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ABSTRACT

P-glycoprotein (P-gp) is a membrane glycoprotein which can act as an efflux pump
for certain chemotherapeutic drugs and thereby confers resistance to these drugs on the host
cell. The P-gp isoform encoded by the human mdr! gene has been implicated as a factor in
clinical resistance in human tumours. To investigate the role of P-gp in acquired clinical
resistance, dogs with malignant lymphoma which were referred to Glasgow University
Veterinary College for treatment, were given an anthracycline based protocol until first
relapse. Tumour samples were obtained from these dogs at diagnosis and at time of disease
progression. P-gp expression in these samples was assessed by immunohistochemistry using
a monoclonal antibody which detects all known P-gp isoforms and by dot-blot analysis using
a human mdr1 specific probe.

Multiple members of the mdr gene family exist in every species studied and only the
mdrl isoform(s) is implicated in drug resistance. Investigations of the canine mdr gene family
revealed that the dog has four potential members of this family. The homologue of the human
mdrl gene was expressed in normal canine liver, kidney and adrenal and at a lower level in
the caudal gastro-intestinal tract. Skeletal and cardiac muscle tissue has strong P-gp
expression but this did not appear to be of the mdrl homologue isoform.

Immunohistochemistry revealed that normal, reactive and lymphomatous nodes
contain a P-gp positive dendritic cell population. These P-gp positive cells are
morphologically identical to S-100 positive cells and so may represent an antigen presenting
cell population. The presence of these cells could confound accurate interpretation of the dot-
blot analysis and so imunohistochemistry was used as the \main criterion to determine P-gp
positivity in the malignant cell population.

Within tumour cells, P-gp expression at time of diagnosis was a rare occurrence (less
than 5%) but was significantly more common in drug resistant tumours (p=0.0113).
However, even within the drug refractory tumours, P-gp expression was not ubiquitous; only
25% of tumours were P-gp positive and therefore P-gp does not appear to be a major cause of
treatment failure in canine lymphoma. Statistical analysis of the results revealed that P-gp
was associated with advanced stage disease. Advanced stage at presentation seemed a more
important predictor of subsequent P-gp expression than the amount or type of drugs received
prior to relapse. Treatment with corticosteroids prior to chemotherapy had a profound effect
on the ability to achieve remission but again this was not related to the presence of P-gp.

Canine T cell lymphomas are reported to have a poorer clinical performance than B
cell tumours. T cell tumours were positively identified in this group of dogs by genotyping
using a feline constant region probe of the T cell receptor B chain gene. 10/45 tumours were
identified as having P chain rearrangements by this technique. The T cell genotype was a
poor prognostic indicator by univariate analysis but none of the T cell tumours expressed P-
gp, either before treatment or at relapse, indicating that P-gp is not a major cause of treatment
failure in T cell lymphomas.
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1.1 NON-HODGKINS LYMPHOMAS
1.1.1 CLINICAL DRUG RESISTANCE IN NON-HODGKINS LYMPHOMA

Chemotherapy can be an extremely effective cancer treatment. Cures,
resulting from intensive chemotherapy, are now obtainable in Hodgkin's disease,
certain forms of non-Hodgkin's lymphoma, acute lymphoblastic leukaemia and
testicular cancer (Chabner e al, 1984). This list of neoplastic diseases represent a
uniquely chemosensitive group of cancers. Unfortunately though, when a relapse
does occur in these cancers, it is usually associated with the development of clinical
drug resistance and further response to chemotherapy is limited.

Clinical resistance to chemotherapeutic agents is complex; the drugs which
are rendered apparently ineffective at relapse can be of divergent structure and
function. Tumours can acquire resistance to drugs, which are usually effective in first
line treatment, even without prior exposure (Armitage et al, 1990). The breadth and
diversity of acquired resistance in these once chemosensitive tumours then resembles
the inherent resistance of tumour types such as colonic and hepatic carcinomas and
melanomas.

In the first part of this introductory chapter the heterogeneous group of
tumours collectively known as non-Hodgkins lymphoma (NHL) will be described.
This group contains tumours which are chemocurable yet at the other extreme
contains indolent tumours whose natural course is undeterred by chemotherapy. The
majority of NHL show a pattern of initial response to chemotherapy followed by
relapses which are increasingly unresponsive to chemotherapy. This epitomises the
problem of acquired drug resistance in clinical oncology. Socioeconomically, NHL is
an important tumour group; it is the tenth most common cancer-related death in males
in the U.K. (CRC Factsheet, 1988). The biological factors which contribute to the
heterogeneity of NHL will be examined including the histologic and cytogenetic
events which occur during the progression of certain forms of this disease.

In the second section, canine lymphomas are introduced; the clinical and
biological similarities to NHL are highlighted. Paramount among these similarities is
the chemosensitivity of canine lymphomas which then gives way to profoundly drug-
resistant disease, usually within one year. Like NHL, canine lymphoma is a
numerically important disease with an annual incidence of between 24 and 30.5 cases
per 100,000 dogs (Dom et al 1967; Schneider, 1983). This is higher than the human
incidence of NHL which is about 9 per 100,000 in the U.K. (Cancer Research
Campaign, Factsheet 1988). |

In the final section, the chemotherapeutic drug-resistance mechanism
mediated by P-glycoprotein (P-gp) is discussed. Due to widespread research effort in
the past five years, this represents one of the best defined resistance mechanisms



applicable to clinical oncology. The activity of P-gp as a resistance mechanism can
be successfully ameliorated in vitro using non-cytotoxic drugs (reviewed in Bellamy
et al, 1990) and inevitably this has generated great excitement that it may be possible
to overcome clinical multiple drug resistance using P-gp modulating drugs in
conjunction with normal chemotherapy (Dalton et al, 1989; Salmon et al, 1991).
This has fuelled research to identify the tumour groups which are likely to be
amenable to modulation. Simultaneously, efforts have been directed towards
identifying the events which lead to P-gp expression and whether this expression is
avoidable by alterations in the existing chemotherapeutic protocols.

1.1.2 HISTOPATHOLOGICAL CLASSIFICATION OF NHL

NHL is a heterogeneous group of tumours derived from cells of lymphocytic
origin. The natural course of NHL varies from a slow-growing indolent form, to a
fulminating leukaemic type illness. The majority of tumours fall in between these two
extremes and show an unremitting progression if left untreated. Histopathology is the
traditional method of defining these different groups.

Table 1.1 Working Formulation Histopathological Grades

Low Grade small lymphocytic
follicular small cleaved
follicular mixed

Intermediate Grade follicular large cell

diffuse small cleaved cell
diffuse mixed
diffuse large cell

High Grade diffuse small non-cleaved cell
(Burkitts)
diffuse immunoblasticl
lymphoblastic
adult T cell leukao::mia/lymphoma2

1. The National Cancer Institute (NCI) has adapted the WF slightly and considers
immunoblastic tumours to be intermediate grade based on their clinical behaviour.

2. Adult T cell leukaemiallymphoma associated with HTLV-1 infection was not
included in the original classification scheme but is included in the NCI clinical
schema for malignant lymphomas (DeVita et al. 1989)

The original classification system devised by Rappaport (Rappaport et al.
1956) differentiated primarily according to the pattern of growth (follicular versus
diffuse) rather than on cellular characteristics. It became apparent that with the
Rappaport scheme, there was still considerable heterogeneity among some of the



higher grades of tumour (DeVita et al. 1982; Levine et al, 1985a). Other
classification schemes were devised, including the Lukes-Collins and Kiel systems
which placed greater emphasis on the cellular morphology (Lukes et al. 1974;
Lennert et al. 1975). Eventually in 1982 these schemes were amalgamated into the
"Working Formulation" (The non-Hodgkins lymphoma pathologic classification
system, 1982), which is illustrated in table 1.1.

1.1.3 IMMUNOPHENOTYPING NHL
(i) Basic principles

Traditional methods of immunophenotyping lymphoid malignancies were
based on the detection of surface and /or cytoplasmic Ig on B cells and the ability of
T cells to rosette sheep erythrocytes. Detection of heavy and light chain Ig remains
one of the most specific determinants of B cell lineage but T cell rosetting has been
superseded by the availability of monoclonals against lineage specific antigens.

There has been a rapid increase in the number of monoclonals against
lymphoid markers in recent years. Knapp et al (1989), when commenting on the
remarkable progress in this area, also noted that as surface membrane investigations
proceed, the borders between different cell types (including myeloid cells as well as
lymphoid cells) are being fudged rather than strengthened; many of the cluster
determinant (CD) groups are no longer considered to be absolutely lineage specific.
With this proviso in mind, clinical immunophenotyping depends on the use of panels
of monoclonal antibodies rather than one or two single reagents.

It must be appreciated that because NHL is, overall, composed of relatively
mature cell types, the role of CD10 (CALLA) and many of the other surface antigens
found in very early lymphoid cells (e.g. CD7) in distinguishing prognostic groups is
not so critical as it is in ALL (Foon & Todd, 1986). These complexities plus the
advantages and disadvantages of individual monoclonals have been discussed in
detail by Norton & Isaacson, (1989b) and Foon & Todd, (1986). The range of CD
groups which at present would appear critical and are most commonly used for
lineage determination in NHL are shown in table 1.2

Table 1.2 Immunophenotyping NHL

B cell lineage _ T cell lineage

Ig heavy and light chain CD2, CD3, CD7,
(surface or cytoplasmic) CD4,

CD19, CD20, CD40, CD72 CD8




(if) Limitations to immunophenotypic and histopathologic classification of NHL

Immunohistochemistry and detailed histopathology are labour intensive
techniques which require a great deal of expertise. It is difficult to provide quality
control and reproducibility between institutes and even individuals. When the expert
pathologists who developed the Working Formulation were tested for the
consistencies of their diagnosis, the rate of reproducibility varied from 53-93% (NCI
non-Hodgkins classification project writing committee).

An editorial, commenting on phenotyping of haematologic malignancies,
(Hanson, 1991) maintains that the problem of "background" in
immunohistochemistry is frequently ignored or minimized in the literature. Low level
expression of antigens, at the limit of the methodology, is another important limiting
factor (Warnke et al., 1985). The loss of antigen expression, either through tissue
handling and fixation artefacts, or through genuine downregulation of antigen
expression can seriously hamper phenotyping. Most of the lymphocyte surface
antigen monoclonals work best on frozen sections rather than paraffin embedded
blocks (Norton & Isaacson, 1989a). This is much less convenient for routine work
and also results in much poorer cellular morphology (Schlaifer er al. 1990a and
1990b).

It would therefore appear that the problems of reproducibility and subjectivity
inherent in histopathology and immunohistochemistry combine to limit their uses in
adequately defining prognostic groups in NHL.

1.1.4 IMMUNOGENOTYPING NHL
(i) Use of antigen receptor gene rearrangements as a marker for clonal
proliferations

Although an individual neoplasm may be polymorphous ]as regards cell size &
phenotype, it is increasingly evident that most neoplasias are composed of almost
genetically identical progeny derived from a common CIO)a‘l stem cell (Farber and
Cameron, 1980; Nowell, 1990). Abnormalities within the genome of a neoplastic
clonal population can be manifest as gross morphological changes in the
chromosome, such as translocations (Croce et al 1984), or subtle changes such as
point mutations (Balmain and Brown, 1988). These genetic lesions can be used as
unique tumour markers (Stetler-Stevenson et al. 1988). Lymphoid tumours carry an
additional set of unique tumour markers which are the rearranged antigen receptor
genes (ARG) of B and T lymphocytes.

Antigen receptors are expressed on B cells as immunoglobulin (Ig) and on T
cells as T cell receptors (TCR). The genes encoding these structures are arranged as
discontinuous DNA segments organized into variable, diversity and joining regions.



Within each region, multiple similar but non-identical segments are found. As a
mandatory step towards mature lymphocyte differentiation, these ARG undergo
somatic recombination whereby the rcarrangement and joining of one of each V-D-J
segments leads to the assembly of an intact antigen receptor. The organisation of the
human TCR B chain locus is shown in figure 1.1. The B chain contains two constant
regions which are approximately 10kb apart; the 5' region is designated Cg1 and the
3' region Cgy . The coding sequences of the two constant regions are highly
homologous having only a four amino acid difference between them. However the
introns and the 3' non-coding region of each constant region are not conserved
(Toyonaga et al. 1985). The detailed arrangement of these genes and the manner in
which recombination occur is discussed elsewhere (Tonegawa, 1983; Hedrick et al,
1984; Honjo, 1985; Toyonaga and Mak, 1987).

Figure 1.1 T cell receptor {3 locus

1 ng van Og(1-y) Jp1(1-7) Cpy Op2 Jp2(1-7) Cp2

WMMWH{}HW—D—

V, variable; D, diversity, J, joining; C, constant region

During lymphocyte ontogeny an orderly pattern of gene rearrangement
occurs. Within each gene, and where diversity segments exist, D-J joining precedes
V-D-J joining. Incomplete V-D-J joining can lead to the production of truncated
mRNA. Aberrant joining can also occur which produces a non-functional gene. In
this situation it is common to find functional rearrangement of the other allele.
Within pre-B cells, Ig heavy chain gene rearrangement precedes x light chain. If both
K genes are aberrant rearranged or deleted, then A light chain rearrangement
commences (Altenburger et al., 1980; Korsmeyer et al. 1981; Heiter et al. 1981). A
similar hierarchy of gene rearrangement occurs in T cells. Analysis of transcripts of
murine foetal thymic cells revealed that TCR 7y gene rearranges first followed by the
B gene and lastly by the o gene activation (Raulet er al. 1985 and Samelson er al.
1985). The d gene has an unusual location between the variable and joining segments
of the o locus, and it appears to rearrange before the 3 locus. It is deleted if the o
locus undergoes rearrangement (Chien et al 1987).



It was Korsmeyer & co-workers (1981) who first proposed that the analysis of
patterns of ARG rearrangements could be a powerful and useful tool to assess
clonality. A monoclonal lymphoid population can be distinguished from a polyclonal
population because unique restriction enzyme fragment patterns are generated by the
recombinatorial process which are detectable on Southern blots. Polyclonal benign
proliferations are not seen using conventional Southern blot hybridisation because the
many rearrangements result in a wide range of fragment sizes, none of which is
represented in sufficient quantity to be detectable.

The exception to this rule are y chain rearrangements. Rearrangements are
detectable even among polyclonal T cells (Uppenkamp et al. 1987) because there is a
limited number of V segments in the y gene and these give rise to a limited number of
combinatorial joinings (Kranz et al. 1985). Therefore caution has to be exercised
when interpreting the presence of 7y chain rearrangements in lymphoproliferative
disease.

Heritable restriction fragment length polymorphisms (RFLP) exist in the
human population which can produce patterns that can be mistaken for
rearrangements (Lefranc, 1985; Robinson et al. 1985). This pitfall can be avoided by
analysing tumour samples in parallel with non-lymphoid tissue from the patient (e.g.
granulocytes from the buffy coat of a blood sample). Alternatively, multiple
restriction enzymes can be used which will verify the rearrangement encompasses a
region of DNA and is not simply a point mutation giving rise to a RFLP.

All mature B cells will have rearranged Ig genes and in humans the majority
of monoclonal B cells have rearranged the x light chain. Only about 30% of normal
and neoplastic human B cells and 10% of mouse B cells express the A chain
(Yancopoulos er al. 1986). Lambda expressing cells have generally rearranged (or
deleted) their x alleles before productively rearranging their A gene. For practical
purposes this makes a probe of the J x region the most specific probe for detecting
rearrangements in Ig expressing B cell neoplasms.

The vast majority of mature T cells in man express o/p receptors (Kronenburg
et al. 1986) and less than 5% of peripheral blood T cells are /3 (Triebel er al. 1989).
Malignant T cells seem to reflect the normal situation in that most mature T cell
neoplasms have o/f receptors. The TCR o gene is an extremely large gene; the V
segments are spread over 750,000bp and the numerous J segments (greater than 50)
extend over another 85kb (Griesser et al, 1988). This enormous size makes it a
difficult gene to analyze using conventional restriction fragment separation
techniques. The difficulties of working with o probes plus the hierarchical
rearrangement of 3 before o means the § chain gene probes are more widely used for
routine-immunogenotyping.



_(ii) ARG Rearrangements in lymphoid neoplasia

Virtually all B cell neoplasms have rearrangements of the Igy regardless of
the stage of differentiation or Ig gene expression (table 1.3). In this way common
acute lymphoblastic leukaemia has been shown to be predominantly a precursor B
cell neoplasm because most show Igyy rearrangement and about 50% also have k
gene rearrangement. Most of these ALL's have yet to express fully assembled protein
(Korsmeyer et al, 1981; Korsmeyer et al, 1983). More mature B cell neoplasms such
as CLL, follicular lymphoma, large cell lymphoma, and Burkitts lymphoma display
rearrangements of both heavy and light chain genes and are therefore easy to assign
to a B cell lineage based on genotyping.

Within phenotyped T cell tumours, immunogenotyping has been equally
confirmatory of cell lineage in both immature malignancies such as ALL and in
mature malignancies like NHL and CLL (table 1.3). Within T-NHL, B chain
rearrangement is almost a ubiquitous event. The small percentage which have
retained the germline configuration of the B chain tend to be those NHL which are
classed as "lymphoblastic" i.e. thymocytic phenotypes with a propensity for
intrathymic growth (deVillartey er al. 1989; Williams et al. 1987).

(iii) Simultaneous Ig and TCR gene rearrangements

The use of Ig and TCR gene probes has revealed complex gene
rearrangements in some lymphoid malignancies involving both TCR and Ig genes.
The possibility of two different clonal populations of cells co-existing in these
tumours has been excluded since immunocytochcmically these tumours are of a
single phenotype. In addition the equal intensity of rearranged Ig and TCR bands on
Southern hybridisations would support the hypothesis that the rearrangement has
occurred in cell populations of equal size.

Analysis of the literature, (table 1.3) reveals that the frequency of bigenotype
is greater in B cells than in T cells. In up to 11% of mature B cell neoplasias, and
24% of immature B cell tumours (ALL) the TCR genes may be simultaneously
réarrangcd. Hara et al, (1987) examined 29 samples of precursor B cell ALL for
rearrangements of all four TCR genes and found TCR & gene rearrangements in 20
cases (69%), TCR a rearrangements in 59% and TCR 7y rearrangements in 52% of the
cases. TCR P was the least likely to be simultaneously rearranged with the Ig genes at
31%. The high frequency of y/d rearrangements in pre-B cell tumours is not
unexpected given that /6 rearrangement occurs early in ontogeny. In mature T cell
malignancies, the incidence of bigenotype is much lower at only 1.5% for T-NHL.



Table 1.3 T cell receptor B chain and Immunoglobulin heavy chain
rearrangements in lymphoid malignancies.

Tumour Noof TCRB Igy dual References
cases genotype
BALL | 88 20 83 24% 3,8,10,
14,16,17
BNHL | 101 7 101 6.9% 10,14,18,
20,21,22
BCLL | 45 5 45 11.1% 1,10,13
TALL | 126 125 18/113 16% 1-14
TNHL | 70 65 1/63 1.5% 2,49,10,14
15,18,19,20
TCLL | 33 33 0/25 0% 4,8,9,10
11,15.

References for table 1.3

1. Aisenberg et al. (1987) 12. Tawa et al. (1985)

2. Bertness et al. (1985) 13. Waldmann et al. (1985)
3. Davey et al. (1986) 14. Williams et al. (1987)
4.Flug et al. (1985) 15. Isaacson et al. (1985)
S.Haraetal. (1987) 16. Asuo et al. (1987)

6. Kitchingham et al. (1985) 17. Felix et al. (1987)

7. Minden & Mak et al. (1986) 18. Griesser et al. (1986a)
8. Minden et al. (1985) 19. Matsuoka et al. (1987)
9. O'Conner et al. (1985) 20. Liang et al. (1990)

10. Pelicci et al. (1985) 21. Tkachuk et al. (1988)
11. Rabbits et al. (1985) 22. Griesser et al. (1986b)

Given that bigenotypic tumours are not uncommon, especially among
immature and/or B cell tumours, is there any way of differentiating among these
bigenotypic tumours? Where it has been examined there are quantitative differences
in the patterns of ARG gene rearrangement such that only one Igy allele is found
rearranged in phenotypic T cell neoplasia and the light chain genes are still in the
germline configuration. Conversely, there is a tendency for only one TCR allele to
rearrange in B cell disorders as opposed to both alleles as seenin T cell neoplasias. It
is very rare to find a complete V-D-J recombination of Iggy in T cell neoplasias or of
TCR B chain in B cell disorders (Tawa et al 1987: Kitchingham et al. 1985; Williams
et al. 1987).

It is generally accepted that the enzymatic processes underlying ARG
rearrangements is very similar between T and B cells. In 1986, Yancopoulos and co-
workers introduced T cell variable region segments into pre-B cells and showed that



the T cell receptor gene fragment rearrangements could proceed in the B cell
environment. It has been proposed that the accessibility of the Ig and TCR gene loci
to the common recombinase enzyme complex (encoded by the RAG genes) could
allow dual rearrangement (Yancopoulos et al. 1986). Davey et al. (1986) speculate
that the high incidence of dual genotype in precursor B cell leukaemias may be due to
the lack of signals, which are present in more mature cells, that normally terminate
gene rearrangements. The signal to switch off recombinase activity seems to require
the functional activation through the ARG with subsequent release of second
messengers rather than merely the presence of mature ARG. Recombinase activity
associated with the RAG1 and RAG2 gene products is decreased by agents which
mimic the second messenger effects of AGR cross-linking. Phorbol esters (e.g..
phorbol myristate acetate) plus calcium ionophores can switch off RAG gene
expression in both T cells and B cells. (Menetski et al, 1990; Turka et al, 1991).
Because a functional ARG appears to be a prerequisite for stopping further gene
rearrangement, the corollary of this is that gene rearrangement, perhaps of both Ig
and TCR genes, may continue even after a translocation event or defective
rearrangement has occurred on one allele.

The underlying mechanism which leads to bigenotype may take many years to
elucidate because it is probably one of the key areas where transformation events are
affecting normal cellular differentiation. Several practical points can be suggested to
minimize the misinterpretation of immunogenotyping in immature phenotypic
tumours.

Wherever possible digests and probes should be used which permit the
assessment of the number of alleles rearranged and the extent of that rearrangement
(i.e. D-J rearrangements versus complete V-D-J). This will reveal the quantitative
differences discussed previously. Light chain probes should be used in conjunction
with IgH probes to determine the likelihood of complete Ig assembly taking place.
The presence of complete or truncated mRNA for the TCR genes will also help to
assess the completeness of gene rearrangement. In this way it can be determined
whether the TCR genes or the Ig genes are closer to producing a mature receptor
molecule.
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1.1.5 KARYOTYPIC ABNORMALITIES AND TRANSLOCATIONS IN NHL

Recurring cytogenetic abnormalities have been identified in NHL and
significant correlations have been made between these abnormalities and NHL
morphology, immunophenotype and in some cases, prognosis. Despite the large
number of NHL cases which have been karyotyped, the conclusions are not always
consistent. This is probably due to a combination of the complexity of these
karyotypes plus the non-uniformity of morphologic classifications and treatment
schedules between institutes.

A comprehensive account of the translocations found in NHL is not
attempted; reviews of these translocations and the mechanisms leading to them are
available elsewhere (Levine and Bloomfield, 1990; Tycko and Sklar, 1990). Instead
attention is focussed on a few abnormalities which have established association with
certain morphologic and phenotypic NHL groups. Some of the recurring cytogenetic
abnormalities within histologic subtypes are listed in table 1.4 which is adapted from
Levine and Bloomfield (1990).

Correlations of chromosomal abnormalities can be made with
immunophenotype. The t(14;18) and t(8;14), which involve Ig gene translocations,
occur in B-cell NHL. Analogous to this, T cell NHL chromosomal abnormalities can
affect the T cell receptor genes. The o locus at 14q11-13 is disrupted in tumours with
morphologies usually associated with T cell phenotype i.e. diffuse mixed,
immunoblastic and diffuse intermediate sized with nuclear polymorphism (Fifth
International Workshop, 1987; Maseki et al 1987). However, the frequency of
translocations involving TCR genes does not seem to be as frequent as Ig
translocations are in B cell lymphomas (Levine et al. 1986; Levine et al, 1990;
Maseki et al, 1987). In fact, both arms of chromosome 1, 2p and 6q are equally or in
some studies more commonly involved with T cell lymphomas than the TCR gene
sites (Levine er al, 1986; Berger et al , 1988; Fifth International Workshop, 1987;
Maseki et al, 1987).

Molecular dissection of some of the translocations has already shed light on
the oncogenic mechanisms contributing to lymphomagenesis. The activation of ¢-myc
by ARG (TCR and Ig) gene translocations in some of the high grade lymphomas has
highlighted the role of the c-myc family in malignant transformation. This subject has
been reviewed recently by DePinho er al, (1991) and Klein (1991).
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Table 1.4 Recurrent cytogenetic abnormalities within NHL histologic subgroups.

Lymphoma type* Associated abnormalities

Follicular small t(14;18), del(6q)

cleaved cell

Follicular, mixed small +8, 1(14 18), del(2q), +3/3q,

and large cell 10q -25

Follicular, large cell +7, t(14;18), 17q21-25

Dilflfusc, small cleaved del(8p), del(20q)

ce

Diffuse, mixed small +3,+5, 11p

and large cell

Diffuse large cell +4, +7, -8, -13, +21, +X, 1q, 2%
3q21, del(6q), 4q, 7q, 9q, 14q, 18q

Immunoblastic +5, +18, +X, del( 3p) dcl(Sq)
del(6a), 5p, 5q, 13q, 16, 1

Small noncleaved cell t(14;18)

* Lymphoma type is classed according to the Working Formulation.

Significant insights into the functional role of the t(14;18)(q32;q21)
translocation has emerged in recent years. In this translocation, the putative oncogene
bcl-2 is fused to the joining region segment of the IgH gene. There is accumulating
evidence that the constitutive expression of bcl-2 protects B-cells from apoptotic
death (Nunez et al, 1990; Hockenberry, et al, 1990). The ability of the bcl-2 gene to
confer a survival advantage to B cells is thought to be an initiating event (Rabbitts,
1991) which allows time for other mutations or physiological events to contribute to
the neoplastic process, as shown in a transgenic mouse model (McDonell and
Korsmeyer, 1991).

One of the problems in karyotypic analysis of NHL and the interpretation of
the results is the separation of abnormalities into those present at diagnosis versus
those acquired at relapse. The evolutionary cytogenetic changes are, like the primary
abnormalities, non-randomly distributed within histological classes. Among these
sequential changes are deletions of all or part of 17p and acquired changes in
chromosomes 1 and 2 (Levine et al, 1990; Sanger et al, 1987; Fukuhara et al, 1983).
Duplication of part of 1q occurs significantly more often in tumours with t(8;14) than
with t(14;18) (Fifth International Workshop, 1987; Fukuhara er al, 1983). The
opposite frequency is found with acquired trisomy 7 or duplication of 7q. This is
more commonly in tumours with preexistant t(14;18) than t(4;8) tumours. Trisomy 7
is also more commonly associated with diffuse rather than follicular morphology



(Bloomfield er al, 1983). Armitage et al, (1988) examined a total of 69 tumours with
t(14;18) and found trisomy 7 in 52% of the tumours with a diffuse histology but only
15% of the tumours with follicular histology.

Some acquired abnormalities are not confined to a particular histologic type
of tumour. The del(6q) abnormality is significantly associated with progression of
follicular forms, small cleaved cell, diffuse large cell and immunoblastic lymphomas
(Bloomfield et al, 1983; Levine and Bloomfield, 1990). Del(6q) has also been
described in other tumour types and may be a prevalent abnormality associated with
general tumour progression (Vogelstein et al, 1989; Fountain et al, 1990).

From this brief overview, it is apparent that the morphologic heterogeneity of
NHL is reflected in the heterogeneity of karyotypic abnormalities. The underlying
difference in oncogenic events between, for instance t(14,18) follicular tumours
versus t(8;14) small non-cleaved tumours helps to explain the difference in the
natural history of these two diseases (Klein er al, 1991). It is also evident that NHL
not only have different cytogenetic origins, they progressively acquire different
genetic alterations.

1.1.6 PROGNOSTIC FACTORS IN NHL

The Working Formulation histopathologic classification scheme identified
three major prognostic groups based on survival; the terms "low-grade",
"intermediate grade" and "high grade" were used to define patients with favourable,
intermediate and unfavourable prognosis. This classification scheme is based on the
natural history of the tumour groups. However, with the advent of effective
combination chemotherapy, the survival of complete responders in the intermediate
and high grade NHL groups in the long term (over 15 years) can be greater than for
low-grade tumours (Rosenberg, 1985).

Once NHL is classified into low-, intermediate- or high-grade, the influence
of histopathologic sub-type on prognosis is often minimal compared to other
prognostic factors. Hayward et al (1991) analysed the survival data on over nine-
hundred patients with intermediate or high-grade lymphomas and found that in this
unselected group, the histologic sub-type did not influence survival. Leanard et al,
(1983) using the Kiel classification system to divide 199 cases of NHL into low or
high grade also found that the sub-type within the two grades was not a prognostic
indicator. |

The influence of immunophenotype on prognosis is still an area of debate.
Some analyses did not find cell lineage to influence outcome (Homing ez al, 1984
and 1986; Shimoyama et al, 1988) but others have found that T cell phenotype does
have a poorer prognosis (Greer et al, 1984; Coiffer et al,1988; Armitage et al, 1989).
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In the study reported by Armitage et al. (1989), the influence of phenotype was
profound. In a total of 110 uniformly treated patients, stage IV B-cell patients had a
higher complete response rate than stage IV T-cell tumours (67% versus 0%) as well
as a four year survival of 44% compared to 0%. So although it is not universally
detected, T cell phenotype may adversely affect prognosis.

Hayward er al (1991) defined a poor prognostic group using multivariate
analysis which showed the following factors to be important (in declining order of
power): advanced age (over 70 years), worsening performance status, central nervous
system/liver involvement, abnormal white count, systemic symptoms ("B"
symptoms) and advanced clinical stage. The importance of age as a prognostic
indicators over some of the other factors is in agreement with Leonard et al (1983),
Danieu et al, (1986), Homing et al, (1984) and Al-Katib et al, (1984).

Poor physiological reserve, as indicated by poor performance status and "B"
symptoms, have repeatedly been associated with poor prognosis in NHL (Leonard et
al, 1983: Horning et al, 1984; Al-Katib et al, 1983). The tendency for randomized
trials of new chemotherapy regimes to use younger, fitter patients, either through
deliberate exclusion or through the inevitable bias of the referral population at a
tertiary centre, can lead to serious difficulty in the interpretation of the results of these
trials (Armitage and Cheson, 1988).

The importance of clinical stage, often based on the Ann Arbor classification,
(Carbone et al, 1971) as a prognostic tool is equivocal. Hayward et al, (1991) did
identify stage III and IV as having a poorer survival than stage I and II but Leonard et
al, (1983) found that apart from stage I having a better prognosis than more advanced
stage, the difference in survival between the more advanced stages were minimal.
Danieu et al, (1986), Al-katib et al,(1983), Shimoyama et al, (1988) and Armitage et
al (1982) did not find stage a significant prognostic factor in the intermediate and
high grade tumours in their studies. This inability for clinical stage to accurately
predict clinical outcome is not unexpected. In the lucid article "Staging of
lymphomas:Practical thoughts on impractical practices” written by Raubitscheck et
al, (1990), it was emphasized that the anatomic definition of each stage is
fundamentally arbitrary and that the main purpose for staging patients is to allow
meaningful comparisons of treatment results from multiple institutions. It was
emphasized that within any one staging category, there will be heterogeneity of
prognosis depending on patient and tumour characteristics. This is in contrast to
many solid tumours, for example, cervical cancer, where patients of a certain stage
represent a fairly homogeneous population.

Attempts at direct measurement of tumour cell proliferation in NHL has also
produced prognostic information. Overall a high proliferative index is associated with
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the poor prognostic categories (as reviewed by Child, 1991). Unfortunately, because
of the technical variations and the small number of tumours assessed, it is
impossible to incorporate this information into a useable prognostic index (Coiffer et
al, 1991).

The effect of specific chromosomal abnormalities is equally difficult to
include in a prognostic index. The common abnormalities t(14;18) and t(8:14)
correlated with histologic phenotype and are not independent factors over and above
morphology. Levine and Bloomfield (1990) summarized the evidence for correlating
genetic abnormalities with clinical outcome. Abnormalities in 17p or q have been
identified as adversely affecting prognosis in three studies (Levine et al, 1990; Yunis
et al, 1989; Rodriguez er al, 1991). Yunis et al, (1989) also identified trisomy of 2p
or dup2p as having a negative impact on survival whereas dup3p or +3 gave an
improved prognosis. Levine et al. (1988) found that breaks in 2p was associated with
better survival; chromosome 2 would therefore appear to affect prognosis differently
according to whether loss or gain of information occurs. Cabanillas et al (1989)
related abnormalities in chromosome 7 to poor response and survival in lymphoma.
The basis for these prognostic factors in terms of genes affected by the karyotypic
abnormalities are unknown although sparse data may suggest that losses and
mutations in p53 may account for the poor prognosis of the tumours with
chromosome 17 abnormalities (Rodriguez et al, 1991).

Because of the inadequacy of the existent staging based prognostic schemes,
editorial comments by Bunn (1988) and Child (1991) both called for a replacement of
the currently used system. The first workshop on prognostic factors in large cell

. lymphomas was reported by Coiffer er al, (1991). In this workshop the prognostic
indices developed by independent cancer groups were described. These schemes were
broadly similar; all involved certain aspects of tumour mass and distribution plus
some reflection of tumour growth characteristics such as LDH or By micmglobulin
(Jaganneth et al. 1986). The conclusions of the international workshop was that a new
Prognostic Index was needed for NHL and that this index should take account of the
major tumour factors described above plus patient factors such as performance,
symptoms and age. It is therefore hoped that in the near future a common prognostic
scheme will be used for reporting NHL trials and hence facilitate the identification of
risk groups and treatment benefits.
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1.2 CANINE LYMPHOMA
1.2.1 INTRODUCTION

Canine lymphosarcoma (alternatively known as malignant lymphoma) is the
most common haematological malignancy in the dog. All breeds can be affected by
lymphoma but there are certain breeds which appear to be at higher risk of
developing the disease. Carter et al (1987) identified a greater preponderance of
medium and large breed dogs within their series of 41 lymphomas. German Shepherd
dogs and boxers are overrepresented in surveys (Priester, 1967; MacEwan et al, 1987
and Squire, 1973) and a variety of other "at risk" breeds have also been identified
including Poodles and Scottish terriers (MacEwan et al, 1987). A prospective study
of three households of bull-mastiffs revealed that 9 out of 59 bull mastiffs died of
lymphoma within a three year period (Onions, 1984). This corresponds to an annual
incidence of 5000 cases per 100,000 dogs. The aetiologic significance of this familial
predisposition is still unknown. This time-space clustering could suggest an
infectious origin (such as a retrovirus) but attempts to identify a causative retrovirus
have failed (reviewed by Squires, 1990).

The dog shows an increasing incidence of lymphoma with age (Schneider,
1983) and although very young dogs can occasionally be affected, lymphoma is
mainly a disease of middle to old age. Male dogs are more commonly affected than
females and the difference is comparable to male/female incidence in humans for
NHL. Schneider (1983) estimates that entire male dogs have a 20% increased
incidence of the disease compared to female dogs whereas human males have 10-
20% greater incidence than women (Scottish Cancer Registration Scheme, 1984), but
in certain small studies the disparity between men and woman can be considerably
greater (Slymen et al, 1990).

Malignant lymphomas can be classified according to their anatomical
location. The most common forms are multicentric, thymic, cutaneous and
gastrointestinal. The work in this thesis primarily pertains to the multicentric form of
lymphoma (MLSA). In the remaining sections of this introductory chapter, the MLSA
(and occasionally thymic forms) are discussed rather than the other types of
lymphoma.

Like NHL, MLSA is a chemosensitive malignancy which relapses with
chemoresistant disease in virtually all cases. The time-scale is inevitably shortened
compared to humans; the majority of dogs will relapse within one year (Squire et al,
1973; Weller er al, 1980; Postorino et al, 1989; Greenlee er al, 1990). Tumour
progression is rapid; if left untreated, the majority of cases will die or be presented for
euthanasia within one month of diagnosis although from owner history
lymphadenopathy can have been present for several weeks prior to presentation
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(Bloom and Meyer, 1945; Squire er al, 1973) Relapse can be equally swift and
devastating. Within a two or three week period between treatments, dogs can progress
from clinical remission to large bulk disease. The clinical history of this group of
tumours is therefore similar to intermediate and high grade NHL. It has been used as
a model for human NHL in the past (Appelbaum et al, 1985; MacEwan, 1990;
Greenlee et al, 1990).

The remainder of this section will describe some of the similarities of canine
lymphoma to NHL with particular emphasis on the efforts to understand the
heterogeneous response of these tumours to treatment.

1.2.2 HISTOLOGIC CLASSIFICATION

The Rappaport classification scheme has been applied to canine MLSA but
has been disappointing in its ability to identify prognostically useful groups (Squire et
al, 1973; Holmberg et al, 1976; Weller et al, 1980 and Greenlee et al, 1990). This
may be due to the emphasis which the Rappaport classification places on diffuse
versus follicular patterns of tumour growth. In the dog, the percentage of tumours
which have a follicular pattern is low (see table 1.5)

Table 1.5 Follicular histology in MLSA

Reference Follicular lymphomas
Number %

Squires et al, 1973 1/100 1%

Weller ez al,1980 7172 9.7%

Appelbaum ez al, 1984 1/40 2.5%

Greenlee et al, 1990 10/176 5.6%

Holmberg et al, 1976 8/24 33%

The paucity of follicular tumours in the dog may be due to the bias created by
only being able to obtain lymph nodes at a biologically advanced stage of disease.
Compared to humans most dogs present with more widespread disease. Careful
examination of longitudinal sections from multiple lymph nodes has suggested that
about one third (8/24 cases) may be follicular (Holmberg et al, 1976). Holmberg et al
(1976) admitted that the canine nodular pattern was less obvious than in humans and
that it was not always recognizable in all parts of the node nor was it found in all
nodes at necropsy. Thus it is not unreasonable to propose that some of the diffuse
tumours may have initially been nodular in pattern and had progressed to a more
diffuse form by the time the biopsy (or necropsy) was performed. Progression from
follicular to diffuse forms is reported in humans (Hubbard et al, 1982).
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Taking into consideration that histological grade is not a static situation and
that it is not possible to take multiple lymph node biopsies merely to ensure that an
underlying follicular pattern is not overlooked it is obvious that alternatives to the
Rappaport scheme are needed. Greenlee er al (1990) undertook a comprehensive
comparison (involving 176 lymphomas) of the merits of four major classification
systems; Rappaport, Lukes-Collins, Kiel and the Working Formulation. The Kiel
system appeared to be best able to accommodate canine cellular morphologic types
and at the same time provide some correlations between morphology and clinical
performance.

1.2.3 IMMUNOPHENOTYPIC CLASSIFICATION

The panels of monoclonals used to type human leukaemias/lymphomas do not
commonly cross-react with canine lymphocytes. Immunophenotyping MLSA out of
necessity is still based on the presence or absence of surface/cytoplasmic
immunoglobulin (sIg or cIg) and the use of a few putative T cell markers. The
incidence of B cell tumours based on slIg has been in broad agreement for over 10
years: using an indirect method of detecting sIg based on rosetting techniques Onions
(1977) found only 51% (17/33) of tumours but when slg is detected using anti-
immunoglobulins reagents, 70-80% of the tumours appear to be sIg positive (table
1.6).

Table 1.6 Immunoglobulin positive MLSA

Reference slg positive tumours
number %
Holmberg et al, 1976 8/11 73%
Appelbaum et al, 1984 31/40 77.5%
Ladiges et al, 1988 42/54 78%
Greenlee et al,1990 48/64 75%
Teske er al, 1992 52/66 79%

Positive identification of phenotypic T cells has not been so straightforward.
The presently available T cell monoclonals such as DT2 and LQj, commonly react
with slg positive B cell tumours. Appelbaum er al (1984), Ladiges et al (1988) and
Greenlee et al (1990) all report a sizeable proportion of sIg positive tumours to also
stain with either DT2 or LQ1. These dual staining tumours represented 67%, 68%
and 44% respectively of the total tumour populations. The frequency of this dual
staining is beyond that which could be believably explained by "lineage promiscuity”
and would more likely represent (excluding technical problems) the fact that the
antigens recognized by DT2 and LQ! are not confined to T cells. Using these pan-T
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cell monoclonals (but excluding those tumours which are both pan-T/slg positive),
the percentage of tumours which are phenotypically T cells falls in the range of 9-
20% (Ladiges et al,1988; Greenlee et al, 1990).

Greenlee identified a correlation between immunophenotype and
morphologic features using the Kiel classification. All of the tumours with
immunoblastic morphology were slg positive and conversely most of the tumours
with a significant small cleaved cell population (the centrocytic and
centrocytic/centroblastic forms) were identified as T cells. Teske et al (1992) has also
identified a correlation between small cleaved cells and T cell phenotype.

1.2.4 IMMUNOGENOTYPING CANINE LYMPHOMAS

There are no published results of genotyping canine lymphomas. However
Greenlee er al (1990) allude to unpublished genotyping which yielded results
consistent with their phenotyping in the few cases in which it was performed. This
lack of genotyping information would seem a fairly serious deficit in the
classification of canine lymphomas given the problems which have been encountered
with the pan-T cell markers. None of the canine specific T cell monoclonals currently
available recognize components of the TCR/T3 complex and hence will not be
inherently limited to cells containing TCR gene rearrangements. The proportion of
tumours which stain for both sIg and pan-T cell markers has already been described
as suspicious. Given that these markers may not be truly T cell specific, there is the
possibility that some of the sIg positive, pan-T cell positive tumours may not be
phenotypic T cells but could indeed be B/pre-B cells which do not express sIg. Thus
it would seem prudent to assume that the current proportion of tumours identified as
T cell lineage represents the uppermost limit. Genotyping would help clarify this
situation.

1.2.5 TREATMENT OF CANINE LYMPHOMA
(i) First Line Treatment

Combination chemotherapy protocols are generally considered more effective
than single agent therapy. Treatment with prednisolone with or without .
cyclophosphamide produces a temporary response (usually less than 3 months) in less
than half of the treated dogs (Brick et al, 1968; Squire et al, 1973). The introduction
of more intensive regimes has not only increased the length of remissions but has also
improved the percentage of dogs which attain a complete response. Using a relatively
simple protocol of cyclophospamide vincristine, and prednisolone (COP) it is
possible to achieve remissions in more than 80% of cases (Cotter et al, 1983).
Reviews of the treatment of canine lymphomas are available (Madewell, 1985;
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Cotter, 1986) and indicate that of the plethora of currently available protocols, no
single protocol has gained uniform acceptance as the most efficacious. Median
remissions remain in the 5-8 month range with overall survival times of 10 -14
month. Little improvement has been made in remission rate or length or in survival
times since the early reports of COP protocols (Squire et al, 1973). However it is
notoriously difficult to compare protocols between institutions since selection and
staging of patients plus methods of calculating results varies between establishments.
With these caveats in mind, there is some evidence that the addition of doxorubicin
into the basic COP protocol does improve remission lengths (Carter et al, 1987,
Cotter and Goldstein, 1986). Indeed single agent cytotoxic therapy with doxorubicin
alone achieved response rates, remission durations and survival times which compare
favourably with the COP protocol (Postorino et al, 1989).

Chemotherapy for MLSA is still largely palliative. Given that cure is
impossible for the majority of patients, then quality of life for both the patient and the
owner are an important goal. In this regard, single agent treatment with an
anthracycline does offer the advantage of infrequent out-patient attendance (once
every three weeks) and freedom from complicated oral dosing of drugs.

(ii) Rescue therapy following relapse

Chemotherapy in canine lymphoma is usually given throughout the remission
period. Depending on the exact protocol, there may be a more intensive induction
course of drugs followed by chronic maintenance treatment until clinical signs of
relapse are apparent. In other protocols (Postorino et al, 1989) the same protocol is
given for induction and maintenance. For historical reasons (Squire et al, 1973),
canine lymphoma is usually treated with maintenance chemotherapy throughout the
lifespan of the animal. A recent retrospective survey suggests that chronic treatment
gives no improvement in remission or survival over short term administration of
anthracycline single-agent chemotherapy (Hahn et al, 1992). This has yet to be tested
in a randomised prospective trial.

Most protocols give first remissions of about 6 months. The chance of
obtaining a second remission is less than for the first, and if achieved, is usually
shorter. The length of the first remission often correlates with the length of the second
remission; achieving a long first remission gives a greater chance of obtaining a
durable second remission (Cotter, 1986). This clinical impression emphasizes the
profound inherent biological variability within canine lymphomas such that some
tumours fail multiple drug treatment rapidly and then fail subsequent alternate drug
protocols (Hohenhaus and Matus, 1990).
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The importance of achieving a solid first remission means most drugs are used
during induction and consequently, at relapse, there is a limited number of new drugs
available. Dogs which have received variations on the COP protocol can be rescued
with doxorubicin (Calvert and Leifer, 1981) but despite doxorubicin having a
different mechanism of action from cyclophosphamide, vincristine or prednisolone,
Calvert and Leifer (1981) could only obtain responses in 4 out of 12 dogs.
Dacarbazine can also induce second remissions in dogs resistant to doxorubicin (Gray
et al, 1984) but again in only a limited number of cases. Hohenhaus and Matus (1990)
reported disappointing results using etoposide to rescue dogs relapsing after a
vincristine containing multi-drug protocol. However Carter et al (1987) remarked that
dogs which relapsed following doxorubicin treatment were more likely to achieve a
second remission than dogs which had received the COP protocol. Therefore the '
extent of clinical multiple drug resistance may be greater in the COP treated dogs.
Asparaginase, which has a unique mechanism of action compared to the other
commonly used cytotoxic drugs, is a useful drug in relapse and can induce remissions
in dogs resistant to both COP and anthracycline protocols (personal clinical
experience; N.T.Gorman, personal communication). The limited success of "rescue"”
therapy highlights that multiple drug resistance in relapsed canine lymphomas is just
as prevalent as in human NHL.

1.2.6 PROGNOSTIC FACTORS IN CANINE LYMPHOMA

The use of histologic classification as a prognostic indicator in human NHL is
not easily emulated in canine NHL. It has been difficult to identify sub-groups with a
consistent clinical outcome. This may not only be because canine lymphomas do not
exactly "fit" the human cellular descriptions (as discussed by Greenlee et al. 1990). It
was already mentioned that in NHL, there is considerable heterogeneity of
performance within any of the three grades (low, intermediate and high) of the
Working Formulation . In the most comprehensive study of canine MLSA histology
yet undertaken, Greenlee et al, (1990) established that 60% of canine lymphomas are
intermediate grade, 29% are high grade and only 11% are low grade. In this study, the
high grade (immunoblastic) tumours had longer remissions and survivals than other
histologic types, but this difference was not statistically significant. Carter et al
(1987) also found a trend towards a longer remission in dogs with high grade
tumours, but this trend was not statistically significant. Both Greenlee and Carter
remarked that the high grade tumours were a more homogeneous group in terms of
response than the intermediate or low-grade tumours. Histiocytic type tumours have
been associated with good responses (Squire et al, 1973: Weller et al, 1980) but have
also been reported to respond poorly to single agent doxorubicin (Gray et al, 1984). If
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the human NHL experience is also relevant for MLSA, it is probably unlikely that
histology alone will be sufficient to reliably detect prognostically useful subgroups
within these intermediate grade tumours. Given that this group makes up the
majority of MLSA, this is a disincentive for undertaking detailed histological
examinations of canirie lymphomas.

Clinical staging is commonly performed in canine MLSA, predominantly by
non-invasive means. Depending on the exact scheme used, patients are divided into
four or five stages with stage V representing disseminated disease. An example of a
staging scheme is given in chapter 7. The dogs can then be sub-classified according
to the severity of the clinical signs and history of illness at time of presentation.
Assignment according to clinical signs does inevitably involve a degree of
subjectivity but has actually been of use in providing prognostic information. Cotter
et al (1983) found that dogs with severe clinical signs were less likely to achieve a
complete response; for stage IIIA and IIIB dogs the CR was 91% and 60%
respectively. These workers did not identify an effect of clinical signs on the
remission length but other groups have suggested dogs with severe clinical signs do
have shorter remissions (Greenlee et al, 1990).

Staging according to disease extent has had mixed success in predicting
response. Greenlee er al (1990) and MacEwan et al (1987) did not find stage to be
predictive of response whereas Squire er al (1973), Cotter et al (1983) and Carter et
al (1987) showed that stage III dogs did perform better than stage IV/V dogs. The
consensus takes the view that there is a loose correlation of stage with prognosis but
it is by no means clear whether the poorer prognosis of advanced stage tumours is due
to inherent drug resistance or due to the susceptibilty of these dogs to the toxic effects
of the treatment. Cotter's results (1983) would\implythat stage IV tumours are less
drug sensitive than stage III tumours (CR rates of 47% and 83% respectively). Squire
et al (1973) and Carter et al (1987) also found that stage IV tumours were less likely
to obtain a complete response but the difference was not so marked.

Does phenotyping contribute to the ability to identify different prognostic
groups? Unfortunately remarkably little is 'published on this point; Ladiges er al
(1988) could not correlate immunophenotype with subsequent response but Greenlee
et al (1990) did reveal significant correlation of shorter remissions and
hypercalcaemia with the T cell phenotype. Hypercalcaemia has been recognized as a
poor prognostic factor by other groups (Weller et al. 1982). The numbers of treated
dogs in the B cell/T cell categories established by Appelbaum ez al (1984) were too
small to make meaningful comparisons but rather curiously they did identify a
tendency for T cell tumours to have smaller peripheral lymph nodes than B cell
tumours.
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A myriad of other clinical factors have also been proposed to influence
response including age, sex and weight. The clinical impression that small dogs
survive longer (probably due to relative overdosing in comparison to large dogs) is
not statistically significant nor is age a significant factor (MacEwan ez al, 1987).
However females can have a significantly prolonged remission compared to males in
some studies (MacEwan et al, 1987). Cytogenetic studies in canine MLSA have not
been carried out, presumably due to technical difficulties, and so no prognostic
information is available from this source.

In summary, advanced clinical stage, severe clinical signs, hypercalcaemia
and T cell phenotype are all (to a variable extent) associated with poor prognosis.
Other factors, including age, sex and body size may have minor effects.

1.3 MULTIDRUG RESISTANCE
1.3.1 MUTATIONAL BASIS FOR DRUG RESISTANCE

Failure of a chemotherapeutic protocol to cause tumour remission may be due
to many factors. Physiological and pharmacological factors undoubtedly play a large
role in the absorption, distribution and metabolism of chemotherapeutic drugs. In
relapsing haematological malignancies, a substantial portion of the tumour burden is
in the bone marrow and peripheral circulation. In these malignancies, it is difficult to
envisage pharmacologic factors which can alter drug serum concentrations sufficient
to result in treatment failure. Research on acquired and inherent clinical resistance in
these malignancies has therefore focussed on cellular factors which could account for
resistance to chemotherapeutic drugs.

Malignant cell populations are characterised by a genetic instability which
leads to the spontaneous generation of variant forms with diverse phenotype and
genotype; the genetic origin of cellular resistance to a variety of drugs has been
shown (reviewed by Goldie and Coldman, 1984). The dependence of resistance on
mutations at drug resistance genes suggest that the higher the mutation rate in a given
tumour population, the earlier in its growth curve resistant variants may appear
(Goldie and Coldman, 1985).

Albertini et al (1990) compiled the results from numerous studies on somatic
cells mutation rates and illustrated that the normal mutation rate was between 10-9-
106 at a given gene locus per generation. The implications of this somatic rate of
mutation on models of multi-stage carcinogenesis are discussed by Stein et al, (1991)
and Loeb (1991). The latter emphasizes that most human malignancies contain a
multiplicity of genetic abnormalities which would seem to indirectly suggest that the
mutation rate within tumours may be greater than the frequency calculated for normal
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cells in vivo. Loeb (1991) also highlights the deficiencies in the current data directly
assessing mutation rates in tumours. Most of the work has been performed in rodent
models which because of the differences in DNA repair capacity may not be directly
relevant to human neoplasms. If Loeb's prediction that part of carcinogenesis involves
the induction of a "mutator phenotype" is correct, then this would lend greater
credence to the original Goldie-Coldman hypothesis on the genetic origin of drug
resistance.

The likelihood of a resistant cell arising in a population is not merely
dependant on the mutation rate but also on the number of cell doublings. When the
stem cell population in a tumour is low, the tumour must undergo many more cell
doublings to reach a clinically detectable size. Added to this is the selection pressures
occurring during this prolonged slow-growth phase; some cell lineages will have died
due to environmental pressure. The surviving fraction in these slow-growing tumours
will have a higher likelihood of having undergone mutations towards resistance than
a tumour of similar mass with a higher growth fraction because of the extended
environmental selection pressure. This mutational hypothesis could help explain the
intrinsic chemoresistance of the slow-growing indolent NHL in comparison to the
potentially curable higher grade tumours. It would appear that the mutational events
underlying inherent versus acquired resistance need not be different. In the former
case, the resistant variants represent the majority of the cell types in the tumour mass
whereas in the chemosensitive group they only represent a tiny fraction of the total
cell population at the start of chemotherapy. Ultimately, the ability to completely cure
patients will depend on the ability to kill the tumour stem cells. The pessimistic
clinical implications of this fact are discussed by Butturini and Gale (1991) and
Jasmin (1988).

1.3.2 DISCOVERY OF P-GLYCOPROTEIN

The characterisation of in vitro derived drug resistant cell lines has been
fundamental in discovering resistance mechanisms with clinical relevance. Foremost
among these discoveries were the observations of Kessel et al, (1968), Biedler and
Rheim (1970), Bech-Hansen et al, (1976) and other groups, that chronic in vitro
selection with a single agent (for example actinomycin D or colchicine) could result
in resistance to a wide range of lipophilic drugs which do not share a common
structure or target. This in vitro phenomenon, which became known as pleotropic or
multi-drug resistance (MDR) was intensively investigated because it seemed to
reflect the complexity observed in clinical resistance.

In 1974, Ling and Thompson observed that MDR cells which had been
selected in colchicine did not accumulate the drug to the extent of the parent cell line.
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Two years later, these colchicine resistant cells were shown to overexpress an integral
membrane protein of approximately 170,000 daltons (Juliano and Ling, 1976).
Roninson et al, (1984) and others (Riordan et al, 1985; Scotto et al;1986; Gros et al,
1986¢c) noted that MDR cells contained amplified DNA. These amplified sequences
were found to contain a small family of genes (Van der Bliek et al. 1986); one of
these genes, termed mdr1 encoded a 4.5 -5.0kb mRNA which in turn coded for the P-
glycoprotein (Riordan et al, 1985; Ueda et al, 1987b).

The nucleotide sequences of human mdr! (Chen et al, 1986), and what were
designated mouse mdrl (Gros et al, 1986b) and hamster Pgp! (Gerlach et al, 1986a)
became available in rapid succession. The complete sequences of all these genes
showed that the genes encode proteins of between 1276-1280 amino acids. The
sequence of the mdr genes placed mdr encoded P-gp in the ABC (ATP Binding
Cassette) superfamily of transport proteins. Other members of this family include a
number of bacterial transport proteins and the "shock" sensitive nutrient uptake
systems found in gram-negative bacteria (Gros et al, 1986b). The closest homology is
to Haemolysin B, a self contained membrane protein which mediates the energy
dependent extrusion of the protein haemolysin A. Proteins of the haemolysin group
include a hydrophobic region with six transmembrane segments and a nucleotide
binding domain, thus resembling one half of P-gp. This general homology to bacterial
permeases, provided a potential mechanistic basis for the MDR phenotype. From
sequence homology, it would appear likely that P-gp could act as an energy
dependant drug efflux pump, lowering the intracellular drug concentration and
thereby permitting cell survival.

The functional significance of the mdr-I encoded P-glycoprotein (P-gp) in
the mult-drug resistance phenomenon was later confirmed by transfection
experiments. Full length P-gp cDNA transfected into sensitive cells could confer the
MDR phenotype following drug selection of recipient clones (Gros et al, 1986a;
Croop et al, 1987, Ueda et al, 1987a) and even without drug selection (Guild er al,
1988). The postulated structure of P-glycoproteins has been deduced from the
nucleotide sequence and is shown in figure 1.2.

The coding sequence of P-gp comprise two halves (which are almost a direct
repeat of each other) connected by a linker of about sixty amino acids. Each half can
be divided into two domains of functional significance: an N-terminal domain which
has little similarity between the halves, and a C-terminal domain which contains
nucleotide binding sites and is largely identical between the two halves. Upstream of
the nucleotide binding sites in both halves of the molecule are six hydrophobic
segments which are predicted to span the membrane as shown in figure 1.2. It has
been postulated that these membrane loops could form a membrane channel through
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which drugs are extruded. In conjunction with the results of Hamada and Tsuruo
(1988) demonstrating that isolated P-gp containing membranes have ATPase activity,
all of the evidence is compatible with the postulated role of P-gp as an ATP-driven
pump which removes drug from the cell and thereby prevents cytotoxicity.

Figure 1.2 Proposed P-glycoprotein structure.
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NBS, nucleotide-binding sequence consensus region.
The potential N-linked glycosylation sites are indicated by the branches sprouting
from the polypeptide. Dashed lines indicate the linker region. (Adapted from

Kirschner et al. 1992)

Over five years later, the supra-molecular structure of P-gp has still not been
resolved. Freeze fracture electron microscopic studies suggest that mdrl probably
exists as a higher oligomer, most likely a dimer or a trimer (Arsenault et al., 1988;
Sehested et al., 1989; Weinstein et al., 1989). These findings would be consistent
with other integral membrane transporters such as Band 3, the anion transporter of
red blood cells (Jay and Cantley, 1986). This raises the possibility that mdrl
monomers may need to organize into higher oligomers for the formation of transport
pores that are large enough to accommodate lipophilic drugs moving out of the cell.

1.3.3 MDR GENE FAMILY
The manner by which the coding sequences for two human, three mouse mdr

genes, and two complete hamster P-gp genes were obtained is summarised by Van
der Bliek and Borst, (1989). A single gene has been cloned and sequenced in the rat
(Silverman et al, 1991). All of these genes have strong homology to each other.
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The nomenclature of the mdr gene family in different species is confusing.
The mouse genes were originally named according to the chronological order in
which they were isolated (Gros er al, 1986b; Gros et al, 1988; Devault et al, 1990). A
second group led by Horwitz adopted a functional based nomenclature (table 1.8) in °
which the two murine genes which were most closely related to each other were
called mdrla and mdrib (Hsu et al, 1989). Both of these genes are capable of
conferring the MDR phenotype by gene transfection. The remaining gene, known as
mdr2 by both Horwitz and Gros, does not confer drug resistance in transfection
experiments. The second human mdr gene was called mdr3 by Van der Bliek's group
(1987) because of its homology to the third hamster gene. The human mdr3 gene
also fails to confer resistance in transfection experiments and is more homologous to
the mdr2 gene of the mouse than the murine mdr! genes. The sequence homology
between the different mdr genes is given in table 1.7 which is adapted from
Silverman et al, 1991 and the different nomenclatures in table 1.8.

Table 1.7 mdr gene homologies (% nucleotide homology)

Gene Hamster Mouse Human
mdrla mdrlb mdrla mdrlb mdr2 MDR2

Human

MDRI1 83.5 75.7 82.2 78.7 71.1 74.9

MDR2 64.2 47.7 71.6 70.6 86.1 100

Mouse

mdr2 65.0 77.9 711 69.4 100

mdrlb 77.9 83.4 84.2 100

mdrla 89.3 76.8 100

Hamster

mdrlb 82.0 100

mdrla 100

The sequence comparison in table 1.7 shows that the human mdrl gene is
analogous to the mdrla gene in rodents. The mdrla and mdrlb of rodents are closely
related and have been suggested to have arisen by a gene duplication event which is
presumed to have arisen after the divergence of rodents and primates. It is also
noteworthy that the mdr2 genes are more closely related to each other than they are to
the mdrl genes of the same species. The conserved nature of the mdr2 gene indicates
that the protein probably has an important cell function, which is as yet unknown.
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Table 1.8 mdr gene nomenclature

Suggested Current Designation

Designation Human mouse hamster
mdrla MDRI1 mdr3 pgpl
mdrlb mdrl pgp2
mdr2 MDR2/mdr3 mdr2 pgp3

Along the length of the gene, the degree of cross-species and cross-isoform
homology varies. The areas surrounding the nucleotide binding sites are the best
conserved; generally the homology increases towards the 3' end of each half of the
gene. The linker region, which joins the two duplicate halves of the gene, is poorly
conserved (Hsu et al, 1989). This has implications for the ability to generate gene
specific probes.

1.3.4 DRUGS AFFECTED BY MDR

Some of the drugs which are generally considered to be affected by mdr
encoded P-gps are listed in table 1.9. These drugs have diverse cellular targets and
structure (Bowman and Rand, 1980) . The common feature of these drugs is there
hydrophobicity and, in the majority of cases, their flexible planar ring structure (Beck
and Qiang, 1992). The sensitivity to hydrophilic drugs such as bleomycin and
cisplatin is generally unaltered or even slightly decreased in MDR cells (Schurr et al.,
1989; Keizer et al., 1989). In this regard, the MDR phenotype falls short of being a
complete mimic of clinical multiple drug resistance in that it is not uncommon for
clinical drug resistance to be accompanied by resistance to drugs such as
methotrexate, cisplatin and bleomycin (Armitage et al, 1990).

The MDR phenotype has been most studied in drug selected cell lines. These
mdrl expressing cell lines often show a quantitative variation in the degree of cross-
resistance to the MDR spectrum drugs (Akiyama et al, 1985; Gekelar et al.,1990).
Generally resistance is highest to the selecting drug (Akiyama ez al, 1985) but this is
not universal (Guild er al, 1988). A notable exception is the colchicine selected
chinese hamster ovary cell line CHR C5, which is 180 times resistant to colchicine but
is 5000 fold resistant to gramicidin D (Gerlach ez al. 1986b). In the chronically
selected cell lines it is difficult to exclude other resistance mechanisms contributing
to this variation. However after transfection of functional P-gp cDNA among a series
of recipient clones (Shen er al., 1986b; Ueda er al., 1987b) variation still exists in the
quantitative resistance, even in the absence of drug selection (Guild ez al, 1988).
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Table 1.9 MDR phenotype drugs

actinomycin D etoposide mitoxantrone
doxorubicin epirubicin azidopine
vincristine vinblastine taxol
daunomycin puromycin gramicidin D
colchicine colcemid valinomycin

Because the primary interest in P-gp stems from the field of cancer
chemotherapy, most of the drugs commonly used to screen MDR cell lines are
chemotherapeutic drugs rather than some of the membrane perturbing agents used
originally in the characterisation of these lines (Bech-Hansen et al., 1976). This
concentration of effort is understandable from a clinical viewpoint. Of the drugs
included in the MDR spectrum, the anthracyclines, podophyllotoxins and the

|vinca alkaloids are of major importance in many treatment protocols. Doxorubicin has
formed the crux of many lymphoma treatment regimens since the efficacy of the
CHOP protocol (cyclophosphamide, doxorubicin, vincristine and prednisolone) was
demonstrated in the seventies (McKelvey et al, 1976).

In those studies which have not been confined to a cancer perspective,
interesting results regarding potential P-gp substrates have been found. Early work
suggested that some MDR cell lines have altered sensitivity to certain steroids (Bech-
Hansen et al., 1976) and in addition, P-gp is present at high levels in the steroid
producing adrenal cortex (illustrated by Bradley et al, 1990). This possible
connection with normal P-gp function spawned an interest in steroids as substrates
for the P-gp pump. Naito et al., (1989) and Yang et al (1989) examined the ability of
different steroids to inhibit vincristine and azidopine binding to MDR cell
membranes. Progesterone, of the steroids tested, inhibited drug binding most
efficiently. Curiously, subsequent work has suggested that the two mdrl genes in the
rodent can be differentiated by their differential binding of progesterone. Mdrlb, the
isoform found in adrenal and gravid uterus, binds progesterone more effectively than
the mdrla isoform. However, effluxing of progesterone by the mdrib expressing cell
line could not be shown (Yang ez al, 1990). Thus although there is a link between P-
gp and endogenously occurring steroids, there is still no definite proof of efflux of
endogenous substrates via P-glycoprotein.

1.3.5 HOW DOES P-GP RENDER CELLS DRUG RESISTANT?

There is ample evidence that MDR cells avoid cytotoxicity by keeping the
intracellular drug concentration low (Ling and Thompson, 1974; Fojo et al, 1985a;
Willingham et al., 1986). Numerous studies have demonstrated that MDR drugs can
bind to P-gp containing membranes (Cornwell et al, 1986; Naito et al,1988; Safa et
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al. 1989) and in the inverted vesicle model of Horio et al (1988) some of these drugs
have been shown to be transported across the membrane. Agents, such as verapamil,
which are known to reverse the MDR phenotype, also bind to P-gp and can
competitively block MDR drug binding (Safa er al, 1987; Foxwell et al, 1989). These
findings all support the general model of P-gp active transport, which was based on
the nucleotide similarities between mdrl and the ABC superfamily. However,
despite the acceptance of the active drug transport model in its' broadest sense, there
are still many uncertainties about the system. Firstly, what is the biochemical basis of
the diverse substrate specificity of P-gp? Secondly, how can P-gp confer resistance to
a large fold increase in external drug concentration yet reduce the intracellular
concentration by a much smaller fold difference (Fojo et al, 1985a)? Until these two
points are adequately answered, it is unlikely that the full benefits or limitations of
mdr modulator drugs will be understood.

West (1990) speculated about the mechanistic basis of P-gp substrate
specificity and discussed whether P-gp could be a transport system for diverse
xenobiotics which are recognised via a common chemical tag placed on them by
enzym