of an appropriate vaccinia virus promotor. The
induction of antibody responses was unaffected by the nature of the
promotor used for expression of the foreign gene. In one study both PF
(early) and P L ll(late) vaccinia promoters stimulated influenza HA
expression and antibody production in mice (161). Expression of vaccinia
virus late genes interferes with expression of the host genome, thus it is
likely th at host MHC genes are not synthesised once vaccinia virus late
genes are expressed. Expression of a foreign protein directed by late
vaccinia promoters reduced the physical association of foreign peptides
and MHC antigen effecting presentation to CTL, while expression
regulated by early promoters allowed recognition by CTL (161). For
induction of cell-mediated immune responses, virus expression of foreign
antigen has been regulated by the early-late vaccinia virus promoter,
p7.5 (149) (162). This promoter ensures efficient expression of the
inserted gene while allowing endogenous expression of MHC genes for
presentation of foreign peptides. Foreign genes should not contain
introns as mRNA splicing does not occur in the cytoplasm (163, 164).
Transcription directed by early promoters is terminated approximately
50 nucleotides downstream of TTTTTNT sequences (165) (166). Removal
of cryptic termination nucleotide sequences results in full length
transcription of recombinant genes using early promoters in vivo (167).
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1.24 Production o f recom binant vaccinia virus

Once the foreign gene is inserted into an appropriate vaccinia virus
expression plasmid it is recombined into the virus genome. The plasmid
is transfected into cells infected with wild type vaccinia virus.
Homologous recombination may occur between sequences flanking the
cloned gene and complementary sequences within the vaccinia virus
genome. When insertion is directed at the thymidine kinase (TK) locus
recombinants have a TK" phenotype, providing a simple method of
selection (153). TK" recombinants produce plaques when used to infect a
TK" cell line (143 TK") in the presence of bromodeoxyuridine (BrdU). In
wild type vaccinia virus active TK converts the nucleotide analogue BrdU
to its mono-phosphate form, which is incorporated in DNA during
synthesis causing chain-breaks.

BrdU selection identifies vaccinia virus th at has lost thymidine kinase
expression, but does not distinguish between TK" recombinants and
spontaneous TK" mutants. Authentic TK" recombinants are positively
selected for expression of p-galactosidase (p-gal) using a plasmid vector
that directs the co-insertion and expression of the E.coli lac Z gene and a
second foreign gene (168). Recombinant plaques are identified by the
appearance of a blue colour in the presence of the chromogenic substrate
5-bromo-4-chloro-3-indolyl-p-D-galactopyranoside (X-gal), demonstrating
expression of the recombinant DNA. TK" selection and P-gal screening
were used in this study in the production of recombinant vaccinia virus
expressing oncogenes.
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1.25 Inducible and high expression system s

Expression and selection systems have been developed which do not rely
on TK negative cell lines and the mutagen BrdU. Expression of the
E.coli guanine phosphoriboxyltransferase {Ecogpt ) gene has been used
as a dominant genetic marker allowing selection of recombinant vaccinia
viruses with mycophenolic acid which blocks purine metabolism, with
xanthine and hypoxanthine as substrates (169,170). Co-infection of cells
with one recombinant vaccinia virus

expressing T7 RNA polymerase

from a vaccinia promotor and another recombinant containing the gene
of interest linked to the T7 promotor and termination elements allows
expression of functional bacteriophage RNA polymerase. This
transcribes the gene associated with the bacteriophage promotor at high
levels (171). Translation was enhanced by insertion of the 5'
untranslated leader region of encephalomyocarditis virus genome
downstream of the T7 promotor allowing translation of uncapped mRNA
transcripts (172). This system also produces higher levels of expression
from strong endogenous promotors (168). Cell lines with integrated
copies of the bacteriophage RNA polymerase gene (173) (174) have been
constructed, which only require infection with a single recombinant
vaccinia virus containing the bacteriophage promotor-regulated foreign
gene. Vaccinia virus with both the T7 RNA polymerase and a T7
promoter regulated gene in the same viral genome have poor viability
(175).
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The E.coli lac I repressor protein and the operator sequence to which it
binds allow conditional expression (176X177). Combining this with
components of the hybrid T7-vaccinia expression system produces high
levels of inducible gene expression. The lac 1 protein driven from
vaccinia virus 7.5 K promotor and the T7 RNA polymerase gene
regulated by the late IIK promotor and the lac operator, are inserted
within the TK locus of the recombinant virus. The gene of interest is
inserted into another non-essential virus locus, regulated by the T7
promotor and termination elements plus the 5' untranslated leader
sequence of encephalomyocarditis virus. Thus, addition of IPTG allows
expression of the T7 RNA polymerase which transcribes the target gene
(178).

1.26 Induction of immune responses

Recombinant vaccinia virus expression systems have been used
extensively for the induction of immune responses to specific protein
antigens. The wide host range of vaccinia virus provides little restriction
in the choice of cells, and as vaccinia virus proteins normally undergo a
variety of post-translational modifications (152), the processing and
transport normally associated with the recombinant protein is expected
to occur (155).

Identification of the type and the target of immune responses is a basic
requirement of the development of any immunotherapy or vaccine
system. Immunization of animals with recombinant vaccinia virus th at
express potential target genes can provide information relating to the
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identification of the type of immune respones to the target protein.
Determination of antibodies th at are responsible for neutralization of
viral infectivity can be achieved directly with recombinant vaccinia
viruses. For vaccine development the approach is technically simple as
protein isolation is unnecessary and conformational epitopes are not lost
as a result of protein purification; problems encountered with similar
experiments using sub-unit proteins. The antibody response may be
manipulated by altering presentation of a protein. By the addition of
signal and anchor sequences a protein may reach the plasma membrane
potentially increasing antibody response (179) (180),(181), (182).
Monoclonal antibodies recognising native gene products may also be
generated after immunization with recombinant vaccinia viruses (183).

For the generation of CD8+ CTL and identification of their specific target
antigens certain criteria must be followed. Antigen m ust be processed
intracellularly via the endogenous pathway, and presented at the cell
surface in association with matched MHC class I molecules.
Recombinant vaccinia virus vectors maybe used to infect autologous or
MHC matched target cells which would be expected to express the
relevant protein antigen. These target cells are analysed for specific
recognition by lymphocytes in a standard chromium release assay.
Specific recognition of recombinant vaccinia infected targets by
lymphocytes from a influenza virus infected human (184) and
experimental animals (185) have been demonstrated. Influenza specific
CTL lysed target cells infected with recombinant vaccinia virus
expressing nucleoprotein or hemagglutinin (186, 187). Structural,
enzymatic and regulatory proteins of HIV-1 have been demonstrated to
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serve as targets for CTL using recombinant vaccinia viruses and
recombinant viruses expressing truncated HIV-1 proteins provided
identification of epitopes (188), (189), (190). An advantage of using
recombinant vaccinia viruses is th at a single recombinant vaccinia virus
expressing a particular gene of interest can be used to infect many
different cells, providing target cells from a variety of individual sources.
Producing stable transfectants of cells from many individuals would be
much more laborious.

Recombinant vaccinia viruses are capable of priming CTL responses in
vivo (reviewed in: Moss, 1987). CTL effectors have been demonstrated
following in vitro stimulation of spleen cells from mice that had been
vaccinated with a recombinant vaccinia virus expressing influenza virus
hemagglutinin. Spleen cells were isolated and effectors were stimulated
in vitro with cells infected with the recombinant vaccinia virus or
influenza virus, and effector cells were able to specifically lyse influenza
infected target cells in ^^Cr release assays (185). Recombinant vaccinia
virus expressing the nucleoprotein (NP) gene primed cross reactive CTL
which lysed cells infected with any influenza A virus and which could be
stimulated with any influenza A subtype (186). Influenza hemagglutinin
(HA) specific CTL were also primed by immunisation with recombinant
vaccinia virus expressing HA and these were found not to be cross
reactive with other influenza A subtypes (187). Influenza HA specific
CTL were consistently primed by recombinant vaccinia virus which
expressed HA from early promoters. When HA was expressed from a late
promoter, recombinant vaccinia virus failed to prime for CTL response in
naive CBA/H mice, although priming was detected in BALB/c mice (161).
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Recombinant vaccinia viruses have been used for experimental tumour
therapy. The Friend murine leukemia virus (FMuLV), causes
erythroleukemia and splenomegaly in mice. FMuLV contains two
envelope glycoproteins th at are produced by cleavage of a precursor.
Repeated immunization with recombinant viruses th at express the
envelope glycoprotein gene of Friend leukemia virus can protect against
murine leukemia (191). Envelope protein expressed by the recombinant
vaccinia virus was glycosylated, transported to the plasma membrane
and correctly processed into subunits. Mice th at had been vaccinated
intradermally with the recombinant vaccinia virus did not develop
splenomegaly or leukemia when later challenged with Friend virus. Both
neutralizing antibody and CTLs rapidly appeared only in the vaccinated
animals after challenge, suggesting th at the animals had been primed
and vaccinated animals were able to clear their spleens of the virus. The
functional association of CTL activity with the observed protection and
recovery was not investigated fully.

Other investigations have involved recombinant vaccinia viruses th at
express the T antigen genes of polyoma virus (192). The three early
polyoma proteins, large-T, middle-T and small-T are involved in
tumorigenesis. These were expressed in vaccinia recombinants and
polyoma tumour rejection was observed in rats immunized with
recombinants expressing either large-T or middle-T antigens. The rat
neu oncogene-encoded protein was also expressed in a vaccinia
recombinant which protected against subsequent tumour challenge with
neu-transformed NIH 3T3 tumour cells (193). These data indicate
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protection against tumour cells bearing an oncogene-encoded antigen
elicited by prior immunization with this antigen.

The human melanoma-associated antigen glycoprotein p97 has also been
expressed in a recombinant vaccinia virus and was able to induce
rejection of syngeneic melanoma cells expressing p97 in immunized mice
(194). The protection demonstrated in these models was probably due to
cell mediated responses. The value of recombinant vaccinia viruses in
experimental immunology is well established and these vectors are
becoming routine reagents as more applications are found for them.

1.27 Recombinant vaccinia viruses as live vaccines

Successful use of vaccinia virus against small pox raised the possibility of
the use of recombinant vaccinia viruses as live vaccines (195), (153).
Recombinant vaccinia viruses maintain many of the advantages of
attenuated live virus vaccines including stimulation of humoral and cell
mediated immunity, low cost, heat stability, simple method of
administration a history of successful use and a long duration of
effectiveness (142).

Experience with smallpox vaccination indicates th at serious
complications varied with vaccinia strain, being relatively rare in some.
Attenuated strains were produced by serial virus passage which were not
actually used on a large scale because of the overriding drive to eradicate
smallpox. Modem genetic manipulation methods could provide low risk
vaccine vectors. Deletion of vaccinia genes encoding TK (196) and
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hemagglutinin (197) decrease the virulence of vaccinia virus in
experimental animal systems. Two vaccinia virus open reading frames
B15R and B18R, were predicted to encode proteins with homology to
human and mouse type I and type II interleukin 1 (IL-1) receptor. In
vitro both products are secreted into the growth medium of virus infected
cells, which was found to inhibit proliferation of murine T and B
lymphocytes. The B15R product was shown to bind to IL-lp. This may
represent a mechanism enabling the virus to modulate the immune
system as recombinant vaccinia virus with disrupted B15R, was
attenuated compared to wild type virus in vivo (198,199). Insertion of
lymphokine genes into the genome of vaccinia viruses may modulate
immune response and decrease virulence. Interleukin-2 (IL-2) or
interferon y expressing vaccinia virus Is less pathogenic for
immunodeficient athymic nude mice (200) and immunocompetent
monkeys (201), (202) than the wild type virus. It should be possible to
produce a combination of alterations th at would satisfy safety
considerations, but which do not interfere with immunogenicity of the
recombinant target.

1.3. Tumour Antigens
Tumour immunology is based on the assumption th at like virus infected
cells, cancer cells express antigens th at are not present on normal cells,
which may be recognised by the host immune system. This concept that
the immune system may eliminate malignant cells by recognition of non
self, gave rise to the theory of immunological surveillance against cancer
(203, 204). Attempts to understand the molecular basis of human
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malignancies has revealed a group of genes called oncogenes. These may
be generally defined by their abnormal expression or altered gene
product which directly determines the production of a malignant
phenotype. Cellular oncogenes are derived from normal cellular genes,
or proto-oncogenes by oncogenic activation.

The demonstration that common cancers of humans may harbour tumour
specific mutations in predictable sets of gene including both structural
and regulatory genes provides a genetic basis for cancer and raises the
possibility th at these tumour specific molecules may act as tumour
specific antigens. The m utant proteins are encoded by oncogenes or
suppressor genes(anti-oncogenes), th at are structurally altered as a result
of point mutations, chromosomal translocations, internal deletions or
viral insertion mutagenesis. Such tumour specific molecules may be
targets for immune responses and could be developed as targets for
immunotherapy of existing cancers or even targets for preventative
cancer vaccines. In the very least tumour specific m utant molecules may
be useful for diagnostic purposes for determining the type of tumour or
its stage of development.

Despite the advances in the understanding of the molecular processes
involved in carcinogenesis and the effector mechanisms of the immune
system, evidence that T lymphocyte mediated responses play a
significant role in protection against development of human tumours
remains limited. The identification of T lymphocytes th at are MHC
restricted and tumour specific would be an important development.
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Animal models involving chemically or virally induced tumours provide
examples where tumours induce an immune response leading to rejection
which is mediated by T lymphocytes of syngeneic hosts. Both CD4+ and
CD8+ T lymphocytes have been implicated in rejection (205), (206), (207).
Human tumour infiltrating lymphocytes demonstrate cytolytic activity
against autologous tumour cells after in vitro culture with high
concentrations of IL-2 (208, 209, 210), although the cytokine activated
lymphocytes often lack specificity. The specificity of responses of isolated
T lymphocytes was investigated by analysis of T cell receptor gene usage
(211). Limited expression of Va genes was observed suggesting some
degree of specificity within the T cell population. It has been possible to
isolate CTL from tumour infiltrating lymphocytes which specifically lyse
patient tumour cells (212, 213, 214, 215, 216), but the antigens involved
in specific recognition by the CTL are generally unknown. In a recent
significant study the gene encoding a CTL recognised melanoma antigen
was cloned and demonstrated to be expressed in 40% of human
melanomas (217).

Processing and presentation of antigens for recognition by CTLs is now
well understood (218). Structural mutations in oncogenes and
suppressor genes resulting in m utant proteins known to be associated
with human cancers, have the potential to produce m utant peptides
which may be presented on the cell surface by MHC molecules and
recognised by class I MHC restricted T lymphocytes. Identification of T
lymphocytes that are MHC restricted and tumour specific is therefore a
possibility.
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1.31 Abnorm al expression o f norm al protein produces tum our
antigens

Immune responses may be generated against normal proteins th at are
abnormally expressed in tumour cells resulting in recognition by CTL, as
has been recently demonstrated (219). Autologous MHC class 1
restricted CTL recognise the tumour antigen MZ2-E expressed by the
human melanoma MZ2-MEL cell Hne. Identification of the gene
encoding the MZ2-E antigen was achieved by transfecting a genomic
library derived from DNA of the original tumour cells into a variant
tumour cell not expressing MZ2-E antigen, previously derived by
selection with a CTL clone. Transfectants expressing MZ2-E antigen
were identified by their ability to stimulate a MZ2-E specific CTL clone
(220). The gene MAGE-1, responsible for expression of MZ2-E was
isolated and sequenced (217). The sequence of MAGE-1 gene from
melanoma cells was identical to the MAGE-1 gene in normal cells from
the original patient suggesting th at abnormal expression was responsible
for production of the tumour antigen, rather than genetic mutation.
MAGE-1 gene isolated from the patients lymphocytes could confer
expression of antigen when transfected into cells not normally expressing
MZ2-E. Furthermore, a peptide from the MAGE-1 encoded protein was
identified th at binds to HLA-Al and was recognised by the CTL clone.
MAGE-1 is not expressed in normal cells but expression in tumour cells
may lead to MZ2-E recognition by class 1 restricted CTLs. Expression of
MAGE-1 has been identified in other melanomas (40%) and other types
of tumour such as lung and ovary.
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The same group have used this genetic approach for the identification of
a mouse tumour rejection antigen encoded by the gene PIA (221). The
mouse mastocytoma, P815 (H-2^) expresses the antigens P815A , P815B,
P815C and P815D. P815 tumour cells th at were not completely rejected
in mice were found to have altered expression of these antigens (222).
Variant cells which did not express P815A or P815B, were transfected
with a cosmid library made of DNA derived from P815 tumour cells. The
gene PIA was isolated which directs the expression of both P815A and
P815B antigens (221). The sequence of the gene in the P815 tumour cells
and normal cells was the same suggesting th at mutation does not
account for expression of the antigen by the tumour cells. Expression of
the gene is high in tumour cells but virtually silent in normal cells. The
mastocytoma cell line LI38.8A (H-2^), is lysed by anti-P815A and P815B
CTLs and expresses the PIA gene. The antigenic peptide th at is
recognised by the CTLs in association with the relavent class I MHC
molecules has been identified as a nonapeptide containing both the A and
B epitopes (223). Expression of rejection antigens results from the
expression of a normally silent gene and production of an immunogenic
peptide. Activation may be a result of transformation of the cell.

1.32 Structural m utations producing tum our antigens

The genetics and molecular basis of tumour antigens in an experimental
tumour has been investigated revealing th at CTL may recognise antigens
responsible for tumour rejection. The mouse mastocytoma P815 grow
progressively in normal mice. Immunogenic variants of P815 th at are
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unable to produce tumours so were called turn" mutants, were generated
by in vitro mutagenesis with the mutagen N-methyl-N-nitrosoguanidine.
The tum" variants are rejected in syngeneic mice because they express
new transplantation antigens. Genes coding for three tum ’ antigens
(P91A, P35B, P198) have been isolated (224, 225, 226). The procedure
involved transfection of tum ’ variant DNA into the P815 derived cell line
PIHTR. Transfectants expressing tum’ antigens were detected by their
ability to stimulate the appropriate anti-tum" specific CTL (227).
Sequencing of these genes revealed th at they were unrelated and had no
homology with any previously described genes. Each of these genes
derived from the tum’ variants differed from the corresponding normal
gene, derived from a tum+ cell line by a single nucleic acid point
mutation causing an amino acid substitution (225, 226, 228). These
mutations were responsible for the CTL activity which was confirmed
using a peptide incorporating the tum" mutation P91A which bound to H2L4, sensitizing P815 parental tumour cells for recognition by the
appropriate tum ’ specific CTL (228). A peptide corresponding to the P35
mutation was also able to sensitize P815 cells to the relevant CTL, while
the corresponding normal peptide was not. Only the m utant peptide was
able to enhance the cell surface expression of the H-2D^ presenting
molecule suggesting th at mutation generates a

binding motif within

the antigenic peptide (229). The relevance of these experimentally
induced tumour antigens is not fully understood but this system
demonstrates that CTL can recognise antigenic peptides from normal
proteins that contain an amino acid substitution arising from a single
point mutation in the oncogene.
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1.33 Other potential tumour antigens

The Ras genes are the best characterised example of a normal cellular
gene that becomes transforming as a result of a structural mutation. The
human Ras family consist of three members , Ha-Ras, Ki-Ras and N-Ras,
which encode a highly conserved family of inner membrane bound
proteins (p21 Ras) (230). M utant p21 Ras proteins aquire oncogenic
potential resulting from single amino acid substitutions at residues 12,
13 and 61 (231, 232, 233, 234). M utant Ras proteins have been
frequently identified in many types of human cancer (230). The overall
incidence was estimated to be approximately 10% (235), although there is
variation with different types of malignancy and is probably higher (236,
237). Ras protein has also been implicated in a large number of human
malignancies contributing to transformation by abnormally high levels of
expression (238, 239, 240).

Since p21 Ras is located intracellularly m utant Ras proteins would not
normally be accessible to antibody mediated immunity. Proteolytically
cleaved portions of m utant protein which encompass a substituted amino
acid might potentially bind to MHC molecules and serve as targets for T
cell mediated recognition. Host T cells would presumably not be tolerant
to altered p21 Ras peptides, as somatic mutations would have arisen
after thymic education had occuued.

Synthetic peptides corresponding to the amino acid sequences 5-12 of
mutated p21 Ras with glycine substituted for valine at position 12 were
specifically recognised by HLA-DR restricted human CD4+ T cells .
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These antigen specific T cell lines did not cross react with the
corresponding peptide sequence of normal p21 Ras which is identical in
all three members of the Ras family of proteins in this region (241).
Using a similar approach CD4+ T lymphocyte clones were raised from a
healthy donor with specificity for peptides carrying different amino acid
substitutions at residues 12 and 13. These T cell clones were either
HLA-DR or HLA-DQ restricted (242). Additionally, in mice several
synthetic peptides corresponding to mutated p21 Ras with an activating
substitution at position 12 were immunogenic (243). Induced CD4+ T
cells specifically responded to m utant peptide and were also able to
recognise antigen presenting cells fed with the corresponding intact
m utant p21 Ras protein, suggesting that the epitope contained within the
synthetic peptide was naturally processed and presented for recognition
by class II restricted T lymphocytes. In this study some but not all amino
acid substituted peptides at position 12 were immunogenic in several
strains of mice.

Activated Ras protein containing amino acid sustitutions at position 61
are also commonly associated with human malignancies. CD4+ T cells
recognising a synthetic peptide corresponding to m utant p21 Ras,
containing a glutamine to leucine substitution a t position 61 were
derived from a patient with follicular thyroid carcinoma. The responding
class II restricted T cells did not cross react with a synthetic peptide
derived from normal p21 Ras or with any other mutation at position 61
but were able to respond to m utant p21 Ras protein containing a leucine
substitution at position 61. Corresponding T cells were not derived from
a healthy donor when stimulated with the m utant peptide (242).
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Currently p21 Ras has not been demonstrated to be a rejection antigen
and thus a potential target for immunotherapy. Demonstration th at
MHC class I restricted CD8+ T cells may recognise m utant p21 Ras
proteins would be encouraging since CD8+ T cells frequently seem to be
essential for tumour rejection. Using in vitro sensitisation, mouse CD8+
T cell lines specific for a peptide mutated at position 61 have been
induced, but these do not lyse cells expressing the corresponding m utant
p21 Ras protein (244). This would need to be established as not all
peptides th at bind MHC class I and induce CTL in vitro^ are naturally
processed and presented by transfected cells. The demonstration that
p21 Ras might be a tumour rejection antigen would encourage studies of
the relevence of this molecule as a target for tumour immunotherapy.

Chromosomal translocations th at commonly associate with human
cancer result in the formation of structurally altered fusion proteins.
Typically, 90% of patients with chronic myelogenous leukemia (CML)
exhibit the Philadelphia chromosome (Ph) (245), produced by
translocation of the proto-oncogene c-abl (ABL) from chromosome 9 (246,
247) to the breakpoint cluster region (BCR) on chromosome 22 (248). The
translocation breakpoints occur upstream of c-abl and within introns of
the her gene (249). Orientation of the two genes is the same, so
translocation results in the expression of a chimeric BCR-ABL protein
with abnormal tyrosine kinase activity thought to be essential for
development of the chronic myelogenous leukemia (250). BCR-ABL
fusion proteins display limited structural heterogenicity; amino acid
sequences from independently derived tumours are conserved

46

Approximately 10% of patients with acute lymphoblastic leukemia (ALL)
also exhibit a Ph chromosome although generally different sequences of
the her gene are involved (251). ALL and CML fusion proteins are
distinct even though the tumour cells are cytogenetically
indistinguishable which may suggest different genetic recombination
requirements for transformation of lymphoid and myeloid lineages.

BCR and ABL proteins are expressed in normal cells and are presumably
non-immunogenic but peptides spanning the fusion point might
represent a novel amino acid sequence so might potentially be
immunogenic. A new codon may even be created at the splicing joint
leading to expression of a unique amino acid within the fusion peptide.
Fusion peptides might be immunogenic if appropriately processed
intracellularly and if they possess necessary MHC motifs. In one study
mice were immunized with synthetic peptides corresponding to the
joining region of the BCR-ABL protein (252). CD4+ T cell lines were
derived which were specific for the fusion peptide. The T cells also
responded to the corresponding p210 BCR-ABL protein processed and
presented by antigen presenting cells. The relevence of these
observations is yet to be established as mouse T cells are responding to a
human molecule and evaluation of immunogenicity for human T cells is
required.
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1.4, Ras Genes and Proteins
Oncogenes have been identified in both RNA tumour viruses and in
tumour cells (reviewed in Cooper, 1982). The RNA tumour viruses have
aquired their oncogenes by transduction (253, 254) while tumour cell
oncogenes have formally arisen by somatic mutation of normal cellular
genes (231, 232, 255). The Ras genes (RAt Sarcoma) were originally
identified as the transforming oncogenes of two related ra t transforming
viruses Harvey Murine Sarcoma Virus (v-Ha-ras) and Kirsten Murine
Sarcoma Virus (v-Ki-ras), (256, 257), generated by transduction of the rat
H-ras-1 and K-ras-2 cellular genes. Mammalian cellular homologues of
these genes were identified as the proto-oncogenes c-Ha-ras, and c-Ki-ras
(258, 259, 260, 261). The third Ras gene N-ras was discovered as the
active transforming gene within the genome of a human neuroblastoma
cell line (262). These and other studies identified the presence of
dominant oncogenes in human (263, 264, 265, 266, 267) and carcinogen
induced animal tumours (268, 269, 270, 271) many of which were
identified on the basis of their homology to mutated alleles of cellular Ras
genes. The understanding of the role of Ras oncogenes in neoplastic
development has been a major focus of research into understanding the
pathogenesis of human cancer.

Three Ras genes have been identified in the mammalian genome which
have been designated H-ras-1, K-ras-2 and N-ras. Two pseudogenes, Hras-2 and K-ras-1 have also been identified in rats and humans (253,
272). Ras genes have been cloned from a variety of other organisms
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including yeast. Saccharomyces cerevisiae has two ras genes RASl and
RAS2. The first 120 amino acids have 70% homology to mammalian Ras.

Ras genes are distribution throughout eukaryotic evolution and encode
closely related 21 kDa protein p21Ras (273) localized on the inner side of
the plasma membrane (274, 275, 276). Ras proteins are conserved
throughout evolution as Ras protein from yeast can transform
mammalian cells and mammalian Ras can support growth of m utant
yeast cells (277, 278). In mammals Ras is implicated in cell proliferation
(279) and terminal differentiation (280, 281) while they are a basic
requirement in yeast for survival (282) and mating (283). Their
significant sequence homology with classical G proteins and biochemical
properties are consistant with the notion th at Ras proteins function in
intracellular signalling.

The p21Ras proteins encoded by Ha- and N-Ras are 189 amino acids
(272) and coding sequences are equally distributed in four exons. Ki-Ras
differs by having two alternative fourth exons (TVA and IVB) (284), that
produce two isomorphic p21Ras proteins of 188 or 189 residues differing
at their carboxy terminus. In mammalian cells the exon 4B is used
generating a protein of 188 amino acids. Exon 4A sequences have been
identified in v-Ki-Ras protein generating a protein of 189 amino acids.
The three Ras genes are expressed in most cell types and stages of
development (285).

Comparison of the amino acid sequences of the p21Ras proteins reveals
that they are very similar, (Fig 1) with a maximum of 15 differences
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between any two proteins within the first 164 amino acids. Eight of these
differences are clustered between 121-135 though most are conservative
substitutions. Between 165-185 is a highly variable region with no
homology between the three proteins. The C-terminal amino acids 186189 form a conserved sequence Cys^®®-A-A-X-COOH (A is any aliphatic
amino acid, X is any residue) present in all members of the Ras gene
family which is required for correct post-translational processing of
p21Ras (286), permiting localization to the inner plasma membrane
(287). The three C-terminal amino acid residues are removed, the Cys^^6
residue is methylated (288) and an isoprenoid complex is added (289,
290) which produces a detergent soluble form of p21Ras. Ha- and N-Ras
have a cysteine residue at 181 and 184 which are palmitoylated,
producing mature p21Ras which associates tightly with the plasma
membrane. K-Ras is not palmitoylated but relies on the high positive
charge of the C-terminus for plasma membrane association, so is more
easily dissociated. Mu tations of the Cys^®® residue produce Ras which
cannot be post-translationally processed and is unable to attach to the
plasma membrane, but remains the cytosol and has no transforming
ability (275, 287).

1.41 Biochem ical properties of Ras

The biochemical properties associated with Ras proteins are binding of
guanine nucleotides (GTP and GDP) (291) and GTPase activity (292).
The malignant phenotype of Ras transformed NIH3T3 cells is reversed
after microinjection of anti-Ras antibody th at prevent the binding of
guanine nucleotides (293) and m utants of Ras th at are unable to
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transform NIH3T3 cells are unable to bind guanine nucleotides (294),
(295). The GTPase activity of activated Ras proteins is also severely
reduced (296).

Single point mutations produce oncogenic activation of Ras. In Ras, the
same naturally occurring mutations can be found in a variety of different
types of tumours, localized in codons 12 (231, 232, 255, 297, 298), 13
(234), 59 (299, 300) and 61 (233, 301, 302, 303, 304). Mutations at codons
12 and 61 are the most common and the most thoroughly characterized.
The presence of a glycine residue at position 12 seems to be essential for
normal function of Ras. Substitution with any other amino acid proline
excepted, results in oncogenic activation of Ras (305). In normal Ras
there is also a glycine residue at position 13. Certain substitutions of
01yl3 cause activation of Ras such as Val^^ and Asp^^ , whereas Ras
with the substitution Ser^^ is normal (306). Substitution of glutamine at
position 61 by any amino acids other than proline or glutamic acid
produces oncogenic activation (307). Substitutions at position 59 have
been naturally observed in retroviral oncogenes (299, 300) and alter the
structural conformation of the p21Ras which may affect its biochemical
properties.

The biochemical properties of Ras resemble those of the G proteins which
function in signal transduction through transmembrane signalling
systems (308) and Ras has sequence homology with several of the G
proteins. Other nucleotide binding proteins also exhibit sequence
homology to Ras. One of these is the bacterial elongation factor Tu (EF-
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Tu), which has been crystallized and investigated to predict the functions
of the particular domains homologous to Ras.

Guanine nucleotide binding activity of Ras is related to the regions
including amino acid residues 5-22 and 109-120, (309, 310) which have
homology with G proteins and EF-Tu. Direct experimental evidence is
provided in studies using antibodies directed against the amino terminal
of the Ras protein. These inhibit the binding of guanine nucleotides and
conversely preincubation of Ras with GTP/GDT inhibits the binding of
these antibodies (293). The glycine residue at position 12 was predicted
to be part of the guanine nucleotide phosphoryl binding loop (310, 311).
Replacement of the glycine by any amino acid residue except proline
would disrupt the a helical conformation of the amino terminal domain
(312) and prevent interaction with the phosphoryl region of the GTP
molecule thus, reducing GTPase activity of Ras. The Ras domain 59-63
has no significant homology with other guanine nucleotide binding
proteins, however coding mutations in residue 61 result in oncogenic
activation of Ras genes and reduced GTPase activity (291, 307).

Other Ras domains th at are linked with guanine nucleotide binding
activity include two domains Asn^^^-Lys-Cys-Asp^^^ and Ser^^^-AlaLysl47 (310, 311) forming hydrogen bonds with the guanine ring. Amino
acid substitutions within these regions reduce guanine nucleotide
binding (313) and transforming ability of the protein (294). Deletion of
any residue within the region, 152-165 also results in loss of guanine
nucleotide binding and transforming ability (295). Finally Argl®4 jg
conserved in all forms of mammalian Ras and replacement of this residue
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results in loss of GTP binding but lack of sequence homology within Ras
or any other guanine nucleotide binding protein, makes it difficult to
predict the role of this region in guanine nucleotide binding.

Deletion mutation analysis of Ras has revealed five domains which are
essential for the function of Ras . These are regions 5-63, 77-92, 109-123,
139-165 and the carboxyl domain Cys^^^-A-A-X-COOH. Region 77-92
does not function in the binding of guanine nucleotides but may be
involved in effector recognition. The rat monoclonal antibody Y13259
recognises conserved residues within this region (314) of each Ras
protein (233, 315). The antibody specifically blocks serum induced
mitogenic responses of cultured cells and mutated Ras induced
morphologic transformation (279, 316).

1.42 Ras GAP Signalling Pathway

The Ras protein seems to be an essential component of receptor mediated
signal transduction pathways for growth and differentiation (317),
although its exact biochemical fimction is unknown. Ras proteins exist in
equilibrium between inactive GDP associated Ras, the major form in
normal cells, and active GTP associated Ras. Stimulation of Ras
presumably via another protein upstream in the signal transduction
pathway, results in the exchange of GDP for GTP with associated
conformational change of Ras to an active state which might then react
with effector molecules. Receptor stimulation of Ras was demonstrated
by PDGF (platelet derived growth factor) treatm ent of Swiss 3T3 cells
which increases the fraction of p21-Ras in an active GTP bound state
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(318), and the level of p21-Ras GTP complex was increased when T cells
were stimulated through the T cell receptor (319). Deactivation of Ras
could occur via the intrinsic GTPase activity of Ras, which would catalyse
hydrolysis of GTP to GDP producing inactive GDP-bound Ras.
Measurement of the in vivo GTP hydrolysis exchange rate was found to
be greater than th at found in vitro led to the identification of GTPaseactivating protein RasGAP (320), a 116Kd cytosolic protein present in all
mammalian cells, which stimulates intrinsic GTPase conversion of active
p21Ras/GTP to inactive p21Ras/GDP.

Mutations of Ras reverse the normal equilibrium between active and
inactive conformations conferring transforming properties to the Ras
genes. RasGAP is unable to stimulate intrinsic GTPase activity and
reduced GTP hydrolysis leads to accumulation of constitutively active
GTP-bound Ras, continuous signal transduction and uncontrolled cell
growth and morphological transformation. Highly overexpressed normal
Ras proteins may also lead to the accumulation of enough active GTPbound Ras to induce transformation without altering the active/inactive
equilibrium typical of normal Ras. Linkage of normal Ras genes to
retroviral regulatory elements (LTR) (321, 322) or intergration of
multiple copies of a DNA clone of normal human H-ras-1 gene (323), has
been demonstrated to result in the malignant transformation of NIH3T3
cells.

Mutations in Ras between amino acids 30-40 which corresponds to the
effector domain, block both biological activity and RasGAP-stimulated
GTP hydrolysis. This suggests th at either the Ras target and RasGAP
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associate with overlapping sequences, or th at RasGAP may be the target
of Ras. Sequence analysis of GAP suggested th at the C-terminal domain
may bind Ras and encompass the GAP activity.

The neurofibromin product of NFI gene was found to contain a domain
with 30% amino acid homology to Ras-GAP and could function as a Ras
GTPase activating protein (GAP). Like Ras GAP, the NFI protein does
not stimulate GTPase activity of oncogenically activated p21 Ras protein
and interacts with p21 Ras through the same effector domain (324).
These two GTPase activating proteins which act on p21 Ras are both
ubiquitously expressed and presumably present in most cells (325) (326).

Neurofibromin was proposed as a down regulator of Ras (327) (328). Cell
lines derived from malignant schwannomas from type 1
neurofibromatosis patient, lacked or had reduced neurofibromin protein,
and relatively normal levels of p21-Ras was predominately in the active
GTP bound form. GAP and the NFI protein may be regulators of p21 Ras,
regulating the active p21 Ras GTP bound form so controlling the release
of mutagenic signals to another downstream protein. Increases in the
level of GTP on p21 Ras following protein kinase C activation in T cells
seems to occur through inhibiting GTPase activating proteins (329),
providing evidence for this role of the GTPase activating proteins Ras
GAP and NFI product. Alternatively Ras GAP and the NFI product
maybe the effector proteins for p21 Ras. The p21 Ras-Ras GAP complex
may be a signal transducing mechanism (330), the GAP molecule having
been excited by a GTP-bound p21 Ras molecule, causes p21 Ras to
hydrolyse it bound GTP, returning to its inactive state.
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One model suggests th at the NFI protein is a negative regulator of p21
Ras, whose activity is inhibited in response to growth factor signals while
Ras GAP is the p21 Ras effector. The NFI protein has higher activity for
p21 Ras GTP than Ras GAP. It would be the active species when the p21
Ras GTP concentration is low (324). Inhibition of NFI protein would
allow the p21 Ras GTP concentration to increase sufficiently to allow Ras
GAP effector interaction. Effector function termination would occur when
Ras GAP stimulates hydrolysis of p21 Ras bound GTP. The domain of
p21 Ras th at is necessary for oncogenic transformation by p21 Ras (294)
is also essential for its ability to interact with GAP (331) supporting Ras
GAP as the effector species. The reverse roles for these two GTPase
activating proteins has also been proposed (332).

Sequence analysis of GAP suggests th at it has no obvious catalytic
domains th at might play a role in metabolic processes associated with
cell proliferation. GAP may just be a signal transducer th at mediates
between p21 Ras and another effector downstream. One candidate
effector regulated by GAP is a K+ channel linked to a murarimic receptor
in atrial membranes. The channel is inhibited by GAP in a p21 Ras
dependent manner (330). Other possible GAP regulated effectors are two
GAP associated proteins p62 and pl90 (333) (334).

The phosphorylated pl90 is tightly bound to GAP in mitogenically
stimulated and tyrosine kinase transformed cells (333) (334). GAP-pl90
association impairs the GTPase inducing activity of GAP (333). Isolation
and sequencing of pl90 predicted a protein with similarity to members of
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the GTPase superfamily (335). Significantly, a large proportion of pl90
had almost identical amino acid sequence to a nuclear transcription
repressor factor of glucocorticoid receptor gene, suggesting th at p21 Ras
may use GAP and pl90 to transm it signals directly to the nucleus,
modulating activity of specific cellular genes.

Association of p62 with GAP raised interest in this molecule which has
also been isolated. Sequence similarity was detected to a mRNA
processing p62 bound to DNA and mRNA (336) suggesting similar
properties to mRNA processing proteins. The protein is subject to
tyrosine phosphorylation which may regulate p62's role in mRNA
processing and utilization indirectly regulated by Ras.

The evidence that the central region of the GAP associated protein pl90
encodes a transcription factor makes this the best demonstration of a
direct link between plasma membrane regulatory proteins and a
transcriptional factor (337). The simple down regulatory signal
transduction is ruled out. The involvement of Ras in the formation of Ras
GAP-pl90 complex is not clear. If Ras is involved it would still need to be
determined if this was its only function.

1.43 Incidence of Ras oncogenes in hum an cancers

Activated Ras oncogenes have been identified in a wide range of human
cancers, including carcinomas of the bladder, breast, colon, kidney, liver,
lung, pancreas and stomach. They have also been identified in
haematopoietic tumours of lymphoid (acute lymphocytic leukemia and B
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cell lymphoma) and myeloid (acute and chronic myelogenous leukemias)
lineage. Other tumours including melanomas and neuroblastomas are
also associated with Ras oncogenes. Studies covering Ras oncogene
association with human cancers have been reviewed (338). Transforming
Ras genes are the oncogenes most frequently associated with human
cancer with an overall incidence estimated to be around 10-30% (230),
although the actual figure depends on the type of malignancy.
Estimation of the incidence of Ras oncogenes in human tumors has been
based on NIH3T3 transfection assays which are probably insensitive,
suggesting the actual incidence is certainly higher.

More sensitive methods of detection have been developed which provide a
more accurate estimation of the association of Ras oncogenes with human
tumors. Studies using DNA hybridization techniques where defined
oligonucleotides are used to identify single point mutations on the basis
that a perfect match with the genomic sequence is more stable than a
single mismatch, successfully identified human Ras oncogenes with
mutations at the important 12^^ and 61®^ codon (339). Single base pair
mismatches in RNAiRNA and RNA:DNA hybrids can be identified with
[32p].labeled probes based on their sensitivity to RNAse A digestion.
The labeled RNA probe is cleaved into defined fragments which are
resolved by polyacrylamide gel electrophoresis which identifies most base
substitutions (340, 341). These techniques suggest the prevalence of Ras
gene mutations in a significant percentage (5-40%) of most human
tumours.
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1.5. General Aims
This study concentrates on the recognition of abnormal Ras proteins by
CTL. Mutation of Ras produced by point mutations and over expression
of normal Ras proteins are both associated with many types of human
malignancies. Single amino acid substitutions can result in expression of
new antigenic peptides at the cell surface which are responsible for CTL
recognition and the rejection of experimental tumours (225, 226, 227).
Thus mutations in any gene may potentially result in the presentation of
new antigens at the cell surface. Peptides from mutated p21 Ras protein
may have the ability to bind to MHC class I presenting molecules and
generate a new epitope recognised by CTL. Identification of the mouse
tumour rejection antigen encoded by the gene PIA and a human
melanoma antigen encoded by MAGE-1 which are expressed in tumour
cells, but only at very low levels in normal cells, suggests that antigens
resulting from abnormal expression of a normal protein can be
recognised by CTL (217, 220, 221). Overexpression of Ras in transformed
cells could potentially allow MHC class I restricted recognition of Ras
derived peptide epitopes and raises the possibility that Ras could be
recognised by CTL in either one of these abnormal forms which are
associated with human malignancies. Ras might therefore be a potential
target for immunotherapy. The pSCII vaccinia virus expression and
selection system provides a simple method for the construction and
selection of recombinant vaccinia virus expressing normal and m utant
human Ras, which may be used for the induction of CTL in mice and
identification of epitopes recognised by CTL. The induction of CTL
specific for either mutated or abnormally expressed epitopes of Ras
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would not be expected to be due to differences of human and mouse Ras,
since they are identical except for three carboxy-terminal residues 168,
184 and 188 (342).

Using such vaccinia constructs to immunise mice it should be possible to
test whether abnormally high level Ras expression can stimulate CTL
and whether specific recognition of Ras mutations can occur. Thus, the
study should provide information about the possibility of targeting Ras in
immunological cancer treatment.
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Figure 1: Comparative amino acid sequence o f hum an and
m ouse Ras proteins.
Human and mouse N-Ras gene products are particularly homologous
differing in only three residues 168, 184 and 188. The N-Ras gene
product also has homology with the gene products of K- and H-Ras.
Residues identical to human N-Ras gene product are designated by a
dash (Barbacid, 1987).
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Chapter 2. M aterials and Methods

2.01 Media

Growth media were supplied by the ICRF Cell Production Unit, Clare
Hall Laboratories. The basic growth medium used for all tumour cell
lines was RPMI 1640 (RPMI), supplemented with 10% v/v heat
inactivated foetal calf serum (HI PCS) supplied by Gibco. Foetal calf
serum was heat inactivated at 56°C for 30 minutes.

T cell lines were cultured in IMDM supplemented with 10% v/v FCS,
5x10’^ M 2ME and 10% v/v rat Con.A supernatant (see below).

IMDM T Cell Medium (Gibco BRL IMDM, was dissolved in 900ml dH20
for Ih r at room temperature. The following was then added; 3.025g of
NaHCOg, 10ml pen/strep (Gibco BRL), O.Smls transferrin (Sigma,
lOmg/ml stock) and 10ml Na-pyruvate (Gibco BRL). The final volume
was adjusted to 1 litre, filtered through a 0.22 pM filter and aliquoted.

Preparation of rat con.A supernatants

Spleens of normal rats were removed and teased into a single cell
suspension. Cells were pelleted in 50ml tubes (Becton Dickinson) by
centrifugation at 250g for 10 min and then washed with MEM. Washed
cells were counted and resuspended at concentration of 5 x 10^/ml in T175 flask (Falcon) in complete T cell growth media containing 3pg/ml
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Concanavalin A (Sigma). After culture at 37®C, 6% CO2 for 48 hours, the
cell suspension was centrifuged at 822g for 20 min, supernatant was
harvested, filtered with 0.45|xM filter (Nalgene) and stored at -20°C.
2.02 Mice, Cell Lines and Cell Culture

057 BL/10 and DBA/2 mice were obtained from the ICRF animal colony.
RMA is a mutagenized subline of the RBL-5 Rauschers virus induced T
cell lymphoma originating in 057 BL/6 mice (63). RMA-S was also
derived from RBL-5 after mutagenization and selection with anti-H-2^
antiserum plus complement for loss of MHO class I expression (63). EL4
was established from a lymphoma induced in 057 BL/6 mice by 9,10
dimethyl-1,2-benzanthracene (343). PIHTR was derived from the
mastocytoma cell line P815 (344) which was obtained in DBA/2 mice
treated with methylcholanthrene (345). PIHTR cells had been
transfected with a genomic clone of H-2K^ and PIHTR-D^ transfectants
were a gift from Liz Simpson, ORO, Harrow, London.

All cell culture was carried out in an incubator at 37^0, 5% CO2 and
100% humidity. Tissue culture plastics were obtained from Falcon. All
cells were maintained in exponential growth by diluting the cells into
fresh medium every 2-3 days.
2.03 Cell Storage

Oells were frozen by resuspending 1-3x10^ cells in 1ml freezing mix
(normal growth medium with 20% v/v HI FCS and 10% v/v dimethyl
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sulphoxide [DMSO]). The cells were stored at -70®C for 24 hours, before
being transferred to liquid nitrogen. Cells grown up from frozen stocks
were rapidly thawed at

washed x2 in MEM+H (Modified Eagles

medium + hepes) and resuspended in growth medium.
2.04 Peptides

Peptides representing ras 60-67 (P60N), (single letter code GQEEYSAM),
152-159 (P152), (VEDAFYTL) and m utant ras 60-67 (P60M),
(GKEEYSAM) were synthesised on a DuPont RaMPS multiple peptide
synthesis apparatus using conventional solid-phase fluoren-9ylmethoxycarbonyl (Fmoc) chemistry (Nova Biochem UL, Nottingham,
U.K.). For all peptides the HPLC profile was determined. Peptides
NP345-360 and NP366-374 correspond to K^- and D^-binding epitopes
present in the nuclear protein of influenza virus (Townsend, A. et al,
1989). Peptide E7 20-28 corresponds to a K^-binding epitope in the E7
protein of human papilloma virus (Stauss, H.J.et al, 1992). All peptides
were provided by the ICRF central laboratory services.
2.05 Prim ing Mice

Mice were immunized i.p. with 2x10? pfii of recombinant vaccinia virus
Vac-Ras, Vac-Ras^l and Vac-Ras^^. Mice were boosted after 14 days
followed by a second boost after a further 7 days before spleens were
harvested for in vitro restimulation.
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2.06 Generation of T cell Lines

Stimulator cells were infected with recombinant vaccinia virus
(lOpfu/cell), for 12 hours. RMA and PIHTR cell were used as stimulator
cells for T cell lines established from C57 BL/6 and DBA/2 mice
respectively. 2x10^ infected stimulator cells were resuspended in 1.9mls
of RPMI (no PCS) plus lOOpl of mitomycin C (Img/ml) (Sigma) and
incubated at 37®C for 60 minutes. Treated cells were washed three times
in RPMI/5% v/v PCS and a viable cell count was determined. Spleens
were harvested from primed mice and responder spleen cells were
restimulated in vitro for 5 days. 10ml cultures were set up in upright T25
flasks (Palcon), containing 5x10? responder spleen cells and 10® virus
infected stimulator cells in T cell culture medium, with no added T cell
growth factors. CTL lines were established by weekly restimulation of
the bulk cultures containing 8x10® spleen cells, 10® virus infected
stimulator cells and 2x10® irradiated (SOOOrads) syngeneic feeder cells in
2mls T cell medium. CTL lines were similarly established after
re stimulation with 50|iM Ras peptides P60N, P60M or P152 replacing
infected stimulator cells. Otherwise all the conditions were identical.
2.07 Target cells for CTL assays

Target cells (10®) were either cultured with SOpM peptide or infected
with recombinant vaccinia virus (5-lOpfu/cell) in lOOpl medium and
cultured for 3h at 37°C. Por the final hour 50|iCi [®^Cr] sodium chromate
(Amersham International) was added to each target. Transfected cells
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were similarly ^^Cr-labelled for 1 hour at 37®C. ^^Cr-labelled target
cells were washed three times and a viable cell count determined.
2.08 CTL Assay

Standard four-hour ^^Cr-release assays were performed as described
(Aosai, F. et al, 1991) at 37°C using 96-well microtiter plates containing
1q4 blQi-labelled target cells and various numbers of effector CTL
(depending of the E/T ratio) in 200pl medium per well. After 4h lOOpl
medium was removed and radioactivity was counted in a gamma counter,
(Pharmacia-LKB). The spontaneous release was determined from wells
containing 10^ ^^Cr-target cells and 200|il medium, while maximum
release was determined from wells containing 10^ ^^Cr-target cells and
200|il medium plus 0.25% SDS. The percent specific lysis was
determined using the equation; [(experimental release - spontaneous
release) / maximal release - spontaneous release)] xlOO. CDS blocking
experiments were done by adding O.lpg anti-CDS mAb (YTS169.4;
Cobbold, S.P. et al, 1984) to each well at the beginning of the 4-h CTL
assay. Control wells received O.lpg isotype-matched anti-CD4 mAh
(GK1.5; Dialynas, D.P. et al, 1983).
2.09 Flow cytom etry

Cells were harvested and counted. 2x10^ cells were resuspended in
PBSA/ 1% v/v FCS staining buffer and centrifuged in 96 well round
bottom plates. The cells were washed in ice cold staining buffer and
resuspended in 50|il antibody supernatant or staining buffer as a
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negative control. The cells were incubated on ice for 30 minutes and
washed three times in staining buffer. After washing the cells were
resuspended in 50|xl of appropriate second layer antibody diluted 1:100 in
staining buffer and incubated on ice for 30 minutes. Second layer
antibodies were fluorescein conjugated goat anti-mouse IgG (Jackson
Immunoresearch Laboratories). Finally the cells were washed three
times, resuspended in 200|j1 ice cold staining buffer and analysed on a
FACScan machine (Becton Dickinson).

Antibodies routinely used were anti-class I MHC; Y3 (H-2K^)
(Hammerling, G. et al, 1982) and B22 (H-2D^) (Hammerling, G. et al,
1979). These were gifts from Dr. A Townsend, Institute of Molecular
Medicine, John Radcliffe Hospital, Oxford.
2.10 Peptide Binding Assay

RMA-S cells were cultured at 26°C for 12-15 hours to induce high levels
of MHC class I expression (Ljunggren, H.G. et al, 1990). 2x10^ induced
cells were cultured with 50-200|iM peptide in round-bottomed 96 well
plates (non-tissue culture treated. Falcon) for 1 hour at 37°C. For
indirect immunoflorescence, the cells were stained on ice for surface
and D^> or with second-layer antibody only. Replicate control cells
incubated at 26^0 and 37°C in the absence of peptide were similarly
stained. Flow cytometry was performed using a FACScan (Becton
Dickinson). FACScan research software was used to determine the mean
fluorescence channel (FLl) for each stained sample on a 4-log scale
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containing a total of 1023 fluorescence channels. To obtain a linear
measure for the F L l intensity, the following formula was used:
mean F L l = 10 (n^ean FL l channel/1023) X 4
Control RMA-S cells were cultured at 37°C in the absence of peptides to
determine the base level of
increased levels of

and

and

expression. Ras peptides that

expression >3 SD of the controls were

classed as positive for class I binding.
2.11 Transfection by electroporation

This method of transfection was based on th at described by Neumann et
al,(1982) and Zimmerman et al (1982). 10-20pg of plasmid DNA was
mixed with 500|xg of salmon sperm DNA, which had been boiled prior to
addition. The final volume was made to 600|il with PBSA. 5x10^ cells
were resuspended in 200|il PBSA, added to the DNA solution,
transferred to an electroporation cuvette (0.4cm electrode gap. Bio Rad)
and incubated on ice for 10 minutes. The cells were then electroporated
(Bio Rad Gene Puiser), using appropriate conditions for the particular
cell line and were then incubated on ice for 10 minutes. Cells were
plated out in a 24 well plate in normal growth medium. Selection was
started after 24 hours and resistant wells were observed after 10 days.
2.12 Transfection o f adherent cells by calcium phosphate
precipitation

Cells were transfected by calcium phosphate precipitation, based on the
method described by Graham, F.L. et al (1973). Cells were seeded at a
density of 8x10^ per T-75 flask on the day prior to transfection and
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grown overnight. 10p.g of plasmid DNA was added to 200|il of buffer 2
and made up with dH20 to a total volume of 500)il. 500|il of buffer 1 was
then added slowly with gentle mixing and left to stand at room
temperature for 30 minutes.

The mediuawas removed from the cells and the DNA precipitate added.
The flask was left at room temperature for 30 minutes with occasional
gentle rocking. 5ml of growth medium was added and the cells incubated
at 37®C for 4 hours. 1ml of 56% v/v DMSO: 44% v/v growth medium
mixture was added and the flask incubated for a further 25 minutes at
37®C. The medium was then aspirated, replaced with 10ml of fresh
medium and incubated overnight at 37^0. The cells were switched to
selection medium after 24 hours which was replaced with fresh selection
medium every two days. Resistant colonies appeared after ten days of
selection.
Buffer 1 (pH 7.1)

274 mM NaCl
10 mM KCl
1.4 mM Na2HP04
12 mM glucose
42 mM HEPES

Buffer 2 (pH 7.1)

625 mM CaCl2

The pH was adjusted to pH 7.1 using IM HEPES buffers.
2.13 Production o f Vaccinia Virus

Production and titration of vaccinia virus was based on methods
described by Mackett, M. et al (1988) unless otherwise stated. Cells
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transfected with vaccinia virus vector pSCII constructs by calcium
phosphate precipitation were infected with wild type vaccinia virus (WR
strain) 2 hours before transfection. Medium was aspirated from cells
grown overnight, and replaced with 1ml of virus stock diluted to 0.5pfu
per cell. Infection was for 2 hours a t 37°C with occasional rocking.

Transfection followed the calcium phosphate precipitation method given
above. The transfected cells were grown in normal growth medium at
37®C for 48-72 hours. The cells were then harvested with the medium
and the total contents was centrifuged in a 15ml Falcon tube. The pellet
was resuspended in 500|il PBS and freeze/thawed 3 times (on dry ice and
at 370C).
2.14 Plaque purification

The method was based on protocols described by Chakrabarti, S. et al
(1985). 500pl of virus, diluted appropriately in PBS was plated out onto 6
well plates confluent with TK' 143 cells and left for 2 hours at 37®C to
adsorb. The virus inoculum was removed and 4ml of agarose overlay
containing bromodeoxyuridine (BrdU) (25|ig/ml) was poured down the
side of the dish to cover the cells. The agarose was allowed to set at room
temperature in the dark, then returned to 37®C for 48-72 hours. The
plates were then overlayed with a second layer of agarose containing Ix
RPMI and 5-Bromo-4-chloro-3-indolyl-b-D-galactopyranoside (X-gal) at
300|ig/ml.
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Within 24 hours blue plaques of recombinant virus were observed. Well
isolated blue stained cells indicating cytopatbic effect were removed
using a pasteur pipette. Cells were then transferred to 500|il PBS and
freeze/tbawed to liberate virus. lOOpl of this small preparation was then
used to reinfect TK’ 143 cells and reselect for blue plaques. After three
plaque purifications, the virus was considered sufficiently clonal to be
used to grow larger stocks.
Agarose overlay

1.0% (w/v) low melting agarose
2.5% (v/v) FCS
Ix RPMI
25|ig/ml BrdU

2.15 Preparation of vaccinia virus stocks

For each recombinant vaccinia virus, five T-75 flasks (Falcon), were
seeded with TK’ 143 cells and grown overnight at 37°C to produce semi
confluent monolayers. The cells were infected with 5ml of virus from a
smaller scale preparation for 2 hours at 37®C. The infected cells were
then fed with 40ml medium containing BrdU (25|ig/ml) for 48 hours and
the cells harvested once approximately 100% infection was observed. The
cells were pelleted and resuspended in 5ml PBS and freeze/tbawed. Cell
debris was removed by centrifugation and stocks were stored at -70°C.
2.16 Titration of virus particles

Virus was diluted and 0.5ml of each virus dilution was used to infect a
semi-confluent monolayer of TK" 143 cells. Infection was for 2 hours. The
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virus innoculum was then removed and the cells covered with growth
medium containing BrdU (25^ig/ml). Monolayers were incubated at 37®C
for 48-72 hours when plaques could be observed. The medium was then
removed and the cells were stained with 1% (w/v) crystal violet. Viral
plaques were observed as clear areas amongst the viable cells.
2.17 Retroviral infection and titration

Methods involving retrovirus infection were based on those described by
Morgenstem, J.P. et al (1990). Retroviral constructs were transfected
into \j/2 cells following the calcium phosphate precipitation procedure
described above. Transiently produced virus was harvested 48 hours
after transfection. Stable transfectants were generated from transfected
\j/2 cells by selecting with hygromycin, replacing the selection medium
every 48 hours. Virus was obtained from stable producer cell lines by
allowing them to reach confluence, replacing the medium with 1/2
volume of fresh medium and harvesting the conditioned medium 48
hours later.

Retroviral infections/titrations were performed by filtering producer cell
line culture supernatants or transiently produced viral stocks (0.2pm
filter, Nalgene) and adding polybrene to a final concentration of 8pg/ml.
3ml of supernatant was added to 3x10® cells, which had been treated
with tunicamycin 0.03pg/ml. These were incubated for 4 hours at 37°C.
The medium was replaced with fresh meduim and the cells were
incubated overnight at 37°C. The following day the cells were
resuspended in hygromycin selection medium and plated into 6 wells of a
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24 well tissue culture plate. Selection was maintained replacing the
selection medium every 48 hours until resistaint colonies were observed.
2.18 Growth and m aintenance of bacterial cultures

Bacteria were grown either in SOB liquid broth or on SOB-agar petridishes. Liquid broth cultures were grown shaking at 37°C, while bacteria
on plates were inverted at 37®C. Where bacteria cells were transformed
with ampicillin positive plasmids, ampicillin was added to the culture
(50|ig/ml). Liquid broth cultures were prepared by innoculation of broth
with a single bacterial colony, taken from an SOB-agar bacterial culture.
SOB Liquid broth lOg Bacto tryptone
2.5g yeast extract
0.2922g NaCl
0.093gKCl
500ml dH20
SOC Liquid broth contained 2M glucose (sterile filtered stock)
1:100 to SOB media.
SOB-agar

7g agar/500mls SOB

Genotype of E.coli bacterial strain routinely used: SCSI (Stratogene,
LaJolla. CA).
2.19 Transformation o f bacteria w ith plasm id DNA
Preparation of competent cells:

10ml of SOB broth was innoculated with a single transformed bacterial
colony and incubated overnight at 37°C with shaking. 1ml of this
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primary bacterial broth was used to innoculate 100ml of SOB liquid
broth and incubated, shaking at 37°C. The O.D.590nm of the culture was
determined at intervals until it reached 0.5-0.6. Cells were centrifuged at
2500 rpm (Heraeus minifuge T) for 20 minutes at 4^0 (standard
conditions for centrifugation of all large bacterial cultures) the pellet was
resuspended in 20ml solution I and incubated on ice for 30 minutes. The
cells were centrifuged a t 2500 rpm (Heraeus minifuge T) for 10 minutes
at 4°C and resuspended in 4mls solution 2. After incubation on ice for 20
hours 200|il aliquots were prepared and stored at -70^0.
Solution 1

Solution 2

30mM KOAc
50mM MnCl2
lOOmM KCl
10mMCaCl2
15% w/v glycerol
lOmM MOPS pH 7.0
75mM CaCl2
lOmM KCl
15% w/v glycerol

Transformation:

A sample of competent cells (200|il) was thawed on ice and 50ng of
plasmid DNA was added. The mixture was incubated on ice for 15
minutes followed by heat shock at 42®C for 90 seconds and rapid cooling
on ice for further 90 seconds. 0.8 ml of SOC broth was added and the
culture was incubated shaking at 37°C for 60 minutes to allow the
bacteria to recover and begin to express antibiotic resistance. 200)il was
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plated out on SOB-agar plates containing SOpg/ml ampicillin. Plates were
inverted and incubated at 37®C overnight.
2.20 Small-scale isolation of plasm id DNA

10ml of SOB broth was innoculated with a single transformed bacterial
colony and incubated overnight at 37°C with shaking. 1.5ml of this
culture was transferred to a 1.5ml eppendorf tube centrifuged at 12 000
rpm for 3 minutes in a microfuge (standard for bacterial cultures in
eppendorf tubes) and the following procedure followed:

The supernatant was carefully discarded and pellet resuspended in lOOpl
of solution I and was incubated on ice for five minutes. 200|il of solution
II was added, mixed well by vortex and incubated on ice for five minutes.
150|il of ice cold solution III was added to the tube which was mixed by
inverting and incubated on ice for five minutes. The tube was centrifuged
for five minutes and the supernatant transferred to a fresh eppendorf
tube. The DNA was extracted twice with a 1:1 mixture of trisequilibrated phenol (Sigma) and chloroform. DNA was then precipitated
with 1ml of ice cold 100% ethanol incubating for 2 minutes at room
temperature and centrifuging for five minutes. The DNA pellet was
washed with ice cold 80% (v/v) ethanol and dried in a vacuum desiccator.
The DNA was resuspended in 20|il of TE (lOmM Tris-Cl pH 8.0 and ImM
EDTA) with RNAse (20ug/ml) and incubated at 37°C for 1 hour. DNA
was stored at -20°C.
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Solution I

50mM glucose
25mM Tris-Cl pH 8.0
lOmM EDTA pH 8.0
2.5mg/ml lysozyme

Solution II

0.2N NaOH
1% w/v SDS

Solution III

3M NaAc pH 5.7

Phenol was Tris-equilibrated by the addition of 50ml IM Tris-Cl pH 8.0
to 100g of freshly thawed phenol crystals. The mixture was shaken and
left at 4®C overnight. Phenol was used at pH 6.5.
2.21 Large-scale plasm id isolation

A 200ml bacterial culture was grown overnight. The culture was
centrifuged at 3500 rpm (Heraeus minifuge T) for 10 minutes at 4°C. The
bacterial pellet was resuspended in 18mls STE buffer and centrifuged at
3500 rpm for 10 minutes at 4°C in 50ml Falcon tubes. The pellet was
resuspended in 32ml of solution I and incubated at room temperature for
5 minutes. 6.4ml of solution II was added and the solution was mixed
gently and then incubated on ice for 10 minutes. 4.8ml of solution III was
then added to the solution which was mixed and then incubated on ice for
10 minutes. The solution was then transferred to 50ml centrifuge tubes
(Beckman Instruments). These were centrifuged at 10 000 rpm (Beckman
J2-21) for 20 minutes at room temperature. The solution was transferred
to a 50ml Falcon tube and 0.6 vol isopropanol was added. After mixing
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this was centrifuged at 4000 rpm (Heraeus minifuge T) for 20 minutes at
room temperature. The pellet was washed with 70% v/v ethanol, air dried
and resuspended in 2ml TE. 2.2g CsCl and 50|il 5mg/ml ethidium
bromide was added to the DNA solution which was loaded into 2.5ml
quick seal tubes (Beckman Instruments). These were sealed and
centrifuged at 80 000 rpm in a TL-100 ultracentrifuge (Beckman
Instruments) for 18 hours at 20®C.

Ethidium bromide intercalates with DNA allowing the plasmid DNA to
be observed as a distinct orange band. This was recovered using a
pasteur pipette. An equal volume of (ÎH2O saturated butan-l-ol was
added, mixed and left standing until aqueous and organic layers
separate. The upper organic layer retaining the ethidium bromide was
discarded. This was repeated until all ethidium bromide was removed.
The DNA solution was dialysed against dH20 for 24 hours at room
temperature with several changes of dH20, transferred to a 1.5ml
eppendorf tube and precipitated as for miniprep DNA. Optical density at
260nm was determined and the DNA concentration calculated (1 O.D.
unit = 50|ig/ml). The purity of the DNA was determined by measuring
the optical density at 260nm and 280nm (pure DNA: O.D. 260/O.D. 280 =
1. 8 ).

Solutions I, II and III were as used for minipreparation (section 2.20)
STE buffer

lOmM Tris-Cl pH 7.5
ImM EDTA
0.1 M NaCl
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2.22 R estriction endonuclease digestion

Restriction endonuclease digestion was performed on DNA isolated by
either large scale or mini-prep methods using restriction endonucleases
purchased from Pharmacia LKB Biotechnology. Digestion was carried
out in a total volume of 20|il with appropriate volumes of restriction
endonuclease and one-phor-all' restriction endonuclease digestion buffer
(Pharmacia LKB Biotechnology) to digest l|ig of plasmid DNA. Digestion
was for 1 hour at 37®C.

In digests with the restriction endonuclease Sma I, the following buffer
was used:
20mM KCl
lOmM Tris. 01 (pHS.O)
lOmM MgCl2
ImM dithiothreitol
2.23 DNA electrophoresis and fragment isolation

Electrophoresis of DNA was performed on standard horizontal
electrophoresis apparatus. 2.0pl of DNA loading buffer was added to 20jil
DNA digest which was

loaded on to an agarose gel (0.8% agarose in

Ix TBE buffer containing O.lpg/ml ethidium bromide). Electrophoresis
was carried out in Ix TBE buffer at 80V for 2-3 hours for resolution of
small DNA fragments or lOV overnight for resolution of large DNA
fragments. DNA was visualized with ultra-violet light and
photographed. Where DNA fragment isolation was required the DNA
was visualized using long wavelength ultra violet light. The appropriate
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band was identified and cut out of the gel, and the DNA was eluted from
the agarose with TE using the Geneclean II kit (BIO 101 Inc. La Jolla,
CA). Molecular weights and DNA concentrations of DNA bands were
estimated by relative electrophoretic mobility of the Ikb DNA ladder
(ERL).
2.24 DNA m anipulation and ligation

DNA fragments were ligated in a total volume of lOpI with 0.4|il of T4
DNA ligase (pharmacia LKB Biotechnology) in Ix DNA ligase buffer.
Samples were incubated at 16°C for 18 hours. For blunt-end ligations the
vector DNA was treated with alkaline phosphatase (Sigma) in Ix DNA
phosphatase buffer prior to ligation. Phosphatase treatm ent was carried
out for 15 minutes at 37®C followed by incubation for 45 minutes at
55°C. The enzyme was inactivated by the addition of 0.5% w/v SDS and
5mM EDTA followed by proteinase K lOOpg/ml and incubation at 56®C
for 30 minutes.

The generation of blunt ended DNA was achieved using either DNA
polymerase I Klenow fragment or T4 DNA polymerase. DNA polymerase
I Klenow in Ix nick translation buffer was used to blunt end 5'cohesive
ends, while T4 DNA polymerase in Ix T4 polmerase buffer was u sed .
remove 3' cohesive ends. In each case 2.5 units of enzyme was used in a
total volume of 20jil which was incubated for 15 minutes at 37oC. DNA
was then extracted with 1:1 mixture of Tris-equlibrated
phenol:chloroform and then precipitated with 250mM NaCl and 2
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to

volumes 100% ethanol. For the T4 DNA polymerase reaction Ijxl 0.5M
EDTA was added prior to extraction. DNA was resuspened in TE.

DNA Ligase buffer

500mM Tris-Cl pH 7.6
lOOmM MgCl2
lOmM dithiothreitol (DTT)
lOmM ATP

lOx GIF dephosphorylation buffer
lOmM ZnCl2
lOmM MgCl2
lOOmM Tris-Cl pH 8.3

lOx T4 DNA polymerase buffer
0.166M (NH4)2S04
0.67M Tris-Cl pH 8.8
67mM MgCl2
1.67mg/ml BSA
2mM dNTPs (dATP, dGTP, dTTP, dCTP)

lOx Nick translation buffer
0.5M Tris.Cl (pH 7.2)
O.IM MgS04
ImM dithiothreitol
500mg/ml BSA
2.25 Isolation o f Eukaryotic Genomic DNA

1x10^ cells were washed in PBS and resuspended in 1ml of lysis buffer in
1.5ml phenol-resistant eppendorf tubes. The solution was incubated at
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55°C overnight and extracted twice with Tris-equilibrated phenol and
twice with an equal volume of chloroform. DNA was precipitated with 0.1
volume of 3M NaCl and 2 volumes of 100% ethanol and washed once with
80% v/v ethanol. The DNA pellet was dried at room-temperature and
resuspended in 50|il of TE with 20mg/ml RNAse. DNA concentration was
calculated as for plasmid DNA. Genomic DNA was stored at 4^0.
Lysis Buffer

50mM Tris pH 7.5
lOOmM EDTA
0.5% w/v SDS
0.4mg/ml Proteinase K

2.26 Isolation of Genomic RNA

Isolation of genomic RNA was based on the method described by
Chomczyuski, P. et al, (1987). 3x10^ cells were washed three times in
PBS and resuspended in 3mls of solution D. Cells were stored at -70°C
or used directly. Frozen cells were thawed at 37®C, transferred to a
15ml tube (Falcon) and incubated on ice. Protein and DNA was
precipitated with the addition of 300|il of 2M sodium acetate (pH 4), 3ml
water saturated phenol and 1.2ml chloroformrisoamyl alcohol (49:1). A
homogeneous solution was achieved by gentle mixing for 10 seconds,
which was incubated on ice for 15 minutes. The mixture was centrifuged
at 12 000 rpm (Beckman J2-21) for 20 minutes at 4°C and the aqueous
upper layer was carefully transferred to a new tube. Isopropanol (twice
the initial volume of solution D), was added to the tube and mixed. The
tube was incubated at -20°C for 60-90 minutes and then centrifuged at
12 000 rpm (Beckman J2-21) for 20 minutes at 4°C. The supernatant
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was discarded and the homogeneous translucent white pellet allowed to
dry. The dry pellet was dissolved in 900pl of solution D. 1.4ml of
isopropanol was added and the mixture incubated at -20®C for 60-90
minutes or overnight. The precipitated RNA was pelleted by
centrifugation at 12 000 rpm (Beckman J2-21) for 20 minutes at 4°C.
The supernatant was discarded and the pellet transferred to an
eppendorf tube with SOOjil 75% v/v ethanol. The tube was washed with
twice SOOpl and the supernatants added to the eppendorf to make a
final volume of 1.5ml which was cooled on ice for a few minutes and
then microfuged for 10 seconds. The supernatant was discarded and the
pellet allowed to dry. The dried pellet was dissolved in 150pl of 0.5% w/v
SDS and incubated for 10 minutes at 65®C. Nucleic acid concentration
was estimated by optical density measurement at 260nm and stored at
-70OC.

Denaturing solution D consisted of 4M guanidinium thiocyanate, 25mM
sodium citrate, 0.5% w/v sarcosyl and O.IM 2-mecaptoethanol. For stock
solution 250g guanidinium thiocyanate (fluka) was dissolved in 293ml
dH20. 17.6ml 0.75M sodium citrate pH 7 and 26.4ml 10% w/v sarcosyl
were then added. Solution D was prepared by adding 0.36ml 2-ME/50ml
of stock solution D.
2.27 Preparation o f probes for Southern and northern blotting

Probes were prepared from gel eluted double stranded DNA fragments.
Fragments were isolated by digesting the DNA, electrophoresing on an
agarose gel and isolating the appropriate band using the Geneclean kit.
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20-30ng of DNA was resuspended in 29.5ml dH20, placed in boiling
water for 5 minutes and transferred to ice. The labelling reaction was set
up by adding the following sequentially. 10|il of OLE buffer, 2|il BSA
(lOmg/ml), 5pi 32p_(jQTP (>3000 Ci/mmole ,10 mCi/ml) and 2 units E.coli
DNA polymeraseKKlenow fragment). The reaction was incubated at RT
for 2.5h. Ipl of 0.5M EDTA was then added to stop the reaction and the
DNA was stored on ice until needed.
Solution O

1.45M Tris.Cl pH 8.0
0.145M MgCl

Solution A

865ml soln.O
18ml 2-mercaptoethanol
50ml lOmM dATP
50ml lOmM dGTP
50ml lOmM dTTP

Solution B

2M Hepes pH 6.6

Solution C

90 Unit/ml Hexanonucleotide
(Pharmacia 2166)
Dissolved in 3mM Tris, 0.2mM EDTA pH7.5

OLE Buffer contained of lOOpl of solution A, 250pl of solution B and
150pl of solution C which was stored at -20°C.
2.28 Southern Blotting
DNA electrophoresis:

10-20pg genomic DNA was digested with 5pl Bam HI (Pharmacia LKB
Biotechnology) in a total volume of 50pl. lOpg of the digested genomic
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DNA was electrophoresed overnight at 30 volts on an agarose gel (0.7%
w/v agarose andlOpl lOmg/ml ethidium bromide in TBE buffer). The gel
was then photographed.

The gel was denatured in 1.5M NaCl and 0.5M NaOH for 1 hour at room
temperature on a rotating platform and neutralized twice in 0.5M Tris
pH 7.4 and 1.5M NaCl for 30 minutes under the same conditions.

Blotting:

Southern blotting was performed by conventional capillary blotting
(Southern 1975). After rinsing in 20x SSC the gel was blotted overnight
in 20x SSC onto Hybond-N nylon membrane (Amersham International).
The membrane was dried and the DNA was bonded onto the membrane
by 3 minutes exposure to U.V. light.

Hybridization of the membrane was carried out using the Hybaid Maxi
Hybridization Oven system. The membrane was sealed in a hybridization
bottle with 10ml of pre-wash solution and rotated at 65°C for 1 hour.
Pre-wash solution was then replaced with 10ml hydridization solution for
pre-hybridization at 65®C for 1 hour. Probes were prepared as detailed in
section 2.27. Freshly labelled probe was boiled for 5 minutes and added
to fresh hybridization solution to make a final volume of 10ml of
hybridization solution. The pre-hydridization solution was discarded,
replaced with the hybridization solution and the bottle rotated at 65^C
overnight.
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The membrane was removed from the bottle and unrolled in a plastic
sandwich box for washing. Sufficient wash solution I was added and the
membrane incubated at 65°C on the rotating platform for 30 minutes.
Wash I solution was replaced with wash II solution for a further
incubation a t 65®C for 30 minutes. The membranes activity was
monitored to determine if further washes were needed. After washing the
membrane was sealed in a plastic bag with 1ml of final wash solution to
prevent drying and it was then exposed to XAR film (Kodak) at -70°C for
1-2 days.
Prewash Solution:
O.lx SSC
0.5% w/v SDS

Hybridization Solution:

7% w/v SDS, 1% w/v BSA fractV and ImM EDTA were dissolved in 20ml
dH20 which was then added to 20ml of IM Na2HP04 pH 7-7.5 (0.5M
final cone). For IM Na2HP04 pH 7-7.5 stock solution 71g Na2HP04 was
disolved in 496ml dH2 0 . The pH was adjusted to 7-7.5 with approx 4ml
85% H 3PO4. The final volume was made to 500ml.
Wash I Solution

5x SSC
1% w/v SDS

Wash II Solution

2x SSC
0.1% w/v SDS

Wash III Solution

Ix SSC
0.1% w/v SDS
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2.29 Northern blotting

RNA electrophoresis:

RNA electrophoresis was performed on an agarose gel, containing
formaldehyde (Lehrach et al, 1977; Goldberg, 1980). 10-20|ig of RNA
was precipitated with 0.1 volume of Na Acetate (pH 5.8) and 2 volumes of
100% ethanol. This was mixed and incubated at -20°C for 30 minutes.
The precipitated RNA was microfuged for 15 minutes at 6500 rpm and
the supernatant removed. The RNA pellet was washed with 70% v/v
ethanol and dried. 8.8|il dH20 plus 4.0|il lOx MEA were mixed and
added to the RNA sample followed by 20pl deionized formamide plus
7.2}il formaldehyde. The sample was mixed and warmed to 65°C for 5
minutes. 4pl RNA loading buffer plus Ijil of ethidium bromide (lOpg/ml),
were then added and the sample which was loaded onto a formaldehyde
agarose gel (1.1% w/v agarose, 16.7% v/v formaldehyde in Ix MEA buffer)
and electrophoresed in Ix MEA buffer at 50V. The Ix MEA buffer was
recirculated during electrophoresis using a peristaltic pump. The gel was
then photographed.
lOx MEA

200mM MOPS
50mM NaOAc
lOmM EDTA

RNA loading buffer

30% w/v ficoll
ImM EDTA
0.25% w/v bromophenol blue
0.25% w/v xylene cyanole
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Blotting:

Northern blotting was performed by the conventional capillary blotting
and hybridization methods described in section 2.28 Southern blotting.
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Chapter 3. Production o f recom binant vaccinia virus
expressing Ras

3.1 Introduction
Interest in vaccinia virus increased when it was demonstrated to be
capable of expressing foreign genes (149, 150) and protectively
immunizing animals against a variety of viruses (154, 346, 347).
Recombinant vaccinia viruses are useful for the identification of target
antigens for cell mediated immune responses to viruses (185, 186).
Methods for the production and selection of vaccinia viruses for use as
cloning vectors are well documented (149, 150, 154).

The vaccinia virus expression vector pSCII (Fig 3.1) provides a
convenient procedure for the construction and visual screening of
recombinant vaccinia virus (168). A unique Sma I restriction site is
downstream of the vaccinia virus early-late promotor p7.5 (which
contains both early and late transcription regulatory sequences) allowing
appropriate expression during early and late phases of the vaccinia life
cycle (348). Flanking sequences of vaccinia virus thymidine kinase (TK)
gene are used to direct insertion to the TK locus, producing TK"
recombinant vaccinia virus by homologous recombination (147, 148, 349).
TK" recombinant vaccinia virus are selected from wild type TK+ vaccinia
virus with bromodeoxyuridine (BrdU) (149).
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TK" recombinant vaccinia virus is produced which co-expresses the J^.coZi
lac Z gene from the early p l l vaccinia virus promotor allowing selection
of TK" recombinants from spontaneous TK" m ut ants, using X-gal.
Expression of the recombinant gene may be inferred from expression of Pgalactosidase activity and the production of blue colour in the presence of
the chromogenic substrate X-gal. The expression efficiency of
recombinant virus prepared with the pSCII vector, is identical to
preparation of recombinant virus lacking only the lac Z gene (153, 168).

This chapter describes the construction of plasmid vectors that direct the
the expression of normal or m utant human Ras gene. The resulting
recombinant vaccinia virus plaques were identified by their TK" and pgalactosidase positive phenotype. Recombinant vaccinia virus would be
used to induce cell mediated immune response specific for Ras.
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Figure 3.1: Schem atic diagram of the vaccinia virus
expression vector pSCII.
The pSCII vector (Chakrabarti, 1985) contains a Sma I cloning site
downstream of the p7.5 early/late vaccinia virus promotor and the E.coli lac Z
gene downstream of the vaccinia virus p l l late promotor. These sequences
are flanked by vaccinia virus thymidine kinase (TK) sequences which direct
homologous recombination to the TK locus.
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3.2 Results
3.21 Construction o f pSCII-Ras expression vectors

The vaccinia virus vector pSCII (Fig 3.1), was used to express normal and
m utant Ras cDNAs. Plasmids containing cDNA sequences for normal
and mutated forms of the human Ki, Ha and N Ras genes were provided
by Alan Hall, Chester Beatty Institute, South Kensington. Four N-Ras
plasmids contained either N-Ras cDNA in its normal form with the
amino acid glycine at position 12 and glutamine at position 61, or
activated N-Ras with a point mutation at position 12 (valine for glycine
or asparagine for glycine), or position 61 (lysine for glutamine) (Fig 3.2).
The N-Ras cDNA sequences were cloned into the pSCII vaccinia virus
expression vector. Restriction endonuclease digestion of the plasmid
DNAs with Hind III releases the complete N-Ras sequence (Fig 3.2). The
N-Ras DNA was then isolated by agarose gel electrophoresis, followed by
excision of the gel slice containing the 625bp N-Ras DNA and purification
using the Geneclean II kit. The protruding 5' ends of the isolated N-Ras
DNA were blunt ended using DNA polymerase large Klenow fragment
and ligated with pSCII, which had been previously linearized with Smal
(Fig 3.2) and treated with alkaline phosphatase. Ligated DNA was
transformed into the SICI strain of E.coli and plasmid DNA was isolated
by minipreparation. Insertion of N-Ras cDNA and the orientation of the
inserted cDNA, was determind by restriction endonuclease digestion and
gel electrophoresis.
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Endonuclease digestion with Bam HI of pSCII-N-Ras ligation products in
which the N-Ras cDNA is correctly orientated (Fig 3.3), excises a
complete 625 bp N-Ras fragment (lanes 2, 3, 4, 5), as the pSCII plasmid
contains a Bam HI site 5' to the Sma I cloning site and the N-Ras cDNA
contains a Bam HI site in its 3' polylinker. This fragment co-migrates
with the 625 bp N-Ras cDNA fragment produced by Hind III digestion of
the original pN-Ras plasmid Gane 6). Incorrectly orientated N-Ras cDNA
is not excised as the Bam HI site within the N-Ras 3' polylinker is
adjacent to the Bam HI site 5' to the pSCII Sma I site. N-Ras cDNA
remains associated with a 450 bp pSCII fragment. This unique 1075 bp
fragment is readily distinguished from the correct 625 bp fragment by gel
electrophoresis. The 625 bp fragment is not produced after Bam HI
digestion of pSCII (lane 7).

The plasmids pSKcHras and pSKT24 (350) contain the normal and
mutated H-Ras (containing valine for glycine at position 12). The 900bp
Ha-ras cDNA was released by restriction endonuclease digestion, with
Nde I and Sal I enzymes (Fig 3.4) and the digestion product was isolated
as described above. The protruding 5' ends were blunt ended using DNA
polymerase large Klenow fragment. Blunt ended H-Ras cDNA was
ligated with pSCII which had been previously linearized with Sma I (Fig
3.4) and treated with alkaline phosphatase. The DNA was transformed
into the SICI strain of E.coli and plasmid DNA isolated by
minipreparation for the determination of successful insertion of H-Ras
cDNA in the correct orientation.
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Figure 3.2: Schem atic diagram of the construction of pSCII-NRas.
The pN-Ras plasmids were a gift from Alan Hall, Chester Beatty Institute, South
Kensington, London. N-Ras cDNA was isolated from these plasmids by digestion
with Hind HI and the 5’ protruding ends were made blunt with Klenow DNA
polymerase. These were ligated with the Sma I digested, alkaline phosphatase
treated vaccinia virus expression vector pSCII, producing pSCII-N-Ras constructs
containing normal or mutant N-Ras with either valine 12 or lysine 61 mutations.
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F igure 3.3: R estriction endonuclease analysis of pSCII-N-Ras
constructs.
Restriction endonuclease analysis was performed on plasmid DNA from
minipreparation. Digests were electrophoresed on a 0.8% agarose gel and DNA was
visualised by incorporation of ethidium bromide. Molecular weight markers are
shown in Kb units (lane 1). The pSCII-N-Ras, pSCII-N-RasV12, pSCII-N-RasN12
and pSCII-N-Ras^l constructs were digested with Bam HI (lane 2-5 respectively),
releasing a 625bp fragment that comigrates with the Hind III N-Ras f r a i e n t from
pN-Ras (lane 6). The 625bp fragment was not produced after Bam HI digestion of
pSCII (lane 7).
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Insertion in the correct orientation was demonstrated by double digestion
with Hind III and Eco Rl enzymes (Fig 3.5). Gel electrophoresis of the
digestion products of correctly orientated pSCll-H-Ras Ganes 2 and 3),
reveals a fragment th at co-migrates with the 900bp Ha-Ras cDNA
fragment released by digestion of the pSKcHras plasmid with Hind 111
and Sal 1 (lane 4). The Hind 111 site at 5' end of the H-Ras cDNA and the
pSCll Eco Rl site 3' to the Sma 1 cloning site enable excision of the
correctly orientated cDNA. The 900bp fragment is not produced after
Hind 111/Eco Rl double digestion of pSCll (lane 5).

The normal and valine 12 mutated cDNA sequences of the K-Ras gene
are contained in the plasmids cKi ras 2-76 and pSWll-1 respectively
(351). The llOObp K-Ras cDNA sequence was released by restriction
endonuclease digestion with Pst 1 and Bam HI (Fig 3.6) and gel isolated
as described above. The protruding 3' termini produced by Pst 1
digestion were blunt ended using the 3' exonuclease activity of
bacteriophage T4 DNA polymerase, which removes impaired 3' tails from
restriction fragments but stops once it reaches the first paired base if the
appropriate complementary dNTP is present. The protruding 5' termini
produced by Bam HI were made blunt with DNA polymerase large
Klenow fragment. Isolated blunt ended K-Ras cDNA was ligated with
pSCll, previously linearized with Sma 1 (Fig 3.6) and treated with
alkaline phosphatase. Ligated DNA was transformed into the SICI
strain of E.coli and plasmid DNA isolated by minipreparation for the
determination of successful insertion of K-Ras cDNA in the correct
orientation.
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Figure 3.4: Schem atic diagram of the contruction of pSCII-HRas.
The pSKcHras and pSKT24 plasmids (Gross, et al, 1985) were a gift from Alan Hall,
Chester Beatty Institute, South K en sin ^ n , London. Ha-Ras cDNA was isolated from
these plasmids by double digestion with Ndel/Sal I and the 5' protruding ends were
made blunt with Klenow DNA polymerase. These were ligated with Sma I digested.
alkaline phosphatase treated vaccinia virus expression vector pSCH , producing
pSCII-H-Ras constructs containing normal Ha-Ras or mutant Ha-Ras with a valine 12
mutation.
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F igure 3.5: R estriction endonuclease analysis of pSCII-H-Ras
constructs.
Restriction endonuclease analysis was performed on miniprep DNA. Digests were
electrophoresed on a 0,8% agarose gel. DNA was visualised by incorporation of
ethidium bromide. Molecular weight markers are shown in Kb units (lane 1). The
pSCII-H-Ras and pSCII-H-Ras^^ constructs were digested with Hind III and Eco
Rl (lanes 2 and 3) releasing a 900bp fragment that comigrates with the H-Ras
cDNA fragment from Nde I/Sal I double digestion of pSKcHras (lane 4). The 900bp
fragment was absent after Hind HI and Eco Rl double digestion of pSCH (lane 5).
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F ig u re 3.6: S chem atic d iag ram of th e c o n stru c tio n of pSCII-KRas.
The cKi ras2-76 and pSWII-I plasmids (Okayama, 1983) were a gift from Alan Hall,
Chester Beatty Institute, South Kensington, London. K-Ras cDNA's were isolated
from these plasmids by digestion with Pst I and Bam HI. The S' protruding ends
produced by Pst I digestion were removed with T4 DNA polymerase, while 5'
protruding ends produced by Bam HI digestion were made blunt with Klenow DNA
polymerase. Blunt ended K-Ras cDNA was ligated with Sma I digested, alkaline
phosphatase treated expression vector pSCII, producing pSCII-K-Ras constructs
containing normal K-Ras or mutated K-Ras with a valine 12 mutation.
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F igure 3.7: R estriction endonuclease analysis of pSCII-K-Ras
constructs.
Restriction endonuclease analysis was performed on plasmid DNA from
minipreparation. Digests were electrophoresed on a 0.8% agarose çel and DNA
was visualised by incorporation of ethidium bromide. Molecular weight markers
are shown in Kb units (lane 1). The pSCII-K-Ras and pSCII-K-Ras^ constructs
were digested with Eco Rl (lanes 2 and 4), releasing a 600bp fragment that
comigrates with the larger 600bp K-Ras cDNA fragment from Pst I/Bam HI/Eco
Rl triple digestion of c&as2-76 or pSWII plasmids (lanes 3 and 5). The smaller
500bp K-Ras fragment remains ligated to a 400bp pSCII fragrnent producing a
SOObp band. The GOObp fragment was absent after Eco Rl digestion of pSCII (lane
6 ).
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Insertion in the correct orientation was determined by restriction
endonuclease digestion making use of the Eco Rl site 500 bp from the 5'
end of the K-Ras sequence (Fig 3.7). Digestion of the plasmids cKras2-76
or pSWII-I with P st I and Bam HI released the K-Ras cDNA. Further
digestion with Eco Rl cleaves this, producing 500 bp and 600 bp
fragments. Eco Rl digestion of correctly orientated pSCII-K-Ras ligation
products (lanes 2 and 4) releases a 600 bp fragment which comigrates
with the larger K-Ras fragment produced from triple digestion of cKras276 or pSWII-I (lanes 3 and 5). The 500 bp K-Ras fragment remains
ligated to a small 450 bp pSCII fragment forming a band at 950 bp (lanes
2 and 4). The 600 bp fragment is not produced after Eco Rl digestion of
pSCII (lanes 6).
3.22 Production of Recombinant Vaccinia Virus

The vaccinia virus expression vector pSCII-Ras constructs were
transfected by calcium phosphate precipitation, into TK" 143 cells which
had been infected with wild type vaccinia virus (0.5pfu/cell) at 37®C, two
hours prior to transfection. Homologous recombination between the TK
sequences of wild type vaccinia virus and the pSCII vector allow
insertion of the pSCII-Ras DNA into the vaccinia virus genome. TK"
recombinant vaccinia virus was selected in the presence of BrdU
(25|ig/ml) which prevents replication of TK+ wild type vaccinia virus.
After 48 hours plaques were observed and cell monolayers were overlaid
with 1% agarose containing X-gal (300|ig/ml) to determine expression of
P-galactosidase. P-galactosidase expression distinguishes true TK"
recombinant virus from spontaneous TK" m utant vaccinia virus. An
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intense blue colour developed in 60-70% of plaques after several hours (512 hrs) of incubation, demonstrating P-galactosidase expression.

Plaques containing recombinant vaccinia virus were harvested and used
to re-infect TK’ 143 cell monolayers. These were re-selected with BrdU
and X-gal overlays for plaque purification of the recombinant virus.
Recombinant virus was plaque purified three or four times and then used
to infect a large monolayer of TK’ 143 cells. The infected cells were
cultured in medium containing BrdU and harvested when 100% cell
infection was observed. Harvested cells were resuspended in PBSA and
aliquots retained as a master stock for the production of large scale
recombinant virus stocks. Large recombinant vaccinia stocks were
produced in the presence of the selecting agent BrdU, with recombinant
vaccinia virus from an original master stock, described in chapter 2,
sections 2.13-2.15. Recombinant vaccinia virus was re-selected and
plaque purified for the production of further master stocks.

Large recombinant vaccinia virus stocks were titrated in simple plaque
assays described in chapter 2, section 2.16, to estimate the plaque
forming units (pfu) present. Recombinant vaccinia stocks were diluted in
PBSA to an appropriate titre (lO^-lO^pfu/ml) suitable for the infection of
cell lines and the immunization of mice.
3.23 N ucleic Acid Analysis of Recombinant V accinia Virus

Recombinant vaccinia virus expressing normal and m utant N-Ras were
produced for two reasons. First, m utant N-Ras sequences containing a
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mutation at position 12 or position 61 were avaliable, plus the normal NRas sequence. Only mutations at position 12 were avaliable for Ha- and
Ki-Ras. Secondly, analysis of the amino acid sequence of Ras revealed a
H-2K^-binding motif (residues 60-67), which encompassed the m utant 61
position (chapter 6). Recombinant vaccinia virus expressing normal and
mutated N-Ras was analysed to demonstrate the presence and
expression of intact N-Ras cDNA within the virus genome. Genomic
DNA and RNA from cells infected with the Vac-Ras (N-Ras^®0, VacRasl2 (N-RasVal 12)_ Vac-Ras D12 (N-Ras Aspl2) and Vac-Ras^l (NRas^y® 61) recombinant vaccinia viruses w&'i prepared for Southern and
northern analysis using the complete 625 bp N-Ras cDNA Hind III
digestion fragment as a probe (Fig 3.2).

TK" 143 cells were infected with each recombinant vaccinia virus (VacRas, Vac-Ras^^, V ac-R as^V ac-R as® ^) or wild type vaccinia virus (510 pfu/cell), for 12 hours. Infected cells were harvested and genomic
DNA preparations digested with Bam HI. Complete digestion of the
genomic DNA was confirmed visually for each DNA preparation, and
10|ig of each digested genomic DNA was gel electrophoresed. Digested,
electrophoresed genomic DNA was transfeited onto nylon membrane by
capillary transfer. Transfered DNA was hybridized with ^^P-labelled NRas 625 bp Hind III cDNA fragment, to probe the presence of N-Ras
sequences within the genomic DNA preparations. The ^^P-labelled NRas probe hybridized with sequences of approximately 625 bp (Fig 3.8),
in lanes 2, 3, 4 and 5, corresponding to genomic DNA preparations from
recombinant viruses Vac-Ras, V a c - R a s V a c - R a s ^ a n d Vac-Ras®^.
The 32p_iabelled N-Ras probe did not hybridize with corresponding 625
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bp DNA sequences in lane 1, which had been loaded with a genomic DNA
preparation from TK" 143 cells infected with wild type vaccinia virus.
The electrophoretic mobility of the hybridizing sequences was identical to
the N-Ras cDNA positive control (Fig 3.8 lane 6), in which isolated N-Ras
625bp cDNA had been loaded.

RNA was also prepared from TK" 143 cells infected with recombinant
vaccinia virus or wild type virus (5-lOpfu/cell) for 12 hours. Infected cells
were harvested and RNA was prepared by guanidium thiocyanate
procedure. lOpg of each RNA preparation was resolved by
agarose/formaldehyde gel electrophoresis and transfeired onto nylon
membrane by capillary transfer. The transferred RNA was hybridised
with ^^P-labelled N-Ras 625 bp Hind III cDNA fragment (Fig 3.9). The
32-p labelled N-Ras probe hybridised with sequences in lanes 2, 3, 4 and
5 corresponding to RNA preparations from TK" 143 cells infected with
recombinant viruses Vac-Ras, Vac-Ras^^, V

a c - R

a s ^

and Vac-Ras^

There was no hybridisation with corresponding sequences in lane 1,
which contained RNA prepared from TK" 143 cells infected with wild
type vaccinia virus. Hybridisation with endogenous Ras sequences was
consistent in all lanes.
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F igure 3.8: D etection of recom binant Ras cDNA w ith in th e
vaccinia virus genome.
Genomic DNA preparations from virus infected TK’143 cells were digested
with Bam HI and lOpg was resolved by 0.7% agarose gel electrophoresis.
DNA was transfered onto a nylon membrane oy conventional capillary
blotting (Southern, 1975). The ^^P-labelled N-Ras probe hybidized with
sequences of 625 bp in digested genomic DNA preparations from Vac-Ras
(lane 2), Vac-Ras^^ (lane 3), Va c - Ra s ^( l a n e 4) and Vac-Ras®^ (lane 5)
but not wild type Vac virus (lane 1). The electrophoretic mobility of the
hybridizing sequences was identical to the N-Ras cDNA positive control
(lane 6).
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Figure 3.9: D etection of recom binant Ras RNA expression
w ithin th e vaccinia virus genome.
RNA preparations from virus infected TK‘143 cells prepared as described
(Chomczyuski et al, 1987), lOjig was resolved by agarose/formaldehyde
electrophoresis, blotted and hybridised with the ^^P-labelled N-Ras probe.
The lanes were loaded with RNA preparations from wild type vaccinia
virus (lane 1) and recombinant viruses, Vac-Ras (lane 2), Va c - Ra s ( l a n e
3), V a c - R a s ^
(lane 4) and Vac-Ras® 1 (lane 5).
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3.3 D iscussion
The construction of vaccinia virus expression vectors for the production of
recombinant vaccinia viruses expressing normal and m utant Ras has
been described. The cDNA sequences for normal and mutated N-, Haand Ki-Ras were cloned into the Sma I cloning site of the vaccinia virus
expression vector pSCII downstream of the early/late vaccinia virus
promoter p7.5. Blunt ended Ras cDNAs were cloned into the Sma I
unique restriction site of pSCII and the correct orientation of Ras in the
pSCII-Ras constructs was confirmed. TK", p-galactosidase expressing
recombinant vaccinia virus was selected with BrdU and X-gal.
Expression of the E. coli lac Z gene implies expression of the
recombinant Ras gene (168).

Southern analysis of the recombinant vaccinia viruses confirmed the
presence of the complete N-Ras cDNA within the viral genomes of VacRas, Vac-Rasl^, Vac-Ras^l^ and Vac-Ras®^. The complete N-Ras cDNA
was used as a probe to hybridize with corresponding Ras sequences
within the viral genome. As the N-Ras cDNA sequences used in
production of the recombinant viruses and th at used as the probe were
essentially the same cDNAs, hybridization was expected to be very
efficient. The N-Ras cDNA probe hybridized efficiently with a DNA
species within the recombinant vaccinia virus genomes, corresponding in
size to the cloned N-Ras cDNA sequence. Hybridization with a
corresponding sequence within the control wild type vaccinia virus
infected TK" 143 cells, was not evident. The genomic DNA preparations
would be expected to contain endogenous TK" 143 cell Ras genes. The
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three Ras gene sequences are normally distributed as four coding exons
with variable intron sequences. Hybridization of the endogenous Ras
genes with the complete 625 bp N-Ras cDNA probe might therefore be
expected to be less efficient. This was evident as a consistent pattern of
faint bands, corresponding to DNA species of higher molecular weight
which were detected in recombinant and wild type virus infected TK" 143
genomic DNA preparations. These presumably contain coding exons of
endogenous Ras genes.

Hybridising sequences of identical electrophoretic mobility were
identified in RNA preparations from recombinant vaccinia virus infected
TK" 143 cells, which were not present in RNA preparations from wild
type vaccinia virus infected cells. The consistant pattern of background
hybridisation indicated that the 32p.iabelled N-Ras probe hybridised
with endogenous Ras sequences in RNA preparations from recombinant
and wild type vaccinia infected cells

Nucleic acid analysis suggested that recombinant Ras was present in the
respective recombinant virus genomes and recombinant message was
expressed. These recombinant vaccinia virus would be suitable for
studying CTL specific for abnormally expressed and mutated Ras.
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Chapter 4 . Production of cell lin es expressing Ras
4.1 Introduction
Recombinant DNA technology has enabled the insertion and expression
of heterologous genes in a variety of viruses for the introduction of
foreign DNA into mammalian cells. The retrovirus family have been
used extensively for gene transfer as their relatively small size
facilitates genetic manipulation and the development of expression
vector strategies has increased their range and efficiency (352).
Alternatively, exogenous DNA may be introduced directly into recipient
cells by calcium phosphate precipitation (353) or electroporation (354,
355) transfection techniques. Transfection efficiencies vanjs depending
on the cell line with both these direct techniques.

Retroviral vectors resemble a replication defective virus with exogenous
genes inserted in place of the excised coding sequences within the
flanking long-terminal-repeat (LTR) sequences. Producer cell lines
provide viral polypeptides required for packaging of vector proviruses.
The pBabe-Hygro retroviral vector (Fig 4.1) uses the LTR promotor for
expression of an exogenous gene and an internal SV40 early region
promotor inserted between the LTR's for expression of the selection
marker, allowing selection using hygromycin B (356),(352). These
vectors produce high virus titre due to introduction of a 194 splice donor
mutation which inhibits slicing and prevents alterations in the splice
donor region of Mo MuLV which could reduce virus titre (357) and a
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mutagenized

cassette (ATG ~gag ), lacking the normal ATG

initiator codon (358) which increase RNA packaging into budding virions
(352), while preventing translation of gag which would preclude
translation of genes inserted downstream. The \\r-2 packaging cell line
was generated by transfecting a \\f packaging site deficient Mo MuLV
proviral clone containing an ecotropic env gene (359) into NIH3T3 cells
and is able to transm it

pol and env defective, \|/ site positive vector

genomes (360), producing recombinant virus with a host range limited
exclusively to murine cells.

This chapter describes the insertion of complete Ras normal and m utant
(valine 12 and lysine 61), cDNA sequences into the pBabe-Hygro
retroviral vector (352), followed by either calcium phosphate transfection
of the constructs into the \|/-2 packaging cell line to establish stable
ecotropic producer lines, or electroporation of the pBabe-Ras constructs
directly into murine tumour cell lines. The supernatants of the stable
producer lines were used to transduce murine tumour cell lines to
express Ras. Ras expressing murine tumour cell lines are used as
targets in the analysis of anti Ras CTL specificity and also could be used
as implanted tumours expressing Ras in challenge experiments in vivo
with anti-Ras specific CTLs.
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4.2 R esults
4.21 Construction o f retroviral vectors

Blunt ended Ras cDNA sequences were isolated as described in chapter
3 and inserted into the pBabe-Hygro retroviral vector using the Sna BI
restriction site for insertion (Fig 4.1). The pBabe plasmid contains the
hygromycin resistance gene under the control of the SV40 early
promotor. Digestion of pBabe-Hygro with Sna BI linearizes the vector
producing blunt end termini which were treated with alkaline
phosphatase and ligated with the blunt end Ras sequences. Ligated DNA
was transformed into E.coli and plasmid DNA was isolated by
minipreparation. Insertion of the correctly sized cDNA in the
appropriate orientation was demonstrated by restriction endonuclease
digestion followed by gel electrophoresis.

For restriction analysis of pBabe-N-Ras, the ligation products were
digested with Bam HI, making use of a Bam HI site within the pBabe
cloning site 5' to the Sna BI site (Fig 4.1) and a Bam HI site within the S'
polylinker of the N-Ras cDNA. Correctly orientated N-Ras cDNA is
released from the pBabe-N-Ras construct in its complete form (Fig 4.2
lane 2 and 3) and co-migrates with an équivalant 625 bp N-Ras fragment
(lane 4), released from the pN-Ras plasmid (Fig 3.2), after digestion with
Hind III. The 625 bp fragment was not produced after Bam HI digestion
of pBabe-Hygro (lane 5) confirming th at it was a unique fragment within
the pBabe-N-Ras constructs.
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Figure 4.1: Schem atic diagram of the co n stru ctio n of the
pBahe Hygro-N-Ras.
The pBabe Hygro retroviral vector was provided by Hartmut Land ICRF, Lincolns
Inn Fields, London. This vector transmits inserted genes at high titres due to the
194 splice donor mutation (Sj-) and mutagenised ATG' gag cassette (Morgenstern,
J.P et al, 1990). The clonir^ sites for gene insertion are downstream of the 5' LTR
promotor and an internal SW 40 early region promotor is used for transcription of
the hygromycin B resistance gene.
Both transcripts use a common
termination/polyadenylation sim al in the 3' LTR. Blunt ended Ras cDNA
sequences were ligated with SnaB 1 digested pBabe Hygro producing pBabe HygroN-Ras constructs containing normal or mutant Ras.
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F igure 4.2: R estriction endonuclease analysis o f pBabe-N-Ras.
Restriction endonuclease analysis was performed on plasmid DNA from
minipreparation. Digests were electrophoresed on a 0.8% agarose gel and DNA
was visualised by incorporation of ethidium bromide. Molecular weight
markers are shown in Kb units (lane 1). The pBabe-N-Ras and pBabe-N-ras®^
constructs were digested with Bam HI (lane 2 and 3), releasing a 625 bp
fragment that comigrates with the Hind III N-Ras fragment released from pNRas (lane 4). The 625bp fragment was absent in a Bam HI digest of pBabeHygro (lane 5).
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F igure 4.3: R estriction endonuclease analysis of pBabe-H-Ras.
Restriction endonuclease analysis was performed on plasmid DNA
from minipreparation. Digests were electrophoresed on a 0.8%
agarose gel and DNA was visualised by incorporation of ethidium
bromide. Molecular weight markers are shown in Kb units (lane 1).
The pBabe-H-Ras and pBabe-H-Ras^^ constructs (lane 2 and 3)
were digested with Eco Rl and Hind III, which releases a 900bp
fragment that comigrates with the H-Ras cDNA fragment from Nde
I/Sal I double digestion of pSKcHras plasmid (lane 4). The 900bp
fragment was absent after Eco RI/Hind HI double digestion of
pBHabe (lane 5).
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The pBabe-H-Ras ligation product was digested with Eco RI and Hind III
(Fig 4.3) making use of a Hind III site at the 5' end of the Ha-Ras cDNA (
Fig 3.4) and an Eco RI site within the pBabe cloning site 3' to the Sna BI
site of insertion (Fig 4.1). Correctly orientated H-Ras cDNA is released
from pBabe-H-Ras constructs (Fig 4.3 lanes 2 and 3) and co-migrates
with the equivalent 900 bp Ha-Ras cDNA fragment releasd from the
pSKHras plasmid after digestion with Nde I and Sal I (lane 4). The 900
bp fragment confirmed as a unique f r a i e n t within the pBabe-H-Ras
constructs as it was not produced after Eco RI/Hind III double digestion
of pBabe-Hygro (lane 5).

4.22 Transfection of \j/2 Packaging Cells

For the production of infectious retrovirus the retroviral constructs were
transfected into the ^ -2 packaging cell line. The pBabe-N-Ras and
pBabe-H-Ras constructs were transfected into \|/-2 cells by calcium
phosphate precipitation. Transfected cells were selected with selection
medium containing hygromycin (250|ig/ml). Resistant colonies were
observed after 10-15 days with selection.

The retroviral constructs are functional after transfection into the \\f2
cells where they receive the signal to package complete infectious virus
particles. Transfected \\f-2 cells which were stably resistant to
hygromycin were used as producer fines for infectious retrovirus
expressing Ras. Virus was obtained from stable producer cell fines by
allowing the cells to reach confluence, removing the hygromycin
containing selection medium and replacing it with half the volume of
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fresh growth medium, containing no hygromycin. After 48 hours, the
conditioned medium was harvested, filtered (0.2|im filter Nalgene) and
used for transduction of murine cell fines RMA (H-2^) (361), EL4 (H-2^)
(343) and PIHTR (H-2<i) (344).

4.23 Selection Conditions for Transfected Cell lines

RMA, EL4 , PIHTR and \j/-2 were either transfected using pBabe-Hygro
retroviral constructs containing Ras by electroporation, or transduced by
infection with infectious retrovirus expressing Ras. Conditions were
determined for selection of hygromycin resistant cells. Untransfected
cells were cultured in the presence of selection medium containing
hygromycin for 14-20 days to determine the minimum hygromycin
concentration th at would prevent survival of viable cells (Table 4.1).

4.24 Production and nucleic acid analysis o f cell lines
expressing Ras

Retrovirus containing human N-Ras cDNA sequences were used to
produce RMA, EL4 and PIHTR cell fines expressing Ras, as the position
61 m utant was available which is encompassed in a potential peptide
(residues 60-67) with an H-2K^ motif (chapter 5). Initially infection of
these cell fines with infectious recombinant retrovirus expressing
normal, m utant valine 12 or m utant lysine 61 N-Ras, and transfection
by electroporation, using the pBabe-N-Ras retroviral constructs was
attempted.
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Table 4.1 Selection conditions for transfected cell lines
Cell Line

Hygromycin
(pg/ml)

\jjf2
BMA
EL4
PIHTR

250
600
250
300

Cells were resuspended at 2x10^ cells/ml of growth medium and
2ml of the cell suspension was added/well of a 24 well plate.
Varying volumes hygromycin B solution stock (lOOmg/ml) were
added to each well for a final concentration range of lOOO-Opg/ml
hygromycin B. Every 24 hours 1ml of medium was removed and
replaced with fresh selection medium, until the minimum
concentration that prevents survival of viable cells was identified.

4.24 Production and nucleic acid analysis of cell lines. Successfully
transduced cells and cells transfected directly by electroporation, were
selected with selection medium containing hygromycin (Table 4.1).
Hygromycin resistant cells were produced with both methods but stable
resistance was consistently produced after recombinant retrovirus
infection. Initial expression of unintegrated plasmid DNA in
electroporated cells may have produced resistant cells which died after
the DNA was degraded since the plasmid would not replicate
autonomously. Therefore cells transduced after recombinant retrovirus
infection which acquired stable hygromycin resistance were analysed
further and used as targets for the analysis of anti-Ras CTL.
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Resistant cells had acquired the hygromycin resistance gene of the
recombinant retrovirus. Confirmation th at the N-Ras gene contained on
the pBabe Hygro retroviral vector, is present and intact within the cell
genome was demonstrated by Southern analysis, using the complete 625
bp N-Ras cDNA Hind III fragment (Fig 3.2), as a probe. Genomic DNA
preparations from clonal hygromycin resistant cells were digested with
Bam HI and digestion was confirmed visually. 10}ig of the digested
genomic DNA was gel electrophoresed.

Bam HI digests of genomic DNA from EL4-Ras, EL4-Ras^^ EL4-Ras^^
and EL4 cells were prepared and gel-electrophoresed. The DNA was
transferred onto nylon membrane by capillary transfer and hybridized
with 32p.iabelled N-Ras probe to determine the presence of the
corresponding N-Ras cDNA (Fig 4.4). The ^^P-labeiied N-Ras probe
hybridized with sequences of appropriate size in lanes 2, 3, 4,
corresponding to EL4-Ras, EL4-Ras^^ and EL4-Ras^l respectively. The
electrophoretic mobility of these hybridizing sequences was the same as
the 625 bp N-Ras cDNA positive control in lane 5. There was no
corresponding hybridizing DNA species in lane 1, which contained
genomic DNA from control EL4 cells.

Similarly, Bam HI genomic DNA digests from RMA-Ra.s, RMA-Ras^^,
RMA-Ras^l and RMA cells were gel electrophoresed, transferred onto
nylon membrane and hybridized with ^^P-labeled N-Ras probe to
determine the presence of the corresponding N-Ras cDNA (Fig 4.5). The
32p-labelled N-Ras probe hybridized with 625 bp DNA sequences in

117

K b

2.0

0.5

Figure 4.4: D etection of recom binant Ras cDNA w ith in
tran sfected EL4 cells.
Genomic DNA preparations from EL4 cells transduced with recombinant
retrovirus were digested with Bam HI and lOjig was resolved by 0.7%
agarose gel electrophoresis. DNA was transfeired onto a nylon membrane
by conventional capillary blotting (Southern, 1975). The ^^P-labelled NRas probe hybidized with sequences of 625 bp in digested genomic DNA
preparations from EL4-Ras (lane 2), EL4-Ras^^ (lane 3) and EL4-Ras®^
(lane 4) but not wild type EL4 cells (lane 1). The electrophoretic mobility
of the hybridizing sequences was identical to the N-Ras cDNA positive
control (lane 5).
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F igure 4.5: D etection of recom binant Ras cDNA w ithin
tran sfected RMA cells.
Genomic DNA preparations from RMA cells transduced with recombinant
retrovirus were digested with Bam HI and lOpg was resolved by 0.7%
agarose gel electrophoresis. DNA was transfeired onto a nylon membrane
by conventional capillary blotting (Southern, 1975). The ^^P-labelled NRas probe hybidized with sequences of 625 bp in digested genomic DNA
preparations from RMA-Ras (lane 1), RMA-Ras^^ (lane 2) and RMARas^^ (lane 3) but not wild type RMA cells (lane 4). The electrophoretic
mobility of the hybridizing sequences was identical to the N-Ras cDNA
positive control (lane 5).
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lanes 1, 2 and 3 corresponding to N-Ras, N

- R

a s

and N-Ras^l

expressing cells respectively. The electrophoretic mobility was identical
to the 625 bp N-Ras cDNA positive control in lane 5 and there was no
corresponding hybridizing DNA species in lane 4, which contained
genomic DNA from control RMA cells.

4.25 D ensitom ic estim ation o f transfectant copy number

A known amount of control N-Ras cDNA was loaded, which hybridized
with the 32p.iabelled N-Ras probe (Fig 4.4, and 4.5 lane 5). The size of
the N-Ras cDNA is known so the number of Ras gene copies loaded as
the control may be estimated. 25pg of isolated 500 bp N-Ras cDNA was
loaded which corresponds to approximately 10 genomic equivalents.
10|ig of digested genomic DNA was loaded into each lane, so by
comparison of the control hybridization densities with hybridization of
N-Ras cDNA sequences in the genomic DNA preparations, the number of
copies of transfected N-Ras cDNA could be estimated (Table 4.2).
Hybridisation densities were determined using a reflecting scanner (HP
Scan Je t lie, Hewlett Packard) with Desk Paint/Desk Scan II software
and Image 1.47 (NIH) software for densitometry.

4.26 FACS analysis o f class IMHC expression by cells
expressing Ras

The class I MHC expression of cells transfected with Ras was
determined by flow cytometry. The ability of the transfected cells to
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Table 4.2 Estimation o f Ras copy number

Cen

Copy Number

EL4-Ras
EL4-Basl2
EL4-Ras61

5
5
6

RMA-Ras
RMA-Rasl2

2

HMA-Ras61

lOjig Bam HI digested genomic DNA and 25pg of the 500bp NRas cDNA fragment was hybridized with the 32p_iabelled NRas cDNA probe. 25pg of the 500bp N-Ras cDNA corresponds
to 10 genomic equivalents. The copy number was estimated by
comparison of the specific density of control and sample
hybridization. (Specific density = total hybridization density background density of an equivalent sized control area).
Hybridisation was scanned (HP Scan Jet 11c, Hewlett Packard)
using Desk Paint/Desk Scan 11 software and Image 1.47 (NIH)
software for densitometry.______________________________
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Table 4.3 Level of class I expression of transfected cells

Cell

FL 1 Ini density
Y3

B22

EL4

91

82

EL4-Ras

82

75

EL4-Rasl2

74

86

EL4-Ras^l

79

89

RMA

75

96

RMA-Ras

85

90

RMA-

82

75

76

85

Rasl2
RMA-

'

Ras^l

Class I MHC expression was determ ined by indirect
immunofluorescence staining with culture supernatant from
monoclonal antibodies Y3 (H-2K^) and B22 (H-2Dt>) followed by
FACS analysis. FACScan research software was used to
determine the mean fluorescence channel (FLl) for each stained
sample on a 4-log scale containing a total of 1023 fluorescence
channels. To obtain a linear measure for the FL 1 intensity, the
following formula was used:
mean FL 1 = 10 (mean FLl channel/1023) X 4
The values presented are the mean FL 1 minus FL 1 of control
cells stained with second layer goat anti-mouse IgG antibodies
orûycmd arc

op Seven rcpec^tecA gyyeamcn fc-s
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express class I MHC molecules on their surface was important for their
function as targets for CTL (see chapter 6).

The EL4 (H-2^) (343) and RMA (H-2^) (361) cell lines were derived from
C57B1/6 mice and normally expresses high levels of H-2K^ and

class

I MHC molecules on their cell surface. This was demonstrated by
indirect immunoflourescence staining of EL4 and RMA cells with the
monoclonal antibodies Y3 (H-2K^) and B22 (H-2D^ ) followed by FACS
analysis (Table 4.3). Analysis with Y3 and B22 antibodies revealed no
difference in the level of cell surface

and

expression of any of the

Ras expressing cell lines compared to the control cell lines indicating
that expression of normal and m utant Ras in these cells did not have
any deleterious effect on class I MHC expression.

4.3 D iscussion
Retroviral constructs were produced containing Ras cDNA under the
control of 5' LTR promotor. The gene for hygromycin resistance was also
contained in the construct under the control of the SV40 promotor. The
constructs were either directly transfected into cells by electroporation
(EL4 and PIHTR cell lines), or used to produce infectious retrovirus with
which the cell lines could be infected (RMA and PIHTR cell lines).
Hygromycin resistant cells were analysed by Southern analysis to
identify clones containing inserted Ras cDNA.

EL4 and RMA transfectants were identified th at contained Ras cDNA.
Approximation of the copy number of inserted cDNA suggests multiple
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copies of the N-Ras cDNA. Expression of Ras is required for the cells to
have the ability to act firstly, as targets for Ras specific CTL able to
recognise naturally processed and presented Ras peptide epitopes and
secondly, for identification of any normal/mutant specificity within these
Ras specific CTL. To demonstrate expression of transfected Ras both
northern analysis of RNA transcription and immunoprécipitation of Rasimmune complexes using the anti-Ras antibody Y13259, were
attempted. Hybridisation of the ^^P-labelled N-Ras cDNA probe with
many RNA species presumably endogenous Ras message, produced
multiple bands and made it difficult to distinguish transcription of
transfected Ras from endogenous Ras. Similar background problems
due to endogenous Ras expression were experienced with
immunoprécipitation. The ability of class I MHC restricted Ras specific
CTL to specifically recognise EL4-Ras or RMA-Ras and Ras^^specific
CTL to recognise EL4-Ras^^ or RMA-Ras® ^ as targets (chapter 6), would
suggest that these transfected cells expressed Ras and Ras®^
respectively.

Expression of MHC class I molecules is required for presentation of
antigenic peptides for recognition by class I restricted T cells (CTL).
Class I expression of the transfected cells expressing Ras, was analysed
to determine the effects of Ras expression. Loss of cell surface
expression of MHC class I might be due to non-specific effects of genetic
manipulation techniques used to transfect the cells, or might be a direct
result of Ras overexpression in the cells. The regulation of the levels of
surface expression of MHC molecules is controlled by the interferons
(IFN) which up-regulate class I and class II MHC. Transfection or
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transduction of cells with a variety of oncogenes including Ras, affects
the levels of MHC expression. Several cellular oncogenes inhibit class I
MHC expression on transfected cells (362, 363, 364). It is generally
assumed that this contributes to their ability to evade immune
survelliance and form tumours. There have been several investigations
into the affect of Ras on cell surface MHC expression. Cells infected
with Kirsten Murine Sarcome Virus (Ki-MSV) express reduced class II
MHC on their cell surface (365, 366). The effect was caused by the
activated cellular oncogene Ki-ras-2 which encodes the p21Ras protein
as murine leukemia virus (MLV) lacking the Ki-ras gene, did not cause
reduced cell surface class II expression (365). Several other members of
the Ras oncogene family reduce cell surface expression of class II in
murine cell lines (367). In a further study Ki-Ras transformed cells had
reduced ability to stimulate allospecific T cells to proliferate and secrete
IFN-y (367). Thus, Ki-Ras inhibition of class II MHC expression may
result in reduced ability of tumour cells to stimulate CD4+ T cells,
increasing their tumourigenicity. Activated Ki-Ras had little or no effect
on signalling mechanisms leading to increased class I MHC expression
(366, 368). The data here also suggest th at expression of Ras does not
affect levels of cell surface class I MHC expression. These transfected
cells would be expected to be able to present MHC class I bindingpeptides and stimulate CD8+ T cells.

These cell lines are naturally tumourigenic in C57.BL/6 mice so
transfected cells would be expected to produce tumours which express
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high levels of Ras. Such cells would be useful in tumour protection
experiments to demonstrate the cytotoxic activity of Ras specific CTL in
vivo.
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Chapter 5. Identification o f Ras P eptides that Bind
Class I MHC

5.1 Introduction
Class I MHC restricted T cells recognise a trimolecular complex
composed of an antigenic peptide, MHC class I heavy chain and p2microglobulin (P2m) (25, 26, 27). X-ray crystallographic resolution of
MHC class I molecules revealed a peptide binding groove, formed
between the a l and cc2 helices. The peptide and p2m are in intimate
contact with the heavy chain suggesting that each may stabilise the
interaction of the three molecules (27, 369). Crystallographic evidence
also demonstrates the presence of defined pockets along the MHC
binding groove with which anchor residues of the peptide might associate
(29, 369, 370). Several more recent crystallographic studies reveal the
structures of mouse class I molecules reconstituted with synthetic
peptides of different sequences (371, 372, 373). These studies suggest
general principles for peptide-class I MHC interactions, with peptides
binding in the same orientation, their amino and carboxy termini held
within conserved pockets at either end of the peptide binding groove.
Combining with these conserved interactions are allele specific ones
between the side chains of one or two anchor residues and
complementary polymorphic pockets of the class I binding groove.

Parallel to the crystallographic analysis of class I molecules have been
attempts to define structural motifs within antigenic peptides that bind
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to MHC molecules, which might be used to reveal T cell epitopes. One
investigation based on identifying the peptide residues making critical
contacts with the MHC molecule, used competing synthetic peptide
analogues with single amino acid substitutions in MHC binding assays
(374).

Isolation of naturally-processed peptides from MHC molecules using acid
extraction methods, revealed th at short peptides of 8-9 amino acids are
presented by mouse and human class I molecules (31, 32). Peptide
material was separated by reversed-phase high performance liquid
chromatography (HPLC) and direct sequencing by Edman degradation of
peptides eluted from several mouse and human MHC class I proteins
revealed a peptide consensus motif for each class I allele (33). Their
strength is the fact that they were derived from naturally processed
peptide sequences, rather than binding studies. The consensus motifs
indicate peptide characteristics th at favour presention by MHC
molecules. The frequency of non-conformance to the motif rules is not
clear, but if rare, the allele specific motifs represent a useful indicator for
predicting possible CTL epitopes within the primary sequence of any
given protein.

A peptide-MHC class I binding technique has been used in this study,
based on peptides binding to and stabilising empty class I MHC
molecules on the surface of RMA-S cells. The RMA-S cell line (H-2^) (63,
361) has a defect th at results in inefficient assembly of class I heavy
chains with p2-microglobulin (p2™), resulting in a low number of class I
MHC molecules being expressed on the cell surface (375). Incubating the
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cells with class IK ^- or D^- binding synthetic antigenic peptides, restores
their class I MHC expression and antigen-presenting capacity (66, 375).
The low level of cell surface class I MHC may also be increased by
culturing RMA-S cells at reduced temperature (23-3 l^C) (376). RMA-S
cells cultured at reduced temperature express a high level of H-2/p2in
heterodimers on their cell surface that behave as if they are not occupied
by peptides since they are unstable at 37°C (377), present exogenously
added peptides more efficiently than MHC molecules of the wild-type
RMA-line (376) and can be stabilised by the addition of H-2 binding
peptides to medium (375). Stabilization of class I MHC molecules was
detected by immunoflourecence (378). Another technique used to
determine peptide binding to MHC molecules is an in vitro class I
assembly assay involving the immunoprécipitation of peptide-class I
MHC complexes which are detected using a conformation dependant
monoclonal antibody (379). In this particular study the technique was
used to determine HIV gag peptide binding to H-2 D^,

and HLA-A2.1

class I molecules. The same HIV peptides have been analysed for binding
using an immunoflourescence method based on the same principle as the
method used in this study (380). In a comparison of the two techniques
similar sensitivities of detection of peptide binding were obtained. Both
methods were more discriminating than a solid-phase plate binding
assay which has also been used to analyse binding of the HIV-1 gag
peptides (381).

Ras protein was analysed for the presence of MHC class I consensus
motifs which may indicate potential peptides th at are able to bind to
class I molecules for presentation to T cells. Synthetic Ras peptides
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containing binding motifs were produced. The octamer peptides th at
contained a H-2K^ binding motif were tested for binding to

class I

molecules using an RMA-S binding assay to establish their potential
ability as possible T cell epitopes.

5.2 R esults
5.21 Analysis of the amino acid sequence of Ras

The amino acid sequence of Ras (233) was investigated for the presence
of previously published MHC class I molecule binding motifs (33) (Table
5.1 and 5.2). The peptide motif for H-2K1> class I MHC molecule
describes an 8 amino acid peptide with an anchor motif containing a
tyrosine (Y) or phenyalanine (F) residue at position 5 and a leucine (L) or
methionine (M) residue at residue 8. Two H-2R1^ motifs were identified in
the Ras amino acid sequence. These are residues 60-67 (GQEEYSAM)
and 152-159 (VEDAFYTL) representing 8 amino acid peptides. The 60-67
amino acid motif corresponds to the site of naturally occumng mutation
in Ras at position 61 producing a m utant peptide (GKEEYSAM). There
are therefore three potential Ras peptides with a H-2K1> motif the normal
peptide 60-67 (P60N) with a glutamine (Q) residue at position 61, m utant
peptide 60-67 (P60M) with a lysine (K) (or any other residue except
proline or glutamic acid) at position 61 and the normal peptide 152-159
(P152).
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The peptide binding motif for H-2K^ class I MHC molecule (Table 5.2) is
described for a 9 amino acid peptide with an anchor motif which includes
a tyrosine (Y) residue at position 2, and an aliphatic residue leucine, (L),
isoleucine (I) or valine (V) at position 9 of the motif. Identification of
possible peptides in the Ras sequence with a H-2K^ class I molecule
anchor motif revealed a peptide spanning residues 95-103 (P95). The
peptide would have a tyrosine (Y) residue at position 2 and a valine (V)
residue at position 9 corresponding precisely to the predicted anchor
motif.

The peptide binding motif for the human MHC class I molecule HLA-A2
has also been described for a peptide of 9 amino acids. It is interesting to
note th at the Ras amino acid sequence displays two HLA-A2 peptide
binding motifs. These are at residues 71-79 (YMRTGEGFL) and 110-119
(VLVGNKCDL).
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Table 5.1
Peptide

Eesidue

P60N
P60M
P152

anchor
strong
60-67
60-67
152-159

Ras peptides possess Kb motifs

1

2

G
G
V

Q
K
E

H-2KbBinding Motif
4
3
6
5
'F/y
Y
E
E
Y
S
E
E
Y
S
A
Y
D
F

7

8
L
M
M
M
L

S
S
T

The predicted amino acid sequence of Ras reveals the
presence of two peptides with the previously published H2K^ binding motif (33). One of these peptides encompasses
the Ras mutation site at position 61. Both normal and
mutant peptide retain the binding motif._______________

Table 5.2 One Ras peptide possesses a Kd motif
Peptide Residue
1
anchor
strong
P95

95-103

Q

2
Y

H-2 Kd Binding Motif
4
5
6
7
3
N
I
L
R

P

M

K
F

T
N

E

Q

I

K

8

The predicted amino acid sequence of Ras reveals the
presence of one peptide with the previously published H2K^ binding motif (33)._____________________________
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5.22 Temperature induction of H-2K^ and

Class I

M olecules

The RMA (H-2^) cell line expresses a high level of cell surface

and

class I molecules. In figure 5.1 A and B, indirect immunofluorescence
staining of RMA cells cultured at 37^0 with Y3 (H-2K^) and B22 (H-2D^)
antibodies followed by FACS analysis, indicated the level of cell surface
expression of

and

class I molecules. In comparison, the RMA-S

cell line which has a defect affecting peptide loading of class I molecules,
has low levels of cell surface of

and

class I expression at 37^0 (Fig

5.1 C and D). When RMA-S cells are cultured at 26^0 for 12 hours, cell
surface levels of

and

class I molecules are comparable with the

RMA parent line (Fig 5.1 E and F).

5.23 Peptide binding to H-2K^ and

class I m olecules

stabilises cell surface expression at 37^0

The peptides NP345 (345-360) and NP366 (366-377) correspond to K^and D^- binding epitopes repectively, present in the nucleoprotein of
influenza virus (375). Addition of these peptides (50jiM) to the medium
of RMA-S cells that had been temperature-induced by overnight
incubation at 26®C, followed by incubation at 37®C for Ih and staining of
the cells with Y3 and B22 antibodies and FACS analysis revealed levels
of cell surface

and

comparable to the RMA parent cell line (Fig 5.2

A and B).
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Figure 5.1: Temperature induction of class I MHC expression
in RMA-S cells.
The cell line RMA (H-2^) (A and B) and the mutant cell line RMA-S (H-2^) which
has a peptide loading defect (C and D), were analysed for cell surface class I
expression at 37°C. For temperature induction of class I expression in RMA-S
cells (E and F) the cells were cultured at 26®C for 12 h, followed by indirect
immunoflourescence staining and FACS analysis. T h e
o/ic
wk i c k
r-e^pct^bccA
t +nrne^.
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The peptides bind and stabilise class I heavy chain-P2M heterodimers on
the cells surface at 37°C. The K^- binding peptide NP345 was able to
bind and stabilise
whereas

but not

but not

class I molecules (Fig 5.2 C and D),

class I molecules were stabilised by peptide

NP366 (Fig 5.2 E and F). Thus, peptide binding and stabilisation of class
I molecules on temperature-induced RMA-S cells was allele specific

5.24 Ras peptide binding to H-2K^ class I m olecules

The described phenotype of RMA-S cells formed the basis of a peptide
binding assay to determine the binding ability of the three Ras peptides
(P60N, P60M and P152), identified with a H-2K^ binding motif.
Stabilisation of temperature induced

and

molecules by the

peptides was determined by staining with Y3 (H-2Rt>) and B22 (H-2D^)
antibodies and FACS analysis (Fig 5.3).

The mean fluorescence intensity was calculated from five replicate
samples representing each peptide. Control temperature-induced RMA-S
samples which did not receive any peptide were stained to measure the
baseline level of class I expression. Temperature-induced RMA-S samples
maintained at 26°C were also stained and indicate maximum levels of
temperature-induced class I molecules. Control peptides which are
known to bind

(NP345, E7-20) and

(NP366) molecules on the cell

surface of RMA-S cells (375, 378) were also included.
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Figure 5.2: Peptide-m ediated stabilisation pf MHC class I
expression in RMA-S cells.
RMA-S cells were cultured at 26°C for 12h for temperature induction of class I
expression. K^- and D^-binding peptides NP345 and NP366 (Townsend, A. et al,
1989) were added (SOpM) to temperature induced RMA-S cells (2x10^) as indicated,
which were incubated at 37°C for Ih. Class I expression was determined by indirect
immunofluorescence staining with the Mabs Y3 (H-2K^) or É22 H-2D^), followed by
analysis by FACS. "The. da-to. Cs
tiV c/ o f (k
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FACScan research software was used to determine the mean
fluorescence channel (FLl) for each sample on a 4-log scale containing a
total of 1023 fluorescence channels. Linear measures for the FL l
intensity were determined using the formula:

mean FL1= loCmean FL l channel/1023) X 4

Increased cell surface

and

expression >3 SDs of the baseline

control was classed as positive for binding (379).

All three Ras peptides P60N, P60M and P152 bound to

molecules on

the cell surface of temperature-induced RMA-S (Fig 5.3 A). The level of
binding for each Ras peptide was comparable with the control K^-binding
NP345 and E7-20 peptides. As expected the D^-binding peptide NP366
did not bind to temperature-induced

class I molecules. Control

temperature-induced RMA-S samples which received no peptide indicate
that high levels of

molecules were induced at 26°C which fell to base

levels at 37®C, during the course of the assay. None of the Ras peptides
or the K^-binding peptides NP345 and E7-20 bound to temperatureinduced

molecules (Fig 5.3 B). Levels of

molecules after incubation

with these peptides were similar to the RMA-S baseline controls. The D^binding peptide NP-366 bound to

molecules on the cell surface of

temperature-induced RMA-S cells.
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F igure 5.3: MHC Class I binding of Ras peptides.
Ras peptides P60N, P60M and P152 stabilise
(A) but not
(B) class I
molecules in temperature induced RMA-S cells. Class I stabilisation by control
peptides NP345 (Townsend, A. et al, 1989) and E7-20 (Stauss, H.J, et al, 1992),
which are both known to be
-binding peptides and NP366 (Townsend, A. et al
1989) which is a known D^-binding peptide, are also shown. RMA-S cells were
temperature induced by incubation at 26°C for 12h, then peptides (50pM) were
added to RMA-S cells (2x10^) which were incubated at 37°C for Ih. Class I
expression was determined by indirect immunoflourescent staining with the Mabs
Y3 (H-2K^) or B22 H-2D^), followed by analysis by FACS. In the absence of class I
binding peptides expression of temperature induced class I molecules (RMA-S
26°C) decreased significantly (RMA-S 37°C). All samples were done in triplicate
and standard deviations are shown.
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5.3 D iscussion
Based on peptide binding motifs two potential MHC class I binding
octomer peptides with an H-2Ki^ binding motif (P60N and P152) have
been identified within the Ras amino acid sequence. These might
potentially be processed to produce antigenic peptides which bind to the
appropriate MHC class I molecule for presentation to, and recognition by
T cells. The predicted motif spanning 60-67 includes amino acid position
61, which is a common site of mutation in Ras associated with oncogenic
activation. The m utant form of this peptide (P60M) which retains its
binding motif is particularly interesting as it is still able to bind to the
molecule indicating its potential presentation on the surface of APCs
and therefore possible recognition by T cells.

The presence of a published class I binding motif does not automatically
confer the ability of the peptide to bind to the particular MHC class I
molecule concerned. Studies have demonstrated th at the motifs can be
used to select peptides that bind to class I MHC molecules and serve as
possible targets for CTL recognition. The
264 peptide contained a

-restricted ovalbumin 257-

motif and substitution of the anchor residues

at positions 5 and 8 decreased

binding (382). Analysis of HIV gag

peptides indicated th at some peptides which possessed a

motif did not

bind the class I molecule, although the suboptimal length of the peptides
used might account for this observation (380). Similarly some peptides
have been shown to bind to particular class I molecules even though they
do not have the corresponding motif (378) (380), suggesting that
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identification of further refinement of the motifs may be required. These
peptide motifs were defined from natural peptides eluted from class I
molecules by the identification of common residues at each position, so it
is possible th at a proportion of the eluted peptides would not have
contained these common residues (33). The eluted natural peptides from
which the motifs were derived were the products of peptide processing
and transport processes, so the predicted motifs reflect any specificities
within these processes and class I binding ability of the peptides.
Naturally processed peptides might therefore exhibit a more restricted
binding motif than peptides demonstrated to bind class I molecules in
vitro. Demonstration th at the Ras peptides identified to possess
motifs could bind to the

class I MHC molecule would support the use

of peptide motifs for the prediction of class I binding peptides.

The RMA-S cell line formed the basis of the binding assay described
earlier which was used to determine

binding of peptides P60N, P60M

and P152 by immunoflourescence. These peptides exhibit a
were all observed to bind to the

motif and

class I molecule. The ability of a

peptide to bind a particular class I molecule may vary due to effects of
the particular amino acid residues at the MHC contact positions (anchor
residues) or the indirect effects of residues at other positions on the
conformation of the peptide within the binding groove. The Ras peptides
P60N, P60M and P152, have similar anchor residues which make direct
contacts with residues within the class I binding groove and confer
similar K^-binding characteristics on these peptides. Residues flanking
the anchor positions may influence MHC binding (382), but although
P152 has completely different residues at these positions compared to
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P60N and P60M, the peptides have similar binding abilities suggesting
th at in these peptides the non-anchor residues have either similar or
negligible affects on binding.

Binding abilities for the normal P60N and m utant P60M peptides were
similar although P60N generally bound slightly better than P60M. The
peptides differ at the second peptide residue, a result of glutamine (Q) to
lysine (K) substitution at position 61 of the Ras amino acid sequence.
The residue at position 2 is not strictly an anchor residue in the H-2K^
motif, so these peptides have essentially the same binding motif. Recent
crystallographic studies have revealed detailed structures of the H-2K^
molecule reconstituted with several synthetic peptides (371, 372, 373).
Peptide residues at positions 3, 5 and 8 were b u r ied deep into pockets D,
C and F, within the binding groove, consistent with earlier motif studies
(33) that they represent anchor residues, while residues at positions 1, 4
and 6 were exposed consistent with the notion th at they may be
important for T cell recognition (383). The residue at position 2 was not
strongly implicated in either association with residues of the

molecule

or T cell recognition, although the shallow pocket B, may accomodate the
side chain of the residue.

The normal residue glutamine (Q) is polar, while the m utant residue
lysine (K) is positively charged. Depending upon the residues lining
pocket B the charged lysine residue might point down into an adjacent
negatively charged pocket B or alternatively, the lysine residue might be
positioned higher in the groove. Only slight differences in binding of
these two peptides was observed consistent with the position 2 residue

141

having only a minor role in

association but slight conformational

effects caused by the single amino acid difference between them might
influence TCR recognition.

In this binding assay Ras peptides possessing

motifs have the ability

to bind to preformed class I/p2m heterodimers. In vivo the ability of a
peptide to bind and induce a conformational change in free class I heavy
chain, a phenomenon observed in solution studies (35, 42, 66), may
determine its intracellular selection by class I heavy chain within the
ER, and therefore its presentation on the cell surface. A good correlation
was demonstrated between the ability of peptides to induce a
conformational change in free heavy chain and to stabilise preformed
class I/p2m heterodimers (384), suggesting th at similar interactions are
important for both effects. Three Ras peptides which possess a
binding motif have been shown to bind and stabilise K^-class I molecules
on the cell surface, suggesting that in this instance the

motif was

useful in predicting potential K^-binding peptides within a protein amino
acid sequence. These Ras peptides may be able to sensitise target cells
for recognition by Ras specific CTL leading to the identification of CTL
recognised epitopes in Ras protein.

&
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Chapter 6. V accinia virus stim ulated anti-Ras T cell
lines

6.1 Introduction
Cytotoxic T cells seem to be the major effectors in mediating recognition
and rejection of tumour cells in experimental systems (205). Advances in
the understanding of antigen processing and presentation indicate that
intracellular proteins are presented at the cell surface in the form of
small peptides, by class I MHC molecules for recognition by class I MHC
restricted CTL (24, 218) and hay&extended the range of potential tumour
antigens th at may be identified as CTL epitopes. Currently Ras-specific
MHC class I restricted CD8+ T cells have not been demonstrated and it
is unclear whether Ras can play a role in tumour rejection. Vaccinia
virus has been demonstrated to be efficient for inducing CTL responses
(185, 385, 386, 387). To investigate the possibility of inducing anti-Ras
CTL and determine if Ras mutations may be specifically recognised,
several recombinant vaccinia viruses expressing normal and m utant Ras
were constructed and used to induce CTL in immunised mice.

Ras cDNAs encoding normal N-Ras (Vac-Ras), or m utant human N-Ras
containing a glutamine to lysine substitution at position 61 (Vac-Ras^^)
and glycine to valine at position 12 (V ac-R as 12) were inserted into the
vaccinia virus expression vector pSCII (168). In the recombinant
vaccinia virus Ras is expressed by the early-late p7.5 vaccinia promotor
which allows simultaneous virus expression of Ras and endogenous

143

expression of class I MHC proteins in vivo, necessary for induction of
CTL (161).

6.2 R esults
Recombinant vaccinia virus were produced (chapter 3), in which cDNA's
encoding normal human N-Ras (Vac-Ras), or m utant human N-Ras (VacRas^2 and Vac-Ras^l) which contain a glycine to valine, or glutamine to
lysine substitution at position 12 or 61 respectively, were inserted into
the vaccinia genome and expressed from the early/late p7.5 vaccinia
virus promotor. C57B1/10 mice were immunised and boosted twice and
spleen cells were re stimulated in vitro with infected RMA stimulator
cells. CTL lines derived from C57B1/10 mice were analysed in standard 4
hour CTL assays using infected or transfected H-2^ derived RMA and
EL4 cells as targets, to determine their cytotoxicity and specificity.
6.21 CD8+ T cells are specific for Ras

R as^l and Ras specific CTL lines were derived from animals immunised
with Vac-Ras^^and Vac-Ras respectively. Vac-Ras®^ immune animals
generated CTL which lysed H-2l> derived RMA cells infected with the
immunising virus more efficiently than Vac-Ras infected cells (Fig 6.1A),
while CTL from Vac-Ras immune mice lysed targets expressing Ras
rather than Ras®^ expressing cells (Fig 6.IB). CTL lines were also
generated from Vac-Ras

immune mice. These lysed targets infected

with the immunizing virus and cross-reacWwith Vac-Ras infected cells,
but were unable to recognise target cells expressing Vac-Ras®^ (Fig
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6.1C). Presumably CTL specific for Ras and Ras^^ had similar
specificity, suggesting th at position 12 amino acid substitutions are not
associated with a CTL recognised epitope, or it is cross reactive with
normal Ras. Target cells infected with a control vaccinia construct
expressing the E7 protein of human papillomavirus type 16 showed only
background lysis, suggesting th at vaccinia encoded proteins were not
stimulating detectable CTL responses. To demonstrate whether the T
cells mediating Ras-specific lysis were CD8+ , anti-CD8 (YTS 169.4) or
anti-CD4 (GK1.5) monoclonal antibodies were added separately to the T
cell assay to determine if specific lysis was inhibited (Fig 6.2). Specific
lysis was mediated by CD8+ Vac-Ras^^ and Vac-Ras T cells, since for
each line anti-CD8 but not anti-CD4 monoclonal antibodies inhibited
lysis.

CTL lysis was not dependent upon vaccinia infection but was also seen
with tranfected target cells. Ras^^-specific CTL lysed EL4 cells
transfected with Ras^^ , but only background lysis of target cells
transfected with normal Ras (Fig 6.3A). Conversely, Ras but not Ras®^
transfectants were lysed efficiently by CTL raised against normal Ras
(Fig 6.3B). These CTL did not lyse untransfected EL4, indicating that
levels of endogenous Ras expression were insufficient for CTL
recognition.
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F igure 6.1: CTL lyse Ras expressing ta rg e t cells.
Ras-specific CTL were isolated from C57B1/10 mice immunised with Vac-Ras®^
(A), Vac-Ras (B) or Va c - Ra s ( C) . Mice were immunised with 2x10? pfu of
recombinant virus and boosted 14 and 21 days later. Spleen cells (5x10^) were
restimulated in vitro with infected RMA (H-2^) stimulator cells (10®), in 10ml
upright cultures with T cell medium containing no additional source of IL-2. T
cell lines were generated by weekly restimulation in 2ml cultures containing
8x10® T cells, 10® infected, mitomycin C treated stimulator cells and 2x10®
irradiated (3000 rads) C57B1/10 spleen cells, with T cell medium containing 10%
Con-A supernatant. Target cells are RMA infected with the indicated vaccinia
virus and then used in a standard 4h ®lCr release assay. T k ^
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Figure 6.2: CD8+ CTL recognise Ras.
CTL lines from mice that had been immunised with Vac-Ras®^ (A) or VacRas (B) were tested for lysis of infected RMA target cells in the presence of
antibody to CD8 (YTS 169.4) or CD4 (GK1,5), The antibodies were added to
the T cells as indicated at the start of the 4h ^ k)r release assay. The
effector:target ratio used was 12:1. CTL activity in the presence of CD4
antibodies was the same as control T cells without any antibodies (not
shown).
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Figure 6.3 Lysis of transfected targets expressing Ras.
Ras®^- (A) and Ras-specific (B) CTL lysed ^^Cr-labelled EL4 (H-2^)
transfected target cells expressing Ras®^ or Ras
assay, as indicated.

in 4h ^^Cr release

Untransfected EL4 and RMA targets were not

recognised by the CTL.
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6.22 Epitopes recognised by

restricted Ras-specific CTL

lines

To map the epitopes recognised by Ras-specific CTL lines, the amino acid
sequence of Ras was examined for published
(33), and two

but no

and

peptide motifs

motifs were identified. The Ras derived 8mer

peptides P60N (normal), P60M (mutant) and P152 contained H-2K^
motifs, and binding to

was demonstrated in chapter 5. Incubation of

target cells with these

binding peptides sensitised the targets for

recognition by appropriate Ras specific CTL. CTL generated against
Ras^l lysed target cells pulsed with P60M well, showed some cross
recognition of peptide P60N, but were unable to recognise unpulsed
control target cells (Fig 6.4A), while CTL raised against normal Ras
recognised target cells pulsed with P60N and showed little crossreco. gition of P60M (Fig 6.4B). Both Ras^I and Ras specific CTL
recognised target cells pulsed with peptide P152 equally well (Fig 6.40
and D).

Not surprisingly, CTL recognition of the peptides P60 and P152 was
restricted. This was confirmed with K^- and D^-transfected PIHTR (H2^) target cells. Ras^^-specific CTL recognised PIHTR-K?^ targets pulsed
with P60M, but the peptide did not sensitise PIHTR-D^ targets for
recognition (Fig 6.5A). Ras-specific CTL recognised P60N pulsed PIHTRK^, but were also unable to recognise peptide pulsed PIHTR-D^ targets
(Fig 6.5B). Similarly, both Ras^^ and Ras specific CTL specifically
recognised P152 pulsed PIHTR-K^ , but not
6.5D respectively).
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Targets

Targets

401

RMA-P60M
RMA-P60N
30"
RMA

a 20
_

1

"

10(N

CD

20

'

10

"

RMA-P60M
RMA-P60N
RMA

CD

CO

CO

Targets
Targets

I

RMA-P152
RMA
20

"

*s

CD

— RMA-P152
— RMA

30"
20

"

10

"

CO

CO

E:T Ratio

E:T Ratio

Figure 6.4 R ecognition o f Ras peptides P60N, P60M and P152
by anti-Ras CTL.
^

labelled RMA cells were incubated for Ih at 37®C with peptides

(50|iM) as indicated and used as targets in a 4h ^^Cr release assay. CTL
were from C57B1/10 mice immunised with Vac-Ras®^ (A and C) or Vac-Ras
(B and D).
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restricted Ras specific CTL recognise Ras

labelled PIHTR cells (H.2^) transfected with

or

were

incubated for Ih at 37°C with 50|iM of the indicated peptides and used as
targets in a 4h ^^Cr release assay.

CTL were from C57B1/10 mice

immunised with Vac Ras^^ (A and C)or Vac Ras (B and D). Unpulsed
control targets were not lysed by either CTL.
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6.23 Peptides stim ulate

restricted peptide specific CTL

The peptides containing Ras epitopes could stimulate CTL in vitro.
Peptide specific CTL were generated from Vac-Ras®^ and Vac-Ras
immune mice after stimulation in vitro with peptides P152 and P60M or
P60N respectively. Vac-Ras®^ immune mice CTL stimulated with P60M
gave greater lysis of RMA target cells pulsed with P60M than target cells
pulsed with P60N (Fig 6.6 A), while CTL from Vac-Ras immune mice
stimulated in vitro with P60N lysed P60N pulsed target cells rather than
P60M (Fig 6.6 B). These CTL did not recognise RMA target cells pulsed
with P152 peptide (Table 6.1). Peptide P152 stimulated cross reactive
CTL from both Vac-Ras®^ and Vac-Ras immune mice. P152 induced CTL
specifically lysed RMA target cells pulsed with P152 (Fig 6.6 C , D), but
do not lyse target cells pulsed with either P60M or P60N peptides (Table
6.1). Addition of anti-CD8 (YTS 169.4) or anti-CD4 (GK 1.5) monoclonal
antibodies to the T cell assays demonstrated th at the T cells mediating
peptide specific lysis were CD8+ (Table 6.1). Specific lysis was mediated
by CD8+ peptide specific T cells, since anti-CD8 but not anti-CD4
monoclonal antibodies inhibited lysis.

Confirmation th at CTL recognition of peptides P60 and P152 was K®
restricted was demonstrated with K®- and D®- transfected PIHTR (H-2^)
target cells. P60M-specific CTL recognised PIHTR-K® targets pulsed
with P60M, but PIHTR-D® targets were not sensitised by the peptide
(Fig 6.7 A).
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Figure 6.6: Peptide stim ulated CTL lyse peptide pulsed target
cells.
Peptide specific CTL were isolated from C57B1/10 mice immunised with VacRas®^ (A and C) or Vac-Ras (B and 0). Mice were immunised with 2x10^ pfu of
recombinant virus and boosted 14 and 21 days later. Spleen cells (5x10^) were
stimulated in vitro with the peptides (50pM) P60M (A), P60N (B) or P152 (C
and D), in 10ml upright cultures with T cell medium containing no added
source of IL-2. T cells lines were generated by weekly re stimulation in 2ml
cultures containing 8x10^ T cells, stimulating peptide (10)iM) and 2x10®
irradiated (3000 rads) C57B1/10 spleen cells, with T cell medium containing
10% Con-A supernatant. ®^Cr labelled RMA target cells were pulsed with
indicated peptide (50pM) for Ih at 37°C and then used in a standard 4h ®k)r
release assay.
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Table 6.1; CD8± peptide stim ulated CTL Ivse peptide
pulsed ta rg e t cells
% specific ta rg e t cell lysis

CTL Line
Prim e/sti
m ulation

mAh (ng/ml)
-

aCD8
P60M
aCD4
-

aCD8
P60N
aCD4
-

aCD8
P152
aCD4
-

aCD8
P152'
aCD4

-

50
6
50
6
-

50
6
50
6
-

50
6
50
6
-

50
6
50
6

RMAP60M
38
9
27
33
34
5

RMAP60N
4

RMAP152
5

RMA

-

-

-

-

-

-

-

-

-

-

-

-

7

4

-

-

-

6

29
30
32
8

-

-

-

-

-

-

-

-

-

-

5

7

-

-

-

-

-

-

-

-

•1’

3

-

-

42
9
36
41
40
44
11
41
42
43

6

4

Spleen cells from Vac-Ras^^ and Vac-Ras immunised mice were
stimulated in vitro with peptides (50pM) P60M, P60N and P152.
CTL lines P60M (Vac-Ras^l/PeOM), P60N (Vac-Ras/P60N), P152
(Vac-Ras^l/P152) and P152' (Vac-Ras/P152) were tested for lysis
of peptide pulsed RMA target cells in the presence of antibodies to
CD8 (YTS 169.4) or CD4 (GK1.5). The antibodies were added to
the T cells as indicated at the start of the 4h ^^Cr release assay.
The effector:target ratio used was 12:1.______________________
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Figure 6.7; Peptide stim ulated CTL are
labelled PIHTR cells (H-2^) transfected with

restricted.
or

were incubated for

Ih at 37°C with 50|iM of indicated peptides and used as targets in a 4h ^^Cr
release assay. CTL were from C57B1/10 mice immunised with Vac-Ras®^ (A and
C) or Vac-Ras (B and D). Spleen cells were stimulated in vitro with peptides
(50pM) P60M (A), P60N (B) or P152 (C and D).
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P60N-specifîc CTL recognised P60N pulsed PIHTR-K^, but not peptide
pulsed PIHTR-D^ targets (Fig 6.7B). Similarly, both P152-specific CTL
recognised P152 pulsed PXHTR-K^ but not

targets (Fig 6.7 C and D).

6.24 FACS analysis of class I expression of PIHTR-ld^ and

The PIHTR-K^ and -D^ transfected cells were analysed for expression of
and

respectively by indirect immunofluorescence staining with the

monoclonal antibodies Y3 (H-2K^) and B22 (H-2D^). As expected,
PIHTR-K^ cells (Fig 6.8C) indicate a higher level of Y3 antibody staining
compared to the background staining of untransfected PIHTR cells (Fig
6.8A), suggesting significant cell surface

expression. PIHTR-D^ (Fig

6.8E) indicates only background Y3 antibody staining, comparable to
untransfected PIHTR cells. Conversely, staining with B22 antibody
demonstrated th at PIHTR-D^ cells express significant levels of

on

their cell surface (Fig 6.8F), while PIHTR-K^ indicated only background
levels of staining (Fig 6.8D), comparable to untransfected PIHTR cells
(Fig 6.8B).

Ras-specific CTL might be induced in other haplotypes such as in DBA/2
mice (H-2^). Immunisation with Vac-Ras and Vac-Ras^^ and in vitro
stimulation with PIHTR stimulator cells infected with .the immunising
virus might be expected to induce CTL capable of recognising infected
and transfected PIHTR target cells, expressing Ras. A 9mer peptide (95103) possessing a

motif was identified (chapter 5), might represent a

possible epitope.
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Figure 6.6: FACS analysis o f cell surface
and
expression of PIHTR-Kb and -D^ transfectants.
PIHTR-K^, PIHTR-D^ and PIHTR cells were incubated with monoclonal
antibodies Y3 (H-2I^) or B22 (H-2D^) and the level of class I expression
determined by indirect immunofluorescence FACS analysis, 2x10^ cells were
incubated on ice, with 50pl of undiluted antibody culture supernatant for 30
minutes. The cells were washed and resuspended in 50pl fluorescein conjugated
goat anti-mouse IgG second layer antibodies (1:100) and incubated on ice for 30
minutes. Finally, cells were washed and analysed by FACS,

157

Early attempts to induce H-2^ derived Ras specific T. cells were
inconclusive and further investigation would be neccesary before ruling
on the possibility generating Ras specific CTL from H-2^ mice.

6.3 D iscussion
The data show th at C57B1/B10 mice can generate CTL responses to Ras
and th at at least two

restricted epitopes were recognised. The

responses of C57B1/B10 mice to these epitopes wer? presumably not due
to species differences of human and mouse N-Ras, since they are
identical except for three carboxy-terminal residues 168, 184 and 188
(342).

The finding th at Vac-Ras can stimulate anti-Ras CTL indicates that
endogenous Ras does not lead to clonal deletion of Ras-specific T cells and
that tolerance must be maintained by some other mechanism. One
possibility is that normal levels of Ras expression might be
immunologically silent because they are insufficient for T cell
recognition. This is supported by the observation that effector CTL only
recognised Ras transfected or Vac-Ras infected targets, but not
unmanipulated cells. Ideally, an H-2^ tumour cell line spontaneously
overexpressing m utant or normal Ras, might be useful to determine
whether levels of Ras expression typically present in transformation,
would lead to CTL lysis. Recognition of transformation associated Ras
mutations is suggested by Ras^^ specific CTL which are able to
distinguish an epitope containing an amino acid substitution associated
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with transformation. This would confer strict tumour specificity to any
CTL réponse.

In vivo tumour challenge experiments with Ras transfectants might
reveal whether anti-Ras CTL can mediate tumour protection in mice.
These might involve challenge with the Ras expressing cell lines EL4-Ras
and EL4-Ras®^ following pre-immunisation with Vac-Ras or Vac-Ras®^
respectively, or passive transfer of Ras specific lines followed by
challenge with the relevant tumour cells.

Although the recognition of a mutation containing epitope in C57B1/B10
mice is very promising, in an outbred human population the CTL
recognised epitopes will clearly depend upon the MHC haplotype.
Nevertheless, the results obtained in the murine system encourage the
search for Ras epitopes recognised by human CTL. Analysis of the Ras
amino acid sequence for peptides containing the published HLA-A2 motif
(33) (388), one of the more common HLA haplotypes in western
populations, revealed two potential HLA-A2 binding peptides. These are
peptides 71-79 and 110-118 (Fig 1). Binding of these two Ras peptides to
HLA-A2 might be demonstrated using the cell surface binding assay with
the peptide loading deficient cell line T2 (389).
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Chapter 7. General D iscussion

The aims of the present study were to demonstrate the recognition of
abnormally expressed Ras proteins by CTL. Point mutations and over
expression of Ras proteins have a high incidence of association with
many types of human malignancies. Identification of the mouse tumour
rejection antigen encoded by the gene PIA and a human melanoma
antigen encoded by MAGE-1 which are expressed in tumour cells, but
only at very low levels in normal cells suggests th at antigens resulting
from abnormal expression of a normal protein can be recognised by CTL
(217, 220, 221). Structurally mutated or over expressed Ras oncogene
has the potential of producing novel peptide antigens which, if presented
on the cell surface by class I MHC molecules may be recognised by
cytotoxic T cells. Demonstration of CD8+ class I restricted Ras-specific
CTL would encourage further investigation into the relevance of Ras as a
possible target for tumour immunotherapy.

Recombinant vaccinia virus expressing normal and m utant human NRas proteins were used as a strategy for inducing CTL in mice.
Recombinant virus was produced using the pSCII expression system in
which Ras cDNAs were expressed by the p7.5 early/late promoter from
within the TK region of the virus genome. Cell lines expressing normal
and m utant Ras were produced by transduction with recombinant
retrovirus constructed using pBabe-Ras expression constructs.
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Recombinant viruses and transduced cell lines were subjected to nucleic
acid analysis, Southern and northern analysis, and immunoprécipitation
of recombinant Ras with the Ras specific antibody, Y13259. Southern
analysis revealed th at recombinant N-Ras cDNA was present within
recombinant virus and transduced cells. Expression of recombinant NRas was investigated by northern analysis. Hybridisation of the 32p_
labelled N-Ras probe with mRNA sequences in RNA preparations from
recombinant Vac-Ras infected cells was demonstrated. The
corresponding hybridising sequences were not detected in wild type
vaccinia virus infected cells. Northern analysis was subject to difficulties
involving the resolution of recombinant Ras from endogenously expressed
Ras. This problem was also apparent in attempts to identify
recombinant Ras protein by immunoprécipitation, using the anti-Ras
antibody Y13259. Immunoprécipitation of high levels of Ras, compared
to control cells lacking recombinant Ras were not observed. High
background precipitation and immunoprécipitation of endogenous Ras
obscured detection of significant differences due to recombinant protein.
Expression of recombinant Ras may have been produced unstable protein
which was rapidly degraded. This would not preclude antigen processing
and MHC presentation and may even mediate production of Ras peptides
in concentrations favouring complex formation with MHC class I ot/p
heterodimers for successful presentation on the cell surface.

Expression of MHC class I molecules is required for presentation of
peptides for recognition by class I restricted T cells. Several cellular
oncogenes inhibit MHC expression on transfected cells which may
contribute to the mechanism by which transformed cells evade immune
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surveillance. Expression of activated Ras in transformed murine cell
lines caused subsequent reduction in cell surface expression of MHC
class II (365) and reduce their ability to stimulate proliferation of
allospecific T cells (367). MHC class I expression was unaffected, which
is consistent with the finding of this study where the level of cell surface
class I on murine cell lines expressing Ras was comparable to the
untransfected parental cell lines. Vaccinia virus and murine cell lines
expressing recombinant Ras provided the means to investigate the
induction of Ras-specific CTL in mice. The ability to recognise predicted
Ras peptides, and the specificity of CTL for normal or m utant Ras
expression was also analysed

Vac-Ras®^ immunised C57B1/10 mice (H-2^) developed Ras^^-specific
CD8+ CTL, which recognised both Vac-Ras^^ infected and Ras®^
transfected target cells. Normal Ras was recognised inefficiently. CD8+
CTL isolated from Vac-Ras immune mice recognised Vac-Ras infected
and Ras transfected targets efficiently. Recognition of Ras was linked to
over expression as the CTL did not recognise uninfected or untransfected
target cells indicating th at as endogenous levels of Ras expression were
not sufficient for lysis.

Synthetic peptides were used to identify CTL epitopes. The Ras amino
acid sequence contains two potential peptides P60 and P152 with
predicted

motifs (33). The P60 peptide was of particular interest as it

spans residues 60-67 encompassing the position 61 mutation (P60N and
P60M). MHC class I binding by these peptides was investigated using a
class I stabilisation assay involving the m utant cell line RMA-S and
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immunofluorescence. H-2K^ binding by the peptides was confirmed in
this assay which has been favourably compared with the peptide-class I
complex immunoprécipitation assay using conformational dependent
monoclonal antibodies (380). None of the peptides were able to bind to H2D^ molecules. Together these results support the relevance of the
peptide motif in the identification of potential class I binding peptides
within the primary sequence of a protein. The predicted class I motifs
are strictly processing motifs as they were derived from naturally bound
peptides eluted from class I molecules so represent characteristics
common to successfully processed peptides. They therefore reflect any
selectivity within peptide processing. Peptide selection might occur
during proteolytic degradation of cytoplasmic proteins, peptide transport
into the ER, or in forming and maintaining stable peptide-class I
complexes. This final process involves class I interaction with the
peptide backbone particularly at both termini of the peptide and
association of peptide anchor residues with corresponding allele-specific
pockets. The allele-specific interactions enhance specificity and provide
sufficiently stable binding to ensure presentation of the peptide at the
cell surface for recognition by T cells.

The synthetic peptides were used to sensitise target cells for recognition
by MHC class I restricted Ras^^- and Ras-specific CTL. Control target
cells which were not pulsed with peptides were not f;^cognised by any
CTL. One CTL epitope mapped to amino acids 60-67, with residue 61
being critical for T cell recognition. Ras^^-specific CTL isolated from
Vac-Ras^^ immunised mice recognised peptide 60M containing a lysine
residue (K) at position 61, while Ras-specific CTL recognised the normal
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peptide P60N, containing a glutamine residue (Q) at position 61. A
second epitope mapped to residues 152-159 which are identical in both
normal and mutated Ras. Peptide P152 sensitised target cells for
recognition by both Ras®^- and Ras-specific, K^-restricted CTL. The P60
and P152 peptides were able to stimulate in vitro proliferation of CD8+
CTL specific for the corresponding peptide pulsed target cells, further
indicating th at they represented CTL epitopes. Peptides corresponding
to muteint segments of Ras induced specific CTL in vitro in another study
(244). Human and mouse N-Ras differ at only three residues 168, 184
and 188 (342) suggesting th at species differences would not be relevant
in CTL responses. The high level of homology exhibited within the gene
products of N-, H-, and K-Ras genes would indicate th a t the p21-Ras
proteins of the three Ras genes would have a similar capacity to produce
peptides recognised by CD8+ CTL in C57B1/10 mice (Fig 1).

The crystal structures of H-2K^ molecules reconstituted with synthetic
peptides of different sequences (371, 372, 373) have revealed some
general principles of the K^-peptide binding complex. These studies
predict the conformation of the peptide within the binding groove and the
consequential implications for T cell receptor recognition. Peptide
residues at positions 3, 5 and 8 were buried deep into pockets D, C and F
where their side chains interact with

residues lining these pockets.

These peptide-K^ residue interactions determine the peptides binding
ability. These peptide residues are critical for interaction

since

alanine substitution of position 5 or position 8 anchor residues in
vesicular stomatis virus nucleoprotein (VSV NP) peptide prevent
binding (383). In addition these findings are consistent with the
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motif predicted from naturally processed peptides eluted from

class I

molecules, which identified anchor residues at positions 5 and 8, plus a
possible auxiliary anchor at position 3 (33). In this study the

binding

ability of peptides P60N and P60M was similar indicating th at the
binding ability of the m utant peptide is unaffected.

Residues at positions 1, 4, 6 and 7 of K^-binding peptides were identified
in exposed conformations consistent with the notion th at they may be
important for T cell recognition. Substitution of a single exposed residue
was sufficient to inhibit TCR recognition (382),(383), while not being
critical for the ability of the peptide to bind class I. The structures of the
VSV NP and Sendai virus nucleoprotein (SV NP) peptide-class I
complexes predict th at the side chain of the non-motif position 2 residue
for K^-bound peptides is buried with the antigen binding site and
inaccessible for direct TCR interaction (372). The residue was not
strongly implicated in T cell recognition as alanine substitution of
isoleucine at position 2 of the Ova257-264 peptide had only minor affects
on recognition by a K^-restricted T cell clone (382). In contrast, the
residue at position 2 of the P60N and P60M peptides which corresponds
to the position 61 mutation site of Ras was critical for the specificity of
CTL recognition. Similarly more substitution of the position 2 residue in
the Ova257-264 peptide with a diverse range of amino acids was found to
influence T cell recognition (390). This suggests th at the characteristics
of particular residues at position 2, as well as the conformationally
exposed residue positions may influence TCR recognition. As the K^binding ability of the two peptides was similar the affect might be
produced by subtle alterations induced by residues at position 2. Such an
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alteration might alter the conformation of the exposed residues involved
in TCR recognition. Peptide-induced conformational changes within the
class I a-helical regions th at flank the antigen binding groove were
identified in peptide-K^ complexes, suggesting the possibility of
peptide dependent alterations in class I might be critical in determining
TCR recognition (371).

The normal peptide (P60N) has a glutamine (Q) residue at position 2
which is polar, while in the m utant peptide (P60M) this residue is a
positively charged lysine (K) which might assume a different position
within the K^-binding site. The peptide residue at position 2 could
associate with residues lining pocket B of the

binding groove.

Depending upon the residues lining pocket B, the charged lysine residue
might point down into an adjacent negatively charged pocket B or
alternatively, the lysine residue might be positioned higher in the pocket.
Normal glutamine and m utant lysine residues may have different
associations with residues in B pocket producing small but significant
conformational changes in the H-2K^molecule or in the conformation of
the more exposed peptide residues. These conformational alterations
may be reflected in the specificity of TCR recognition.

Demonstration th at CD8+

restricted Ras-specific CTL can recognise

tumour cells over expressing Ras in vivo eliciting a level of tumour
protection would encourage further investigation into the relevance of
Ras as a possible target for tumour immunotherapy. Two lines of
investigation might be followed based on several previous investigations.
In one study vacciniation with recombinant vaccinia virus expressing the
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gene products of the human papillomavirus (HPV 16) E6 and E7 genes,
induced protection against tumour development after challenge with
tumour cells expressing HPV16 (391). Similarly vaccination of mice with
recombinant vaccinia virus expressing human carcinoembryonic antigen
(CEA) were resistant to growth of subsequently transplanted CEAexpressing tumours (392). C57B1/10 mice could be immunised with
recombinant vaccinia virus expressing Ras (Vac-Ras or Vac-Ras^^), and
challenged with tumour cells expressing recombinant Ras (EL4-Ras or
EL4-Ras^l). The EL4 cell line is naturally tumourigenic in C57.BL/10
mice and transfected cells (EL4-Ras/EL4-Ras^^) would therefore be
expected to produce tumours which express high levels of Ras and
provide targets for Ras-specific CTL. The tumour cells would be titrated
in the mice to determine the number of cells which induces consistent
tumour development. Any differences in development or growth kinetics
of tumours in non-immunised control mice and vaccinated mice would
indicate anti-tumour activity.

In an alternative approach T cell clones specific for a viral oncogene
product were transferred into tumour bearing mice (393). CTL clones
against the adenovirus type 5 (AD5) early region 1 (El)-transformed cells
were injected (i.v.) into nude mice bearing Ad5 El-induced tumours.
When combined with recombinant IL-2 treatm ent reduction in the
tumour masses was observed and long term 'memory' persisted.
Similarly Ras- and Ras^^-specific CTL clones or long term specific lines
could be transferred into nude mice bearing EL4-Ras or EL4-Ras^^
induced tumours.
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Selective recognition of cells overexpressing Ras might allow the use of
Ras-specific CTL for immunotherapy of certain tumours. T cells bearing
Ras-specific TCRs are not deleted in the thymus. This may be due to the
low level of endogenous Ras expression, as recognition in this study
seemed to be linked to over expression of Ras. In vivo tumours
expressing high levels of Ras escape recognition by potential Ras-specific
CTL. Therefore any programme of immunotherapy would need to
address the mechanisms by which tumours escape immune surveillance.
Tumours that are potentially immunogenic but which do not stimulate
an effective anti-tumour response in vivo have been investigated (105,
106). In these studies expression of the co-stimulatory ligand B7 on
melanoma cells enabled the cells to deliver antigen-specific signals and
CO-

stimulatory signals, necessary for full activation of T cells leading to

CD8+ T cell rejection. Ras-specific CD8+ CTL could be inactivated by
over expression of Ras in tumours th at arise in non-professional APCs
which lack B7 expression.

The selective recognition of cells overexpressing Ras might allow the use
of Ras specific CTL for immunotherapy of certain tumours. Recognition
of transformation associated Ras mutations would confer strict tumour
specificity to CTL. Although recognition of a mutation containing epitope
in C57B1/10 mice has been demonstrated, in an outbred human
population the CTL recognised epitopes will clearly depend on the MHC
haplotype. Relevance in the human system would be the ultimate goal of
this type of study. Analysis of the Ras amino acid sequence for peptides
containing the published HLA-A2 motif (33) (388), one of the more
common HLA haplotypes in western populations, revealed two potential
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HLA-A2 binding peptides. Binding of these two Ras peptides to HLA-A2
could be confirmed with the peptide loading deficient cell line T2 (389).
Induction of Ras-specific CTL in HLA-A2 transgenic mice might be
investigated using Vac-RasA^ac-Ras^^ recombinants, and tumour cells
expressing recombinant Ras might further encourage the search for Ras
epitopes recognised by human CTL.

169

R eferences

>

1. Reinherz, E. L., P. C. Kung, G. Goldstein and S. F. ^chlossman. 1980.
A monoclonal antibody reactive with human cytotoxic/suppressor T cell
subsets previously defined by a heteroantiserum termed TH2'.
J.Immunol 124:1301.
2. Reinherz, E. L. and S. F. Schlossman. 1980. The differentiation and
function of human T lymphocytes. Cell 19:821.
3. Swain, S. L. 1981a. Significance of Lyt phenotypes: Lyt2 antiboby
blocks activities of T cells that recognise class I major histocompatibility
antigens regardless of their function. Proc.Natl.Acad.Sci.USA. 78:7101.
4. Meuer, S. C., E. L. Schlossman and E. L. Reinherz. 1982a. Clonal
analysis of human cytotoxic T lymphocytes:T4+ and T8+ effector cells
recognise products of different major histocompatibility regions.
Proc.Natl.Acad.Sci.USA. 79:4395.
5. Meuer, S. C., R. E. Hussey, J. C. Hodgdon, T. Hercend, S. F.
Schlossman and E. L. Reinherz. 1982b. Surface structures involved in
target recognition by human cytotoxic T lymphocytes. Science 218:471.
6. Swain, S. L., G. Dennert, S. Wormsley and R. Dutton W. 1981b. The
Lyt phenotype of a long-term allospecific T cell line. Both helper and
killer activities to I-A are mediated by ly-1 cells. Eur. J.Immunol 11:175.
7. Swain, S. L. and P. R. Panfili. 1979. Helper cells activated by
allogeneic H-2K or H-2D differences have a Ly phenotype distinct from
those responsive to I differences. J.Immunol 122:383.
8. Biddison, W. E., P. E. Rao, M. A. Talle, G. Goldstein and S. Shaw.
1982. Possible involment of the 0KT4 molecule in T cell recognition of
class II HLA antigens. Evidence from studies of cytotoxic T cells specific
for SB antigen. J.Exp.Med 156:1065.
9. Krensky, A. M., C. S. Reiss, J. W. Mier, J. L. Strominger and S.
Burakoft J. 1982. Long term human cytotoxic T cell lines allospecific for
HLA-DR6 antigen are 0KT4+. Proc.Natl.Acad.Sci.USA. 79:2365.
10. Krensky, A. M., C. Clayberger, C. S. Reiss, J. L. Strominger and S. J.
Burnkoft. 1982a. Specificity of 0KT4+ cytotoxic lymphocyte clones.
J.Immunol 129:2001.

170

11. Zinkemagel, R. M. and P. C. Doherty. 1974. Immunological
surveillance against altered self components by sensitised T lymphocytes
in lymphocytic choriomeningitis. Nature 251:547.
12. Zinkemagel, R. M. and P. C. Doherty. 1975. Histocompatibility
requirements for T cell mediated lysis of target cells infected with
lymphocyte choriomeningitis virus. Different cytotoxic T cell specificities
are associated with structures coded for H-2K and H-2D. J.Exp.Med.
441:1427.
13. Katz, D. H. and B. Benacerraf. 1975. The function and
interrelationship of T cell receptors, Ir genes and other histocompatibility
gene products. Transpl.Rev. 22:175.
14. Zinkemagel, R. M. and P. C. Doherty. 1979. MHC-restricted
cytotoxic T cells: Studies on the biological role of polmorphic major
transplantation antigens determining T cell restriction specificity and
responsiveness. Adu. Immunol. 27:51.
15. Dembic, Z., W. Haas, S. Weiss, J. McCubrey, H. Kiefer, H. von
Boehmer and M. Steinmetz. 1986. Transfer of specficity by murine alpha
and beta T cell receptor genes. Nature 320:232.
16. Unanue, E. R. 1984. Antigen-presenting function of the macrophage.
Ann. Rev. Immunol 2:395.
17. Steicher, H. Z., I. L. Berkower, M. Busch, F. R. N. Gurd and J. A.
Bersofsky. 1984. Antigen conformation determines processing
requirements for T cell activation. PNAS 81:6831.
18. Babbitt, B., P. M. Allen, G. Matsueda, E. Haber and E. R. Unanue.
1985. Binding of immunogenic peptides to la histocompatibility
molecules. Nature 317:359.
19. Buus, S., A. Sette, S. M. Conlon, D. M. Jenis and H. Grey. 1986.
Isolation and characterization of antigen la complexes involved in T cell
recognition. Cell 47:1071.
20. Guillet, J. G., M. Z. Lai, T. Briner, S. Buus, A. Sette, A. Grey, J. A.
Smith and M. Gefter. 1987. Immunological self and nonself
descrimination. Science 235:865.
21. Townsend, A. R. M. and J. J. Skehel. 1982. Influenza A specific
cytotoxic T cell clones th at do not recognise viral glycoproteins. Nature
300:655.

171

22. Townsend, A. R. M. and J. J. Skehel. 1984. The influenza A virus
nucleoprotein gene controls the induction of both subtype specific and
crossreactive cytotoxic T cells. J. Exp. Med. 160:553.
23. Townsend, A. R. M., A. J. McMichael, N. P. Carter, J. A. Huddleston
and G. G. Brownlee. 1984. Cytotoxic T cell recognition of the influenza
nucleoprotein and hemagglutinin expressed in transfecjted mouse L cells.
Cell 39:13.
24. Townsend, A. R., F. M. Gotch and J. Davey. 1985. Cytotoxic T cells
recognize fragments of the influenza nucleoprotein. Cell 42:457.
25. Townsend, A. R. M., J. Rothbard, F. M. Gotch, G. Bahadur, D.
W raith and A. J. McMichael. 1986. The epitopes of influenza
nucleoprotein recognized by cytotoxic T lymphocytes can be defined with
short synthetic peptides. Cell 44:959.
26. Bjorkman, P. J., M. A. Saper, B. Samraoui, W. S. Bennet, J. L.
Stominger and D. C. Wiley. 1987. The foreign antigen binding site of T
cell recognitions of class I histcompatibility antigens. Nature 329:512.
27. Bjorkman, P. J., M. A. Saper, B. Samaoui, W. S. Bennett, J. L.
Strominger and D. C. Wiley. 1987. Structure of the human class I
histocompatibility antigen, HLA-A2. Nature 329:506.
28. van Bleek, G. M. and S. Nathenson G. 1991. The structure of the
antigen-binding groove of major histocompatibility complex I molecules
determines specific selection of self-peptides. Proc. Natl. Acad. Soi. USA.
88:11032.
29. Madden, D. R., J. C. Gorga, J. L. Strominger and D. C. Wiley. 1991.
The structure of HLA-A2 reveals nonamer self-peptides bound in an
extended conformation. Nature 353:321.
30. Brown, J. H., T. Jardetzky, M. Saper, B. Samraoui, P. J. Bjorkman
and D. C. Wiley. 1988. A hypothetical model of the foreign antigen
binding site of class II histocompatibility molecules. Nature 332:845.
31. Rotzschke, O., K. Falk, K. Deres, H. Schild, M. Norda, J. Metzger, G.
Jung and R. H.G. 1990. Isolation and analysis of naturally processed
viral peptides as recognized by cytotoxic T cells. Nature 348:252.
32. Van Bleek, B. G. and S. G. Nathensen. 1990. Isolation of an
endogeneously processed immunodominant viral peptide from the class I
H-2Kb molecule. Nature 348:213.

172

33. Falk, K , 0 . Rotzschke, S. Stevanovic, G. Jung and H. G.
Rammensee. 1991. Allele-specific motifs revealed by sequencing of self
peptides eluted from MHC molecules. Nature Nature:290.
34. Schumacher, T. N., B. M. De, L. N. Vemie, W. M. Kast, C. J. Melief,
J. J. Neeges and H. L. Ploegh. 1991. Peptide selection by MHC class I
molecules. Nature 350:703.
35. Cerundolo, V., T. Elliot, J. Elvin, J. Bastin, H. G. Rammensee and A.
Townsend. 1991. The binding affinity and dissociation rates of peptides
for class I major histocompatibility complex molecules. Eur. J. Immunol.
21:2069.
36. Kronenberg, M., G. Sui, L. E. Hood and N. Shastuk. 1986. The
molecular genetics of the T cell antigen receptor and T cell antigen
recognition. Ann.Rev.Immunol. 4:529.
37. Morrison, L. A., A. Lukacher, V. L. Braciale, D. P. Fan and T. J.
Braciale. 1986. Differences in antigen presentation to MHC class I and
class Il-restricted influenza virus-specific cytolytic T lymphocyte clones.
J.Exp.Med. 163:903.
38. Anders, E. M., J. J. Katz, D. C. Jackson and D. O. White. 1981. In
vitro antibody response to influenza virus . II. Specificity of helper T cells
recognising hemagglutinin. J. Immunol. 127:669.
39. Gerhard, W., C. Hackett and F. Melchers. 1983. The recognition
specificity of a murine helper T cell for hemagglutinih of influenza virus
A/PR/8/34. J. Immunol. 130:2379.
40. Bevan, M. J. 1987. Antigen recognition. Class discrimination in the
world of immunology [news]. Nature 325:192.
41. Germain, R. N. 1986. Immunology. The ins and outs of antigen
processing and presentation [news]. Nature 322:687.
42. Elliott, T., V. Cerundolo, J. Elvin and A. Townsend. 1991. Peptideinduced conformational changeof class I heavy chain. Nature 351:402.
43. Braciale, T. J., M. E. Andrew and V. L. Braciale. 1981.
Heterogenicity and specificity of cloned lines of influenza virus-specific
cytotoxic T lymphocytes. J. Exp. Med. 153:910.
44. Bennick, J. R., J. W. Yewdell and W. Gerhard. 1982. A viral
polymerase involved in recognition of influenza infected cells bt a
cytotoxic T cell clone. Nature 296:75.

173

45. Sweetser, M. T., L. A. Morrison, V. L. Braciale and T. J. Braciale.
1989. Recognition of preprocessed endogenous antigen by class I but not
class II-MHC restricted T cells. Nature 342:180.
46. Whitton, J. L. and M. B. A. Oldstone. 1989. Class I MHC can present
an endogenous peptide to cytotoxic T lymphocytes. J. Exp. Med.
170:1033.
47. Anderson, K., P. Cresswell, M. Gammon, J. Hermes, A. Williamson
and H. Zweerink. 1991. Endogenously synthesised peptide with an
endoplasmic reticulum sequence sensitizes antigen processing m utant
cells to class I restricted mediated lysis. J. Exp. Med. 174:489.
48. Townsend, A., J. Bastin, K. Gould and G. G. Brownlee. 1986.
Cytotoxic T lymphocytes recognise influenza haemagglutanin th at lacks
signal sequence. Nature 324:575.
49. Townsend, A., J. Bastin, K. Gould, G. Brownlee, M. Andrew, B.
Couper, D. Boyle, S. Chan and G. Smith. 1988. Defective presentation to
class I restriceted cytotoxic lymphocytes in vaccinia infected cells is
overcome by enhanced degradation of antigen. J. Exp. Med. 168:1211.
50. Takahashi, H., K. B. Cease and J. A. Berzofsky. 1989. Identification
of proteases th at process distinct epitopes on the same protein. J.
Immunol. 142:2221.
51. Ziegler, K. and E. R. Unanue. 1981. Identification of a macrophage
antigen-processing event required for I-region-restricted antigen
presentation to T lymphocytes. J. Immunol. 127:1869.
52. Ziegler, H. K. and E. R. Unanue. 1982. Decrease in macrophage
catabolism caused by ammonia and chloroquine is associated with
inhibition of antigen presentation to T cells. Proc. Natl. Acad. Sci. USA.
78:175.
53. Peters, P. J., J. J. NeeQes, V. Oorschot, H. L. Ploegh and H. J. Geuze.
1991. Segregation of MHC class II molecules from MHC class I molecules
in the Golgi complex for transport to lysosomal compartments. Nature
349:669.
54. Neefjes, J. J. and H. L. Ploegh. 1992. Inhibition of endosomal
proteolytic activity by leupeptin blocks surface expression of MHC class
II molecules and their conversion to SDS resistant alpha beta
heterodimers in endosomes. EMBO J. 11:411.

174

55. Lippincott-Schwartz, J., L. C. Yuan, J. S. Bonifacio and R. D.
Kluasner. 1989. Rapid redistribution of Golgi proteins into the ER in
cells treated with brefeldin A: evidence for membrane cycling from Golgi
to ER. Cell 56:801.
56. Nuchtem, J. G., J. S. Bonifacino, W. E. Biddison and R. D. Klausner.
1989. Brefeldin A implicates egress from endoplasmic reticulum in class
I-restricted antigen presentation. Nature 339:223.
57. Yewdell, J. W. and J. R. Bennick. 1989. Brefeldin A specifically
inhibits presentation of protein antigens to cytotoxic T lymphocytes.
Science 224:1072.
58. Neefjes, J., V. Stollorz, P. Peters, H. J. Geuze and H. L. Ploegh. 1990.
The biosynthetic pathway of MHC class II but not class I molecules
intersects the endocytic route. Cell 61:171.
59. Roche, P. A. and P. Cresswell. 1991. Proteolysis of the class II
associated invarient chain generates a peptide binding site in
intracellular HLA-DR molecules. Proc.Natl.Acad.Sci.USA 88:3150.
60. Germain, R. N. and L. N. Hendrix. 1991. MHC class II structure.
Occupancy and surface expression determined by post endoplasmic
reticulum antigen binding. Nature 353:134.
61. Jaraquemada, D., M. Marti and E.G. Long. 1990. An endogenous
processing pathway in vaccinia virus infected cells for presentation of
cytoplasmic antigens to class II restricted T cells. J. Exp. Med. 172:947.
62. Hackett, C. J., J. W. Yewdell, J. R. Bennick and M. Sysocka. 1991.
Class II MHC restricted T cell determinants processed from either
endosomes or the cytosol with similar requirements for host protein
transport but different kinetics of production. J. Immunol. 146:2944.
63. Karre, K., H. G. Ljunggren, G. Piontek and R. Kiessling. 1986.
Selective rejection of H-2-deficient lymphoma variants suggests
alternative immune defence strategy. Nature 319:675.
64. Townsend, A., C. Ohlen, L. Foster, J. Bastin, H. G. Ljunggren and K.
Karre. 1989. A m utant cell in which association of class I heavy and light
chains is induced by viral peptides. Cold Spring Harh Symp Quant Biol
1:299.
65. Cerundolo, V., J. Alexander, K. Anderson, C. Lamb, P. Cresswell, A.
McMichael, F. Gotch and A. Townsend. 1990. Presentation of viral

175

antigen controlled by a gene in the major histocompatibility complex.
Nature 345:449.
*
66. Townsend, A., T. Elliot, V. Cerundolo, L. Foster, B. Barber and A.
Tse. 1990. Assembly of MHC class I molecules analysed in vitro. Cell
62:285.
67. Monaco, J. J., S. Cho and M. Attaya. 1990. Transport protein genes
in the murine MHC: possible implications for antigen processing. Science
250:1723.
68. Deverson, E. V., I. R. Gow, W. J. Coadwell, J. J. Monaco, G. W.
Butcher and J. C. Howard. 1990. MHC class II region encoding proteins
related to the multi drug resistance family of transmembrane
transporters. Nature 348:738.
69. Trowsdale, J., I. Hanson, I. Mockridge, S. Beck, A. Townsend and A.
Kelly. 1990. Sequences encoded in the class II region of the MHC related
to the ABC superfamily of transporters. Nature 348:741.
70. Spies, T., M. Bresnahan, S. Bahram, D. Arnold, G. Blanck, E.
Mellins, D. Pious and R. De Mars. 1990. A gene in the human major
histocompatibility complex class II regions controlling the class I antigen
presentation pathway. Nature 348:744.
71. Spies, T. and R. De Mars. 1991. Restored expression of major
histocompatibility class I molecules by gene transfer of putative peptide
transporter. Nature 351:323.
72. Spies, T., V. Cerundolo, M. Colonna, P. Cresswell, A. Townsend and
R. DeMars. 1992. Presentation of viral antigen by class I molecules is
dependent on a putative peptide transported heterodimer. Nature
355:644.
73. Momburg, M., V. Ortiz-Navarrete, J. Neefjes, E. Goulmli, Y. van de
Wal, H. Spitz, S. J. Powis, G. W. Butcher, J. C. Howard, P. Walden and
G. J. Hammerling. 1992. Proteasome subunits encoded by the major
histocompatibility complex are not essential for antigen presentation.
Nature 360:174.
74. Yang, Y., K. Fruhe, J. Chambers, J. B. Waters, L. Wu, T. Spies and
P. A. Peterson. 1992. Major histocompatibility complex (MHC)-encoded
HAM2 is necessary for antigenic peptide loading onto class I MHC
molecules. J. Biol. Chem. 174:11669.

176

75. Powis, S. J., A. Townsend, E. V. Deverson, J. Bastin, G. W. Butcher
and J. C. Howard. 1991. Restoration of antigen presentation to m utant
cell line RMA-S by an MHC-linked transporter. Nature 354:528.
76. Attaya, M., S. Jameson, C. K. Martinez, E. Hermel, C. Aldrich, J.
Forman, K. Fischer Lindahl, M. J. Bevan and J. J. Monaco. 1992. Ham-2
corrects the class I antigen processing defect in RMA-S cells. Nature
355:647.
77. Glynne, R., S. H. Powis, S. Beck, L. A. Kelly and J. Trowsdale. 1991.
A proteasome-related gene between the two ABC transporter loci in the
class II region of human MHC. Nature 353:357.
78. Kelly, A., S. H. Powis, R. Glynne, E. Radley, S. Beck and A.
Trowsdale. 1991. Second proteasome related gene in the human MHC
class II region. Nature 353:667.
79. Martinez, C. K. and J. J. Monaco. 1991. Homology of proteasome
subunits to a major histocompatibility complex-linked LMP gene. Nature
353:664.
80. Monaco, J. J. and H. O. McDevitt. 1982. Identification of a fourth
class of proteins linked to the murine major histocompatibility complex.
Proc.Natl.Acad.Sci.USA. 79:3001.
81. Monaco, J. J. and H. O. McDevitt. 1984. H-2 linked low molecular
weight polypeptide antigens assemble an unusual macromolecular
complex. Nature 309:797.
82. Monaco, J. J. and H. O. McDevitt. 1986. The LMP antigens: a stable
MHC controlled multi-subunit complex. Hum.Immunol. 15:416.
83. Brown, M. G., J. Driscoll and J. J. Monaco. 1991. Structural and
serological similarity of MHC linked LMP and protasome (multi-catalytic
proteinase). Nature 353:355.
84. Arnold, D., J. Driscoll, M. Androlewicz, E. Hughes, P. Creswell and
T. Spies. 1992. Proteasome subunits encoded in the MHC are not
generally required for the processing of peptides bound by MHC class I
molecules. iVa^wrc 360:171.
85. Kvist, S., K. Wiman, L. Claesson, P. A. Peterson .and B. Dobberstein.
1982. Membrane insertion and oligomeric assembly of HLA-DR
histocompatibility antigens. Cell 29:61.
86. Sant, A. J., L. R. Hendrix, J. E. Collogan, W. L. Maloy and R. N.
Germain. 1991. Defective intracellular transport as a common
177

mechanism limiting expression of inappropriately paired class II major
histocompatibility complex alpha/beta chains. J.Exp.Med. 174:799.
87. Blum, J. S. and P. Cresswell. 1988. Role of intracellular proteases in
the processing and transport of class II HLA antigens.
Proc.Natl.Acad.Sci.USA 85:3975.
88. Jensen, P. E. 1990. Regulation of antigen presentation by acidic pH.
J.Exp.Med. 171:1779.
89. Wettstein, D. A., J. J. Boniface, P. A. Reay, H. Schild and M. M.
Davis. 1991. Expression of class II major histocompatibility complex
(MHC) heterodimer in a lipid linked form with enhanced peptide/soluble
MHC complex formation at low pH. J.Exp.Med. 174:219.
90. Lippincott-Schwartz, J. and D. M. Fambrough. 1987. Cycling of
integral membrane glycoprotein LEP 100, between plasma membrane
and lysosomes: kinetics and morphological analysis. Cell 49:669.
91. Norment, A. M., R. D. Salter, E. Parham, V. H. Englehard and D. R.
Littman. 1988. Cell-cell adhesion mediated by CD8 and MHC class I
molecules. Nature 336:79.
92. Rosenstein, Y., S. Ratnofsky, S. J. Burakoff and S. H. Herrmann.
1989. Direct evidence for binding of CD8 to HLA class I antigens.
J.Exp.Med. 169:149.
93. Veillete, A., M. A. Bookman, E. M. Horak and J. b. Bolen. 1988. The
CD4 and CD8 T cell surface antigens are associated with the internal
membrane tyrosine-protein kinase p561ck. Cell 55:301.
94. Connolly, J. M., T. A. Potter, E. Wormstall and T. H. Hansen. 1988.
The Lyt-2 molecule recognises residues in the class I alpha 3 domain in
allogenic cytotoxic T cell responses. J. Exp. Med. 168:325.
95. Potter, T. A., T. V. Raj an, R. F. Dick and J. A. Bluestone. 1989.
Substitution at residue 227 of H-2 class I molecules abrogates recognition
by CD8-dependent, but not CD8-independent, cytotoxic T lymphocytes.
Nature 337:73.
96. Salter, S. D., R. J. Benjamin, P. K. Wesley, S. E. Buxton, T. P. J.
Garrett, C. Clayberger, A. M. Krensky, A. M. Normen( D. R. Littman
and P. Parham. 1990. A binding site for the T cell co-réceptor CD8 on the
a3 domain of HLA-A2. Nature 345:41.

178

97. Leahy, D. J., R. Axel and W. A. Hendrickson. 1992. Crystal structure
of a soluble form of the human T cell coreceptor CD8 at 2.6 A resolution.
Cell 68:1145.
;
98. Wang, J., Y. Yan, J. P. J. Garrett, J. Liu, D. W. Rodgers, R. L.
Garlick, G. E. Tarr, Y. Husain, E. L. Reinherz and S. C. Harrison. 1990.
Atomic structure of a fragment of human CD4 containing two
immunoglobulin-like domains. Nature 348:411.
99. Ryu, S. E., P. Kwong, A. Truneh, T. G. Porter, J. Arthos, M.
Rosenberg, Z. Dai, N. Xuong, R. Axel, R. W. Sweet and W. A.
Hendrickson. 1990. Crystal structure of an HIV-binding recombinant
fragment of human CD4. Nature 348:419.
100. Schwartz, R. H. 1990. A cell culture model for T lymphocyte clonal
anergy. Science 248:1349.
101. Linsley, P. A., W. Brady, L. Grosmarie, A. ArufFo,'N. K. Damle and
J. A. Ledbetter. 1991. Binding of the B cell activation antigen B7 to CD28
costimulates T cell proliferation and IL-2 mRNA accumulation.
J.Exp.Med. 173:721.
102. Linsley, P. A., W. Brady, M. Umes, L. Grosmarie, N. K. Damle and
J. A. Ledbetter. 1991. CTLA-4 is a second receptor for the B cell
activation antigen B7. J.Exp.Med. 174:561.
103. Kang, S. M., B. Beverly, A. C. Tran, K. Brorson, R. H. Schwartz and
M. J. Lenardo. 1992. Transactivation by AP-1 is a molecular target of T
cell anergy. Science 257:1134.
104. Harding, F., A., J. G. McArthur, J. A. Gross, D. H. Raulet and J. P.
Allison. 1992. CD-28 mediated co-stimulates murine T cells and prevents
induction of anergy in T cell clones. Nature 356:607.
105. Townsend, A. E. and J. P. Allison. 1993. Tumour rejection after
direct costimulation of CD8+ T cells by B7-transfected melanoma cells.
Science 259:368.
106. Chen, L., S. Ashe, W. Brady, I. Hellstrom, K Hellstrom, J.
Ledbetter, P. McGowan and P. S. Linsley. 1992. Costimulation of anti
tumour immunity by the B7 counterreceptor for the T lymphocyte
molecules CD28 and CTLA-4. Cell 71:
107. Sprent, J., D. Lo, E. Gao and Y. Ron. 1988. T cell selection in the
thymus. Immunol. Rev. 101:173.
i

179

108. Kappler, J. W., N. Roehm and P. Marrack. 1987. T cell tolerance by
clonal elimination in the thymus. Cell 49:273.
109. Zinkemagel, R. M., G. Callerhan, A. Althage, S. Coopers, P. Klein
and J. Klein. 1978. On the thymus in the differentiation of H-2 self
recognition. J. Exp. Med. 147:882.
110. Beven, M. J. 1977. In radiation chimaera, host H-2 antigens
determine immime responsiveness of donor cytotoxic cells. Nature
269:417.
111. Kruisbeek, A. M., J. J. Mond, B. J. Fowlkes, J. A. Carmen, S.
Bridges and D. L. Longo. 1985. Absence of the Lyt-2-, L3T4- lineage of T
cells in mice treated neonatally with anti-I-A correlates with the absence
of intrathymic I-A bearing antigen presenting cell function. J. Exp. Med.
161:1029.
112. Mamsic-Galesic, S., D. A. Stephany, D. L. Longo and A. M.
Kruisbeek. 1988. Development of CD4- and CD8- cytotoxic T cells
requires interactions with class I MHC determinants. Nature 333:180.
113. Kisielow, P., H. Bluthman, U. D. Staerz, M. Steinmetz and H. Von
Boehmer. 1987. Tolerance in T cell receptor transgenic mice involves
deletion of non mature CD4+8+ thymocytes. Nature 333:742.
114. Teh, H. S., P. Kisielow, B. Scott, H. Kishi, Y. Uematsu, H.
Bluthman and H. Von Boehmer. 1988. Thymic major histocompatibility
complex antigens and the alpha/beta T cell receptor determine the
CD4/CD8 phenotype of T cell. Nature 335:229.
115. Robey, E. A., B. J. Fowlkes, J. W. Gordon, D. Kioussis, H. Von
Boehmer, F. Ramsdale and R. Axel. 1991. Thymic selection in CD8
transgenic mice supports an instructive model for commitment to a CD4
or CD8 lineage. Cell 64:99.
116. Blackman, M. A., P. Marrack and J. Kappler. 1989. Influence of the
major histocompatibility complex on positive selection of V beta 17a+ T
cells. Science 244:214.
117. Blackman, M., J. Kappler and P. Marrack. 1988. T cell specificity
and repertoire. Immunol. Rev. 101:5.
118. Fowlkes, B. J., R. H. Schwartz and D. M. Pardoll. 1988. Deletion of
self-reactive thymocytes occurs at a CD4+8+ precursor stage. Nature
334:620.

180

119. Kappler, J. W., U. Stearz, J. White and P. C. Marrack. 1988. Selftolerance eliminates T cells specific for Mls-modified products of the
major histocompatibility complex. Nature 332:35.
120. MacDonald, H., R., R. Schneider, R. K. Lees, R. C. Howe, H. AchaOrbea, H. Festenstein, R. M. Zinkemagel and H. Hengartner. 1988. T
cell receptor Vfi use predicts reactivity and tolerance to Mls-a encoded
antigens. Nature 332:40.
121. MacDonald, H. R., H. Hengartner and T. Pedrazzini. 1988.
Intrthymic deletion of self-reactive cells prevented by neonatal anti-CD4
antibody treatment. Nature 335:174.
122. Marrack, P., E. Kushnir and J. Kappler. 1991. A maternally
inherited superantigen encoded by a mammary tumour virus. Nature
349:524.
123. Frankel, W. N., C. Ruby, J. M. Coffin and B. T. Huber. 1991.
Linkage of Mis genes to endogenous mammary tumour viruses of inbred
mice. Nature 349:526.
124. Dyson, P. J., A. M. Knight, S. Fairchild, E. Simpson and K.
Tomonari. 1991. Genes encoding ligands for deletion of VBllT cells cosegregate with mammary tumour virus genomes. Nature 349:531.
125. Berg, L. J., B. Fazekas de St Groth, A. M. Pullen and M. M. Davis.
1989. Phenotypic differences between alpha/beta verse beta T cell
receptor transgenic mice undergoing negative selection. Nature 340:559.
126. Marrack, P. and J. Kappler. 1987. The T cell receptor. Science
238:1073.
127. Von Boehmer, H., H. S. Teh and P. Kisielow.-1989. The thymus
selects the useful, neglects the useless, and destroys the harmful.
Immunol. Today 10:57.
128. Schwartz, R. H. 1989. Acqusition of immunologic self tolerance. Cell
57:1073.
129. Vukmanovic, S., A. G. Grandea III, S. J. Faas, B. B. Knowles and
M. J. Bevan. 1992. Positive selection of T lymphocytes induced by
intrathymic injection of a thymic epithelial cell line. Nature 359:729.
130. Hugo, P., J. W. Kappler, D. I. Godfrey and P. C. Marrack. 1992. A
cell line th at can induce thymocyte positive selection. Nature 360:679.
131. Bix, M. and D. Raulet. 1992. Inefficient positive selection of T cells
directed by hematopoietic cells. Nature 359:330.
181

132. Speiser, D. E., P. Hanspeter, P. S. Ohashi, D. Kyburz, H.
Hengartner and R. M. Zinkemagel. 1992. Clonal deletion induced by
either radioresistant thymic host cells or lymphohematopoietic donor
cells at different stages of class I restricted T cell ontogeny. J. Exp. Med.
175:1277.
133. Lee, N. A., D. Y. Loh and E. Lacy. 1992. CDS surface levels alter the
fate of alpha/bata T cell receptor expressing thymocytes in transgenic
mice. J.Exp.Med. 175:1013.
134. Robey, E. A., F. Ramsdell, D. Kioussis, W. Sha, D. Loh, R. Axel and
B. J. Fowlkes. 1992. The level of CDS expression can determine the
outcome of thymic selection. Cell 69:10S9.
135. Smith, C. A., G. T. Williams, R. Kingston, E. J. Jenkinson and J. J.
Owen. 19S9. Antibodies to the CD3/T cell receptor complex induce death
by appoptosis in immature T cells in thymic cultures. Nature 337:IS 1.
136. Rammensee, H. J., R. Kroschewski and B. Frangoulis. 19S9. Clonal
anergy induced in mature V6+ T lymphocytes on immunizing Mis-lb
mice with Mls-la expressing cells. Nature 339:541.
137. Ramsdell, F. and B. J. Fowlkes. 1990. Clonal deletion versus clonal
anergy: the role of the thymus in inducing self tolerance. Science
24S:1342.
13S. Markmann, J., D. Lo, A. Naji, R. D. Palmiter, R. L. Brinster and E.
Heber-Katz. 19SS. Antigen presenting function of class II MHC
expressing pancreatic B cells. Nature 336:476.
139. Camac, C. N. B. 1959. E. Jenner. Classics of medicine and surgery
213.
140. Baxby, D. 1977. J.Infect.Dis. 136:453.
141. Esposito, J. J. and J. C. Knight. 19S5. Orthopox virus DNA: a
comparison of restriction profiles and maps. Virology 143:230.
142. Fenner, F., D. A. Henderson, I. Arita, Z. Jezek and I. D. Ladnyi.
1988. Smallpox and its eradication.
143. Geshlin, P. and K. I. Berns. 1974. Characterization and Localization
of the Naturally Occuring Crosslinks in Vaccinia Virus DNA. J.Mol.Biol
88:785.
144. Moss, B. 1990. Regulation of vaccinia virus replication. Ann. Rev.
Biochem. 59:661.

182

145. Delange, A. M. and G. McFadden. 1990. The role of telomers in pox
virus DNA replication. Curr. Top. Microbiol. Immunol 163:125.
146. Goebel, S. J. 1990. The complete DNA sequence of vaccinia virus.
Virology 179:247.
147. Nakano, E., D. Panicali and E. Paoletti. 1982. Molecular genetics of
vaccinia virus: Demonstration of marker rescue. PNAS 79:1593.
148. Sam, C. K. and K. R. Dumbell. 1981. Expression of Pox Virus DNA
in Coinfected cells and Marker Rescue of Thermosensitive mutants by
Subgenomic fragments of DNA. Ann. Virol. (Inst. Pasteur) 132E:135.
149. Mackett, M., G. L. Smith and B. Moss. 1982. Vaccinia Virus: a
selectable eukaryotic cloning and expression vector. Proc.Natl.Acad.Sci.
USA 79:7415.
150. Panicali, D. and E. Paoletti. 1982. Construction of Pox Viruses as
cloning Vectors:Insertion of Thymidine Kinase from Herpes Simplex
Virus into Infectious Vaccinia Virus. Proc.Natl.Acad.Sci.USA. 79:4927.
151. Smith, G. L. and B. Moss. 1983a. Infectious Pox Virus Vectors Have
Capacity for at Least 25000 base pairs of Foreign DNA. Gene 25:21.
152. Vanslyke, J. K. and D. E. Hruby. 1990. Postranslational
modification of vaccinia virus proteins. Curr. Top. Microbiol. Immunol.
163:185.
153. Smith, G. L., M. Mackett and B. Moss. 1983b. Infectious Vaccinia
Virus Recombinants th at Express Hepatitis B Virus Surface Antigen.
Nature 302:490.
154. Smith, G. L., M. Mackett and B. Moss. 1983c. Construction and
Characterization of an Infectious Vaccinia Virus Recombinant that
Expresses the Influenza Virus Haemaglutinin Gene and Induces
Resistance to Influenza Virus Infection in Hampsters.
Proc.Natl.Acad.Sci.USA 80:7155.
155. Moss, B. and C. Flexner. 1987. Vaccinia virus expression vectors.
Ann.Rev.Immunol. 5:305.
156. Boone, R. F. and B. J. Moss. 1978. Sequence complexity and relative
abundance of vaccinia virus mRNAs synthesised in vivo and in vitro.
J. Virol 26:554.
157. Belle Isle, H., S. Venkatesan and B. Moss. 1981. Cell-free
translation of early and late mRNAs selected by hybridisation to cloned

183

DNA fragments derived from the left 14 million to 72 million Daltons of
vaccinia virus genome. Virology 112:306.
158. Waldmann, H. 1988. Manipulation of T cell responses with
monoclonal antibodies. Ann. Rev. Immunol. 7:407.
159. Benjamin, R. J., S. X. Qin, M. P. Wise, S. P. Cobbold and H.
Waldmann. 1988. Mechanisms of monoclonal antibody-facilitated
tolerance induction: a possible role for the CD4 (L3T4) and CD 11a (LFA1) molecules in self-non-self discrimination. Eur. J. Immunol 18:1078.
160. Kaufman, D. S., C. S. Kong, J. A. Sbizuru, A. K. Gregory and C. G.
Fatbman. 1988. Use of anti-L3T4 and anti-la treatm ents for prolongation
of xenogenic islet transplants. Transplantation 46:210.
161. Coupar, B. E. H., M. E. Andrew, G. W. Both and D. B. Boyle. 1986.
Temporal regulation of influenza haemaglutinin expression in vaccina
virus recombinants and effects on the immune response. Eur. J.Immunol.
16:1479.
162. Venkatesan, S., B. M. Baroudy and B. Moss. 1981. Distinctive
nucleotide sequences adjacent to multiple initiation and termination
sites of an early vaccinia virus gene. Cell 25:805.
163. Wittek, R., J. A. Cooper, E. Barbosa and B. Moss. 1980. Expression
of the vaccinia virus genome: analysis and mapping of messenger mRNAs
encoded within the inverted terminal repitition. Cell 21:487.
164. Cooper, J. A., R. Wittek and B. Moss. 1981. Extension of the
transcriptional and translational map of the left end of the vaccinia virus
genome to 21 kilobase pairs. J.Virol. 39:733.
165. Yuen, L. and B. Moss. 1987. Oligonucleotide sequence signalling
transcription termination of vaccinia virus early sequences. Proc. Natl.
Acad. Sci. USA. 84:
166. Shuman, S. and B. Moss. 1988. Factor-dependent transcription
termination by vaccinia virus RNA polymerase. J£iol Chem 263: 6220.
167. Earl, P. L., A. W. Hugin and B. Moss. 1990. Removal of cryptic
poxvirus transcription termination signals from the human
immunodeficiency virus typel envelope gene enhances expression and
immunodeficiency of a recombinant vaccinia virus. J. Virol 64:2448.
168. Chakrabarti, S., K. Brechling and B. Moss. 1985. Vaccinia virus
expression vector: coexpression of b eta-g alacto sid ase provides visual
screening of recom binant virus plaques. 5:3403.
184

169. Boyle, D. B. and B. E. Coupar. 1988. A dominant selectable marker
for the construction of recombinant poxviruses. Gene 65:123.
170. Falkner, F. G. and B. Moss. 1988. Escherichia coli gpt gene provides
dominant selection for vaccinia virus open reading frame expression
vectors. J.Virol. 62:1849.
»
171. Fuerst, T. R. and B. Moss. 1989. Structure and stability of mRNA
synthesised by vaccinia virus encloded bacteriophage T7 RNA
polymerase in mammalian cells. Importance of the 5' untranslated
leader. J. Mol. Biol. 206:333.
172. Elroy-Stein, O., T. F. Fuerst and B. Moss. 1989. Cap-independent
translation of mRNA conferred by encephalomyocarditis virus 5'
sequence improves the performance of the vaccinia virus/bacteriophage
T7 hybrid expression system. Proc.Natl.Acad.Sci.USA 86:6126.
173. Mason, P. W., s. Pincus, M. J. Fournier, T. L. Mason, R. E. Shope
and E. Paoletti. 1991. Japanese encephalitis virus-vaccinia recombinants
produce particulate forms of the structural membrane proteins and
include high levels of protection against lethal JEV infection. Virol.
180:294.
174. Hu, S. L., B. M. Travis, J. Garrigues, J. M. Zarling, P. Sridhar, T.
Dykers, J. W. Eichberg and C. Alpers. 1990. Processing, assembly, and
immonogenicity of human immunodeficiency virus Core antigens
expressed by recombinant vaccinia virus. Virol. 179:321.
175. Smith, G. L. 1990. Vaccina: virus, vector and vaccine. Control of
virus diseases(45th symposium of the society ofgenem l microbiology) 77.
176. Fuerst, T. R., M. P. Fernandez and B. Moss. 1989. Transfer of the
inducible Lac repressor/operator system from Escherichia coli to a
vaccinia virus expression vector. Proc.Natl.Acad.Sci. 86:2549.
177. Rodriguez, J. F. and G. L. Smith. 1990. Inducible gene expression
from vaccinia virus vectors. J.Virol. 177:239.
178. Moss, B., O. Elroy-Stein, T. Mizukami, W. A. Alexander and T.
Fuerst. 1990. New mammalian expression vectors. Nature 348:91.
179. Langford, D. J., S. J. Edwards, G. L. Smith, B. Moss, D. J. Kemp, E.
F. Anders and G. F. Mitchell. 1986. Anchoring a secreated plasmodium
antigen on the surface of recombinant vaccinia viruk infected cells
increases its immunogenicity. Mol. Cell. Biol. 6:3191.

185

180. Andrew, M. E., E. B. Boyle, P. L. Whitfeld, H. L. J. Locke, I. D.
Anthony, A. R. Bellamy and G. W. Both. 1990. The immunogenicity of
VP7, rotavirus antigen resident in the endoplasmic reticulum, is
enhanced by cell surface expression. J.Virol. 64:4776.
181. Vijaya, S., N. Elango, S. Zavala and B. Moss. 1988. Transport to the
cell surface of a peptide sequence attached to the truncated C-terminus of
an N-terminally anchored integral membrane protein. Mol. Cell. Biol.
8:1709.
182. Men, R., M. Bray and C. J. Lai. 1991. Carboxy-terminally truncated
dengue virus envelope glycoproteins expressed on the cell surface and
secreted extracellularly exhibit increased immunogenicity in mice.
J.Virol. 65:1400.
183. Malvoisin, E. and F. Wild. 1990. Contribution of measles virus
fusion protein in protective immunity: anti-F monoclonal antibodies
neutralise virus infectivity and protect mice against challenge. J. Virol.
64:5160.
184. McMichael, A. J., C. A. Michie, F. M. Gotch, G. L. Smith and B.
Moss. 1986. Recognition of influenza A virus nucleoprotein by human
cytotoxic T lymphocytes. J. Gen. Virol. 67:719.
185. Bennick, J. R., J. W. Yewdell, J. W. Smith, 0. Moller and B. Moss.
1984. Recombinant vaccinia virus primes and stimulates influenza
haemagglutinin-specific cytotoxic T cells. Nature 311:578.
186. Yewdell, J. W., J. R. Bennick, G. L. Smith and B. Moss. 1985.
Influenza A virus nucleoprotein is a major target antigen for cross
reactive anti-influenza A virus cytotoxic T lymphocytes. Proc. Natl. Acad.
Sci. USA. 82:1785.
187. Bennick, J. R., J. W. Yewdell, G. L. Smith ahd B. Moss. 1986.
Recognition of cloned influenza virus hemaglutinin gene products by
cytotoxic T lymphocytes. J. Virol. 57:786.
188. Nixon, D. F., A. Townsend, J. G. Elvin, C. R. Rizza, J. Gallwey and
A. J. McMichael. 1988. HIV-1 gag-specific cytotoxic T lymphocytes
defined with recombinant vaccinia virus and synthetic peptides. Nature
336:484.
189. Walker, B. D., C. Flexner, J. Paradis, T. C. Fuller, M. S. Hirsch, R.
T. Schooley and B. Moss. 1988. HIV-1 reverse transcriptase is a target for
cytotoxic T lymphocytes in infected individuals. Science 240:64.
186

190. Earl, P., S. Koenig and B. Moss. 1990. Biological and immunological
properties of human immunodeficiency virus type 1 envelope
glycoprotein: analysis of proteins with truncations and deletions
expressed by recombinant vaccinia viruses. J. Virol. 65:31.
191. Earl, P. L., B. Moss, K. Wehrly, J. Nishio and B. Chesebro. 1986. T
cell priming and protection against Friend murine leukemia by a
recombinant vaccinia virus expressing env gene. Science 234:728.
192. Lathe, R., M. P. Kieny, P. Gerlinger, P. Clertant, I. Guizani, F.
Cuzin and P. Chambon. 1987. Tumour prevention and rejection with
recombinant vaccinia. Nature 326:878.
193. Bernards, R., A. Destree, S. McKenzie, E. Gordon, R. A. Weinberg
and D. Panicali. 1987. Effective tumor immunotherapy directed against
an oncogene-encoded product using a vaccinia virus vector. Proc Natl
Acad Sci t / SA 84:6854.
194. Estin, C. D., U. S. Stevenson, G. D. Plowman, S. L. Hu, P. Sridhar,
I. Hellstrom, J. P. Brown and K E. Hellstrom. 1988. Recombinant
vaccinia virus vaccine against the human melanoma antigen p97 for use
in immunotherapy. Proc Natl Acad Sci U S A 85:1052.
195. Panicali, D., S. W. Davis, R. L. Weinberg and E. Paoletti. 1983.
Construction of live vaccines by using genetically engineered poxviruses:
Biological activity of recombinant vaccina virus expressing influenza
virus hemagglutinin. Proc. Natl. Acad. Sci. USA. 80:5364.
196. Buller, R. M., G. L. Smith, K. Cremer, A. L. Notkins and B. Moss.
1985. Decreased virulence of recombinant vaccinia virus expression
vectors is associated with a thymidine kinase-negative phenotype.
Nature 317:813.
197. Flexner, C., A. Hugin and B. Moss. 1987. Prevention of vaccinia
virus infection in immunodeficient mice by vector-directed IL-2
expression. Nature 330:259.
198. Spriggs, M. K., D. E. Hruby, C. R. Maliszewski, D. J. Pickup, J.
Sims, M. Buller and J. Vanslyke. 1992. Vaccinia and cowpox viruses
encode a novel secreted interleukin-1 binding protein. Cell 71:145.
199. Alcami, A. and G. Smith. 1992. A soluble receptor for interleukin 16
encoded by vaccinia virus: A novel mechanism of virus modulation of the
host response to infection. Cell 71:153.
■

187

200. Yilma, T., K. Anderson, K. Brechling and B. Moss. 1987. Vaccines
87 393.
201. Ruby, J., C. Brinkman, S. Jones and I. Ramshaw. 1990. Response of
monkeys to vaccination with recombinant vaccinia virus which coexpress
HIV gpl60 and human interleukin-2. Immunol. Cell Biol. 68:113.
202. Flexner, C., B. Moss, W. T. London and B. R. Murphy. 1990.
Attenuation and immunogenicity in primates of vaccinia virus
recombinants expressing human interleukin-2. Vaccine 8:17.
203. Bumet, F. M. 1959. The clonal Selection Theory of Aquired
Immunity.
204. Bumet, F. M. 1970. Immunological Surveillance.
205. Doherty, P. C., B. B. Knowels and P. J. Wettstein. 1984.
Immunological surveillance of tumours in the context of major
histocompatibility restriction of T cell function. Acfu. Cancer Res. 42:1.
206. Greenberg, P. D. 1991. Adoptive T cell therapy: mechanisms
operative in the recognition and elimination of tumour cells. Adv.
Immunol. 49:281.
207. Melief, C. J. M. 1992. Tumour eradication by adoptive transfer of
cytotoxic T lymphocytes. Adv. Cancer Res. 58:143.
208. Topalian, S. L. and S. A. Rosenberg. 1987. Therapy of cancer using
the adoptive transfer of activated killer cells and interleukin-2. Acta
Haematol 1:75.
209. Rosenberg, S. A., M. T. Lotze, L. M. Muul, A. E. Chang, F. P. Avis,
S. Leitman, W. M. Linehan, C. N. Robertson, R. E. Lee, J. T. Rubin and
a. 1. et. 1987. A progress report on the treatm ent of 157 patients with
advanced cancer using lymphokine-activated killer cells and interleukin2 or high-dose interleukin-2 alone. N Engl J Med 316:889.
210. Topalian, S. L., D. Solomon and S. A. Roesenberg. 1989. Tumour
specific cytolysis by lymphocytes infiltrating human melanomas.
J.Immunol. 142:3714.
211. Nitta, T., K. Sato, K. Okumura and L. Steinman. 1991. An analysis
of T cell receptor varriable region genes in tumour-infiltrating
lymphocytes within malignant tumours. Int. J. Cancer 49:545.
212. De vriers, J. E. and H. Spits. 1984. Clones human cytotoxic T
lymphocyte (CTL) lines reactive with autologous melanoma cells. J
Immunol 132:510.
188

fi.

213. Anichini, A., G. Fossati and G. Parmiani. 1985. Clonal analysis of
cytotoxic T-lymphocyte response to autologous human metastatic
melanoma. Int J Cancer 35:683.
214. Herin, M., C. Lemoine, P. Weynants, F. Vessiere, A. van Pel, A.
Knuth, R. Devos and T. Boon. 1987. Production of stable cytolytic T-cell
clones directed against autologous human melanoma. Int J Cancer
39:390.
215. Itoh, K., C. D. Platsoucas and C. M. Balch. 1988. Autologous
tumour specific cytotoxic T lymphocytes in the infiltrate of human
metastatic melanomas. J.Exp.Med. 168:1419.
216. Anichini, A., A. Mazzocchi, G. Fossati and G. Parmiani. 1989.
Cytotoxic T lymphocyte clones from peripheral blood and from tumour
site detect intratum our heterogenicity of melanoma cells: analysis of
specificity and mechanisms of interaction. J.Immunol. 142:3692.
217. van der Bruggen, P., C. Traversari, P. Chômez, C. Lurquin, P. E.
De, d. E. B. Van, A. Knuth and T. Boon. 1991. A gene encoding an
antigen recognized by cytolytic T lymphocytes on a human melanoma.
Science 254:1643.
218. Townsend, A. and H. Bodmer. 1989. Antigen recognition by class Irestricted T lymphocytes. Anna Rev Immunol 7:601.
219. Boon, T. 1992. Towards a genetic analysis of tumor rejection
antigens. Adu Cancer Res 58:177.
220. Traversari, C., d. B. P. van, d. E. B. Van, P. Hainaut, C. Lemoine,
N. Ohta, L. Old and T. Boon. 1992. Transfection and expression of a gene
coding for a human melanoma antigen recognized by autologous cytolytic
T lymphocytes. Immunogenetics 35:145.
221. van der Eynde, B., B. Lethe, A. van Pel, E. De Plaen and T. Boon.
1991. The gene encoding for a major tumour rejection antigen of tumour
P815 is identical to the normal gene of syngeneic DBA/2 mice. J.Exp.
Med. 173:1373.
222. Uyttenhove, C., J. Maryanski and T. Boon. 1983. Escape of mouse
mastocytoma P815 after nearly complete rejection is due to antigen loss
varients rather than immunosuppression. J. Exp. Med. 157:1040.
223. Lethe, B., B. van den Eynde, A. van Pel, G. Corradin and T. Boon.
1992. Mouse tumour rejection antigens P815A and B: Two epitopes
carried by a single peptide. Eur. J. Immunol. 22:2283.
189

224. De Plaen, E., C. Lurquin, P. van A., B. Mariame, J. P. Szikora, T.
Wolfel, C. Sibille, P. Chômez and T. Boon. 1988. Immuhogenetic (tum-)
varients of mouse tumour P815: Cloning of the gene tum- antigen P91A
and identification of the tum- mutation. Proc. Natl. Acad. Soi. USA.
85:2274.
225. Szikora, J. P., A. van Pel, V. Brichard, M. Andre, N. van Baren, P.
Henry, E. De Plaen and T. Boon. 1990. Structure of the gene of tumtransplantation antigen P35B: presence of a point mutation in the
antigenic allele. EMBO.J. 9:1041.
226. Sibille, C., P. Chômez, A. Wildmann, E. van Pel, E. Deplaen, J.
Maryanski, V. de Bergeyck and T. Boom. 1990. Structure of the gene of
tum- transplantation antigen P198: a point mutation generates a new
antigenic peptide. J. Exp. Med. 172:35.
227. Wolfel, T., A. van Pel, E. De Plaen, J. L. Lurquin, J. Maryanski and
T. Boon. 1987. Immunogenetic (tum-) variants obtained by mutagenesis
of mouse mastocytoma P815. VIII. Detection of stable transfectants
expressing tum- antigen with a cytotoxic T cell stimulation assay.
Immunogenetics 26:178.
228. Lurquin, C., B. van Pel, E. Mariame, E. De Plaen, J. P. Szikora, C.
Janssens, M. J. Reddehase, J. Lejeuene and T. Boon. 1989. Structure of
the gene encoding for tum- transplantation antigen P91A. A peptide
encoded by the mutated exon is recognised with Ld by cytolytic T cells.
Cell 58:293.
229. Szikora, J. P., A. Van Pel and T. Boon. 1993. Tum- mutation P35B
generates the MHC-binding site of a new antigenic peptide.
Immunogenetics 37:135.
230. Barbacid, M. 1987. ras genes. Annu Rev Biochem 56:779.
231. Tabin, C., S. Bradley, C. Bargmann, R. Weinberg, A. Papageorge, E.
Scolnick, R. Dhar, D. Lowy and E. Chang. 1982. Mechanism of activation
of a human oncogene. Nature 300:143.
232. Taparowsky, E., Y. Suard, O. Fasano, K. Shimizu, M. Goldfarb and
M. Wigler. 1982. Activation of the T24 bladder carcinoma transforming
gene is linked to a single amino acid change. Nature 300:762.
233. Taparowsky, E., K. Shimizu, M. Goldfarb and M. Wigler. 1983.
Structure and activation of the human N-ras gene. Cell 34:581.

190

234. Bos, J. L., D. Toksoz, C. J. Marshall, M. Verlaan-de Vries, G. H.
Veeneman, A. J. Van der Eb, J. H. Van Boom, J. W. G. Janssen and A. C.
M. Steenvoorden. 1985. Amino acid substitutions at codon 13 of the N-ras
oncogene in human acute myeloid leukaemia. Nature 315:726.
235. Weinberg, R. A. 1984. ras Oncogenes and the molecular
mechanisms of carcinogenesis. Blood 64:1143.
236. Bos, J. L., E. R. Fearon, S. R. Hamilton, d. V. M. Verlaan, B. J. van,
d. E. A. van and B. Vogelstein. 1987. Prevalence of ras gene mutations in
human colorectal cancers. Nature 327:293.
237. Forrester, K., C. Almoguera, K. Han, W. E. Grizzle and M. Perucho.
1987. Detection of high incidence of K-ras oncogenes during human colon
tumorigenesis. Nature 327:298.
238. Chan, L. C., K. K. Karhi, S. I. Rayter, N. Heisterkamp, S. Eridani,
R. Powles, S. D. Lawler, J. Groffen, J. G. Foulkes, M. F. Greaves and a. 1.
et. 1987. A novel abl protein expressed in Philadelphia chromosome
positive acute lymphoblastic leukaemia. Nature 325:635.
239. Capon, D. J., P. H. Seeburg, J. P. McGrath, J. S. Hayflick, U.
Edman, A. D. Levinson and D. V. Goeddel. 1983. Activation of ki-ras 2
gene in human colon and lung carcinomas by two different point
mutations. Nature 304:507.
240. Fujita, J., S. Srivastava, M. Kraus, J. Rhim, S. Tronick and S.
Aaronson. 1985. Frequency of molecular alterations affecting ras
protooncogenes in human urinary tract tumors. Proc Natl Acad Sci USA
82:3849.
241. Jung, S. and H. J. Schluesener. 1991. Human T lymphocytes
recognise a peptide of single point-mutated ras proteins. J. Exp. Med.
173:273.
242. Gedde-Dahl, T. L, J. A. Eriksen, E. Thorsby and G. Gaudemack.
1992. T cell responses against products of oncogenes. Generation and
characterization of human T cell clones specific for p21 ras derived
synthetic peptides. Hum. Immunol. 33:266.
243. Peace, D. J., W. Chen, H. Nelson and M. A. Cheever. 1991. T cell
recognition of transforming proteins encoded by ras proto-oncogenes.
J.Immunol. 146:2059.
244. Peace, D. J., J. Smith, N. Disis, W. Cosand, J. Blake, S.-G. You, W.
Chen and M. A. Cheever. 1992. Class I MHC-restricted T cell recognition
191

of the mutated segment of activated p21 ras protein. FASEB. J
6:Abstract 2710.
245. Nowell, P. C. and D. A. Hungerford. 1960. Chromosomal Studies on
Normal and leukaemic human Leukocytes. J.Natl.Cancer.Inst. 25:85.
246. Heisterkamp, N., J. Groffen, J. R. Stephenson, N. K. Spurr, P. N.
Goodfellow, E. Solomon, B. Carritt and W. F. Bodmer. 1982.
Chromosomal localisation of human cellular homologues of two viral
oncogenes. Nature 299:747.
247. Heisterkamp, N., J. Groffen and J. R. Stephenson. 1983. The
human v-abl cellular homologue. J M olAppl Genet 2:57.
248. Heisterkamp, N., J. R. Stephenson, J. Groffen, P. F. Hansen, K. A.
de, C. R. Bartram and G. Grosveld. 1983. Localization of the c-abl
oncogene adjacent to a translocation break point in chronic myelocytic
leukaemia. Nature 306:239.
249. Shtivelman, E., B. Lifshitz, R. P. Gale, B. A. Roe and E. Canaani.
1986. Alternative splicing of RNAs transcribed from the human abl gene
and from the bcr-abl fused gene. Cell 47:277.
250. McLaughlin, J., E. Chianese and O. N. Witte. 1987. In vitro
transformation of immature hematopoietic cells by the P210 bcr/abl
oncogene of the Philidelphia chromosome. Proc. Natl. Acad. Sci. USA.
84:6558.
251. Clark, S. S., J. McLaughlin, W. M. Crist, R. Champlin and 0 . N.
Witte. 1987. Unique forms of the abl tyrosine kinase distinguish Phipositive CML from Phi-positive ALL. Science 235:85.
252. Chen, W., D. J. Peace, D. K. Rovira, S. G. You and M. A. Cheever.
1992. T cell immunity to the joining region of p210 BCR-ABL. Proc. Natl.
Acad. Sci. USA 89:1468.
253. Ellis, R. W., D. Defeo, T. Y. Shih, M. A. Gonda, H. A. Young, N.
Tsuchida, D. R. Lowry and E. M. Scolnick. 1981. The p21 src genes of
Harvey and Kirsten sarcoma viruses originate from divergent members
of a family of normal vertebrate genes. Nature 292:506.
254. Specter, D. H., H. E. Varmus and J. M. Bishop. 1978. Nucleotide
sequences relate to the transforming gene of avian sarcoma virus are
present in DNA of uninfected vertebrates. PNAS 75:4102.

192

255. Reddy, E., R. Reynolds, E. Santos and M. Barbâcid. 1982. A point
mutation is responsible for the acquisition of transforming properties by
the T24 human bladder carcinoma oncogene. Nature 300:149.
256. Harvey, J. J. 1964. An unidentified virus which causes the rapid
production of tumours in mice. Nature 204:1104.
257. Kirsten, W. H. and L. A. Mayer. 1967. Morphologic responses to a
murine erythroblastosis virus. J.Natl Cancer Inst. 39:311.
258. Der, C., T. Krontiris and G. Cooper. 1982. Transforming genes of
human bladder and lung carcinoma cell lines are homologous to the ras
genes of Harvey and Kirsten sarcoma viruses. Proc.Natl.Acad.Sci.USA.
79:3637.
259. Parada, L., C. Tabin, C. Shih and R. Weinberg. 1982. Human EJ
bladder carcinoma oncogene is a homologue of Harvey sarcoma virus ras
gene. Nature 297:474.
260. Santos, E., S. Tronick, S. Aaronson, S. Pulciani and M. Barbacid.
1982. T24 bladder carcinoma oncogene is an activated form of the normal
human homologue of BALB-and Harvey-MSV transforming genes.
Nature 298:343.
261. Shimizu, K., M. Goldfarb, Y. Suard, M. Perucho, Y. Li, T. Kamata,
J. Fermisco, E. Stavnezer, J. Fogh and M. Wigler. 1983b. Three
transforming human genes are related to the viral ras oncogenes.
Proc.Natl.Acad.Sci.USA 80:2112.
262. Hall, A., C. J. Marshall, N. K Spurr and R. A. Weiss. 1983.
Identification of transforming gene in two human carcinoma cell lines as
a new member of the ras gene family located on chromosome 1. Nature
303:396.
263. Shih, C., L. C. Padhy, M. Murray and R. A. Weinberg. 1981.
Transforming genes of carcinomas and neuroblastomas introduced into
mouse fibroblasts. Nature 290:261.
264. Krontiris, T. G. and G. N. Cooper. 1981. Transforming activity of
human tumour DNAs. Proc.Natl.Acad.Sci.USA. 78:1181.
265. Perucho, M., M. Goldfarb, K. Shimuzu, C. Lama, J. Fogh and M.
Wigler. 1981. Human tumour derived cell lines contain common and
different transforming genes. Cell 27:
266. Pulciani, S., E. Santos, A. V. Lauver, L. K. Long, K. C. Robbins and
M. Barbacid. 1982. Oncogenes in human tumour cell lines: molecular
193

cloning of a transforming gene from human bladder carcinoma cells.
Proc.Natl.Acad.Sci.USA. 79:2845.
267. Varmus, H. E. 1984. The molecular genetics of cellular oncogenes.
Annu Rev Genet 18:553.
268. Balmain, A. and I. B. Pragnell. 1983. Mouse skin carcinomas
induced in vivo by chemical carcinogens have a transforming Harvey-ras
oncogene. Nature 303:72.
269. Sukumar, S., V. Notarié, D. Martin-Zanca and M. Barbacid. 1983.
Induction of mammary carcinomas in rats by nitroso-methylurea
involves malignant activation of H-ras-1 locus by single point mutations.
Nature 306:658.
270. Eva, A. and S. A. Aaronson. 1983. Frequent activation of c-Kis as a
transforming gene in fibrosarcomas induced by metbycbolantbrene.
Science 220:955.
271. Guerrero, I., P. Calzada, A. Mayer and A. Pellicer. 1984a. A
molecular approach to leukemogenesis: Mouse lymphomas contain an
activated c-ras oncogene. Proc. Natl. Acad. Sci. USA 81:202.
272. DeFeo, D., M. A. Gonda, H. A. Young, E. H. Chang, D. R. Lowy, E.
M. Scholnick and R. W. Ellis. 1981. Analysis of two divergent rat genomic
clones homologous to the transforming gene of Harvey murine sarcoma
virns. Proc.Natl.Acad.Sci.USA. 78:3328.
273. Shih, T. Y., M. O. Weeks, H. A. Young and E. M. Scolnick. 1979.
Identification of a sarcoma virus coded phosphoprotein in non-producer
cells transformed by Kirsten or Harvey murine sarcoma virus. Virology
96:64.
274. Willingham, M. C., I. Pastan, T. Shih and E. M. Scolnick. 1980.
Localisation of the src gene product of the Harvey strain of MSV to
plasma membrane of transformed cells by electron microscopic
immunocytochemistry. Cell 19:1005.
275. Willumsen, B. M., A. Christensen, N. L. Hubbert, A. G. Papageorge
and D. R. Lowy. 1984. The p21 ras C-terminus is required for
transformation and membrane association. Nature 310:583.
276. Fujiyama, A. and F. Tamanoi. 1986. Processing and fatty acid
acylation of RAS 1 and RAS 2 proteins in sacchromyces cerevisiae.
Proc.Natl.Acad.Sci. USA. 83:1266.

194

277. DeFeo-Jones, D., K. Tatchell, L. C. Robinson, L S. Sigal, W. C. Vass
and E. M. Scholnick. 1985. Mammalian and yeast ras gene products:
biological function in their heterologous systems. Science 228:179.
278. Kataoka, T., S. Powers, S. Cameron, O. Fasano and M. Goldfarb.
1985. Functional homology of mammalian and yeast RAS genes. Cell
40:19.
279. Mulcahy, L. S., M. R. Smith and D. W. Stacy. 1985. Requirement for
ras proto oncogene function during serum-stimulated growth of NIH3T3
cells. Nature 313:241.
280. Noda, M., M. Ko, A. Ogura, D. G. Liu, T. Amano, T. Takano and Y.
Ikawa. 1985. Sarcoma viruses carrying ras oncogenes induced
differentation associated properties in a neuronal cell line. Nature
318:73.
281. Bar-Sagi, D. and J. R. Feramisco. 1985. Microinjection of the ras
oncogenic protein into PC12 cells inducing morphological differentiation.
Cell 42:841.
282. Tatchell, K , D. T. Chaieff, D. DeFeo-Jones and E. M. Scolnick.
1984. Requirement of either of a pair of ras related genes of
sacchromyces cerenvisiae for spore viability. Nature 309:523.
283. Fukui, Y., T. Kozasa, Y. Kaziro, T. Takeda and M. Yamamoto .
1986. Role of a ras homologue in the life cycle of Schizosacchromyces
pombe. Cell 44:329.
284. McGrath, J. P., D. J. Capon, D. H. Smith, E. Y. Chen, P. H.
Seeburg, D. V. Goeddel and A. D. Levinson. 1983. Structure and
organisation of the human Ki-ras proto oncogene and a related processed
pseudogene. Nature 304:501.
285. Leon, J., I. Guerrero and A. Pellicer. 1987. Differential of the ras
gene family in mice. Mol.Cell.Biol. 7:1535.
286. Magee, A. I. and M. Hanley. 1988. Protein modification. Sticky
fingers and CAAX boxes. Nature 335:114.
287. Willumsen, B. M., K Norris, A. G. Papageorge, N. L. Hubbert and
D. R. Lowy. 1984. Harvey murine sarcoma virus p21 ras protein:
biological and biochemical significance of the cysteine nearest the
carboxy terminus. EMBO 3:2581.
288. Clarke, S., J. P. Vogel, R. J. Descheres and J. Stock. 1988. Posttranslational modifications of the Ha-ras oncogene: evidence for a third
195

class of protein carboxyl methyltransferases. Proc.NatlAcad.Sci. USA.
85:4643.
289. Magee, A. I., L. Gutierrez, I. A. McKay, C. J. Marshall and A. Hall.
1987. Dynamic fatty acylation of p21 N-ras. EMBO.J 6:3353.
290. Ulsh, L. S. and T. Y. Shih. 1984. Metabolic turnover of human c-ras
H p21 protein of E J bladder carcinoma and its normal cellular and viral
homologues. Mol.Cell.Biol. 4:1647.
291. Temeles, G. L., J. B. Gibbs, J. S. D'Alonzo, I. S. Sigal and E. M.
Scolnick. 1985. Yeast and mammalian ras proteins have conserved
biochemical properties. Nature 313:700.
292. Gibbs, J. B., I. S. Sigal, M. Poe and E. M. Scolnick. 1984. Intrinsic
GTPase activity distinguishes normal and oncogenic ras p21 molecules.
Proc N atl Acad Sci U S A 81:5704.
293. Clark, R., G. Wong, N. Amheim, D. Nitecki and F. McCormick.
1985. Antibodies specific for amino acid 12 of ras oncogene product
inhibit GTP binding. PNAS 82:5280.
294. Willumsen, B. M., A. G. Papageorge, H. F. Kung, E. Bekesi, T.
Robins, M. Johnsen, W. C. Vass and D. R. Lowy. 1986. Mutational
analysis of a ras catalytic domain. Mol.Cell.Biol 6:2646.
295. Lacal, J. C., P. S. Anderson and S. A. Aaronson. 1986. Deletion
m utants of Harvey ras p21 protein reveal the absolute requirement of at
least two distant regions for GTP binding and transforming activities.
EMBO.J 5:679.
296. Manne, V., E. Bekesi and H. F. Kung. 1985. Ha-ras proteins exhibit
GTPase activity: point mutations that activate Ha-ras gene products
result in decreased GTPase activity. Proc Natl Acad Sci U S A 82:376.
297. Capon, D. J., E. Y. Chen, A. D. Levinson, P. H. Seeburg and D. V.
Goeddel. 1983a. Complete nucleotide sequences of the T24 human
bladder carcinoma oncogene and its normal homologue. Nature 302:33.
298. Shimizu, K., D. Birnbaum, M. A. Ruley, O. Fasano, Y. Suard, L.
Edlund, E. Taparowsky, M. Goldfarb and M. Wigler. 1983a. Structure of
the Ki-ras gene of the human lung carcinoma cell line Calu-1. Nature
304:497.
299. Dhar, R., R. W. Ellis, T. Y. Shih, S. Oraszlan, B. Shapiro, J. Maizel,
D. Lowy and E. Scholnick. 1982. Nucleotide sequence of the p21
transforming protein of Harvey murine sarcoma virus. Science 217:934.
196

300. Tsuchida, M., E. Ohtsubo and T. Ryder. 1982. Nucleotide sequence
of the oncogene encoding the p21 transforming protein of Kirsten murine
sarcoma virus. Science 217:937.
301. Nakano, H., F. Yamamoto , C. Neville, D. Evans, T. Mizuno and M.
Perucho. 1984. Isolation of transforming sequences of two human lung
carcinomas: structural and functional analysis of the activated c-K-ras
oncogene. Proc.Natl.Acad.Sci.USA 81:71.
302. Capon, D. J., P. H. Seeburg, J. P. McGrath, J. S. Hayflick, U.
Edmund, A. D. Levinson and D. V. Goeddel. 1983b. Activation of Ki-ras 2
gene in human colon and lung carcinomas in two different point
mutations. Nature 304:507.
303. Yuasa, Y., S. K. Srivastava, C. Y. Dunn, J. S. Rhim, E. P. Reddy
and S. A. Aaronson. 1983. Acquisition of transforming properties by
alternative point mutations within c-bas/has human proto-oncogene.
Nature 303:775.
304. Yamamoto, F. and M. Perucho. 1984. Activation of à human c-K-ras
oncogene. Nuc.Acids.Res 12:8873.
305. Seeberg, P. H., W. W. Colby, D. J. Capon, D. V. Goeddel and A. D.
Levinson. 1984. Biological properties of human c-Ha-ras 1 genes mutated
at codon 12. Nature 312:71.
306. Fasano, O., T. Aldrich, F. Tamanoi, E. Taparowsky, M. Furth and
M. Wigler. 1984. Analysis of the transforming potential of the human Hras gene by random mutagenesis. Proc Natl Acad Sci U S A 81:4008.
307. Der, C. J., T. Finkel and G. M. Cooper. 1986. Biological and
biochemical properties of human rasH genes mutated at codon 61. Cell
44:167.
308. Gilman, A. G. 1984. G proteins and dual control of adenylate
cyclase. Cell 36:577.
309. Leberman, R. and U. Egner. 1984. Homologies in the primary
structure of GTP binding proteins: the nucleotide binding site of EF-Tu
and p21. EMBO.J 3:339.
310. Jum ak, F. 1985. Structure of the GDP domain of EF-Tu and
location of the amino acids homologous to ras oncogene proteins. Science
230:32.

197

311. McCormick, F., B. F. Clark, T. F. la Cour, M. Kjeldgaard, L.
Norskov-Lauritsen and J. Nyboug. 1985. A model fyr the tertiary
structure of p21, the product of the ras oncogene. Science 230:78.
312. Santos, E., E. P. Reddy, S. Pulciani, R. J. Feldmann and M.
Barbacid. 1983. Spontaneous activation of a human protein oncogene.
Pro.Natl.Acad.Sci.USA 80:4679.
313. Walter, M., S. G. Clark and A. D. Levinson. 1986. The oncogenic
activation of human p21 ras by a novel mechanism. Science 233:649.
314. Lacal, J. C. and S. A. Aaronson. 1986. Monoclonal antibody Y13259
recognises an epitope of the p21 ras molecule not directly involved in the
GTP-binding activity of the protein. Mol.Cell.Biol. 6:1002.
315. Furth, M., L. J. Davis, B. Fleurdelys and E. M. Scolnick. 1982.
Monoclonal antibodies to p21 products of the transforming gene of
Harvey murine sarcoma virus and of the cellular ras gene family.
J. Virology 43:294.
316. Kung, H. F., M. R. Smith, E. Bekasi, V. Manne and D. W. Stacey.
1986. Reversal of transforming phenotype by monoclonal antibodies
against Ha-ras p21 proteins. Exp.Cell.Res. 162:363.
317. Hall, A. 1990. ras and GAP-who's controlling whom? Cell 61:921.
318. Satoh, T., M. Endo, M. Nakafuku, S. Nakamura and Y. Kaziro.
1990. Platelet-derived growth factor stimulates formation of active
p21ras.GTP complex in Swiss mouse 3T3 cells. Proc Natl Acad Sci U S A
87:5993.
319. McCormick, F. 1989. Ras oncogenes. Oncogenes and molecular
origins o f cancer. 125.
320. Trahey, M. and F. McCormick. 1987. A cytoplasmic protein
stimulates normal N-ras GTPase, but does not affect oncogenic mutants.
Science 238:542.
321. Chang, E. H., M. E. .Furth, E. M. Scolnick and D. R. Lowy. 1982.
Tumorigenic transformation of mammalian cells induced by a normal
human gene homologous to the oncogene of Harvey murine sarcoma
virus. Nature 297:479.
^
322. McKay, I. A., C. J. Marshall, C. Cales and A. Hall. 1986.
Transformation and stimulation of DNA synthesis in NIH3T3 cells are a
titratable function of normal p21 N-ras expression. EMBO.J 5:2617.

198

323. Pulciani, S., E. Santos, L. K. Long, V. Sorrentino and M. Barbacid.
1985. Ras gene amplication and malignant transformation. Mol.Cell.Biol.
5:2836.
324. Martin, G. A., D. Viskochil, G. Bollag, P. C. McCabe, W. J. Crosier,
H. Haubruck, L. Conroy, R. Clark, P. O'Connell, R. M. Cawthon and a. 1.
et. 1990. The GAP-related domain of the neurofibromatosis type 1 gene
product interacts with ras p21. Cell 63:843.
325. Wallace, M. R., D. A. Marchuk, L. B. Andersen, R. Letcher, H. M.
Odeh, A. M. Saulino, J. W. Fountain, A. Brereton, J. Nicholson, A. L.
Mitchell and a. 1. et. 1990. Type 1 neurofibromatosis gene: identification
of a large transcript disrupted in three N F l patients. Science 249:181.
326. Cawthon, R. M., R. Weiss, G. F. Xu, D. Viskochil, M. Culver, J.
Stevens, M. Robertson, D. Dunn, R. Gesteland, P. O’Connell and a. 1. et.
1990. A major segment of the neurofibromatosis type 1 gene: cDNA
sequence, genomic structure, and point mutations [published erratum
appears in Cell 1990 Aug 10;62(3):following 608]. Cell 62:193.
327. DeClue, J. E., A. G. Papageorge, J. A. Fletcher, S. R. Diehl, N.
Ratner, W. C. Vass and D. R. Lowy. 1992. Abnormal regulation of
mammalian p21ras contributes to malignant tumor growth in von
Recklinghausen (type 1) neurofibromatosis. Cell 69:265.
328. Basu, T. N., D. H. Gutmann, J. A. Fletcher, T. W. Glover, F. S.
Collins and J. Downward. 1992. Aberrant regulation of ras proteins in
malignant tumour cells from type 1 neurofibromatosis patients [see
comments]. Nature 356:713.
329. Downward, J., J. D. Graves, P. H. Wame, S. Rayter and D. A.
Cantrell. 1990. Stimulation of p21ras upon T-cell activation [see
comments]. Nature 346:719.
330. Yatani, A., K. Okabe, P. Polakis, R. Halenbeck, F. McCormick and
A. M. Brown. 1990. ras p21 and GAP inhibit coupling of muscarinic
receptors to atrial K+ channels. Cell 61:769.
331. Adari, H., D. R. Lowy, B. M. Willumsen, C. J. Der and F.
McCormick. 1988. Guanosine triphosphatase activating protein (GAP)
interacts with the p21 ras effector binding domain. Science 240:518.
332. Wigler, M. 1990. GAPs in understanding Ras. Nature 346:696.
333. Moran, M., P. Polaskis, F. McCormick, T. Pawson and C. Ellis.
1991. Protein-tyrosine kinases regulate the phosphorylation, protein
199

interactions, subcellular distribution, and activity of p21 Ras GTPase
activating protein. Mol.Cell.Biol. 11:1804.
334. Ellis, C., M. Moran, F. McCormick and T. Pawson. 1990.
Phosphorylation of GAP and GAP-associated proteins by transforming
and mitogenic tyrosine kinases. Nature 343:377.
335. Settleman, J., V. Narasimhan, L. C. Foster and R. A. Weinberg.
1992. Molecular cloning of cDNAs encoding the GAP-associated protein
pl90: implications for a signaling pathway from ras to the nucleus. Cell
69:539.
336. Wong, G., O. Muller, R. Clark, L. Conroy, M. F. Moran, P. Polakis
and F. McCormick. 1992. Molecular cloning and nucleic acid binding
properties of the GAP-associated tyrosine phosphoprotein p62. Cell
69:551.
337. Hall, A. 1992. Signal transduction through small G TPases-a tale of
two GAPs. Cell 69:389.
338. Barbacid, M. 1985. Important Advances in Oncology 1986.
Important Advances in Oncology 1986 3.
339. Valenzuela, D. M. and J. Groffen. 1986. Four human carcinoma cell
lines with novel mutations in position 12 of c-K-ras oncogene. Nucleic
Acids Res. 14:843.
340. Winter, E., F. Yamamoto, C. Almoguera and M. Perucho. 1985. A
method to detect and characterise point mutations in transcribed genes:
amplification and over expression of the m utant c-Ki-ras alleles in
human tumour cells. Proc.Natl.Acad.Sci.USA. 82:7575.
341. Myers, R. M., Z. Larin and T. Maniatis. 1985. Detection of single
base pair substitutions by ribonuclease cleavage of mismatches in
RNA:DNA duplexes. Science 230:1242.
342. Guerrero, I., A. Villasante, V. Corces and A. Pellicer. 1985. Loss of
the normal N-ras allele in a mouse thymic lymphoma induced by a
chemical carcinogen. Proc Natl Acad Sci USA 82:7810.
343. Gorer, P. A. 1950. Studies in antibody response of mice to tumour
inoculation. Brit. J. Cancer 4:372.
344. Van Pel, A., E. De Plaen and T. Boon. 1985. Selection of highly
transfectable variant from mouse mastocytoma P815. Somat. Cell Mol.
Genet. 11:467.

200

345. MacDonald, H. R. 1973. Allograft immunity in tue mouse: Physical
studies of the development of cytotoxic effector cells ïroiç their immediate
progenitors. J. Immunol. 111:575.
346. Paoletti, E., B. R. Lipinskas, C. Samsonoff, S. Meî-cer and D.
Panicali. 1984. Construction of live vaccines using genetically engineered
pox viruses: biological activity of vaccinia virus recombinants expressing
the hepatitis B virus surface antigen and the herpes simplex virus
glycoprotein D. Proc. Natl. Acad. Sci. USA 81:193.
347. Moss, B., G. L. Smith, J. L. Gerin and R. Purcelf. 1984. Live
recombinant vaccinia virus protects chimpanzees against hepatitis B.
Nature 311:67.
348. Cochran, M. A., C. Puckett and B. Moss. 1985. In vitro mutagenesis
of the promotor region for regulation of a vaccinia virus gene: evidence
for tandem early and late regulatory signals. J.Virol. 54:30.
349. Weir, J. P., G. Bajszar and B. Moss. 1982. Mapping of the vaccinia
virus thymidine kinase gene by marker rescue and by cell free
translation of selected mRNA. Proc. Natl. Acad. Sci. USA. 79:1210.
350. Gross, M., R. W. Sweet, G. Sathe, S. Yokomana, 0 . Fasano, M.
Goldfarb, M. Wigler and M. Rosenberg. 1985. Purification and
characterization of human H-ras proteins expressed in Escherichia coli.
Mol.Cell.Biol. 5:1015.
351. Okayama, H. and P. Berg. 1983. A cDNA cloning vector th at
permits expression of cDNA inserts in mammalian cells. Mol.Cell.Biol.
3:280.
352. Morgenstern, J. P. and H. Land. 1990. Advanced mammalian gene
transfer: high titre retroviral vectors with multiple drug selection
markers and a complimentary helper-free packaging cell line.
Nuc.Ac.Res. 18:3587.
353. Graham, F. L. and A. J. Van der Eb. 1973. A new Ijgchnique for the
assay of infectivity of human adenovirus 5 DNA. Virology 52:456.
354. Neumann, E., M. Schaefer-Ridder, Y. Wang and P. H. Hoschneider.
1982. Gene transfer into mouse lyoma cells by electroporation in high
electric fields. EMBO J. 1:841.
355. Zimmerman, U. 1982. Electric field mediated fusion and related
electrical phenomena. Biochem.Biophys.Acta 694:227.
356. Gritz, L. and J. Davies. 1983. Gene 25:179.
201

357. Rapp, U. R., M. D. Goldsborough, G. E. Mark, T ijt Bonner, J.
Groffen, F. H. Reynolds and J. R. Stephenson. 1983. ij:
Proc.Natl.Acad.Sci.USA. 80:4218.
358. Kozak, M. 1986. Cell 44:283.
{
359. Jaenisch, R., D. Jahner, P. Nobis, I. Simon, J. L(^hler, K. Harbers
and D. Grotkopp. 1981. Chromosomal position and açtivation of
retroviral genomes inserted into the germ line of mice" Cell 24:519.
360. Mann, R., R. C. Mulligan and D. Baltimore. 1983. Construction of a
retrovirus packaging m utant and its use to produce helper-free defective
retrovirus. Cell 33:153.
361. Ljunggren, H. G. and K Karre. 1985. Host resistance directed
selectively against H-2-deficient lymphoma variants, ^ a ly s is of the
mechanism. J Exp Med 162:1745.
!
362. Bernards, R., S. K Dessain and R. A. Weinberg. 1986. N-myc
amplification causes down-modulation of MHC class I antigen expression
in neuroblastoma. Cell 47:667.
*:
363. Versteeg, R., I. A. Noordermeer, M. Kruse-Wolters, D. J. Ruiter and
P. I. Schrier. 1988. c-myc down regulates class IHLA expression in
human melanomas. EMBO.e7. 7:1023.
364. Versteeg, R., K. M. Kruse-Wolters, A. C. Plomb, A. van Leeuwen, N.
J. Stam, H. L. Ploegh, D. J. Ruiter and R. Schrier. 1989. Suppression of
class I human histocompatibility leukocyte antigen by c-myc is loccus
specific. J.Exp.Med. 170:621.
365. Maudsley, D. J. and A. G. Morris. 1988. Kirsten murine sarcoma
virus aboloishes interferon-gamma-induced class II but not class I major
histocompatibility antigen expression in a murine fibroblast line.
J.Exp.Med. 167:706.
366. Maudsley, D. J. and A. G. Morris. 1989. Regulation of IFN-gammainduced host cell MHC antigen expression by Kirsten MSV and MLV. II.
Effects on class II antigen expression. Immunology 67:26.
367. Maudsley, D. J., W. J. Bateman and A. G. Morris. 1991. Reduced
stimulation of helper T cells by Ki-ras transformed cells. Immunology
72:277.
368. Maudsley, D. J. and A. G. Morris. 1989. Regulation of IFN-gammainduced host cell MHC antigen expression by Kirsten MSV and MLV. I.
Effects on class I antigen expression. Immunology 67:21.
202

369. Saper, M. A., P. J. Bjorkman and D. C. Wiley. 1991. J. Mol. Biol.
219:277.
370. Garrett, T. P., M. A. B. Saper P.J., J. L. Strominger and D. C.
Wiley. 1989. Specificity pockets for the side chains of peptide antigens in
HLA-Aw68. Nature 342:692.
371. Fremont, D. H., M. Matsumura, E. A. Stura, P. A. Peterson and I.
A. Wilson. 1992. Crystal structures of two viral peptides in complex with
murine MHC class I H-2Kb. Science 257:919.
372. Matsumara, M., D. H. Fremont, P. A. Peterson and I. A. Wilson.
1992. Emerging principals for the recognition of peptide antigens by
MHC class I molecules. Science 257:927.
373. Zhang, W., A. C. Young, M. Imarai, S. G. Nathenson and J. C.
Sacchettini. 1992. Crystal structure of the major histocompatibility
complex class I H-2Kb molecule containing a single viral peptide:
implications for peptide binding and T cell receptor recognition. Proc.
Natl. Acad. Sci. USA. 89:8403.
374. Maryanski, J. L., A. S. Verdini, P. C. Weber, R. R. Salemme and G.
Corradin. 1990. Competitor analogs for defined T cell antigens: peptides
incorporating a putative binding motif and polyproline or polyglycine
spacers. Cell 60: 63.
375. Townsend, A., C. Ohlen, J. Bastin, H. G. Ljunggren, L. Foster and
K. Karre. 1989. Association of class I major histocompatibility heavy and
light chains induced by viral peptides. Nature 340:443.
376. Ljunggren, H. G., N. J. Stam, C. Ohlen, J. Neefjes, P. Hoglund, M.
T. Heemels, J. Bastin, T. N. M. Schumacher, A. Townsend, K. Karre and
H. L. Ploegh. 1990. Empty MHC class I molecules come out in the cold.
Nature 346:476.
377. Schumacher, T. N. M., M. T. Heemels, J. J. Neefjes, W. M. Kast, C.
J. M. Melief and H. L. Ploegh. 1990. Direct binding of peptide to empty
MHC class I molecules on intact cells and in vitro. Cell 62:563.
378. Stauss, H. J., H. Davies, E. Sadovnikova, B. Chain, N. Horowitz
and C. Sinclair. 1992. Induction of CTL with peptides in vitro:
Identification of candidate T-cell epitopes in human papilloma virus.
Proc. Natl. Acad. Sci. 89:7871.

203

379. Elvin, J., V. Cerundolo, T. J. Elliot and A. Townsend. 1991. A
qualitative assay of peptide-dependent class I assembly. Eur. J.Immunol.
21:2025.
380. Stuber, G., S. Modrow, P. Hoglund, L. Franksson, J. Elvin, H. Wolf,
K. Karre and G. Klein. 1992. Assessment of major histocompatibility
complex class I interaction with Epstein-Barr and human
immunodeficiency virus peptides by elevation of membrane H-2 and HLA
in peptide loading-deficient cells. Eur. J. Immunol. 22:2697.
381. Frelinger, J. A., F. M. Gotch, H. Zweerink, E. Wain and A. J.
McMichael. 1990. J.Exp.Med. 172:
382. Jameson, S. C. and M. J. Bevan. 1992. Dissection of major
histocompatibility complex (MHC) and T cell receptor contact residues in
a Kb-restricted ovalbumin peptide and an assessment of the predictive
power of MHC-binding motifs. Eur. J. Immunol. 22:2663.
383. Shibata, K. I., M. Imarai, G. Van Bleek, S. Joyce and S. G.
Nathenson. 1992. Vesicular stomatis antigenic octapeptide N52-59 is
anchored into the groove of the H-2Kb molecule by side chains of three
amino acids and the main chain atoms of the amino terminus. Proc. Natl.
Acad. Sci. USA. 89:3135.
384. Elliott, T., J. Elvin, V. Cerundolo, H. Allen and A. Townsend. 1992.
Structural requirements for the peptide-induced conformational change
of free major histocompatibility complex class I heavy chains. Eur. J
Immunol. 22:2085.
385. Andrew, M. E., B. E. Coupar, D. B. Boyle and R. V. Blanden. 1987.
Recognition by major histocompatibility complex class I-restricted
cytolytic T lymphocytes of cells expressing vaccinia-encoded viral and
class I proteins. Eur J Immunol 17:1515.
386. Koszinowski, U. H., M. J. Reddehase, G. M. Keil, H. Volkmer, S.
Jonjic, M. Messerle, V. M. del, W. Mutter, K. Munch and B. Buhler. 1987.
Molecular analysis of herpesviral gene products recognized by protective
cytolytic T lymphocytes. Immunol Lett 16:185.
387. Zarling, J. M., J. W. Eichberg, P. A. Moran, J. McClure, P. Sri dhar
and S. L. Hu. 1987. Proliferative and cytotoxic T cells to AIDS virus
glycoproteins in chimpanzees immunized with a recombinant vaccinia
virus expressing AIDS virus envelope glycoproteins. J Immunol 139:988.

204

388. Hunt, D. F., R. A, Henderson, J. Shabanowitz, K. Sakaguchi, H.
Michel, N. Sevilir, A. L. Cox, E. Appella and V. H. Engelhard. 1992.
Characterisation of peptides bound to the class I MHC molecule HLAA2.1 by mass spectrometry. Science 255:1261.
389. Salter, R. D., D. N. Howell and P. Cresswell. 1985. Genes regulating
HLA class I antigens expression in T-B lymphoblast hybrids.
Immunogenetics 21:235.
390. Chen, W., J. McCluskey, S. Rodda and F. R. Carbone. 1993.
Changes at peptide residues buried in the major histocompatibility
complex (MHC) class I binding cleft influence T cell recognition: A
possible role for indirect conformational alterations in the MHC class I or
bound peptide in determining T cell recognition. J. Exp. Med. 177:869.
391. Meneguzzi, G., C. Cerni, M. P. Kieny and R. Lathe. 1991.
Immunization against human papillomavirus type 16 tumor cells with
recombinant vaccina viruses expression E6 and E7. Virology 181:62.
392. Kantor, J., K. Irvine, S. Abrams, H. Kaufman, J. Dipietro and J.
Schlom. 1992. Anti tumour activity and immune responses induced by a
recombinant carcinoembryonic antigen-vaccinia virus vaccine. J. Natl.
Cancer Inst. 84:1084.
393. Kast, W. M., R. OfFringa, P. J. Peters, A. C. Voordouw, R. H.
Meloen, A. J. van der Eb and C. J. M. Melief. 1989. Eradication of
adenovirus El-induced tumors by E l A-specific cytotoxic T lymphocytes.
Cell 59:603.

205

