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CHAPTER 1

1.0. INTRODUCTION--Chronic Lymphocytic Leukaemia

Chronic Lymphocytic Leukaemia(CLL) is due to the proliferation and

accumulation of immune-incompetent B-lymphocytes arrested at an early

stage of their differentiation (Galton 1966; Dameshel 1967). Tt is the most

- _comﬁlon”adult ieukaemiainWestem Europe and North America. Despite
 this relative frequency progress in understanding and treating CLL has

been slow since the original clinical description in 1924 (Minot 1924). |

However, new insights into the biology of the :sease, better diagnééﬁc

and staging criteria (Binet et al 1981; Rai 1990) and the recent
development of more potent therapeutig agents are changing both the
outlook for CLL patients and physicians' complacency toward this diseasle.
Indeed, recent gains in remission rates and survival ( Dillman et al 1989;
Keating et al 1989; Juliusson et al 1993a; Keating et al 1993a,1993b;
Robertson et al 1993a) and the potential role of bictherapy and of bone
marrow transplantation(BMT) raise hopes for the eventual cure of CLL
(Bandini et al 1991; Michallet et al 1991). Because 95 percent of patients

with CLL exhibit a clonal expansion of committed B lymphocytes (Fialkow

1
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etal 1978). This review will ‘be restricted to B-CLEL.

 1.1.Epidemiology”

CLL accaunts for approximately 30% of all adult leukaemias in Western

* Europe and North America. However, the incidence of CLL varies widely

in different regions of the world, ranging from 2.5% of all leukemia in

Japan (Nishiviima. 1969) and other eastern countries and Africa to 38% in

. Demrlrgk (Brincker 1982). The apparently increasing incidence of CLL

over the last 50" years suggested by a Minnesota study (Call et al 1994)

probably relates to improved diagnostic criteria (Keating 1994).

The incidence rate is age-dependent. The disease is rare before the fourth

- decade of life (Spier ef al 1985) but increases with each succeeding

decade from 5.2 per 100,000 persons at age of 50 to 30.4 cases per
100,000 persons at 80 years (Cancer Statistic Review 1987). There is 2

male predominance, with a male-to-female ratio of 2:1.

3



i

N

-

N/‘

1.2. Etiology

1.2.1. Familial and Environmental Fa‘ctors'

. The etiology of CLL is unclear. Familial aggregates of CLL, usually

together with other types of leukemia, lymphoproliferative diseases or
autoimmune conditions, support the notion of a genetic factor in this

disease { Blattner et al 1979; Neuland et al 1983). The excessive risk of ~

- leukemia in people with one or more first-degree relatives with CLL has

been cstiniated as 2~ to 7-fold greater than the risk in individuals withbut

affected first-degree relatives (Cuttner 1992). Howevei"}.\twin studies do

‘not support a mdjor genetic factor (Brok-Simoni et al 1987). HLA linkage

studies in CLL have also been contradict&‘y (Finch 1992).

An increased risk of CLL in people exposed to a number of cheﬁaicals(e. g,
benzene, aromatic hydrocarbons) has been reported, although the evidence

is weak (Finch 1992). In addition, some studies have reported a

- moderately higher incidence of CLL among farmers, and petroleura and

.- wood workers than among other groups, suggesting an occupational

exposure as a factor in the etiology of CLL (Burmeister et al 1982; Arp et
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al 1983; Blair and White 1985; Finch 1992). Ionising radiation exposure

does not appear to lead to this type of leukemia (Foon et al 1‘:‘990; Dighiero
b " '

e;'al 1991; Finch 1992; Cheson 1994). CLL is the only leukaemia not

associated with occupational or accidental exposure to radiatioii or

alkylating drugs.

“1.2.2. Viruses

Numerous attempts have been made to assess the etiologic role of RNA and,

DNA viruses in CLL. The human T-cell leukemia/lymphoma virus I |

{(HTLV-D), a type C RNA retrovirus implicatgd as the causative agent in
adult T-cell leukemia (Gallo et al 1983) and persistent T lymphocytosis
(Kinoshita et al 1985) is not associated with classical ' CLL not-
withstanding early claims to the contrary (Garver et al 1984; Mann et al
1987). Likewise, reports of HTLV-I infections in subsets of Jamaican
patients (Blatiner etal 1981) whose uninfected CLL cells synthesized virus
p24, énvelope protein (Mann et al 1987; Mann et al 1988) and in West

African CLL/lymphoma patients (Fleming et al 1983) most likely reflect

*an immune reaction to the virus in high incidence areas, ratfier than a

leukemogenic role. Similarly, HTL V-II, which was initially thought to be

. :

6]




. direct evidence of a causative role.

associated with T-variant hairy cell leukemia (Kalyanaraman et al 1982;
Wachsman et al 1984) has not been convincingly linked to CLL ( Lion et 4

al 1988) or to other malignancies. Indeed, limited survey studies have

- suggested that the first known endemic HTLV-II infected bopulaﬁon was

at no increased risk of developing CLL, hairy cell leukemia or mycosis

fungoides (Hjelle etal 1991).

M

Finaﬂy, the role of DNA viruses, such as Epstein-Barr virus or
cytomegalovirus as etiologic agents in CLL remains highly 'speculyaﬁ'\"/e.

Although CLL.cells can be infected with the Epstein-Barr virus there is no

O

1.3. Biology

1.3. 1.k Clonality

CLL results from an accumulation of clonal B-lymphocytes with a
relatively mature phenotype. The clonal nature of the proliferating cells, "
initially suggested by the expression of a single Ig light chain (x or A) on

the cell membrane, was confirmed by showing that B cells from a given
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| patiént express aunique Ig idiotype specificity ( Pernis et al, 1974; Schoer

et al 1974; Fu et al 1975), a single pa%tem of glucose 6-phosphate

, dehydrogénase activity (Fialkow et al 1978), and clonal chromosomal

abnormalities (Solanki 1982; Juliusson 1986; I;j;g'h.iero 1991; Foon et
, {

- al 1990; Cheson 1994). Moreover, unique Ig géne rearrangements were

o
almost invariably observed, although in some cases heterogeneity of the

L hybridizaﬁoﬁpattém was seen, when probes for the he'avyﬁchain«J segment

“ were used (Johnstone 1982; Kbrsmej;er 1985).

134 ‘Phenotypic Characteristics of the Neoplastic B

- Lymp hocyté in CLL

. . Y :
-In the early 1970s, several reports based on the presence of surface

membrane immunoglobulin(Smlg) (Eskeland et al 1971; Grey etal 1971;
Preud’homme and Seligmann 1972; Ternynck et al 1974), C3dR

complement receptors (Pincus et al 1$72) and receptors for the Fc fraction

“of Ig (Dickler and Kunkel 1972) clearly established that CLL is usually

associated with expansion of a B cell clone.

O




The neoplastic B cell of CLL is currently known as the B1-B cell, in

contpaé't to the normal B cell which is désignated as the B23B cell (Kantor

1981
1901),

=

‘immunoélobulins(SmIg) are restricted to a single light chain and

In the neoplastic, CLL, Iymphocyte surface membrane

- frequently e‘xfjress IgM or both IgM and IgD. In the latter case IgM and
IgD have been shown to share idiotypic and antigenic specificities (Pernis
- et al, 1974;  Schoer et al 1 974; Fu ei al 1975). There is'controvérsy,

hqwever; as to whether the B lymphocytes in CLL display g, & and ¥

chains. Some studies have indicated that a heavy chain switch can occurin

B-CLL; hence, some authors have suggested that there is a degree of
‘maturation of malignant cells. Other studies have suggested that expression
of other immunoglobulin types is extrinsic and that these are not

synthesized by the malignant cell (Johnstone 1982).

In CLL B cells also express several antigens, including DR-related human
leukocyte antigens and B cell specific antigens. B cells in most patieats
with CLL appear to react with CD19, CD20, C[)24, CD37 and CD21
monoclonal antibodies (Nadler 1986, Foon et al 1990,' Dighiere 1991;
Pinto et al 1991; Polliack et al 1993; Cheson 1994). About 60% of

patients with CLL are positive for CD23 (Sarfati et al 1988), whereas

7
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" membrane positivity with CD22 is infrequent. B cellé in CLL and hairy cell

leukaemia have been found to express a 69-kD glycoprotein which is not *""

expressed by Tand B lympho cytes in normal blood, by thymocyte-cultured
T and B cell ]ymphoblaStoigi celi lines, or by acute lymphoblastic
1eukz:emia ¢ells (Agree et al ]986). In contrast to B cell prolymphocytic
leukaemia in which the cells constantly I/J/md the FMC?7 antibody this
reactivity is not common in CLL (Catovs%iv\ et al 1981). Reactivity with
CALLA(CDlO) is almost constantly negative, whereas reactivities with
‘ subepitopes.of CD2 (Small et al 1987, Deliq et al 1988; Merle-Béral et
al 1989) and CD11 (Wormsley et al 1990), as well as with CD6, CD7 and
the TQ1 antigen, have been reported in some patients with B-CLL ( Keller
etal 1987). CLL cells also depict the common bLL antigen(cCLLa) (Agree
et al 1986). Interestingly, myelomonocytic antigens have also been found

to be expressed by CLL B cells (Morabito et al 1987). Contrary to most

other B cell malignancies B lymphocytes in CLL are characterized by

three particular phenotypic patterns: (1) they almost always express low
amounts of Smig, although increased amounts of intra-cytoplasmic Ig have
been observed (Ternynck et al 1974, Dighiero et al 1976, 1980); (2) 31-
95% of CLL B lymphocytes f‘rm rosettes with mouse erythrocytes

(Stathopoulos and Eiliot 1974; Catovsky et al 1976); (3) in most cases

-




they express the CDS5 antigen, a 67kD antigenic determinant initially
described as a pan-T marker (Boumsell et ul 1978; Royston et al 1980;

Wang et al 1980).

CLLis generzﬂly easy to distinguish from reactive lymphocytosis and other
lymphoproliferative conditions. Five mature B cell malignancies should be
distinguished from B-CLL on the basis of clinical features, cytology and
phenotype (1) B-pro-lymphocyﬁc leukaemia(PL) (Melo et al 1986),
' characterized by extreme 1eukocytosi§(> 100 x 10°/L) and splenomegaly
with minimal or no 1ymphwimo\pathy ‘}The pro-lymphocyte is the
predominant cell in the peripheral blocsd(>55%; and usually > 70%) and is
characterized by its large size, prominent m.lcleolus and lower nuclear:
cytoplasmic ratio than the small lymphocyte in CLL. The phenotype of |
prolymphocytic leukemia is also different from that of lymphocytes in
CLL, with increased expression of surface Igs, low mouse rosette
formation, low CD5 expression and positivity for FMC7. However,
intermediate forms do occur. CLL-PL has features intermediate between
those of classic CLL and classic PL, and includes patients with typical CLL
that evolve to a ‘pro-lymphocytoid’ transformation as well as those with

an increased proportion of pro-lymphocytes at diagnosis; (2)Hairy cell



leukaemia(HCL) which may be confused with CLL in thoé‘e rare cases
withieukocytosis and a high percentage of circulating halry cells(so called
HCL ‘variant’, which has morphological features intermediate between
thos‘e of hairy cells and pro-lymphocytes) (Bennett ét al 1989). The
diagno‘sis of HCL can, however, usunally be ﬁade by momhology, tartrate-
 resistant acid phosphatase positivity and the combination of CDZS, LeuM5
and HC2 positivity; (3) Splenic lymphoma with circulating villous
iymphécﬁes(SLVL) (Melo et al 1987) which is associated with massive
-enlargement of the spleen, moderate leuk;)cytos‘is(lo-30 x 10°/L), small
monoclonal bands in serum. or urine (in approximately 60% of cases),
circulating lymi)hocytes characterized by short cytoplasmic villi, and
" membrane markers similar to those of B-PL; ‘(4) The leukaemic phase of
non-Hodgkin’s lymphoma(‘lymphosarcoma cell leukaemia’), generally
with follicular or diffuse small cleaved cell histology (Mintzer and
Hauptman 1983; Bennett et al 1989). Typical cells are often pleomorphic
with nuclear clefting. The disease can also be distinguished from CLL by
lymph node biopsy, histological pattern of bone-marrow infiltration and
immunophenotypic features, including strong surface Igs, low percentage
of mouse rosettes, FMC7 and often CD 10 positivity and a negative

¢ reactionwith CD5; (5) Waldenstrom’s macroglobulinaemia(in cases where

10
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circulating lymphocytosis is present). The malignant lymphocytes generally

have plasmacytoid features, however, and secrete substantial monoclonal i

IgM in the serum.

B-CLL should also be differentiated from mature T ceildisorders, which
are far less common than mature B cell disofders, (at least in Western
countries), and have been classified into four main types, includjng T
chronic lymphocytic leukaemia(or large 'granular lymphocytic leukeﬁa),

T pro-lymphocytic leukaemia, adult T cell leukaemia-lymphoma, and the

- Sézary syndrome (Matutes et al 1988).

1.3.3. Norfmal Cellar Counterpart of the CLL B Cell

A number of pelhﬂar and molecular features of B-CLL and normal CD5*

B cells are shown in table 1-1.
CD5*(B1-B) B cells constitute a small subpopulation of human B
lymphocytes in the lymphoid organs and peripheral blood(10%-15%) of

normal adults. The normal counterpart of the CD5*B cells which

1l
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Table 1-1 Similarities and Differences ﬁetween B-CLIL CD5' B Celis

and Normal CD5* B Cells

Productiozi of polyreactive anto-antibodies
Extensive somatic hypermutations

- Cross-reactive idiotypes

Mouse erythrocyte rosettes

- Myelomonocytic antigens

Low sig levels

EBYV transformability

Na/H * antiporter activity
Defective signai transduction
Ca* response

Bcl-2 gene expression

c-myc geue expression

CD5* B-
" CLL

| B Ceils

Yes

“No

Yes
Yes

_ Yes

Yes

No

Low
Present
Defective

QOver

expression

No

Norma’i

- Cps*

B Cells
Yes
No
Yes

-~ Yes

Yes 0
No

Yes

High

Absent

Normal

Low

expression

Yes
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proﬁi’erate n CLL Were initially located at the edge of fhie germinal centre
in human Iymph nodes (Caligaris~Capp;o et al 1982). It was
suﬁsequgnﬂy observed that a substantial number of B célls from 20-week-
old fetal lymph nodes and spleen express the CD5 marker as well as pt and
O chains on the surface membrane. These fetal cells also appear to share

the lectin non-re;3onsiveness and the inability to cap Smig characteristic

-of B 1ymphocy’cés (Caligaris-Cappio et al 1993; Gale et al 1994).

o

A high prevalence of CD5" cells during early .ontogeny has led some
authors yto assume that the CD5" B lymphocyte in patients with CLL
corresponds to expansion of an immature B c;ell clone arrested at a stage
bet*yeen pre—ﬁ and mature B cells (Salmon and Seligmann 1974). This

hypothesis, however, does not provide a satisfactory explanation for the

fairly high frequency of hypogammaglobulinaemia and autoimmunity

directed against biood cell components in B-CLL (Dighiero 1987, 1988).
These phenomena are only rarely observed in other B cell neoplasias.
Alternatively, it has been postulated that CD5~ B cells could correspond
to a separate B cell lineage. There is some evidence indicating that Ly 1-B

cells, the murine counterpart of human CD5* B cells, constitute a discrete

13
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B cell subset (Manohar et al 1982; Hayakawa et al 1985; Freedman et al

1987). However, no definitive evidence m(ucatmg that human CD5*B eells

~ constitute a separate B cell lin;;age is presently available.

Chronic lymphoproliferative disorders(CLDs) of B-cell lineage represent

a heterogeneous group of malignancies that include different histological

and clinical entities. The use of morphological criteria alone does not allow -

a deﬁniﬁvg: characterization of different types of CLDs (Table1-2). In the
last 10 years the use of moncclonal antibodies recognizing a variety of

surface molecules in most insiances has identified the normal B-cell

counterpart from which the malignant transformation originates {Harris et

al 1994). These studies were the first to draw a distinction between B

lymphocytes lacking or expressing the CD5 molecule, this antigen being
coﬂ;isténﬂy present in at {east two B-cell disorders(i.e., B-CLL and mantle
cell lymphoma), whereas CDS5- B-cell malignancies represent a

heterogeneous group of CLDs with discrete phenotype, including HCL,

marginal zone NHL, and follicular-centre NHL, among others ( Foon et

al 1986; Harris et al 1994). These diseases may be differentiated from
each other on the basis of the pattern of co-expression of several markers,

including CD5, CD10, CD11c, CD23, and CD43 (Table 1-3).

14
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Table 1-2 CLDs of B-Cell

Differential Diagnosis

e

Lireage: Morphologic Features»,d in

Lymphoma |Pattern | Small Cells | Large Cells
B-CLL' Diffuse with | Round(may Prolymghocytes
e pseudofollicles | be cleaved) P’graim‘inundblast_s
luc Difffuse, Lymphoid | Notie
interstitial | cell with
hairy'
projections
MCL Diffuse, Cleaved(may | None
vaguely be round or
nodular, oval)
‘mantle ZOone,
rarely
follicular
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Coﬁtinued:
 Lymphoma -Etern Small Cells | Large Cells
Centerfollicular | Follicular +/~ | Cleaved(centro | Centroblasts -
NHL diffuse areas, | cytes)
[;// rarely diffuse
Marginal z(j‘ne Diffuse, Heterogeneous: | Centroblasts
NHL : i interfol]iculér, round (small Immuncblasts
s marginal zone, Iymphocﬁes), "
occasionally Cleaved
follicular (marginal zone/
. (coloﬁization) monocytoid B
cells), Plasma | "
cells |
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134.B Cell:yDifferentiaﬁoz‘lq Antibody Production and Gene

Expression

Although earlier studies postulated that B-CLL lymphocytes were arrested

at an early stage of differentiation considerable evidesice has accumulated
that these cells are able to differentiate. A number of studies( Stevenson et
all1980; Caligaris«t’app!ib 1985a; Foon et al 1990; Dighiero etal 1991,

Cheson 1994), using anti-idiotypic reagents, showed that the pentameric

- form of Smlg was present in the serum of patients with CLL. Some studies

have indicated that the heavy chain switch can occur in B-CLL, and hence,
some authors have suggested that there is .a degree of maturation of
malignant cells (Baldini et al 1985). In vitro experiments with different
mitogens, sich as pokeweed, nocardia and phorbol'esters, have succeeded
in inducing differentiation of B-CLL lymphocytes ( Totterman et al 1980;
Okamura et al 1982; Gordon et al 1984; Miller and Gralow 1984). With
phorbol esters an increase in amount of RNA coding for secretory IgM
was observed (Totterman et al 1980). Interestingly, upon phorbol ester
stimulation normal CD5- B cells expressed CD5 (Miller and Gralow

1984) and B-CLL cells developed tartrate-vesistant phosphatase activity
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~and resembled hairy cells ( Caligaris-Cappio and Janossy 1985b),

whereas with ﬁpopolysadéharide they were found to express increased-

levels of Smig and "FMC7 (Caligaris-Cappio et al 1984; Caligaris-

. Cappio and Janossy 1985b; Freedman et al 1989).

Antibody production by CLL cells has only recently been assessed dy

sﬁldying the antibody activity of Ig-containing supernatants obtained after

stimulation of B-CLL lymphocytes with phorbol ester (Bréker et al 1988;

~ Sthoeger et al 1989), or by study/ring the antibody activity of hyﬁﬁdomas
 derived from B-CLL lymphocytes ( Borche et al 1990). These reports all

succeeded in demonstrating a high proportion of CLL B cells displaying

natural autoantibody activity. Indeed, about half of the cells displayed

rheumatoid factor activity and about 20% showed multispecific reactivity

against autoantigens such as DNA and cytoskeleton proteins ( Borche et al '

1990). These results confirm that CD5* B-CLL lymphocytes are frequently

committed to the production of natural autoantibodies. However, CD5™ B

lymphocytes from patients with follicular non-Hodgkin’s lymphoma have

also been found to be frequently committed to secretion of natural auto-

antibodies (Dighiero et al 1990).
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As for Ig gene expression, CD5* (B1-B) lymphocytes from CLL display a
réstricted expression of VH and VL geneéx. Ig VH genes of the relatively
small VH subgroupé, VH4 and VHS5, aﬁd the single copy VH6 gene are
rearranged at frequencies which are disprloportionate to the relative sizes
of these subgroups in the germline DNA. | Humphries and co-workersl
(1 988) reported that 30% of patients with CLL express VHZSl, which is
one of the two germline members of the VHS family. Logtenberg et
al(1989) found that B-CLL lymphocytes express VH4 in 50% of patients,
, VﬁS in 20% and VH6 in 15%. On the other hand, the largest VH gene
subgroup, the VH3 gene family, seems to be under represented (Schroeder
Jretal 1994, Stewart & Schwart 1994). Kipps et al (1988) found that a
high proportion of B-CLL cells, expressing x iight chain on the membrane
reacted with murine anti-idiotypic antibody raised against a monoclonal
IgM theumatoid factor, expressed the Wa i&iotype. Anadysis of x light
chain variable region gent;,s exi)ressed by leukaemic cells sharing the Wa
idiotype enabled these authors to demonstrate that the cells were expressing
the terminal, unmutated Hum Kv 325 germ line gene. Similar restriction
was found for VH genes, since ¢i: germ line VH1 51P1 gene, was found
to be expressed in 20% of patients with CLL (Kipps e! al 1989). Spatz and

colleagues (71990) reported the nucleotide sequence of a clone derived from

-20-




Soa patient with CLL which was found to bind iﬁyelin associated
glycerol(MAG) and denatured DNA. The patient was found to express a
VKIIIa gene with 96% homology with the germ line counterpart and a

VH3 gene whose germ line counterpart corresponded to the VH3-26gene.

Mdr genes and P-glycopfotein are variously expressed in CLL (Michieli
etal 1991; Shustik et al 1991 ; Sonneveld etal 1992; Wulf 1994). Of the
integrin family, the beta-1 integrin VLA4 is poorly expressed, while VLA3
1s constantly present (Baldini et al 1992; Moller et al 1992). The beta-2

integrin LFA-1(CD11a/CD18) is not eipressed (Woessner etal 1994).
1.3.5. T and Natural Killer Cells

In CLL a significant increase in T and natural killer(NK) cells has been
reported in untreated patients ( Catovsky et al 1974; Kay et al 1979;
Vuillier et al 1988). Abnormalities such as decreased T helper cells
(Chiorazzi et al, 1979), increased T sytotoxic-suppressor cells (Kay 1981)

and inversion of the T4:T8 ratio have been reported.

21-



The increase in these cells is probably polyclonal in nature, as indicated by

the lack of chromosome abnormalities and heterozygosity for glucose 6-

- phosphate dehydrogenase (Prchal et al 1979; Lucivero et al 1983). The

reason for this polyclonal increase in T and NK cells in CLL is unknown.

However, one study claimed that 25% of patients with CLL displayed

clonal rearrangements of the T cell receptor B from (Wen et al 1990).

Whetber these unexpected results favour the idea that, in some patients, the -

CLL target could correspond to a stem. cell with both B and T cell

differentiation ability and, in others, with myeloid differentiation potential

(Morabito et al 1987), as attested by occasional expression of these

makers, is as yet unclear. Functional studies of T cells from patients with .

CLL indicate that mitogenic responses to phytohaemaglutinate(PHAi are
usuajly, but not always, normal whereas reactivity to autologous or
allogeneic B cells is impaired (Gale and Foon 1987). Data concerning
helper, suppressor, NK and ADCC cell function are contradictory and

difficult to interpret (Dighiero et al 1991).

22



- 1.3.6. Hypogammaglobulinemia

Hypogammaglobulinemia occurs in 10-60% of batients with CLL, the
frequency depending on the Jevel used as the lower limit of normal

(Dighiero 1 98<§’). Hypogammaglobulinemia is the major cause of infection
n CLL. Patients with eatly stages of the disease tend to have defecfive .
specific antibddy respenses to infection or immunization (Chapel 1987;

Molica 1994).

. The pathogenesis of hypogammaglobulinenlia is poorly understood as the
phenomenon is- rare in other B cell malignancies, including acute
lymphoblastic leukemia, nodular and diffuse Iymphomas, hairy cell -

Ieunkemia, etc (Dighiero 1988). |

Although regulatory abnormalities in T cells may play a role in induction
of hypoganunaglobuliﬁemia data concerning helper and suppressor
lymphocytes, and NK and ADCC activity are contradictory and fail to
establish firmly the contribution of these cells to the develbpment of
hypogammaglobulinemia (Dighiero 1987, 1988: Molica 1994;
Schroeder Jr et al 1994). Based on information presently available it
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appears logical to assume that hypogammaglobulinemia is considered to be

the result of a dysfunction of non-clonal B(B2-B) cells and correlates with

‘tumor burden but not with previous treatment. Immune response to
vaccines is considered to be hampered by hypogammaglobulinemia

(Molica 1994; Schroeder Jr et al 1994).

Although a marked monoclonal(M) immunoglobulin component (usually
" IgM) is found in only approximately 5%: of patients with CLL (Miller et

al 1987; Pangalis et al 1988) asmall M component can be detected in the

- serum or urine in 80% of patients by use of high-resclution techniques -

(Beaume etal 1994). Inmost cases this M componentis secreted by non-

neoplastic(B2-B) cells.
1.3.7. Autoimmune Phenomena

Associated autoimmune phenomena are frequently ébsewed in CLL. The
autotoxic manifestations are mainly directed against cells of the
hematopoietic system (Hamblin et al 1986) and in most cases they reflect
abnormalities in non-neoplastic(B2-B) cells. Nevertheless, some cases have
been reported of antibodies produced by the neoplastic CD5*(B1-B) cell
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clone (Stoegher et al 1993). A positive direct antiglobulin teist has been

reported in 7.7435% of patients with CLL, depending on series and stage

. of disease (Grey etal 1971; Keller et al 1987). In the French Co-operative

Group series a posmve Coombs’ test was found at d1agnos13 in only 1. 8%

| (nghzero et al 1991). This low prevalence is prnbably explained by the

fact that the French Co-operative Group series mcluded higher numbers of

patients with early stage disease than was the case in other reports |

Autoimmune haemolytic anaemia occurs in 20-25% of patients at some

time during the course of the disease. Although one study descnbed acase

of cold agglutinin d1sease in which the autoantibodies were the product 01”
CLL B cells (Feizi et al 1983} in most instances autoantibodies againstred
blood cells are polyclonal, warm, reactive, and of type IgG and display
activity agamst monomorphic antigens of the rhesus system (Hamblin et al
1986). Tmmune thrombocytopenia is observed in about 2% of patients but
higher frequencies of increased platelet-associated Igs have been repbrted
(Hamblin et al 1986). Pure red cell aplasia and autoantibodies against
neutrophils are observed only rarely and there is conflicting evidence
concerning the frequency of other autoantibodies (Hamblin et al 1986).
This pattern is similar to that observed in primary iminunodeficiency

syndromes in which immune thrombocytopenia, autoimmune liaemolytic
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anaemia and pure red cell aplasia ate frequently observed (Dighiero 1988).

In CLL autoantibodies are not usually secreted by the malignant clone so

it may‘ be postulated that hypogammaglobulinaenlia" could induce a
_disturbance in the idiotypic network in such a way that anti-idiotypic
antibodies designed to antagonize autoreactive clones are not produced

(Dighiero 1988). Sultan and colleagues (1984) succeeded in supgressmg T

.‘

VY
production of anti-VIII autoantibodies by injecting mtravmeus E\M and

speculated that anti-idiotypic suppression, mediated by injected Ig‘s, could '

occur. However, no conclusive evidence concerning the role of
infravenous Ig in the treatment of autoimmune-associated phenomena in

CLL has so far been reported, |

A high proportion of CLL B cells display natural antibody activity with
about half of the CLL B cells having rheumatoid-factor activity and about
20% showing multispecific activity against autoantigens such as DNA and

cytoskeleton proteins (Borche et al 1990).
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1.3.8. Cytokines

The CLL cytokine network is complex. A variable pattern has been shown

in the response to different cytokines sﬁch as Interleukin(1L)-2 and B-cell

e \Eowth factors(e.g., BCGF, IFN alpha and gamma, and IL4). TNF aipha

and possibly IL-1 and IL-6, either alone or in synergy, act as growth factors

and IFN-gamma, IFN-alpha, and IL-4 inhibit apoptosis in CLL ( Hivroz
- etal 1986; Karray ei al 1987, 1988; Foa et al 1990; van Kooten et al

1992; Hoffbrand et al 1993; van Kooten et al 1993). These findings

may be indicati\?e of discrete stages of maturation and activation in patients
with CLL. Among these cytokines IL-2 appears to be the most consistent
activator, whereas IL-4 downregulates B-CLL lymphocytes in contrast to
its effect on normal B cells (Hivroz et al 1986; Karray et al 1987, 1988).

CLL cells also express IL-8 (Di Celle et al 1994).

Cytokines appear to be involved in CLL pathogenesis (van Kooten et al
1992; Mainou-Fowler et al 1994; Trentin et al 1994; Chaouchi et al
1996, Mainou-Fowier et al 1996; Trentin et al 1996). TNF-c, IFN-q,
IFN-y, IL-2, IL-4, IL-10, IL-13, IL-15, and basic fibroblast growth
factor[bFGF] enhance survival of neoplastic B lymphocytes by acting
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| eithe;r as growth ﬁ&ém(e.g., TNF-e, IL-2,11.-15); by inhibiting apoptosis

(e.g., IFN-c., \'fl:E&':’N-y, IL-4, bFGF); or by both mechanisms(e.g., IL-13). |

These effects take place through a nmumber of different and complex
pathways(e.g., IL-4 inhibits TNF-a-induced proliferation and also protects
cells from IL-5-induced apoptosis) (van Kooten et al 1992; Mainou-
Fowler etal 1994). However, these autocrine and parapﬁng pathways are

x
A

 far from being completely elucidated.

1.3.9. Cytogenetic Abnormalities
Chroinosomz;f azmlysm of CLL has been facilitated in recent years i)y the
use Bfmitogens ab\;ém stimulate CLL cells. These inctude the Epsiein-Barr
virus, phorbol esters, liposaccharide, and pokeweed mitcgen.;ln addition
techniques such as flurescence in situ hybridization(FISH) have been used
to enhance detection of chromosome abnonnaliﬁes. Tﬁsomy. 12 is the
most common abnormality detected, being found in 11% to 54%% of
patients with B-CLL (Juliusson et al 1990; Perez-Losade et al 1991;
Juliusson et al 1993b; Que et al 1993; Criel et al 1994; Witzig et al
1994). The variable frequency of chromosome abnormalities appears to
reflect differences in patient selection and in diagnostic criteria as well as
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the sensitivity ofthe techniques ﬁsed. For example, FISH identifies trisomy
12 more ﬁ'equenﬂy ‘than does conventional Eytogenctic analysis (Perez-
Losada et al 1991; Juliusson et al 1993b; Qué} et al 1993). The
i;}cidence of trisomy 12 in CLL is twofold to threefold higher when using
: tﬂe flurescence in situ hybridization technique( Escudier et al 1993).
Trisomy 12 has been variously reported to be associated with early (Han

et al 1984), progressive ( Oscier et al 1988), or advanced disease, as well

as with poor prognosis (Juliusson etal 1990; Escudieretal 1 993 } In some-

TEpOIts, tﬁsomy 12 appeared to be more frequent in 'atypical' CLL, with. -

more prolymphocytes or with lymphoplasmacytoidxdiﬂ"erenﬁaﬁon,r, thanin
typical or classic CLL (Que et al 1993; Criel et al 1994). Other reports
suggest that trisomy 12 ald;; 13“‘ detected in early stages whereas trisomy
- 12 combined with other karyotypic abnormalities occur in patients with
* advanced disease (" Escudier et al 1993). These findings have been
interpreted as an indicating that trisomy 12 might represent-the earliest
karyotypic change whereas complex chromosome abnormalities result
trom clonal evolution or treatment (Pittman et al 1984). Other smdies
howéver reported no correlation with clinical variables, including stage
(Que eral 1993) and prognosis (Oscier et al 1988) and stable chromosome

abnormalities in most patients in contrast to what is observed in other
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' chronic hematologic diseases(Nowell et al 1988). These findings raise

doubts about the role of m&iﬁﬁz in the pathogenesis of CLL.

1.3.10. Oncogenes

Oncogenes are geunes capable of conferring on. host cells the property of

nnfegulated grbwth. Although first identified as genes in retrovimses

(Stehelin et al 1976), oncogenes are derived from cellular, proto -

oncogenes their eukaryotic counterparts, and are found in normal cells of
specxes ranging from sea urchins to humans. Proto-oncogenes encode for
proteins that enable normal cells to responi to complex extracellnlar
sigals. There are considerable data to support the role of oncogenes,
especially myc, abl, rsc, and ras, inhumanneoplasia, including leukemia
" (Neri et al 1988; Browett and Norton 19£9). Abnormally activated proto-
oncogenes are detectable either in mutated or amplified forms, or on a
larger scale, as fusion proteins resulting from structural chromosomal
abnormalities, including transiocations and deletions. The best
characterised chromosome abnormalities in hemopoietic malignances. are
the myc- and abl-involving chromosome translocations in Burkitt’s
lviaphonia and chronic myeloid ieukaemias, respectively (Haluska ef &1
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1987).

A variety of approaches have been used to study proto-oncogene

expression in  CLL, including chromosomal analysis and gene
tranSfectidn, but none have praduced convincihg data lmkmg CLL to

oncogene abnormalities Erikson et al I 984; Butturini and Gale 1988;

Adachi et al 1989; Ohno et ai 1990; Zheng et al 1992).

_Although initial reports suggested involvement of the bcl-1 and bel-2 genes

in5%to ‘15% of patients with CLL (Butturini and Gale 1988; Foon etal

1990; Dighiero etal 1991; Raghoebier et al 1991; Newman etal]993}
Cheson 1994; Dyer etal 1994), subsequent;mdiesfaﬂedto corrﬁmﬂmsé
data. In one analysis of 100 patients with well-diagnosed, 'classic' CLL,
1o alteration of the bcl-1 or bel-2 oncogenes was detected (Gaidano et al
1994). This finding is in agreement with other reports (Rechavi et al

1989).

Althongh chromosome translocations are found infrequently in CLL, three
cvtogenetic abnormaiities have ‘been found which are of interest as
providing possible etiologic clues. These iuciude: t(14: 18), t(11; 14), and

~
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#(14:19).

.y Translocation(14; 18), which juxtaposes the Ig heavy-chain gene locuson

chromosome 14 to proto-oncogene bel-2 gene product on chromosomie 18,

although characteristic of follicuiar lymphomsa, is occasionally found in
CLL (Yunis et al 1987). This juxtaposition has been reported in

approximately 10% of cases of CLL without the t(14; 18) (Adachz et al

1989). Likewise t(11; 14), involving the J region of the Ig heavy chain on B

chromospme 14 translocated near the putative proto-on( agene bel-1 on

a . . v .
chromosome 11, is more frequently associated with intermediate-grade

lymphoma (Tsujimoto et al 1984; Medieros et al 1990) and

prolymphocytic lenkemia(PLL) thaa with CLL ( Erikson et al 1984). In

a few cases a t(14;19) has bect xeported with involvement of the bcl-3
gene (van Kricken etal 1990; Ohno et al 1993). Again, this abnormality

seems to be extremely rare (van Krieken et al 1990).

Abnormal bel-2 mRNA expression oceurs in only 5% to 10% of CLL. In
contrast to the follicular lymphomas, the translocation does not invoive the
3' region of the bcl-2 gene but rather of the 5' region (ddachi er al 1989;

Dyer eral 199+4). The majority of data indicate that bcl-2 alone is not able
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to transform B cells, but that cotransfection with c-myc confers ongogenic :

 potential (Fanidi et al 1992 ).

, Overexpi‘ession of the c«myc oncbgene, deletions of the Rbl gene, and
| mutations of the p53 sui:press\\or"gene havc; beenreportedinasmallnnmbér '

 of patients with CLL and small lymphocytic lymphomas showing climical
progressmn and morphologic trausformation (El-Rouby et al 1993 \

Mactolesy et ai I 994).
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Recn‘rrent abnormahnes mvolving chromosome 13>Ls ; the gite of the
reunobias‘t/mna(Rb 1) suppressor gene, are present in one-third to one-fifth
of the patlents with B-CLL (Juliusson et al 1990; Juliusson etal 1993b).
Other abnonnahues mciudﬁ deletions of the long arm of chromosomes 6
and 11, with variable brs . L;uims (Juliusson et al 1990; Juliusson et al
1993b). Deletions of chmﬁiosomc 6(g21923) have been associated with a
subset of lymphoid malignancies that exhibit larger, prolymphocytoid,

cells in peripheral blood (Offit et al 1994).




i
NN

. MNormal cell growth is alsoA limited by growth-constraining genes cailed
tamour-suppressor genes (Weinberg 1991). Inactivation of thesé genes
leads to unimpeded cell growth. In certain fumour-suppressor genes
mutation of one gene allele has no consequences and both alleles must be
mutated to induce uncontrolled cell proliferation.“ This simple recessive
* mode of action is exemplified by the retinoblastoma gene (Hollingsworth
etal 1993). Deletions of the Rb1 gene have been reported in 13%-31% of
the cases ‘of B-CLL (Peterson etal 1992; Sz‘z’lgerzba#er etal 1993), but
biallelic deleﬁ9ns of the Rb1 gene have not been observed, and patients
with monoallelic deletions have been shown to have normal Rbi gene

mRNAand proiein.

A . genomic region located telomeric to the Rbl gene, identified by the
D13825 probe has been found to be homozygously deleted in leukemic
cells from CLL patients. Further characterisation of this region may be of
great importance. It is possible that the D13S25 recognizes a new tumour
suppressor gene implicated in the pathogenesis of CLL (Brown eral 1993;

Hmvthora, etal 1993).
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1.4. Clinical Features

- 1.4.1. Clinical Preséntation and Laboratorv Abnormalities

Patients with CLL present with a spectrum of symptoms and signs.
Frequently, the diagnosis is made early in an asymptomatic mdlwdual
following aroutine complete blood cell count that exhibits lmphocﬁosm. |
\]\[n other patients, the diagnosis 1s made at the onset of constitutional
systems(fever night sweats, or we1ght loss), anmcreased suscepublhtyto
viral or bacterial infections, or an episode of autoimmune hemolytic
anaemia(AIHA). Likewise, physical findings range from no abnormalities
to Irmphadenopathy and/or organomegaly resulting from progressive
infiltration by clonal lymphocytes. Small, palpable lymph nodes are
_ initially localized, particularly to the cervical or mxi:mclavimlar areas.
However, as the disease progresses symmetrical lymphadenopathy becomes
widespread and lymph nodes enlarge and coalesce giving mise to large
umassas narticularly in the retroperitoneal and mesenteric spaces. Likewise.
splenoniégaly ranges from minimal to massive spleens that occupy most of

the left hemiabdomen. In most advanced cases nonlvmphoid organ

infiltration also occurs. particuiarly in the prastate (Worning and Dragsted
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1985), liver, and pleura, or, more rarely, other tissues (Cresson and Sieagl

1985: Gogoi et al 1989), resulting in organomegaly, effusions or other .

o

)
7/

infiltrative manifestations. In contrast to the dermatotropism exhibited by V4
[ ) y

r

T-lymphoid malignancies (Warin and Roberts 1979), lymphoid infiltration
. , o

" of the skin/s rarely observed in B-CLL and when it occurs is usnally

reactive rather than malignant in nature. Anaemia and thrombocytopenia, |
a //haﬂmark of bone marrow failuxe, occur m the most advanced stages of
ﬂm disease. Anaemia is usually normocytic and normochromic unless
reticulocytosisﬂ éssoc;afed with severe Caambs’ positive haemolysis causes

slight macrocytosis (Pirafsky 1978). Ig production abnormalities are A:”

which thongh observed in early stages of the disease (Faguet et al 1992)
progresses in frequency and severity with advancing diseése (Fairley and
Scort 1961) while monocional gammapathy, occurs w1 4% to 31% of
patients, depending on the sensitivity of detection methods used (Bermstein
et al 1992), and occasionally leads to glomerulonephritis and nephrotic
syndrome Waulin et al 1992). Blood chemistries sﬁow 1o consisrent

abnormalities except for rare hypercalcemia (Wang et al 1978).
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 frequent in CLL and include the following: panhypogammaglobulinemia,
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142. Djagnostic Criteria

The diagnostic workup of patients with CLL is shown in Tablel-4. The

- National Cancer Institute/Working Group(NCI/W G)(Che&org et al 1988)

and the International Workshop on CLL(IWCLL)(International workshop

~on CLL) have independently proposed criteria for diagnbsing CLL

"considered to be the threshold for defining CLL, but the NCUWG and -

(Tablel-5). In the past, an absolute lymphocyte count of 15 x 10°/L was

IWCLL lowered this threshold to 5 x 10%/L and 10 x 10%/L, respectively. In
fact, - CLL can be diagnosed when theré is an absolute increase in the
number of lymphocytes in the blood which are morphologically and

imrmunophenotypically comsistent with the diagnosis. The typical

phenotype of the neoplastic B lymphocytes in CLL.is Smig +/-, (3554; -

© CD1%9+, CD20+, CD23+, FMC7~, and membrane CD22 +/~ (Mtutes et ¢l

1994). Assessment of the degree of bone marrow infiltration. either by
aspirate or biopsy, is more useful for predicting the outcome of the disease

any in evaluating response to therapy than for diagnosis.
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Tablo 1-4 Chronic Lymphocytic Leukemia: Diagnostic Workup

Id

Physmal Examination
Blood Cell Counts(including reuculocytes) and Morphology

' Cell Markers(e.g., Smlg, CD5, Cd19, CD23, FMC7, CD4, CD8)
}Biochemical Paramete:s(iﬁcludin g LDH and beta-2 microglobulin

senm; levels)
5 Coombs Test
Immmoglobuj}n Levels |
Immunoelecirophoresis
Cytogenatics |
- Bone Marrow Aspirate and Biopsy -
~ Chest Radiograph |
- Chbest and Abdominal CT Scans '
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&N Table 1-5 Chronic Lymphocytic Leukemia: Diagnostic Criteria
‘/ 5 ) 3

1. Absolute Lymphocytosis in Peripheral Blood

> 5x 10° /L (NCI/Working Group)

> 10 x 10° /L. (IWCLL)
The majority of lymphocytes should be small and mature in

appearance

Morphologic Subtypes:
2.‘1 Typical or classic CLL: < 10% atypical lymphocytes

_2.2 Atypical or mixed CLL; CLL/PL: prolymphocytes in blood

p)

between 11% and 54%
Characteristic Jmmunophenotype: Smig +/-, CD5+, CD19+,

CD20+, CD23+, FMC7 -/+, CD22 +/-.
Bone Marrow Infiltration |

' > 30% lymphocytes in bone matrow aspirate, or consistent pattern

in bone marrow biopsy
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" CLL must be diffetentiated from other lymphoproliferative disorders,

particularly splenic lymphoma with  villous lymphocytes,

lymphoplasmacytic lymphomas, and mantle-cell lymphoma which may

- resemble CLL both morphologically and immunophenotypibaﬂy (Mulligan

and Catovsky 1991; Litz and Brunning 1993; Pangalis et af 1993). In this

 regard, the analysis of the immunophenotype of the lenkemic cells as weil

as their Acytogené)tic and molecular biologic features may be of help in
diagnosis of difficult cases (tablel-2, 1-3). Likewise, cases of CD5-

lymphocytosis shouid always raise the possibility of a disease other than |

- CLL:

The French-American-British(FAB) Group has divided CLL into dﬂferent
morphologic variants on the basis of the proportion of atypical'r?isrmphoid
cells in blood: (1). typical, in which most of the lymphocytes are small and
matare in appearance with Iess than 10% of atypical ones: (2). mixed,
CLL/prolymphocytoid(CLL/PL), when the proportion of prolymphecytes
in blood is between 11% and 54%,; and. (3). a more vaguely defined form.
with a variable proportion of atypical lymphocytes but less than 10%
prolymphocytes in blood (Bennet et al 1989); Whether this latter variery

truly represents a form of CLL should be reconsidered in the light of the
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existence of lymphomas which may be confused with CLL, as mentioned

above.

1.4.3.Prognosis

The median survival of patients with CLL has increased from about 5 yeanrs’i'7

.in the early 1970s to about 8 years in recent years. This is due to the larger

proportion of patienfs currently diagnosed when asymptomatic and in an

NN

garly stage rather than to treatment progress. Some patients have a survival T

7.
not different from that of the general population while others have arapidly

. fatal course. Clinical stages (Rai et al 1975; Binet etal 1981; International

Workshop on CLL 1981), bone marrow histopathology (Rozman et al
1984; Geisler et al 1986; Pangalis et al 1987), blood lymphocyte levels
(Baccarani etkal 1982; Rozman et al et al 1982), lymphocyte doubliﬁg
time (Montserrat et al 1986; Molica and Alberti 1987), lﬁphDME
morphology (Melo et al 1986; Vallespi et ul 1991), and cyiogenetic
abnormalities (Juliusson and Gahrton 1993b) are predictors of survival
(Table 1-6, 1-7, 1-8). These prognostic factors apply to all patients with

CLL regardless of their age (Montserrar et al 1991a).
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Table 1-6: Chronic Lymphocytic Leukemia: Rai Staging System

-42-
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e Median |
Survival
(Years)
Low-Risk Stage 0 - Lymphocytpsis alone >15 o
Intermediate- { Stage I - Lymphqujtosis ~ g
Risk Lymphadenopathy |
Stage IT - | Lymphocytosis 5
Spleen and/or Liver
; Enlargement
High-Risk Stage ITI - |} Lymphocyiosis 2
Anemia(Hb < 11 g/dL)
Stage IV - | Lymphocytosis 2
/ Platelets < 100 x 1071,




Median

Platelets < 10u x lO’/L

-43-

| Survival
{Years)
Stage A - | No anemia, No thrombocytopenia |12
less than 3 eniarged lymphoid
areas* | i
Stage B - No anemia, No thrombocytopenia |5
}_/ three or more enlarged areas"
Stage C - Anemia(Hb < 10g/dl) and or 2

* Lymphoid areas considered are: cervical, axillary, and mguinal

lymphadenopathies(whether uni- or bilateral), spleen, and liver. -

7
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. Table 1-8 Chréni’c Lympl;pcytic Leukemis: Other Prognostic Factors

Parameter Median ”
) Survival(years) |
Bone Marrow Histopathologic Pattern L
“ Non—Diffuse | 10
Diffuse - 3-5
Number of Lymphocytes in Blood
< 50/ 101 6
> 50 x 10°/L 3-4
_Doubling Time
" > 12 months 10
< 12 months 5
Lymphocyte Morphology in Peripheral Blood
< 5% Prolymphocytes 5-6
> 5% Prolymphocrtes 3-4
Cytogenetic Abnormalities
Normal Karyotype >10
Muttiple and Complex Abnormalities 5-6

N.B.: Number of lymphocytes and prolymphocytes in blood as well as
doubling time behave as continuous variables: the higher the number of
cells or the shorter the doubling time, the poorer the prognosis.

In most instances, these poor-risk factors are not found alone but

accompanying advanced disease.




‘Clinical staging systems remain the most useful prognostic parameters. .
"\ The two schemes mé;t widely used are the ones proposed by Rai etaland
by Binet et al (Table 1-6, 1-7). Other variables may add discrirainant
. . power t§ the clinical stages. For e@le, among patients in early stage,
those wnh diffuse bone marrow histopathologic pattern and/or rapidly
increasing lymphocyte counts are likely to progress whereas those with

non-diffuse bone marrow involvement and Jow, stable blood Iymphocyte

levels tend to have an indolent and non-progressive disease. This is the so-

called smoldering CLL, for which diagnostic criteria ﬁave been proposed
(Montserrat et al 1988a; French Cooperative Group on Chronic

Lymphocytic Leukemia 1990; Montserrat et al 19915) (Table 1-9).

There are several karyotypic abnormalities that may be prognosic
( Juliusson et al 1990; Juliusson and Gahrton 1993b). Patients with
trisomy 12 as their sole abnormality appear to have a shorter survival than
those with other single abnormalites, while patients with 13q~ anomalies
do as well as those with a normal karyotype. The complexity of the

karyotype and the proportion of cells with clonal abnormalities may have

-45-



S

SN

 ‘Table 1-9 Smouldering Chronic Lymphocytic, Leukemia: Diagnostic

Criteria

Mongserrat et al.(1988a)
Stage A
Non-Diffuse Bone Marrow Histopathology

Haemoglobin > 13 g/dl

_ Bleod Lymphocytes < 30 x 10°/1

Lymphocyte Doubling Time > 12 months

French Cooperative Group on CLL(1990)
A-1 | |

Stage A

Haemoglobin > 12 g/dl

Blood Lymphocytes < 30 x 10°/1
A-2

Stage A

Haemoglobin > 12 g/dl

Blood Lymphocytes < 30 x 10°/1

Lymphocyties in Bone Marrow Aspirate < 80%

Number of Lymphoid Area* Involved <2

* Lymphoid areas considered are: cervical. axillary and inguinal

lymphadenopathy(whether uni- or bilateral), spleen and liver.
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prognostic significance {(Juliusson et al 1990). Cytogenetic abnormalities

~ have correlated with clinical stage in scme investigations (Juliusson

. and Gahrton 1 993b).

The prognostic value of the immunophenotype ot neoplastic B lymphocytes

is unclear, with many studies yielding inconsistent or even contradictory
results. For example, in a large series of patients a high SmIg intensity or
low CD 23 membrane expression were associated with poor prognosis
(Geisleret al 1991 ), whereas in another study D23 expression was foun&
to be associated with other poor-prognostic indicators, namely, higher
WBC count, advanced Rai stage, and lymphadenopathy (Newman et al

1993).

LDH, thymidine-kinase, beta-2 microglobulin, CD23, and CD25 serum
levels have also been found to be of prognostic value in some studies
(Ellims et al 1981; Lee et al 1987; Lavabre-Bertrand et al 1994;

Reinisch et al 1994). Over-expression of mdr-1 and mdr-3 genes and p-

glycoprotein detection on neoplastic cells have been correlated with

7.




resistance to therapy and poor prognosis i1 some reports (Shustik et al

1991; Sparrow et al 1993).

Finally, response to therapy is associated wiih a better autcomeé?\lolica'

and Alberti 1987).

~ 1.4.4. Therapy

1.4.4.1. Treatment Goals

To prolong survival is the most importént aim in CLL therapy. However,
smce there are subjects with CLL in whom the disease does not affect
survival, treatment should not be ;iecided without taking risk factors into
consideration. In the majority of the paﬁents with CLL needing treatment
the most reasonable aim is to obtain the highest response with an
acceptable toxicity. However, in young patients with poor risk factors

experimental approaches with the cure of the disease as the objective are

warranted.
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1.4.4.2. When to Treat

Owing to their age, patients with CLL may also have other chronic diseases

which may preclude intensive treattnent approaches. On thé other hand, age '

by itself should not be considered as criterion for treatment. A number of

factors are generally acknowledged to justify therapy in CLL (Montserrat

and Rozman 1993; Rai 1993). Almostnone of the parameters listed below

are found singly but rather occur altogether in the same patient.

1. Disease-related symptoms (i.e. weight loss, fever without infection,

night sweats, weakness). Since systemic symptoms in. uncomplicated CLL

are rare infection or transformation of CLL to a more aggressive

| lymphoproliferative disorder [Richter’s syndrome(Robertson et al 1993c),

CLL/PL] should be excluded before assuming that these symptoms are due

to the disease.

2. Development of anemia or thrombocytopenia due to bone marrow

infiitration.
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3. Autoiminune hemotyﬁ'c enemia or thrombocytoperii’a. In such cases
treatment should be initisted with corticosteroids alone and cytotoxic

agents added only if no response is observed.

4. Bulky lymphadenopathy and/or sp[enomegétjz causing compressive

problems.

5. High blood lymphocyte count. The threshold for initiation of therapy 1s

 difficultto establish. Whereashyperviscosityand!orleukostasisisvéiyme .

in CLL and has been reported only with lymphocyte counts h%herthanﬁﬁe "

x 10°/L (Baer et al 1985) blocd lymphocyte counts above 30 to 50 x 10°/L

are associated with shorter survival (Baccarani et al 1982; Rozman et al

* 1982). In the absence of otherunfavorable factors or‘symptm'ralateim

hyperlevkocytosis treatment is not indicated unless the blood iymphacgte

count is extremely high(e.g., above 500 x 10°/L).

6. Rapidly increasing blood lymphocytosis(ic., doubling time Qi\‘-léss than

12 months).

-50-
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7. Hypogammaglobulinemia with increased susceptibility to bacterial
infections. Infection susceptibility usnally correlates with immunoglobulin
levels. Nevertheless, even in cases responding *to therapy

hypogammaélobuh"‘n&mia is usually not corrected. ; y

8. Massive lymphocytic infiltration of bone marrow(ie., diffuse {
| SRR
histopathologic ‘pattemjf' This is usually associated with other poor- ‘\;t

prognosis factors, particularly advanced clinical stage.

9. Complex cytogenetic abnormalities. In Vmost cases cytogenstc
abnormalities are associated with advancéél’ clinical stage and other poor-

prognosis features.

10. Advanced clinical stage. Clinical stage is the mostimportant paramster
| ~_ for deciding upon therapy. Patients in early clinical stage(Binet A, Rai 0)
LTI © usually have a long survival and should not be treated mnless the disease

7 progresses. On the other hand, patients with advanced clinical stage(Binet

| E C: Rai III, IV) have a median survival of less than 5 years and usually

~ reguire treatument.
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To summan'ze, paﬁents with no symptoms, early clinical stage, non-diffise
bone marrow infiltration, and low and stable blood lymphocyte counts have

[

exceilent prognoses and should not be treated unless the disease progresses.
\\{\» /

By contrast, patients with symptoms due to the disease, advanced clinical

stage, diffuse bone marrow involvement or high and fap1d1y increasing

(/

blood Iymphocyte counts require therapy.

1.4.4.3. How to Treat

1.4.4.3.1. Patients with L ow-Risk Disease A

Treatment of Paﬁmts in early stage(Binet A, Rai 0) has resulted in a delay
in the rate of disease progression but no survival benefit (Shuszzk et al
1988; French Cooperative Group on Chronic Lymphocytz’;‘:ileukemia
1990; Catovsky etal 1991; Spanish Cooperative Group PE THEMA 1991;
- Montserrar and Rozman 1993; Brugiatelli et al 1995). In fact, early
treatment has beeo shown to have a defrimental effect on survi;/al in some
studies (French Cooperative Group on Chronic Lymphocytic Leukemia

- 1990). Therefore, patients with early and stable disease should be observed
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" disease p,rogressm% ‘ )

at three- to six-month intervals and should be treated only in case of “ i

- {3

1.4.4.3.2. Patients with Intermediate- and High-Risk Disease

e

A proportion of patients in intermediate-risk stage(Rai I, II, Binet B) have

anindolent disease. These patients may be followed wjti no therapy as are R |

‘those with low-risk disease. Nevertheless, the majority of patients with

intermediate <('>lges of the disease and virtnally all patients with advanced
stage(Rai HI, 1V, Binet C), due to bone marrow infiltration, eventually

require thigrapy.

Over the last two decades, chlorambucil(e.g., 0.4-0.8 mg/kg orally every

two weeks) has been the treatment of choicé (Montserrat and Razman

3
{

1993). The combination of chiorambucil pius prednisone does not appear
to be superior to chlorambucil alowe (Catovsky et a’ 1991; Spamish
Cooperative Group PETHEMA 1991). In a series of studies from the same -
group, high-dose chlorambucil(10-15mg daily until complete reﬁssion or
toxicity) has given excellent results. In one of these trials response rates
obtained wnh high-dose chlorambucil(89.5%) were significantly superior
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to those achieved with a modified CHOP regimen(75%)(P < 0.001), and

%

survival was also significantly longer(median, 68 months vs. 47 months;
p < 0.005) in patients treated with high-doseﬂ chlorambucil (Jaksic and
Brugifztelli 1988; Jaksic et al 1995). These studies, besides showing a
doseéresponse relationship for chiorambucil in CLL, have opene’a the door

to further trials using this approach in CLL treatment.

Patients treated wnh combination chemcthemi;; regimens achieve higher
;fesp onse rates than those treated with chlorambucil zt standard doses, but
this does not translate into longer survival (Montserrat et al 1985;

Montserrat et dﬁ988b; Hansen et al 1991; Kimby and Mellstedt 1991;

Raphael et al 1991; Spamish Coaperative Group PETHEMA 1991;

Montserrat and Rozman 1993). -Nevertheless,ﬁ frontline treatment with
combinaﬁoﬁ;:hemuﬂxmapy(e.g.,.CHOP)maybejndicatgdintmnmalfoms
of the disease with compressive problems, a setting in which a rapid
response is desirable. For that purpose, local radiotherapy may also be
useful (Newcomb er al 1995). For patients failing frontline therapy purine
analogs, particularly fludarabine{e.g., 25mg/m*1.v. daily for five days every
four weeks) and 2-CDA (e.g., 0.10 mg/kg i.v. daily for seven days every

y
i

four weeks), are considered the treatment of choice, with response rates of
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40%-60% (Keating et al 1993b; Montserrat and Rozman 1993; O 'Brien

etal 1993; T allman and Hakimian 1995).

R,

s
~

, The number of previous ﬁé?ﬁnents, prior respoﬁée to therapy, patient age,
general status, serum albumin, and §-2-microglobulin levels correlate with
~ the response to fludarabine in previously treated patients (Keating et al

1993b; Montserrat and Rozman 1993; O 'Brien et al 1993; Tallmankand

Hakimian 1995). At present, frontline therapy with fludarabine or other -

purine analogs should only be considered in the setting of clinical trials.
N / S
The role of purine analogs in CLL therapy is further discussed below.

14433 Patients with_Cytopenias due to Immune

Mechanism

These patents i.e., stage C(IIL, IV) immune-should be treated initially with

corticasteroids with cytotoxic agents added only in case of no response

after two to four weeks of treatment. In patients with autoimmune

hemolytic anaemia not responding to or difficult to control with

corticosteroids plus cytotoxic agents, high-dese immumoglobulin or
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cyclosporm may bef__\’u'ied. A propprtion of these patients, however,
eventually require splenectomy or low-dose splenic radiation (dabo and
Walbom-Jorgensen 1985). Pure red-cell aplasia (PRCA) may occasionally
be associated ‘with CLL; good treatment. I'(F}:Slﬂts have been reporied with

cyclosporine (Chikkappa et al 1992).

. 1.4.4.3.4. Patients with Hvpersplenism

. In such cases, splenectomy or low-dose radiotherapy of the spleen mzy be

of benefit.

1.4.4.3.5. Therapy of Systemic Complications :

Hypogammaglobulinemia is frequentin CLL(40%-50% of patients) and is
the majorreason for infections, which are the most frequent cause of death
and a significant cause of morbidity. In a placebo-controlled randomi=ed
study 400 mg/kg of immunoglobulin given intravenously at intervals of
three weeks for one year was found to be effective in reducing the

L

incidence of infections (Cooperative Group for the swdv of
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Immunoglobulin az'n Chronic Lymphbcyn'c Leukemia 1988). Cost-benefit
cpnsiderations, however, make the routine use of immunogiobiiin in all
patienté with hypoganunaglobnﬁnemia questionable (Weeks et al 1991).
Lower doses of imnnmoglpbu]jn(e.g., 18g every three weeks, 10g every
three weeks, 250mg/kg every four weeks) might be as effective as higher

doses (Chapel et al 1994; Jurlander et al 1994; Boughton et al 1995).

The role of oral f\anﬁbiotics as prophylaxis has not been investigated.
Vaccines are considered to produce a suboptimal response because of the
impairment of the immune system. As in other settings, recombinant

hemopoietic growth factors may ovqfr/mme nenfropeniareiated to treatiment

(Hollander et al 1991). Finally, erythropoietin may be useful to treat -

anaemia unresponsive 1o other measures (Pangalis et al 1995).
1.4.4.3.6. Disease Transformation

In 3%-10% of patients CLL evolves irto a large-cell lymphoma(Richter’s
svndrome). The appearance of progressive lymphadenopathy or
splenomegaly, fever. night sweats. and increased LDH levels should raise
the possibility of diséase transformation. Although the prognosis of such
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an event is usually poor(median survival, less than six months), patients
responding to combination chemotherapy regimens may have longer

survival (Robertson et al 1993a).

1.4.4.4._15_Tew Treatiment Approeaches

~ 14.4.4.1. Purine Analogs

"Deoxycoformycin(Peiitostatin), fludarabine(Fludara), and 2-

chlord’deoxyadenosine(Cladribine) are related purine analogs with high

activity in CLL (French Cooperative Group on CLL 1994; Delarmay et al
1995; Rai et al 1995: Saven et al 1995; Tallman and Hakimian 1995;
Johnson et al 1996). Unfortunately there are no studies comparing the
relative merits of the diﬁerentpm.:ine analogs in CLL therapy. In single-
’atm,lmcontmlliedstudies,_highresponsemtes have beenreported with both
fludarabine (Keating et al 1993b; O'Brien et al 1993; Tallman and
Hatkimian 1995) and 2-chlorodeoxyadenosine (Delannoy etal 1995; Saver
et al 1995; Tallman and Hakimian 1995) both in patients with and those

without prior therapy.
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The preliminary results from a large randomized study comparing

fludarabine vs. chlorambucil in previously untreated patients show a higher

& CR rate for fludarabine(40/120, 33.3%) than for chlorambucil(9/113, 8.0%)

A

(p <0.0001), with the proportions of PR being the similar(45/120, 37.5%,
and 40/113, 35.4%, respectively)(Rai et al 1995). The follow-up of this
series is still too short to s¢e whether the higher CR rate obtained with

fludarabine will translate into a longer survival. Likewise, ma reported

trial in which fludarabine has been compared to CAP(cyclophosphamide,

doxorubicin, pr{;dniéone) for the treatment of patients with intermediate-

and high-risk sta{‘;ge CLL(Binet’s B and C stage) a higher response rate to

ﬂudarz}bine was iabserved in both vntreated(71% vs. 60%, p=0.26) and
pretreated(48% vs. 27%, p=0.036) cases. In the latter group, however,
remission duration and survival did not differ between treatment groups,
with ameéianremissim duration of 324 days after fludarabine and 179
days after ’CAP(p=0.22) and median survival times of 728 and 731 days,
respectiveiy. In untreated cases, on the other hand, fludarabine induced
significantly longer remissions than CAP, with the median not vet reached
after fludarabine and a median of 208 days after CAP(p < 0.601); this
effect also translated into a trend toward a longer overall survival after

fludarabine(p=0.087)(Johnson et al 1996).
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Taken together, these results are enconraging, but currently frontline
therapy with fludarabine or other purine analogs should only be considered
as part of clinical trials. Purine analogs are also being investigated in
combination ﬁth other drugs(e.g., cyclophosphamide, platinmm,

epirubicin)(ZTailman and Hakimian 1995).

The most important side effects of purine analogs are myelosuppression
A{ and inf;;:ﬁo:;/‘as; the latter seem to be more frequent in patients receiving
. concurrent corticosteroids in whom infections ’due to opportunistic
organisms(e.g., Legionella, Pneﬁmocysﬁs carinii, Toxoplasma, and
Listeria) may be observed (Cheson 1995). This is attributed to the decrease
in CD4 lymphocytes causefd by these agents. Many groups use some type
of antibiotic prophylaxis(e.g., co-trimoxazole, inhaled pentadmidine). In
patients receiving purine analogs this is a reasonable approach although
there is no formal proof of its effectiveness. Other side effects of concern
are the triggering of autoimmune hemolytic anaemia (Di Raimondo et al
1993; Myint etal 19935) and the tumour lysis syndrome (Frame eral 1992).
In addition. several cases of transfusional acute graft-versus-host disease

have been reported in patients treated with fludarabine (Maung et al 1994;

Briz etal 1995), which raises the point as to whether blood products should
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be systematically irradiated in patients receiving purine analogs.

~ 1.4.4.4.2. Biotherapy

Monoclonal antibodies(MoAbs), either alone(e.s, CAMPATH) or
conjugated with toxin(B4-block ricin), cyiotoxic agenté, or radiocisotopes

(") are being investigated. The response is usually partial and transient.

- MoAbs might be useful to eliminate residual disease in patients achieving

good response after chemri:tﬁerapy (Grossbard et al 1992; Stz‘cknéy and

. Foon 1992; Levy 1993; Rabinowe et al 1993a). Interferon-o. (IFN-e) has

only demonstrated activity in patients with early disease and no prior
therapy, although no CRs are obtained (Montserrat et al 1991c). Whether

IFN-¢. prolongsresponses achieved with fludarabine hasnot been explored

in large randomized trials. Data reported up to now have gi o

negative results (O 'Brien et al 1995) or some indication toward a beneficial
effect of IFN-¢ in terms of remission duration (Zinzani et al 1994). This

issue should be investigated further.

Interlukins(e.g., [L2. IL4, TL6) as well as antsense oligonucleotides are
also under study (LeMaistre et al 1991; Lelaistre et al 1992; Peng et al
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1995).

14443 Bonme _ Marrow / Hemopoietic __ Stem _ Cell

Tfansglantation

Tiansplantétionboth allogeneic and autologous, are increasingly performed
in CLL patients (Rabinowe et al 1993b; Khouri et al 1994; Michallet et al
| 1996). Inthe mcsfrecentupdate of the cases collected by the Europeaxilf and
. IntemationalyBone Marrow Transplant Registries (Michallet et al 1996),

the CR ratej in 70 patients allografted was 76%, and in 29 patients
autografted 83%, although in the latter group the CR rate of patients who

were not transplanted in CR was only 27%. The relapse rates were 11%

and 17%in the aﬂégmﬁﬁd and the autografted group, respectively. In turn,

the five-year survival probability was 42% in patients submitted to
allogeneic transplants and 52% in those receiving autotranspiants. Of note
' was the finding that 50% of the patients allo-transplanted died as a

consequence of treatment-related complications, whereas only 7% of the

autografted patients did (Michallet er al 1996). The higher morality of the

allografted patients in this series as compared to that found in single-centre
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 studies most likely reflects differences in selection criteria (Rabinowe et al

1993b; Khouri et al 1994). Interestingly, a likely graft-versus-CLL effect -

has been recéntly described (Mehta et al 1996). Cytofluorometry and/or

molecular biologic techniques demonstrate that some of the remissions

- achieved after transplan\t are molecular, with no evidence of residual

disease (Sadoun et al 1994; Michallet et al 1996 ).

Although the role of transplantation in CLL treatment has\mtyet been

defined, the possibility of performing a transplant sbould be considered in

N any yomg patlent with high-risk CLL. Since responses achieved with

g
Ao

s
i

pnnne malngs may be not only complete but also molecular(e.g., without
evidence of res1dual disease by cytofluorometry and molecular biclogy
studies), autotransplants are increasing likely to be performed in patients
with CLL. All transplanted patients should be reported to the International
Registries for a meaningful analysis. In this context, it is also worth

emphasizing that younger age by itselfis not a criterion for transplantation.
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CHAPTER 2

2.0. Drug Resistance--introduction

vChvemotherapy is curative in only a sm;ﬂl proportion of adult tumours(e.g.
Hodgkin’s and non-Hodgkin lymphoﬁa, acute leukemia, teratoma) and
more frequently in childhood carcinomés. Aépaxeqt ﬁfolongatiox} of
survival by chemotherapy has -been shown for small cell lung cancer,
ovarian cancer and breast carcinoma. Hdwever, in the majority of patients
~ with soﬁd @ours there is a less than 20% response to chemotherapy and
even curable tumours may relapse and become resistant. Resistance may
be either de novo or acquired cifher as a stable change within the cell, or
| be rapidly inducible within the cell after drug administration. Several
mechanisms have been described including altered drﬁg uptake, an
alteration in the amouat or the activity of glutathione transferases, DNA
repair and multidrug resistance, etc. Understanding these mechanisms may

help to improve the therapeutic ratio and develop new approaches.
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Mecharisms of drug resistance relating to pharmacokinetics can be
considered to operate from the point of administration to achievement of

cytocidal concentrations at the target site. Important factors may include

absorption, distribution and metabolism of drug. Numerous factors mediate |

bioavailability of 'drugs ranging from absorption to tumour blood supply.
These factors will not be discussed in this review which will concentrate
on'some recent advances in understanding drug resistance at the molecular

level.

2.1. Mechanisms of Resistance to Alkylating Agents-

Intreduction

2.1.1. Biochemistry of Alkylating Agent Adduct Formation

Alkylating agents form unstable positively charged ions( R~CH,-CH,")
that form covalent bonds with nucleophilic{electron rich) sites on DNA
bases (Saffhill et al 1985). This interaction appears to be the major
mechani:,;; for both cell death and mutagenesis due to alkylating agents
(Ludlum 1977). Ninety percent of interactions occur at the ring nitrogen

N7-guanine position, and less commonly at the ring nitrogens of other
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" DNA bases.

The extra-ring oxygen atoms are also targets for alkylating agent attack,

and the O6 atom of guanine appears to be frequently involved in these

*  reactions. The site of interaction is important in determining what effects

the adduct formation will have on the fate of the cell. For instance, adduct

formati¢n.at the N7-guanine position is important for the development of
intra- and interstrand crosslinks, with resultant DNA strand breaks and
termination of Df\IA repliéation leading to chromosome loss or cell death.

‘Adduct formation at the O6-guanine position appears more important for

the stereotactic changes it causes in the gnanine hase, with resultant DNA

misparing and mutagenesis.
¥

Iy

Structures of the Lc?ommonly used alkylating cents are shown in

Figure 2-1. With the exceptipn of busulfan, they all share the common side
chain,-CH,-CH,-Cl as the active moiety. Melphalan, ifosfamide, nitrogen
mustard, cyclophosphamide, chlorambucil, and the nitrosourea, BéNU ,
contain two of these groups and are considered bifunctional alkylators with

the potential to form intra- and interstrand crosslinks (Colvin, 1990 ).
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Figuare 2-1: Structures of commonly used alkylating agents.
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2.1.2. Resistance due to Decreased Cellular Uptake of Agents

Most of the alkylating agents are small, relatively nonpolar molecules, and
enter cells by diﬂ’uéion, rather than by active transport. No general
mechanism of active extrusion, analogous to the MDR transport system,

has been found for small molecules such as the alkylating agents. H

. Two alkylating agents have been found to enter cells by active transport,

and cells resistant to these agents, by means of decreased uptake, have been
described.' Mustargen(HN,, nitrogen mustard) is a structural analogue of
choline (Figure 2-1) and is actively transp orte& into the cell by the choline
?gnsport system (Goldenberg et ql 1971). Some researchers have
described tumour cell resistance to mustargen on the basis of decreased
activity of the choline transporter (Rutman et al 1968; Wolpert and
Ruddon 1969; Goldenberg et al 1970). Melphalan is an analogile of the
amino acid phenylalanine (Figure 2-1) and enters cells by at least two
amino acid transport systems (Vistica et al 1978; Begleiter et al 1979).
Resistance to melphalan due to decreased cellular uptake, associated with
alterations in the amino acid transport systems in murine L1210 leukemia
cells and Chinese hamster ovarian tumour cells has been described

(Redwood & Colvin 1980; Dantzig et al 1984). High extracellular

-68-



| hydrolysis(alkylation of water), but sifice the concentration of water is

™
4

concentrations of leucine and other amino acids that utilize the same
transport systems will also diminish the antitumour gﬁ’ect of melpﬁﬂan by
competitively inhibiting the transport of melphalan into the cell (Vistica et

al 1978).

AN
r" L
¢ i

2.1.3. Intraceliular Inactivation of Alkyiating Agents

'Alkylating agents contain reactive electrophilic(electron-seeking) atoms

and will spontaneously react with nucleophilic(electron-rich) atoms in

biological moiecuies. Most of the alkylating agents undergo

essentially the same in all cells, and cellular pH is reasonably constant, the o ﬂ

rates of this mode of inacﬁx?gﬁon should be the same for all cells.

2.1.3.1. Glutathione and Glutathiope-S-Transferases

Glutathione(GSH, Figure 2-2) is a nucleophilic thiol containing iripeptide,
which is present in variable concentrations in cells and is known to
detoxify electrophilic toxins. A number of investigators have found a

correlation between high cellular glutathione concentrations and resistance
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Figure 2-2:"Structure and constiment»aﬁ&ino acids of glutathione
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of tumour cells to alkylating agents (Calcutt G and Conners 1963;

Suzukaka et al 1982; Bailey et al 1992; Friedman et al 1992).

The reaction of glutathione w1th hucleog};ﬂes is enhanced by a family of

e
_

~ enzymes, glutathione-S-transferases (GSTS), and elevated levels of GSTs
have been associated with cellular resistance to alkylating agents (Buller

etal 1987; Robson et al 1987; Nakagawa et al 1990; Puchalski et al

\}99'0); In mammalian species the four major cytosolic GS\T families are

designated ud, -7, -u, and -6, Increased expréssé?’it of these various GST
isoenzyméé in cell lines is not associated with the same spectrum of dmg
r\‘esistance.m GST~a seems to be implicated in sg}i,trogcn, mustard (4ad
chlorambucil, cyclophosphamide, melphalan) resistance, while GST-ju is
associated with resistance to nitrosoureas and GST-n plays a role in a

pleiotropic stress response and could be linked to the MDR phenotype (Tew

199 4)- R D

Buthionine sulfoxime(BSO), an inhibitor of gamma-glutamyl-cysteine-
§vm‘hetase (Dethmers & Meister 1981), reduces cellular glutathione levels
and sensitizes tumour cells to alkylating agents in vitro and in vivo
(Kramer et al 1987; Skapek et al 1988; O’Dwyer et al 1992). As might

be expected, BSO also sensitizes some normal cells to alkylating agents,
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and in preclinical studies BSO administered in combination with melphalan

or byclophosphamidc has been associated with increased bone-marrow,
- renal, gastrointestinal, and cardiac toxicity in rodents (Ishikawa et al 1988;
Smith et al 1989, Friedman et al 1990). The combination of BSO and
- cyclophosphamide can be rapidly faial in the rat, and studies have shown
that this effect is due to cardiac tox@city, associated with profound
depletion of cardiac glutathione (Friedman et al 1990). Depletion of
glutathione in cells by cyclophosphamide in vivo (Gurtoo et ol 1981) and
by 4-hydroperoxycyclophosphamide in vitro (Peters et al 1991) has been
previdﬁsly demonstrated, and appears to be due to the reaction with
gluta;:h;qne of the acrolein released in the decomposition of 4-
hydm);cyck)phosphamide to phosphoramide mustard, the reactive
alkylating agent. Early clinical trials with the combination of BSO and
melphalan indicate that the myelotoxicity of melphalan is enhanced, but it
is too early to determine the therépeuﬁc index of the combina;;:ion (Bailey

- et al 1994).

The compounds ethacrynic acid and piriprost are inhibitors of glutathione-

S-transferases and will sensitize rat breast cancer cells and human colon

carcinoma cells to chlorambucil (Tew et al 1988). In a phase I clinical trial A

of the combination of ethacrynic acid and thiotepa, a sufficient dose of
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- ethacrynic acid could be administered to produce a decrease in-the

glutathione-S-transferase activity of peripheral blood mononuclear cells,

- and there appeared to be an increase in the hematopoietic toxicity of the

thiotepa (O 'Dwyer et al 1991).

2.1.3.2. Metaliothionein

Metallothioneins are thiol-containing proteins that bind metals and have
been reported to be associated with resistance to alkylating agents. Cells

rich in metallothionein were more resistant to cisplatin, chiorambucil, and

1\

- prednimustine than cells low in metallothionein (Endresém & Rusgstad

1987).Kelley et al reported that tumour cell lines resistant to cisplatin after
in vitro exposure to this agent expressed high levels of metallothionein and
were also resistant to melphalan and chlorambucil (Kelley et al 1988).
These authors also transfected tumour cells with 2 human metallothionein
gene and demonstrated that the geﬁe was expressed and that the transfected
cells showed resistance to cisplatin, melphalan and chlorambucil.
Chinese hamster ovarian tumour cells transfected with the human
metallothionein gene showed resistance to N-methyl-N-nitrosourea, but
the overall degree of DNA methylation was not affected, and the cells did

not show enhanced resistance to methyl methane sulfonate or N-

-73-



hydroxyethyl-N-chloroethylnitrosourea (Kaina et al 1990). ’Hierefore, the
association of metallothionein with alkylating-agent resistance may be
complex.

ot

2.1.3.3. Specific Metabolism

[
TN

Alkylating agents maﬁf undergo metabolism that alters the reactivity and/or
_other proﬁerﬁes of the agent. For éxample,' cyclophosphamide énd
ifosfamide (Figure2-3), are metabolically activated, and the active '
metabolites can be inactivated by further metabolism. The complek
metabolism of cyclophosphamide is illustrated in Figure 2-4. fosfsmide
undergoes an analogous metabolic sequence (Colvin et al 1990). The
parent compound is inactive and is activated by oxidation of a ring carbon
by hepatic P-450 microsomal enzymes. The resultant 4-
hydroxycyclophosphamide(or 4-hydroxyifosfamide)is in equi]ibriu;n with
the open ring aldophosphamide which can spontaneously eliminate
acrolein to produce phosphoramide mustard, an active alkylating agen‘g.
‘While production of phosphoramide mustard occurs extraceilularly, this
compound probably is a zwitterion at physiologic pH and enters cells

slowly. However, the less polar 4-hydroxycyclophosphamide enters cells
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Figure2-3: The oxazaphosphorine alkylating agents, the active metabolites

of which are inactivated by aldehyde dehydrogenase.
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* readily by diffusion and thus serves as a carrier to deliver phosphoramide

mustard(or ifosfamide mustard) into the cell.

SN

~y

As ﬂlligirated in Figure 2-3, aldophosphamide is a substrate for the
| aldehyde. dehydrogenase family of enzymes which metabolize
aldophosphamide(or aldoifosfamide) to carboxyphosphamide.
- Carboxyphosphamide does not decompose to form phosphoramide
mustard, is not cytotoxic, and represents the major urinary excretion
prozluct of cyclophosphamide, It has now been éstablished that bone
“marrow stem cells of several species and the epithelium of the small
iﬁtestine of the mouse(the only species so studied) are rich in aldehyde
dehydrogenase isozymes which inactivate aldophosphamide (Kohn and
Sladek 1985; Sahovic et al 1988; Russo et al 1989). This evidence
| strongly suggests that fhe characteristic high therapeutic index of the
| oxazaphosphorines is due to protection of at least the bone marrow and
gastrointestinal tract by aldehyde dehydrogenases. Aldehyde
dehydrogenase has been shown to be a significant mechanism of resistance
in murine lymphoid leukemia cells (Hilton 1984; Sladek ard Landkamer
1985), rat acute myeloid lenkemia cells (Koelling et al 1990), human
acute myeloid leukemia cells (Colvin et al 1988}, and human ovarian

tumour cells (Parsons et al 1990). Elevation of aldehyde aldehydrogenase
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in cells should produce speciﬁcrresistance to the dxazaphosphorines,

such as cyclophosphamide and ifosfamide.

2.1.4. DNA Repair

There are extensive mechanisms for the repair of damage to DNA including
alkylation damage in cells. Most of the better-characterized repair

mechanisms have been those for the repair of radiation damage and

alkylation by carcinogens.

The best characterized example of DNA-repair-based cellular resistance to

alkylating agents is the role of O-6-alkylguanine-alkytransferase(O-6-

, AGAT) in producing resistance to chloroethylnitrosoureas and other

compounds that alkylate the O-6 position of guanylic acid (Figure 2-5).
This enzyme removes alkyl grdups from the O-6 position of guanylic acid
units in DNA and thus prevents formation of DNA cross-links, or
depurination and strand breakage produced by monofimctional O-6
alkylating agents such as procarbazine and dacarbazine. It is mow
established that both rodent and humss tumors can be resistant to O-6

alkylating agents by this mechanism (Erickson et al 1980; Brent et al
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Figure 2-5: O-6 chloroethylguanylic acid and O-6 benzylguanine,

substrates for O-6-alkylguanine-alkyltransferase.
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1985; Bodell et al 1988; Pegg 1990), and this mechanism appears
to be a major reason for the resistance of human gliomas to
chloroethylniﬁosoureas and procarbazine (Bodell et al 1988; Schold et al
1989; Ali-Osman et al 1990). The alkyl group removed by O-6-AGAT is
bdund covalently to. the enzyme and results in the inactivation and
rﬁ.etabolic degradation of the enzyme. The administration of a
- monocfunctional O-6 alkylating agent, such as streptozotocin, will overcome
resistance to subsequently administered BCNU ( Pieper et al 1991). The
mechanism of this resistance reversal appears to be as follows. The
streptozotocin produces methylation of O-6 guanyl residues in DNA; these
- methyl groups are then removed by 0-6-AGAT; the enzyme is saturated
and depieted and the cells are then sensitive to BCNU until the O-6-AGAT
levels are restored by synthesis of new enzyme. Since streptozotocin and
other monofunctional alkylating agents may well have toxicities despite the
presence of 0-6-AGAT a perhaps more promising approach stems from the
cbservation that O-6 alkylated guanine analogues will serve as substrates
for the enzyme. A particularly promising compound to reverse O-6-AGAT-
associated resistance is the compound O-6 benzyl guanine for which the

enzyme has a high affinity (Dolan et al 1990, Mirchell et al 1992).
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While removal of DNA cross-links from celis has been kz;]own to occur for
some years, a role for a specifically enbanced cross-link repair méchanism
in cellular alkylating agent resistance, such as increased activity of an
excision endonuclease, has not been definitively demonstrated. However,
-anumber of lines of evidence are converging to indicate ,h;)w DNA: repair

may be enhanced in cells resistant to alkylating agents.

It has been known for some years that cells respond to DNA irradiation *

damage by arresting in both the G, and G, phases of the cell"cytzzle. These
cells are then able to répair the DNA damage before they undergo DNA
replication or mitosis, and are thus more tolerant of the DNA damage than
cells that continue in a proliferative phase. Undergoing DNA replication or
mitosis with damaged DNA produces further damage to the DNA and
chromesomes and enhances lethality. The wild-type p53 gene product is
associated with the G, arrest following gamma irradiation damage to cells

(Rastan et al 1991; Kuerbitz etal 1992).

Cells damaged by alkylating agents can respond with arrest in the G, phase,
and during this arrest DNA repair can occur. Cells that respond to DNA
damage with G, cell cycle arrest are more resistant to alkylating agents

than cells that continue to proliferate and enter into mitosis with
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alkylated DNA. A human lymphoma cell line with marked sensitivity to
nitrogen mustard failed to entéf Gr2 arrest after nitrogen mustard treatment,

as compared to a more resistant human lymphoma line (O 'Cornor et al

:1992). The G, arrest in the more resistant lymphorna cells was associated

~with higher lew)els of hyperphosphorylated(inaci;ive) cdc2 kingse in the

resistant cells. It has been postulated that in the resistant cells the cell-
cycle delay results from the inability of the cdc2 kinase to activate M-

phase-promoting factor.

Caffeine and other xanthine derivatives have been shown to preveut cell-

cycle delay in response to alkylating agents and to render cells more |

| sensitive to alkylating agents (Rao 1980; Fingert et al 1986, Teicher et

al 1991). Also, inhji)itors of enzymes involved in DNA repair, such as
aphidicolin (Franigurt 1991), which inhibits repair synthesis, and
novobiocin (Eder ét al 1987), which inhibits topoisomerase II, will reverse
this type of alkylating-agent resistance. Clinical trials have demonstrated
that plasma concentrations of novobiocin that reverse alkylau.g agent

resistance in vitro can be achieved in patients receiving high doses of

thiotepa (Eder et al 1991).
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2.1.5. Nucleotide Excision Repair( NER),/*"Polymerases and

DNA Repair

NER is an excinuclease system made np of multiple proteins that interact

to remove bulky DNA adducts and other lesions from DNA XP cell lines,

_ which are deficient in NER, are sensitive to several alkylating agents used

in cancer chemotherapy, including cisplatin and melphalan. But there is fio
direct evidence that NER is involved in resistance to chemotherapeutic
drugs, which act bv damaging DNA(Chaney and Sancar, 1996). At least
five mammahan DNA polymerases have been identified (Table 2~
1). NER is sensitive to the drug aphidicolin, as shown by experiments
with both cells and cell-free extracts (Dresler and Frattini, 1986; Nishida
et al 1988; Hunting et al 1991; Coverley et al 1992; Popanda and
Thielmann 1992). The known aphidicolin-sensitive DNA polymerases are
Pol & (Pol T in'yeast), Pol & ( poly IT in yeast), and Pol € (Pol I in
veast), whereas P\c‘l B is not aphidicolin-sensitive (Wang 1996). There is
good evidence that mammahan DNA polymerase o is not involved in
NER. Studies of intact and permeabilized cells have taken advantage of
other chemical inhibitors that can differentially inhibit polymerases, and
have concluded that DNA polymerase &, or & but not 4; is responsible for
NER synthesis (Dresler and Frattini 1986, Nishida et al 1988; Hunting
etal 1991; Popanda and Thielmann 1992). In line with this, monoclonal
antibodies that neutralize the activity of DNA Pol « in solution do not
significantly inhibit DNA-repair synthesis carried out by cell extracts
(Coverley et al 1992). The main cellular function of DNA polymerases o
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Table 2-1 Nuclear DNA Po!fmerases

/

DNA Molecular /, Human 4 8. cerevisiae
o Polymerases  Weight(kd)*  chromosome  gene

subunit map position

ol 165 Xp21.3 POL1

(cafalytig)

Pol « (middle 70 POL10

-subunif)

Pol a (primase 58 - PRI

subunit)

Pol o (primase 49 PRI2

subunit)

PolBo . 39 8pll-pl2 POL4

Pol § 124 19q13.3-q13.4 POL3
~ (catalytic)

Pol O (smali 51 7

subunit) B

Pol e ! 255(active 12924.3 ~POL2

(catalytic) fragment of

145)
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.V(‘Continued)b - |
DNA Molecular Human §. cerevisine
Polymerases Weight(kd)* ~ chromosome kgene
subunit map position
Polg (small ~ 55 “
subunit) =
Pol { 173 (S. REV3 o
(catalytic) cerevisiae) .
Pol { {(small 29(8S. REV7 .
subunit) cerevisiae)

* The molecular weight predicted from the open reading frame of the
human gene is given, unless otherwise indicated. See reference(Wang,

1996) for further information and literature citations.
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appear to be an essential role in semi-conservative DNA replication where

- . the associated primase activity confers the unique ability to synthééiéc an

RNA primer; and thé ﬂrst few nucleotides of each leadingxb strand and

Okazaki fragment (Weinberg and Kelly 1989; Tsurimoto etal 1990; Gray

 and Wong 1992; Arald et al 1994). | e

o~
[

DNA polymerase f(Pol f3) does not seem to play a direct role in cellular

| DNAcreplication (Tsurimoto et all 1990; Matsumoto and Kim 1995). A

role for Pol f in base excision repair is supported by evidence
déhlonsﬁaﬁng that cells deleted of both copies of the Pol B gene do not
support base excision repair in vitro and that rat Pol § dominant-negative
n}utants inhibit base excision repair in Sacharontyces cerevisiae (Clairmont

and Sweasy 1996; Soboi et al 1996). Pol B may also function in

' micleotide excision repair in Xenopus oocytes (Oda et al 1996).

2.1.6 In-Vive Resistance to Aikylating Agents

Resistance of tumour cells in vivo, with the same tumour cells remaining
sensitive in vitro, has been described (Teicher et al 1989). Certainly the

pH (Jahde et al 1990), state of oxygenation, and rate of activity of various

.
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metabolic pathwasin cells may vary considerably betweenﬂle*j;?;jiiitro and
in vivo settings, and between different locations in vivo. Poor vascular
perfusion and decreased penetration of drugs into the centre of tumour

“masses have been déinonstrated-and may be responsible for the poor
P

response of some in vivo tumours to alkylating agents. The presence of the

mdr drag-resistance protein in the endothelial cells of brain capillariss has

been described (Cordon-Cardo 1990; Nabors etal 1991). Since capillary

- endothelial cells in tumours proliferate under drug expé;sure along with

et

A
\;\\\’/

mm&;g cells, these cells may express drug detoxification enzymes and play”

~arole in drug resistance.

2.2. Topoisomerases and Drug Resistance

DNA topoisomerases are a unique class of enzymes that are responsible for
controlling, maintaining and modifying the structure or topology of DNA
during replication and translation of genetic material (Cozzarelli 1980;
Gellert 1981; Liu 1983; Wang 1985; Wang 1987). Based on fundamentai
differences in their reaction mechanisms, DNA topoisomerases are
classified into two types: DNA topoisomerase I and DNA topoisomerase
II. Human DNA topoisomerase I is a 100 kD monomeric protein encoded

by a single-copy gene located on human chromosome 20q12-13.2 (Liu‘ana,'
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Miller 1981; D ‘Arpa et al 1988; Juan et al 1988).- Two different isozymes
of toposomerase I, with molecular weights of 100 and of 66kD,
respectively, have been suggested to exist-in drug resistant tumour cells

/'\“u
L

(Pommkier etal ] 990).

Topgisomerase I (Topoll) is essential for DNA replication, chromosome
segregation, transcription and perhaps DNA recombination k?h/ang 1 987).
There are two isoforms of fopoisomerase II in mammalian cells that are ‘\
products of different genes (Chung et al 1989; Drake et al 1989; Jenkins
etal 1992; Tan et al 1992; Austin et al j993). These isofdrms are termed
e (170 kDa form) and (180 kDa form and have different pattc;ms of
expression, suggesting that they might perform different functions. The“oc

isoform is produced primarily in late S-phase and during the G,/M phase

"+ of the cell cycle (Woessner et al 1991). The gene encoding the o isoform

has been mapped to chromosome 17q21-22 in humans (Tsai-Pflugffider et
al 1988). The P isoform is expressed throughout the cell cycle, with higher
levels seen in non-proliferating cells (Woessner et al 1991) and is encoded
on chromosome 3p24 in humans (Jenkins et al 1992; Tan et al 1992). The
level of topoisomerase IIf is relatively constant through the kcell cyclé
(Woessner et al 1991). Most of the functions of topoisomerase II listed

above are ascribed to the o isoform; the B isoform may function in fRNA
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production (Wang 1987; Zini et al 1992).

Topoisomerase e is a key target of several clinically important

antineoplastic agents, including doxorubicin, epirubicin, mitoxantrone and

etoposide (Liu 1989; Osheroff et al 1991 ; Capranico (nd Zunino 1992;
Pomimier 1993). Topoisomerase I is a nuclear enzyme which alters DNA
tertiary structure through transient double-siranded breakage of the DNA

backbone and subsequent passage of a second intact DNA duplex through

 the break (Wang 1985; Austin and Fisher 1990; Osheroff et al 1991; Watt

and Hicksf?)n 1994). The aforementioned drags, as well as several other
jntercalaﬁhg agents, including amsacrine (Nelson et al 1984), trap the
enzyme m a covalently bound, reversible, complex with DNA, termed the
cleavable complex. The stabilisation of this complex prevents religation of
broken DNA and produces lesions which are thought to be cytotoxic by
virtue of their ability to inhibit the passage ofthe replication fork,
resulting in cell death via apoptosis (Liu 1989; Walker et al1991; Lock
1992). There is evidence that ﬂle cellular level of topoisomerase I
determines the extent of cleavable complex formation after drug treatment
and, therefore, the degree of drug toxicity. Low levels of topoisomerase Il
are associated with the induction of a reduced number of DNA lesions and

hence increased drug resistance (Beck et al 1993; Pommier 1993). The
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_converse relationship has been shown in mutant celi lines hypersensitive
to topoisomerase II inhibitors (deies et al 1988) and aiso in testicular
teratoma cell lines as compared with bladder cell lines (Fryetal 1991). On .
the dther hand, elevated levels of topoisomerase I haéye been associated
with resistance to DNA-damaging agents like X-rays, alkylating agents, and
cisplatin (Tan et al 1987, DeJong et al 1991 d, Eder et al 1993).

' Treatment with topoisomerase II inhibitors may increase the cytotoxicity

ﬁof DNA-damaging agents (DeJong et al 1993, Eder et al 1989), although

the mechanisms of these effects need to be fully defined.
2.3. Multidrug Resistance

Multidrug resistznce(MDR) is the phenomencn whereby exposure to one
drug induces cross resistance to a variety of agents of different chemical
class and often different mechanism of action to which the cell has never
been exposed. Multidrug resistance usually incindes resistance to
adramycin, vinca alkaloids and mitomycin C, but not platimum
compounds, bleomycin and alkylating ager ‘.. The mostintensively studied
mechanism of MDR is the expression of P glycoprotein(PGP), a 170kD
protein with six hydrophobic domains and a tandemly duplicated ATP

binding domain (Deuchars and Ling 1989; Endicott and Ling 1989 ).
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PGP acts as a transmembrane exporter of drugs but the normal substrates

have yet to be identified.

i

2.3.1. Chromosomal Location and Genomic Organisation of

the MDR Gene

.In man the MDR1 gene is located on chromosome 7 q21-31 and cousists of

an open reading frame of 1280 amino acids. There are 2 human and 3
'r\pdeivlt MDR genes (Table 2-2) (Croop et al 1989; Chin et ;11 1993;
Gottesman and Pastan 1993; Sikic 1993). Control of expl'es;ion of both
human MDR genes occurs at the level of gene copy number, trans crip&ipn,
ﬁagslation, and also posf—iranslaéona]ly. Isolation and seqil'encing\faf aone

kilobase portion of genomic DNA encoding the promoter region of the

human MDR-1 gene shows a consensus CAAT box and two GC box like

sequences but no TATA sequences. Although two potential promoter start
sites have been found, only the downstream promoter was activated in the
KB cells tested ( Ueda et al 1987; Chin et al 1993; Gottesman and

Pastan'1993).
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2.3.2. Melecular Genetic Studies

The gene encoding P-glycoprotein belongs to a multigene family. There

 twomdr genes in humans. MDR1 encodes the P-glycoprotein responsible

for conferring the MDR phenotype. The MDR2 gene has not been shown
to convey resistance to cytotoxic agents (Roninson et al 1986; van der
Bliek et al 1987, 1988). The cloning and sequencitg of the mammalian
L{[DR genes indicate that the P-glycoproteins are about 1280 amino acids
in length w1th two highly homologous halves (Endicoit et al 1989; Nooter

and Herweijer 1991; Pastan and Gottesman 1991; Roninson 1992).
2.3.3. Tissue Distribution of MDR Expression

Although the normal physiologic function of the mammalian mdr genes
remains unknown, these genes are differentially expressed in a variety of
normal tissues, particularly along the apical surface of secretory epithelium
of the jejunum and colon, bile canaliculi, proximal tubular epithelium of
the kidney, pancreatic small ductule epithelium, and the glandular
epithelium of the pregnant uterus (Fojo etal 1987; Thiebaut et al 1987;
Arceci et al 1988; Sugawara et al 1988; Cordon-Cardo et al 1989;
Croop et al 1989; Thiebaut et al 1989; Georges et al 1990, van der Valk
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et al 1990). In addition, P-glycoprotein is expressed at high levels in the
adrenal gland, placenta, capillary endothelium of the brain and testis, as
well as in hematopoietic precursors and lymphocytes (Cordon-Cardo et al
1989; Thiebaut et al 1989; Chaudhary and Roninson 1991; Chaudhary

et al 1992; Drach et al 1992).

2.3.4. Clinical Significance

There is evidence that the MD}H P-glycoprotein acts a channel for the
outward movement of adeﬁé;s\’ine triphosphate(ATP) under normal
physiologic conditions (4braham et al 1993) and as a volume-regulated
chloride channel (Gill et al 1992; Valverde 1992). Evidence has al#o been
presented which demonstrates that cortisol and aldosterone may be
physiologic substrates (Ueda et al 1992). The expreséionpattetn of MDR1
suggests that P-glycoprotein might be involved in the secretion of
metabolites and toxic substances into the excretory paths of bil¢, urine, and
the gastrointestinal tract (Cordon -Ccardo 1989; Thiebaut et al 1989). It
has also been proposed that the MDR1 transporter could serves as secretory
pathway for polypeptides lacking signal leader sequences (Muesch et al

1990).
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Because of the clearly defined role of P-glycoprotein in determ_inifpg the
MDR phenotype in vitro, a logical expectation has been that this
mechanism would also help to explain some ‘forms of clinical resistance
observed in human malignancies. This expectation has been further

f
heightened by the discoveries of a large numbe’ of noncytotoxic

’

compounds that are capable of reversing the drug efflux mechanism of P- )

glycoprotein (Goldstein et al ]992). Such agents include verapamil

(Tsurue et al 1981, 1982), cyclosporine A and several of its derivatives

(Slater etal I 986’a,> 1986b; {wentyman and Bleehen 1991; Twentyman

1992), reserpine (Beck et ai 1988), phenothiazines (Ford et al j989),

quinidine (Tsuruo et al 1984), the immunosuppressant FK506 ( Epand et

“al 1984; Arceci et al 1992; Naito et al 1992), the antifungal rapamycin

(Arceci et al 1 992), progesterone (Yang et al 1989; Qian and Béck 1990),
and tamoxifen (Ramu et al 1984). There is now considerable evidence that
these MDR reversal agents are capable of interacting directly with P-

glycoprotein and displacing the binding of cytotoxic drugs. Furthermore,

reversal compounds have been used successfully to sensitize MDR1-

positive tumours in the mouse model system ( Tsuruo et al 1981; Formelli
etal 1988; Hill et al 1988). For many of these drugs, widespread clinical
use as MDR modulators has been precluded because of side-effects

associated with their use at concentrations required to inhibit P-
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 glycoprotein(Ferry et al 1 996). However, some of these modulators, such

as verapamil and cyclosporine A, have shown clinical benefits in treatment

of refractory haematopoietic malignancies (Dalton, 1994). Recently, some

potent second-generation modulators have been developed and the most

potent of these include PSC 833 (Boesch et al 1991),

‘ GF120918(GGO18)Hyafil et al, 1993) and XR9051 (Dalé et al 1998). - -

Some of these compounds are currently in clinical trials. Thus, these data
| -

have suggested that not only might the level of P—glycoprotem,;@xpress") By

’ '\.‘é\\:ﬁ: .E\ /lr

e b}
SN d

predict the response of individual tumours to specific cytotoxic drug
combinationis, but also provide an important cellular target for reversing

MDR 1-mediated drug resistance.
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CHAPTER 3

Aim of the study

Treatment of CLL is usually mitiated when the tumour burden or bone
marrow failure warrants intervention. In the early stages of the disease,
treatment with the alkylaﬁng agent(e.g. chlorambucil) may be effective in
controlling lymphocyte proliferation for extensive periodé. In advanced
CLL, more aggressive doxorubicin-containing combination chemotherapy
may be used. Although treatment is frequently effective initially, intrinsic
or acquired resistance to cytotoxic drugs generally occurs as the disease
and treatment progresses. Ultimately most patients become refractory to

therapy, including therapy with alkylating agents.

A Melphalan (L-phenylalanine mustard) is a rationally designed alkylating

agent active against a variety of cancers. Since melphalan is the active
agent, requiring no further metabolic activation, the drug has usually been
used as a model for studying the mechanisms of alkylator resistance. In

order to improve the therapentic index of the alkylating agents, I hope to
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1).to investigate the mechanisms of drug resistance to alkylating agents in

chronic lymphocytic leukemia, using melphalan resistance as the model;

2).to find a way to overcome such_resistance.

The methods used'in this study were:

1). To determine the extent of interstrand DNA crosslinking, to ingcstigate
: N

the relationship between melphalan cytotoxicity and formation of

interstrand DNA crosslinking and cell cycle analysis in the melphalén-
resistant B-CLL cell line(WSU—QIfL) and in the melphalan-sensitive B-

!

lymphocyte cell line(WIL2). '

2). Tc{):( determine melphalan accumulation and efflux as well as levels of
glutathione and the important catalytic enzyme(GST) in the glutathione
conjugation of alkylating agent thiotepa in WSU-CLL cells as compared

to WIL.-2 cells.

3). To determine topoisomerase I and II expression and activity in

WSU-CLL cells and in WIL2 cells.

4). To determine DNA polymerase ¢ and f in WSU-CLL cells and WIL-2

-08.
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cells.

_5). To investigate the effects of Interleukin 4 on mahgmint B cells from

. patients with B-chronic lymphocytic leukemia(B-CLL).
: /.x’l : R . ‘ e
The aim of these inveéﬁgaﬁons is to better define the factors determining ]
alkylator resistance in CLL with the ultimate aim of finding methods of |

~ overcoming the problem of clinical alkylator resistance.
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,  CHAPTER 4

_ Materials and Methods

4.1 Materials

el

\ :"\Materials are shown in table 4-1 which were used in the experiments

described in the following chapters:
4.2 Methods

Tkis section describes some of the experimental methods common to the
mnvestigations described in the following chapters. Additional methods,

peculiar to specific studies, are described in the appropriate chapters.
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Table 4-1 Materials Used in the Experiments

Reagent Name

Manufactary Name

*2p-dATP

ZINa -

Amersham Life Science(USA) |

Contricon 100

Amicon,Inc. USA

Albuntin
Alkaline phosphatase-linked goat
anti-mouse or anti-rabbit [gG:

antibody

‘Aphidicolin

' 5-bromo-4 chloro-3-indolyl

phosphate Nitroblue tetrazolium
chloride |
Proteinase K |

Recombinant Interieukin 4

RNAse

Boehringer Mannheim (Frankfurt,

Germany).

Duibecco’s phosphate buffered

saline

Highveld Biologicals

(Johannesburg, S.A.)
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| Reagent Name Manufactory Name
Fetal Calf Serum Highveld Biologicals
RPMI 1640 (Johannesburg, S.A.)

[Chioroethyl-'*C] melphalan(50

mCi/mmol)

Moravek Biochemricals Inc(USA)

Monoclonal anti-human
‘l o

iiiopbisomerasé 1P p180 antibody

PharMingen(USA)

Activated calf thymus DNA
Agrose :
Aprotinin

BCH

Benzamidine

Choline chioride
Cystine
Deoxynucleotide bases
Ficoll-Hypaque
L-Leucine

Leupeptin

MTT

Si,gma Chemicals St. Lo.(Mo
USA)
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| Mauafactory Name

| Propidium Iodide ‘T\'\t\
| Soybean trypsin inﬂ:iﬁi?or ,

Tryptopban

Reagent Name -

Pepstatin | Sigma Chemicals St. Lo.(Mo
| Phenol/Chloroform/Isoamyl UsA)
Alcchol . | |

PMSF

Camptothecin
Doxorubicin

Monoclonal, antihuman

; tq)éoisomerase Il p170 antibody

Polyclonal antihuman

topnisomerase I antibody

Topoisomerase [ ass ~ kit

Topoisomerase II ¢ 3say kit

Prrified p170 kDa Topo II marker

TopoGEN, Inc. (Columbus,USA)

Melphalan

Wellcome (Pty Ltd)
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4.2.1 Cell lines and _Culture Conditions
WIL2 was obtained from ATCC, USA. It is a continuously growing B-
lymphocyte cell line which was isolated from the spleen of a Caucasian’

- male with hereditary spherocytosis.

'WSU-CLL was a gift from Dr R .M.Mohammad at the Wéyﬁe State
University, USA. It is a B-CLL cell line that was established from a{{§6-
year-old black male who had been diagnosed as suffering from chronic

' lymphocytic leukemia with an autoimmune hem(ﬂy,tic anaemié. Initial

treatment with cycloph‘osbhamide and prednisone orally was switched to

CVP(cvclophosphamide, vincristine, ﬁrednisoﬁe) duo to poor response. The
disease respond partially to this regimen for about a year then progressed.

There was no response to subsequent treatment with fludarabine(2 cycles)

and 2 cycles of VAD(vincristine, dox,orubincin, dexamethasone). He died

2 months afier the last cycle of VAD. WSU-CLL was establishes from a

sample of the patient’s peripheral blood during his terminal course.

Both cell lines are EBV-negative.

All in-vitro experiments were carried out in RPM1 1640 medium 10 % fetal
calf serum, penicillin (100 units/ml), and streptomycin (100 pg/ml).

Incubations were perfdrmed at 37 °C in a humidified atmosphere with 5 %

CO,.
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- Twentyman and Luscombe(Twentyman and Luscombe, 1”987).
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4.2.2 Cytotoxicity Assays

Cell number was determined using the MTT assay, based on active

o
H

mitochondrial reduction of 1,3[4,5 dimethylthiazole-2yi]-3,5 diphyl-

tetrazolium bromide. The assay used incorporated the modifications of

~ Cytotoxicity assays were performed using 5% 10° celis in 96-well microtiter

| plates in ZOO/A of culture medmm Melphalan solutions were prepared

}

daily in 70! % ethanol contmmng an equimolar conceniration of

hydrochloric acid. To minimize hydrolysis further dilutions were made in
aqueous medium immediately prior to use. Cells were exposed to
melphalan at concentrations ranging from 0-320 uM, to doxorubicin or

camptothecin at concentrations ranging from 0-5.0 M and to aphidicolin

at final concentrations in the range of 0-15 4M for up to 72 hours, Cells

were then washed with fresh medium, followed by addition of 25 il MTT

(4 mg/ml) i 200 4] of medium and incubated for 4 hours. Medium was

then aspirated and formazan solubilised in DMSO. Optical density was
read within 30 minutes in an ELISA plate reader at 540 nm. Each
experiment was performed in triplicate at each of the drug concentrations.
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The surviving fraction of cells (SF) foﬂowiﬁg treatment with each of the
drugs, compared to control (untreated) calls; was calculated for qu;h\\dmg

v concentration. Cell number versus drug concentration was plotted agﬂi the

v

"1Cs, value was calculated from dose response curves as the concentration

o/

of drug which reduced the number of viable cells to 50% of control.

4.2.3 Determination of Interstrand-DNA-Cross-Link

Formation

PR
S 4

- 'Cells were suspended in RPMI 1640 at 2 x 10° ceils/ml. ‘Ceﬁgi?werq .

[

exposed to various concentrations of melphalan at 37 °C for 60 méﬁﬁtqs
after which the cells were centrifuged and washed once in fresh RPMI
1640 at room ﬁemperatme, thén resuspended ir drug-free mediom and
re-incubated forup to 24 hours at37 ° C; Viability of control lymphocytes
(without melphalan exposure) was > 90 % at the end of the 24 hour period.
Interstrand-DNA-cross-linking by melphalan was detected by an ethidium
bromide fluorescence assay based on the method of De Jong and co-
workers (De Jong et al, 1986). Cells and incubation medium from test

wells were added to 200 pl of a lysing solution cousisting of 4M NaCl,
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~ 50mMKH,PO,, 10mM EDTA, and 0.1 % (w/v) Sarkosyl (pH 7.2). RNA-

DNA and protein-DNA cross-links were digested by addition of 20 ul of

bovine pancreas RNAse (0.5 mg/ml) to the lysates, which were then

incubated at 37 °C for 16 hours. Following the incubation, 25 ul of

. proteinase-K (0.5 mg/mi) and 25 pl heparin (500 IU/ml) \;vere added for 30

min at 37 °C. Ah'quots of the ;esulﬁng lysates were denatured by heating

at 100 °C for 5 min and were then rapidly cooled to 23 °C. Each of the
résulﬁngwsamples were added to 3 ml of a solution containing ethidium

bromide (10 pg/mi), 20 mM K,HPO, and 0.4 mM EDTA (pH 12.0) in test

tubes wrapped in aluminum foil to prevent light-induced cleavage of DNA
by ethidium bromide. F Tuorescence was measured, both before and after

denaturation, in 1 cm?® cuvettes (at 23 °C) at an excitation wavelength of

525 nm and an emission wavelength of 580 nm in an LS 50 variable

wavelength spectrofiuorometer (Perkin Elmer, Norwalk, CT). The
percentage of cross-linked DNA was determined by megéuring the
difference in fluorescence of denatured control cell lysates and the
denatured melphalan-treated samples by the formula:

fi-f
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Where C,% = the percentage of interstrand cross-linked DNA in treated

cells; f, = fluorescence intensity after heat-denaturation divided by
. . - 3

fluorescence intensity before heat denaturation in treated cells;

f, = fluorescence intensity after heat denaturation divided by fluorescence

| intensity before heat deﬁaturaﬁon in untreated cells.

PR
{3

&
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CHAPTER 5

Cvtotoxicity, Interstrand-DNA-Crosslinks and Cell qu)e »

Analysis in the Melphalan-Sensitive B-Lymphocytic Celi

Line(WILZ[ and in the Melphalan-Resistant B-CLL Celi

Line(WSU-CLL)

5.1. Introduction:

Alkylating agents remain an important class of chemotherapeutic drugs.
These agents show a wide spectrum of clinical activity and high antitumour
effectiveness (DeVita et al 1993). There is considerable evidence

(Evickson et al 1977; Ewig and Kohn 1977; Kohn 1977; Ewig:\c;;szohrg

1978; Ross et al, 1978; Hansson et al 1987) to suggest that interstrand

cross-linking of cellnlar DNA by the bifunctionally alkylating chioro-ethyl
carboninm ions constitutes the major cytotoxic event and consequently the

major antitumour effects. Unfortunately, resistance to alkylating agents,

 either de-novo or acquired, does oceur and such resistance remains a major
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limitation in cancer chemotherapy. Several mechanisms of resistance to
alkylating agents have been reported, including 1) alterations in drug
tfanspbrt (Redwood and Colvin 1980; Begleiter et al 1983; Ricﬁon et al
1987; Teichner et ql 1987; Waud 1987; Friedman et al 1988; Bungo et
al 1 99}{)); 2) elevated levels of secondary, non-essential, targets such as
glutatéione (GSH) (dhmad et al 1987; Richon et al 1987) or
metallothioneins (McGown and Fox 1986; Kelley et al 1988); 3) increased

glutathione-S-transferase activity (McGown and Fox 1986; Waxman,

1990); 4) enhanced repair of DNA mono adducts or of DNA cross-links

(Bedford et al 1988; Bodell et al 1988, Eastman and Schulte 1988;
Masuda et al 1988; Pegg et al, 1990). Aun altemative mechanism by
which alkylating resistant neoplastic cells escape drug targeting may be
their ability to arrest their growth cycle in response to DNA damage. Cell
cycle checkpoints present at G,-S and G, allow the cell to assess DNA
integrity before replication (Hariwell and Weinert 1989). Extensive DNA
damage may lead to programmed cell death, known as apoptosis (El-Deiry
et al 1994); however, lesser DNA damage can arrest cells in the growth
cycle to allow time for assessment and repair of drug-induced damage

(Kastan et al 1991).
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Although the precise mechanisms involvedinthe development of resistance
to the alkylating agents in the clinical situation are stili the subject of much
investigation it has been suggested that resistance s probably -
multifacfon'al in origin (Hilton 1984; McGown and Fox ] 986; Ahmad et
al 1 987; Richon et al 1987; Eastman and Schulte 1988; Masuda et q{

1988; Batist et al 1989; Pegg 1990; Waxman 1990).

T amr”

In the present study, we investigated the cytotoxic activity and interstrand
DNA-cross-linking effects of melphalan and cell cycle characteristics in
the melphalan-sensitive B-lymphocytic cell line(WIL2) and in the

m.élphalan-rqéistant B-CLL cell line (WSU-CLL) in order to elucidate

‘possible mechanismas of resistance to alkylating agents,

5.2. Materials and Methods:
Cell culture, cytotoxicity assays and determination of interstrand DNA
cross-linking which were used in this investigation are described in detail

in Chapter 4.
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Cell Cycle Analysis: \/

'Cells were exposed to melphalan for one hour, After tré?ihnent, cells were

washed three times with medium, fresh medium was added, and cells were

re-incubated for various time(4 hr and 16 hr) Cells were washed and

o centnfuged Cell pellets were resuspended in 300 ul of ice-cold PBS
,contmnmg 19 6F CS and fixed by addition of 760 ul of 100% ethanol for 15
" min at 4 °C. Fixed cells were washed twice in 1ce-cold 1% FCS/PBS

resuspended in 500 pl of PBS containing 1 mg/ml RNAse (Boelmnger t

Mannheim, Germany) and incubated at 37 °C for 15 min, Cells were

washed and centrifuged. DNA content was determined after the a,ddiﬁon

of 50 pg/ml propidium iodide(Sigmé Chemical Co., USA) in PBS. Cell

>‘,cyc1e ‘analysis was “performed using an EPICS XL-MCL Flow

cyiometer(Coulter I:‘";..\if\;\ctronics, FL, USA). Data were analyzed using

MultiCycle AV softwérekPhoenix, CA, USA).

Statistics: Differences were tested for statistical significance with

Student's ¢ test.
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53.Results: * 5

it
|

Cytotoxicity and Interstrand DNA Cross-links:

In-Vitro Cytotoxicity by Melphalan:

e
I =

T

The telauonsmp be*ween melphalan concentration and cytotoxicity for =

- WILZ cells and WSU-CLL cells is shown in Figure 5—1 The median IC,,

for WILZ cells was 8. 57:i:1 08 uM. The median IC50 for WSU-CLL ceﬂs .

223 18+6.45 pM. The IC,, values were obtamed from, ten mdependent

expenments Studistical analys1s showed that WSU~CLL ce]lq were

4

V apprommately 26 times more res1sta11t tothe cytotox1c effects of melphalan '

than WIL2 cells(p<0.001).

i

The amount of interstrand-DNA-cross-linking (C,%) produced following
a 60 minute exposure to various concentrations of melphalah, measured
after drug-free incubation for 4 hours, demonstrated a clear dose response

relationship betweer: increasing concentrations of melphalan and C% in
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figure 5-1:

Cytotoxic effect of melphalan (MLN) on WIL2 celis(4) and
WSU-CLL cells (H). Points represent mean + S.D of ten

independent experiments. The significant difference was

found when WIL2 cells and WSU-CLL cells were .

compared(p<0.001).
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both cell lines. The percentage of interstrand-DNA cross-linking achieved

 at the end of 4 hours drug free incubation at any given concentration of

- melphalan was substantially lower in WSU-CLL cells as compared to that

found in WIL2 cells (p < 0.001) (Figure 5-2). The relationship between
cytotoxicity and C% after short term melphalan exposure is sﬁown in
Figure 5-3. Thire was a significant djfference(p<0.01) between WIL2 |
cells and WSU%LL cells with a greater degree of toxicity at any given
C% in WiT.Z cells. The relationship between cytotoxicity and (:% was
influenced both by drug dose, and as will be demonstrated in the next
sec,tion, by the kinetics jof interstrand-DNA-crosslink f\i;xmation and

removal.

The Kinetics of Interstrand DNA cross-linking:

To better define the kinetics of the formation and removal of interstrand
DNA cross-links, C% values were determined at 0, 4, and 24 hows

following a 60 minute incubation with 40 pM melphalan.  After

melphalan exposure for 60 minutes the cells were washed and incubated in
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Figure 5-2: Percentage of interstrand-DNA-cross-links (Ct) assessed
after 60 minutes melphalan"-(MLN) exposure followed by 4
hours drug free incubation in WIL2 cells(A) and in WSU-
CLL cells (). Points represent mean = SD of ten

g
independent experiments. The significant difference was

found when WIL2 cells and WSU-CLL cells were

compared(p<0.001).
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(Figure 5-3: Surviving Fraction(SF) following 60 minute exposure to |
various conceuntrations of melphalan (MLN) and 72 hour

drug free incubation in WIL2 cells (&) and WSU-CLL cells

7 ,
i SN - (W). Interstrand-DNA-cross-links (Ct %) values obtained for
WIL2 cells represent means at 0, 0.625, 1.25,2.5, 5, 10 and

20; for WSU-CLL cells represent means at 0, 10, 20, 40, 80,
160, and 240 1M melphalan respectively and were measured
after 1 hour drug exposure followed by washing and 4 hours

incubation in drug free medium.
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* drug free medium for the stated times. Viabﬂﬁ}”r of lymphocytes was

> 90 % at all test times.

Peak“ levels of interstrand-DNA-crosslink formation (C%) were evidenit

izﬁﬁ;édiately following the 60 minute pre-incubation with 40M melphalan
in WSU-CLL cells. However, in WIL2 cell, peak C,% levels were observed
only at 4-hr following the start of drug-free incubation. Peak C% was .
much higher and the rate of disappearance of interstrand-DNA-crosshinks
was prolonged in WIL2 cells compared to that occurring in WSU-CLL

cells (Figure 5-4).

'Exponential functions for the rate of removal of interstrand-DNA-cross-
links were calculated from the data for each concentration according to-the
equation: Y =ae , where Y = the percentage of interstrand-DNA-cross-
links remaining at t hour after the time of maximum cross-linking; a =the
ma¥imum amount of interstrand-cross-linking as estimated by linear
regression analysis; and ¢ = the rate constant for the removal of interstrand-

DNA-cross—links. From these exponential functions the t,, for removal of

interstraad-DNA-cross-links was calculated. The t, values showed
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Figure 5-4:

Interstrand-DNA-cross-links (Ct %) foilowing 60 minute
exposure to 40 puM melphalan (MLN) and 24 hour drug ﬁee
incubation in WIL2 cells (&) and WSU-CLL cells (M) .
Time O represents the start of incubation with melphalan
which was continued for 1 hour, followed by washing anci

then drug free incubation for up to 24 hours
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; 'signiﬁcanf ?ifferences for between two cell lines (Table 5-1),

{ o ..
,

» In order to compare these relationship, the area under the curve (AUC) for

interstrand-DNA-cross-links was calculated and plotted against’

cytctoxicity. The AUC for the exponential parts of the curves was derived

by integrating the exponential function for interstrand-DNA-cross-link

removal over time:
oo a
[aet (dty= -
0 c SR

The AUC in melphalan resistant lymphocytes durmg the 60 minute of drug

exposure was added, assuming a linear rate of formatmn of interstrand-

DNA-cross-links from zero levels at the start of drug exposure. For-the

melphalan sensitive WIL2 cells, the AUC during drug exposure was

calculated simply by drawing straight lines connecting the data points.

These values were added to those under the exponential part of the curve.

The relationship between the total AUC for mtefstrand-DNA-cross-]mks

and cytotoxic effect was analyzed by linear regre,m;,ru ‘This a.nalyq:l -
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demonstrated that the relationship was significantly different for WSU-
CLEL cells as compared to WIL2. There was a higher toxicity at a given

AUC foliovnng melphalan exposure in WILZ cells { < ozure 5-5),

=,

)
4

Cell Cycle Analysis of Melphalan T reated Cells:

Changes in the cell cycle progression of WIL2 and WSU cells after
melphalan treatment were assessed by flow cytometric analysis of PNA
" content following propidium 1odide staining. As shown in Table 5-2 and
Figure 5-6, 10 yM m,.lphalan treatment resalted in the progresszve arrest
of the WSU cells in G, a.nd G, phases as early as 4hr after melphalan
treatment. Such cell cycle arrests lasted for at least 12hr after the
treatment. WIL2 cells however conﬁnued to cycle. But apoptosis was
initiated after 16hr drug-free incubation in WILZ cells. Similar results were

found at higher doses of melphalan(data not shown).

5.4. Discussion:

The reactions between alkylating agents and DNA have been studied

extensively (Ericksonetal 1977; Ewigand Kohn 1977; Kohn 1977; Ewig
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Figure 5-5: Relationsh#) between area 1;nd.er the curve(AUC) for
interstrand-DNA-crosslink formation and cytitoxicity. The
slopes of the regression lines cbtained between values (data

- from four time points: 0, 1, 5, 25hr) for WIL2 cells (--) and

WSU-CLL cells (-) were significantly different (p < 0.01).
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Table‘:Si"@:y Cell Cycle Characteristics of WIL2 Cells and WSU-CLL

B after 10 pM Melphalan Treatment ¢

e

Cell Lines/ Phase/ Percentage of  Cells | l

Treatment G /G, S | G,/M
WIL2 |
Control 43.43 +3.19 4780+ 3.42 8.77+1.i4

dhincubation 4156488  47.14£375 1130115
16h Incubation * 4032332 = 4147£442  886=119
e o |
Control 4059119 5749+167 190039
shincubation  54.96+384°  3891+370 6114081
16h Incubation  53.26£432%° 4067444  6.070.66°

Results are means of 5 independent experiments + SD.

* Apoptosis(9.35 £ 1.28%) was initated after 16hr drug-free incubation in
WIL2 cells.

In WIL2 cells: Intergroup statistic analyses showed no significant
difference.

In WSU cells:

a, b: P <0.01 compared to G /G, control;

d, e: P <0.001 compared to G,/M control;

¢, f: P>0.05 compared to 4h incubation group.
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Figure 5-6: Cell cycle éﬁalysis ’éf 10 pyM melphalan treated WIL2 cellg 7
and WSU-CLL cefls. A: WIL2 cells control without
treatment; B: WIL2 cells -- lhr exposure to 10 uM
melphalan following 4hr drug-free incubation; C: WIL2 cells
-~ 1hr exposure to 10 uM melphalan following 16hr drug-
free incubation; D: WSU cells control without treatment; E:
WSU cells -- 1hr exposure to 10 pM melphalan followiﬂg
4hr drug-free incubation; ¥F: WSU cells --1hr exposure to
10 uM melphaian following 16hr drug-free incubation.
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and Kohn 1978; Ross et al 1978, Zwellzng et al 1978; Zwellzng et al
1979; Taylor et al 1984; Zwelling et ol ]98] \sansson et al 1987). The
comimon property of the alkylating agents is the ability to dissociate giving
risetoa posmvely charged, electrophilic, a]kyl group capable of reactmgv
with negatwely charged, electron rich, nucleophilic sites on biologic
molecules (Ludlum DB 1977). With DNA a variety of adducts are formed
involving mainly the N7, N1 and O6 positions of guanine, the N1, N2 and
N3 position of adenine, the N3 position of adenine, the N3 position of
cytosihe and the O4 position of thymidine. While each of these réacti.ons
produces different lesions, iﬁcluding DNA strand breaks, DNA-RNA,
DNA-Protein and DNA~DNA cross-links the most important lesion is
- probably interstrand-DNA-cross-linking (Zwelling et al 1978, 1979;
~ Zijistra et al 1986). One of the rﬁost common positions for interstrand-
DNA-cross-linking is between guanines at the N7 position. The extent of
interstrand-DNA-cross-linking correlates most closely with cytotoxicity

(Zwelling et al 1979; Erickson et al 1981; Taylor et al 1984).

Various methods have been developed to measure the DNA lesions caused

by alkylating agents. Of these, the fluorescence based methods which
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' measure predominantly interstrand-DNA-¢ross linking are among the most

reliable and also the simplest technically (De Jong et al 1986; Zijlstra et
al 1986; Ali-Osman et al 1993). The high specificity for double stranded
DNA makes it/f;ossible to detect cross-links in DNA at alkaline pH, since

cross-links in DNA can serve as a nucleation point for rapid denaturation.

~ Their presence leads to a return of fluorescence enhidncement. Apoptosis

dges not affect the proportion of cross-linked DNA determined by this
n;ethod, Using this method the occurrence of DNA strand breaks, to the
extent of up to 750 Rad-equivalents, have been shown not to cause
interference with the ineasurement of interstrand -DNA-crosslinks (De
Jong et al 1986).

Previous studies have also demonstr‘gted that while the initial rate of
interstrand-DNA-cross-link formation varies for different alkylating agents,
the relationship between the Area Under the Curve (AUC) for interstrand-
DNA-cross-links and cytotoxicity is the same for different alkylating agents

(Hansson et al 1987).

The precise mechanism(s) for the differcnces in resistance to treatment

with alkylating agents are not clear. The mechanisms of alkylator
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resistance as defined in experimental systems suggest that various factors
may be involved. These include alterations of drug transport, interaction
with secondary non-essential targets, increased drug inactivation and
altered DNA repair mechanisms (Redwood et al 1980; Bera etal 1981;

Richon et al 1987: Waud, 1987 Bedford et al 1988; Eastman and Schulte

» 1988; Kelley et al 1988; Masuda et al 1988; Pegg et al 1990).

While a significant and consistent relationship between melphalan
cwdtoﬁciw and the extent of interstrand-DINA-cross-link for;paﬁon was
found in two cell hines, striking differences were, however, obsé;ved when
WIL2 cells and WSU-CLL cells were compared. WSU-CLL cells were
approximately 26 times more resistant to melphalan as compared to WIL2
cells. The finding that melphalan resistant WSU-CLL cells demonstrated
rapid initial formation of irterstrand DNA-cross-links, albeit at a lower
level, following short time melphalan exposure, however, suggests that
altered drug uptake is not a major resistance mechanism in human
lymphoid cells. Both the maxisoum extent of DNA cross-linking as well
as the rate of removal of interstrand DNA cross-links, as assessed by C,%,

DNA interstrand crosslinks and t,, , were sigsificantly different when
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WIL2 cells were compared to WSU-CLL cells. While some of these
findings may be consistent with decreased drug uptake or increased drug
inactivation, either by interaction with non essential targets or by some
other mé‘éhénism: a significant difference was found in the rate of removal

of intérstrand—DNA—cross]inks.

In the experitental system used, removal of cross-linked DNA could be
the result either of elimination of cells containing interstra;nd;DNA-cross-
links by drug mduced cel! death(apoptosis) or due to repair of the DNA
lesion by DNA repair mechanisms. Since the cytotoxic effect of melphalan
is fairly slow to develop with no significant decrease of cell number,
metabolic activity or viability for up to 24 hours following a 1 hour
exposure to drug, the effect of melphalan on interstrand-DNA-cross-links
could be assessed for this period of time. The results showed that
eliminat%on of interstrand-DNA-cross-links rather than elimination of

DNA-damaged cells occurred, and that this was due to DNA repair.

It has been known that cells respond to DNA irradiation damage by
arresting in the G, phase of the cell cycle (Busse et al 1978; Lucke-Huhle

1982). These cells are then able to repair the DNA damage before they
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~undergo DNA replication or mitosis, and are thus more tolerant of the DNA
damage than cells that continue in a proliferative phase. Undergoing DNA
replication or mitosis with damaged DNA produées lethality. These results
demonstrate that WSU cells treatéd by melphalan can respond’v;‘lvith arrest
in‘ the G, and G, phases, and during these arrests DNA Tepair can Occur.
However, WIL2 cells failed to enter G, or G, arrest after melphalan

trezitment, as compared to WSU celis.

)
4
it

N // . . . )
Li'summary, more effective repair of alkylating-agent DNA damage can be

responsible for resistance to alkylating agents, and that such repair can be :

facilitated by alteration of thq\ cell cycle to allow effective DNA repair
before the cell enters phases of the cell cycle in which the DNA damage

will be lethal.

-130-

Y
-



'CHAPTER 6

6.0. Melphalan Accumulation, Glutathione Levélsi and

Glutathione-S-Transferase Activity in ~ WSU-CLL and

WIL2 Ceil Lines

6.1. Introduction:

A]kylaﬁng agent therapy is centlal to the chemotherapeutic approach to
most ﬁnalignancies, yet relatively few mechanisms of alkylating agent
resistance in CLL have been described. In particular, while transport-
mediated resistance has been well-characterised for inany antineoplastic
agents, most notably the multidrug resistance phenotype associated with the
drug efflux pump P-glycoprotein, little is known about mechanism of
uptake, accumulation and efflux of aikylating agents. Mostin viiro models

of melphalan resistance have investigated glutathione-mediated pathways.

The present studies on melphalan transport, glutathione levels, and
glutathione-S-transferase activity in WIL2 (the melphalan-sensitive cell
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line, XCy,:8.57 uM) cells and WSU-CLL (thé melphalan-resistant cell line.
IC,,: 223.18 uM) cells were undertalen in au attempt to define which

' parartieters might be involved in melphalan-resistance..
6.2. Materials and Methods:

Transport of [cif lbroethyl—l‘Q] mdphtzlan:
, * i
Meiphaian uptake studies were performed as follows: Duting the
- exponential growth phase, WIL2 cells and WSU-CLL cells were washed -
three times with PAG transport medium(Dulbecco’s phosphate ‘buffered
saline containing 6.8g/L albumin and 1g/L glucose) and were pre-ﬁamed |
| for 15 min at 37°C. [chloroethyl-"*CImelphalan(50 M) was then added
and cells were incubated further at 37°C. Studies with melphalan alone
were performed over 0.5 to 35 min. Inhibition studies with 1 mM BCH,
amino acids (added simuyltaneonsly with 100 pM [chloroethyl-*C]
melphalan) or sodium-depleted mediura(Dulbecco’s PBS with Na* replaced
| by choline, and Na,HPO, replaced by K,HPO ,) were performed over 3
min. For efflux studies, the 2 cell lines were preincubated at 37°C for 30

min with 50uM ["CJ-melphalan and drug uptake was measured and
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corrected for surface binding. The incubation mixtures were layered over
0.5 ml solution of silicone oil and light mineral 0il[84:16(v/v)] in 1.5 ml

microcentrifuge tubes maintained at 37°C. Drug uptake was terminated by

. centrifugation of the cells through the oil layer at 12,000 x g for 2 min in
a Beckman Microfuge B(Beckman Instruments, Inc., Palo Alto, Calif).

- Cell pellets were solubilized in 1 N NaOH overnight at 4 °C and then -

neuhfalized with an equivalent volume of 1 N HCL. To *hese were added 10 -

ml liquid scmtxllauon cocktail and the samples were cozmtec[ ma Packardf

‘»

TriCarb Liquid Scintillation Analyzer (Model 2200 CA) Rapid non-

spec:lﬁc surface binding of [**Cj-melphalan to cells at 0°C was subtracted

e }Qmelphalan at 37°C at each time recorded time(such non-

specific binding repiesented < 5% of the total radioactivity (Figure 6-1).

The drug uptake data were analysed by linear regression analysis, and the:
reciprocal initial velocities were plotted against reciprocal melphalan
concentration to determine the apparent Km and Vmax for the transport

process.
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GSH Measurements:

Total glutathione levels were deférmined on cell cytosol by the cyclic
reduction of oxidised glutathine with glutathione reductase and NADPH
(Tierze 1969; Griffith 1980). Three solutions in stock buffer (125 mM
sodium phosphate-6.3 mM, sodium EDTA, pH 7.5), were made as

follows: (a) 0.3 mM NADPH; (b) 6 mM Ellman’s reagent[S,S‘-dithiobis(Z-

~ nitrobenzoic acid)]; (c) glutathione reductase, 5¢ units/ml. Cells were

washed in Dulbecco’s PBS, centrifuged at 1500 x g for 5 min, and
resuspended in 0.4 ml H,O pH 7.4, all at4 °C. Cell lysis was accomplished
by freeze/thawing once in methanol in dry ice. 100 ul 10 % sﬂfosalicy]ig
acid was added(1/5 total volume), and the mixture was incubated at 4 °C
for 10 min. Following centrifugation at 5000 x g for 5 min at 4 °C the
supernatant was decanted and the volume was measured. The assay was
performed by adding NADPH(700 pl), Ellman’s reagent (100 ul), stock
buffer(176 pl), and supematant or stock buffer(20 ul) consecutively to a
cuvet. Glutathione reductase(10 pl) was added to the mixture at room
temperature and the cuvet was scanned on a Ultrospec 3000 UV/Visible
spectrophotometer(Pharmacia Biotech Ltd, England) at 412 nM for 3 min;

5 pl of reduced glutathione(0.5 nmol) was then added to the sample cuvet
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ahd it was rescanned. Sample glutathione levels were determined by
comparison of the rate of 5,5‘-dithiobis(2—nitrobenzoié acid) reduction 10
the internal glutathione standard(0.5 nmol). Glutathione levels were

expressed per mg protein.
GST Measurements:

GST measurements were performed by using  1-chloro-2,4 dinitrobenzene
as substrate (Habig et al 1974). Cells were washed in Dulﬁecco’sstBS,
centrifuged at 1500 x g for 5 min, and resuspended in 200 pl of 0.1 M
- potassium phosphate buffer/1 mM EDTA, pH 74, all at4 °C. Following
freeze/thawing twice in methanol in dry ice the suspension was centrifuged
at 15,000 x g for 30 min at 4 °C. The assay was performed by adding
water(700 pl ), 10x 0.1 M KH, PO, buffer (pH 6.5; 100 ul); 10 mM GSH
(100 pi), and 10 mM 1-chloro-2,4-dinitrobenzene (100 pl) consecutively
to a cuvet. Supernatant was added and the cuvet was scanned in a Ultrospec
3000 UV/Visible spectrophotometer(Pharmacia Biotech Ltd, England).
Supematant aliquots of variable volume were chosen until the rate of
absorbance change was less than 0.05/min. One unit of GST enzyme

activity is defined as the amount catalysing the conjugation of the substrate

-135-



with glutathione at the rate of 1 nmol per min per mg protein. Protein

concentration was determined by the method of Bradford (Bradford 19 76, ).

- Statistics: Comparison of the statistical significance of difference of

means was by Student’s 7 test.

- 6.3. Resuits:

Meiphalan Transport:

b

The celluiar uptake of t30;;1\/[ melphalan ovér a 35 min period is shown in
Figure 6-1. This plot demonstrates that there is significant difference in
melphalan accumulation comparing WIL2 cells and WSU-CLL cells.
Uptake appeared to be linear over the first 5 min but rapidly became

nonlinear, and then reached a plateau by 25 min, Uptake of [“C]-melphalan

- was strongly dependent upon temperature. At 0°C, no uptake could be

demonstrated (Figure6-1).

-136-




Figure 6-1:
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A Melphalan accumulation in WIL2 cells(A) and WSU—- '
CLL cells( ). Uptake of 50 .M melphalan was determined
from 0.5 to 35 min in PAG transport medium at 37°C and
4 °C as described in the Methods section. The graph shows

the mean + SD of three separate determinations performed in
triplicate. B: Melphalan accumuiation in WIL2 cells(A) and
WSU-CLL cells( i) over first 5-min. Uptake appeared to be

linear.
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Lineweaver-Burke plots of melphalan uptake at 3 min by WIL2 cells and
by WSU-CLL cel\‘ls,xc‘Vealed linear relationships(correlation coefficients of
0.994 and 0.998, respec’tively) (Figure 6-2). The Km and Vmax for
melphalan for each cell line was determined by linear regression analysis.
Ths Km was 26.724M and the Vmax was 431.03 pmol /10° cell/min for

WIL2 cells. The Km was 25.63 M and the Vmax was 123.61 pmol /10°

" cell/min for WSU-CLL cells. Analysis of the Km and Vmax of Melphalan

transport indicated that there was approximately 3.5-fold decrease of
Vmax in WSU-CLL cells compared with WIL2 cells.

The eti%ects of BCH and sodium depletion on [*“C]-melphalan uptake are
shown in Table 6-1. The data shows that the sodium-independent amino
acid transporter (L system) mechanism accounts for most of the instant
melphalan transport both in WIL2 cells and in WSU-CLL cells. Melphalan
uptake competition studies in the presence of excess unlabelled amino acids
(Figure 6-3) demonstrated that the system L transporter plays the key role
in melphalan uptake in the two cell lines. System L substrates, such as

leucine and tryptophan were more effective in inhibiting initial melphalan
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Lineweaver-Burl plots of melphalan uptake between 1-160
1M in WIL2 cells and WSU-CLL cells. Initial melphalan
uptake was measured at 3 min at 37°C as described in the
Methods section. The linear regression solu:tions are; (1). for

WIL2 cells(A): Y = 0.002 + 0.062 X with a regression

coefficient of 0.994; and (2). for WSU-CLL cells(l): Y =

0.008 + 0.207X with a regression coefficient of 0.998; The
graph  indicates the mean =+ SD of three separate

determinations performed in triplicate.
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Table 6-1

BCH and the Absence of Sodium Inhibition of [**C] Melphalan

UptakQ()S‘ min) in WIL2 Cells and WSU-CLL Cells

Melphalan

Inhibitors WIL 2 WSU-CLL
(nM) - % of Control % of Control
- 10 BCH(1mM) 493 +£6.7 415+7.8
. 10 Absent Na* 91.5+9.2 843+84
100 BCH(ImM) 384+5.6 39.6+4.3
100 Absent Na* 89.4+4.7 83.8+6.8
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Figure6-3: Bar graphrepresentation of inhibition of initial 3 min uptake
of 100 M melphalan by 1 mM of various competitors at
37°C. The bars show the mean + SD of three separate
determinations performed in triplicate. Mel: melphalan;
BCH: DL-t-2-aminobicyclo[2.2.1}heptane-2-carboxylic
acid; Cys: Cystine; Leu: Leucine; Try: Tryptophan.
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uptake than cystine which is a poor substrate for the L system transporter

mechanism.

- The time“course for efflux of [“‘C]-melph;ﬂan from WIL2 cells and WSU-

CLL, cells is illustrated in Figure 6-4. Resulis showed that there was no
difference in meiphalan efflux between the two cell lines after the initial

loading\period.

- GST and/GSH Measurements:

[

Levels of glutathlone and its dependent enzyme(GST) in WIL2 cellc and
WSU-CLL cells are shown in table 6-2. There was mo 51gn1ﬁcant

difference between the two cell lines in either glutathione content or

Voo
k]\&

" glutathione-S-transferase activity.

6.4 Discussion:

The definition of transport parameters will facilitate identification of those

mechanisms important in the generation of drug resistance.

-142-



| & WIL2
20 - | ® WSU-CLL

Retained Melphalan
(% of control)

0 T T T v ! '
10 15 20 25 30

=
o
(9] ]

N
Y

Minutes

Figure 6-4: Efflux of melpbalan from WIL2 cells and WSU-CLL cells.
Cells were incubated in triplicate in 50 M melphalan in
PAG transport medium at 37°C for 30 min. The medium was
changed to PAG medium without drug and samples were
examined over the time course for melphalan retention.
Values are expressed as a percentage of retained melphalan
relative to the intracellular melphalar present at the end of
the loading period. The graph indicates the mean + SD of

three separate determinations performed in triplicate,
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‘Table 6-2 Glutathioﬁe Levels, and Glutathione-S-Transferase Activity

W2 WSU-CLL
GSH(umol/mg protein) 36.5+4.8 39.4+6.1

GST(Units/mg protein)  62.4+7.2 578 £9.7

Values are mean =+ 8D,




~ The present investigation confirms that melphalan transport in WIL2 cells
-and WSU-CLL cells is carrier mediated. Transport of melphalan into the
two cell lines is an active process and is markedly temperature dependent

with no accumulation of the drug observed at 0 °C.

Melphalan-resistant WSU-CLL cells demonstrated both a lower velocity

of melphalan ilptake and a lower infracellular accumulation of the drug

compared to melphalan-sensitive WIL2 cells.
Previous studies of mélphalan uptake have attributed melphalan uptake to
two amino acid transport systems (Goldenberg et al 1979; Vistica 1 983 ).
Although biphasic Lineweaver-Burk plots wsre not seen beiween
melphalan concentrations of 1-160 1M, our findings support the presence
of atleast two carrier systems mediating drug uptake(similar ifnotidentical
to the BCH-sensitive Na*-independent L sysiem and the BCH insensitive
Na*-dependent ASC-like system)(Goldenberg et al 1971; Goldenberg et
al 1979; Vistica 1979). Kinetic analysis at concentrations of 1 to 160 .M

melphalan indicates that there was approximately 3.5-fold decrease of

Vmax in WSU-CLL cells compared with WIL2 cells. Efflux studies of
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[“C]l-melphalan have revealed no difference in the efflux of the drug from

WSU-CLL cells as compared to WIL-2 cells. Therefore, drug efflux does

. not appear to contribute to the decreased melp{\\_ialan accumulation seen in
WSU-C.L cells. This finding rules out the possibility that the drug

resistance could be due to an enhanced efflux from these cells.

4

The demonstration that the melphalan-resistant WSU-CLL cells transport
the drug less efficiently certainly mean that this alteration is one of the
factors in the mechanism of resistance. However, considering our prévious

findings that WSU-CLL cells demonstrated rapid im’tial‘DNA crosslink

formation, together with an increased rate of removal of interstrand DNA-

[
AR

cross-links, suggests that altered drug uptake is not the only or even the

major resistance mechanism in these lymphoid cells.

A relationship between glutathione concentration and melphalan resistance

" has been described previously (Green et al 1984; Ahmad et al 1987;

Friedman et al 1988, Gupta et al 1989; Rosenberg et al 1989; Bellamy et

al 1991; Schecter et al 1991; Bailey et al 1992).. Increased glutathione =
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ley?ls jlave been observed in a variety of melphalan-resistant cell lines
{Greé;;;}thl 1984; Ahmad et al 198 7,f Rosenberg et al 1989; Bellamy et al
1991; Schecter-et al 1991; Bailey et al I 992), but two other models of
melphalan resistance have bcen’ repérted in which no increase in
glutathione content was found in the resistant cell lines (Friedman et al
1988; Gupta et al 1989). These latter findings are consistent with our

. result, which indicate drug resistance duc to elevated GSH levels may be

tumour cell line speciﬁc.

‘The relationship between glutathione-S-transferase and resistan;:e to
chemétherapeutic is still being defined. Our investigations with WSU-CLL
cells aré the first to measure melphalan transport, glutathione levels, and
glutathione-S-transferase activity in the melphalan-resistant B-CLL ceﬂ
line. The association between GSTs and models of melphalan resistance
has been inconsistent, with an increase in GST activity reported in two cell
lines (Gupta et al 1989; Schecter et al 1991) but not in others (Friedman

" etal 1988; Rosenberg et al 1989). These findings as well as the results of

the present study indicate that glutathione le‘vel and glutathione-S-

transferase activity are not involved in the alkylating resistance of WSU-
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CLL cells. These findings suggest that glﬁtathione-S—traxlsferase“‘Ievel
associated drug resistance may varyindjﬁ'erent malignancies, as is the

case with infracelinlar ghutathione.

¢
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CHAPTER 7

Increased Levels of Topoisomerase II Expression and

Functiqn In a Meiphaian-Resistant B-CLI, Cell Line(WSU-
CLL) Which is Sensitive to Doxorubicin

- 7.1. Introduction:

R “
s J

We have previously demonstrated that in haeﬁmpoietic cells a major
mechanism for melphalan resistance is an increased rate of removal of
DNA-interstrand-crosslinks (Bezubda and Py, 1997). Such increased rates
of intsfs’trand—DNA—cmsslink removal may be due either to increased

)

acﬁ‘%;ity of DNA repair enzymes or due to alteration of DNA topology.
- In eukaryotic cells, two major topoisomerases, topoisomerase I and

topoisomerase Il catalyse changes in the topological conformation of DNA

by the concerted breakage of single or double strands. Topoisomerase II
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action is important in DNA replication, transcription, recombination, and
 mitosis (Wang, 1987). Topoisomerase II is localized to AT-rich DNA
regions, where it \,forms a siguificant part of the mitotic chromosomal

. scaffold (Earnshaw et al, 1985; Gasser et al, 1986; Nelson et al, 1986).

Two iscenzyme forms of topoisomerase I, o and B, are expressed in

' mammalian cells. The two forms differ with respect to Molecular size
“{170KD versus 180KD, respectively), cleavage site, thermal stability, and

catalytic capacity (Drake et al, 1987, 1989). The enzyme described ficst;

topoisomerase [, is expressed preferentially in proliferating cells (Heck

and Earnshaw, 1986; Hsiang et al, 1988) and is cell cycle regulated (Heck
etal, 1987). The topoisomerase IIf enzyme, on the other hand, appears to
be expressed at equivalent leveis in proliferating and in quiescent cells

(Woessner et al, 1990, 1991).

In this study, we investigated topoisomerase I and I expression and

activity in melphalan resistant B-CLL cell line (WSU-CLL) and in

melphalan-sensitive B~lymphocyte cell line(WILZ).
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7.2. Materials and Methods

Cell lines and Cell Culture Methods; Cytotoxicity Assay;Dgtermination of

InterStrand—DNA—Crosslinks were described in detail in Chapter 4.
Preparation of nuclear extracis:

A procedure for isolation of nuclear and cytosolic fractions was developed
based on thé method of Chow and co-workers (Chow et al, 1985;
Matsumoto et al, 1993). In brief, cells in the exponential phase of érowth
werc treated with detergent buffer ( 1% Nonidet P-40, 30 mM HEPES,
200 mM sucrose, 40 mM NaCl, 5 mM MgCl,, 5 mM EGTA, PH 8.0), with |
constant swirling for 10-15 minutes. The cell suspension was centrifuged
at 400xg for 10 min and the supernatant was saved as the cytosolic
fraction. The sedimented nuclei were then washed 3 times by resuspending
the pellet in buffer A (50 mM HEPE’S, 10% sucrose, 10 mM
f-mercaptoethanol, pH 7.5), follewed by repelleting. To the final peilet
was added an equal volume of buffer B (50mM HEPES,
10%sucrose, 10mM  P-mercaptoethanol, 0.7 M NaCl (final NaCl
concentration 0.35M). After extraction for 60-min at 4°C the mixture was
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cenmﬁxged at 100000xg for 60 min, and the supernatant was saved as the

- nuclear extract. The cytosolic and nuclear extracts were dialysed against

buffer C for six hours (Buffer C: 50% glycerol, 50 mM Tris-FHCJ, 0.5 mM

DTT, 1mM EDTA, 1 mM EGTA, 260 mM NaCl, pH 7.5). A combination

* of six protease ii}hibitors, including of soybean trypsin inhibitor (10 n.g/ml),

leupeptin (50 ,ug/ml), pepstatin {1 wg/ml), aprotinin (20 Lg/ml),

‘benzamidine (1 mM\, and PMSF (1 mM), were prepared just prior to each

eXpeﬁxhé‘r}t and added to each of the above-mentioned buffers just priorto_

cach experiment. The protein concentrations in the extracts were

determined by the method of Bradford (Bradford, 1976).

Topoisomerase I and II Assays:

Measurement of the topoisomerase I catalytic activity in cytosol and
nuclear extracts was performed using the topoisomerase II decatenating
method (Topogen, Columbus, Ohio, USA), which is modification of the
method of Marini and co-workers (Marini et al, 1980). hotographic
negatives of the ethidium bromide-stained agrose gels were scanned with
a REP Scanning Densitometer (Helena Laboratories, USA) and the quantity

of liberated minicircles was measured as a percentage of total KDNA.
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Results are expressed in arbitrary units, and the ratio of activity in WSU-

CLL cells to that in WIL2 cells was used for comparisoﬁ.

Topoisomerase I activity was determined by using the topoisomerase I
assay kit from Topogen (Columbus, Ohio, USA), essentially as described
by Liu vand co-workers (Liu and Miller, 1981). The open circular species

):\Y"i
(form I0) to total DINA loaded, expressed as percentage of total DNA, was

quantified using the sarce densitometer.

Wn}}as‘tem blot analysis:
Proteins from the nuclear extract and cytosol fractions of W]_LZ énd WSU-
CLL cell lines were electméhoresed (100 ug protein per lane) in 7.5 %
SDS-polyacrylamide gels and transferred to nitrocellulose paper by the
method of Harker and co-workers (Harker et al, 1991). The nitrocellulose
strips were pre-incubated in blocking buffer (3 % BSA-5 % non-fat dry
milk in PBS) overnight at 4°C. Transferred, immobilised, topoisom"érase
proteins were detected using purified mouse anti-human DNA

topoisomerase I pl70 (Topogen USA), anti-topoisomerase IIB
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p180(PhaxMingen, USA) monoclonal aniiibodies or rabbit polyclonal,
monospecific, anti-human topt)/isomerase I antibodies (Topogen, USA).
|
i 4
Blots were incubated with primary antibody for 4h at 37°C, then washed

with a wash buffer (1% BSA in PBS containing 0.2% Tween 20). The

., bound antibodies were visualized with alkaline phosphatase-linked sheep

¥
anti-mouse or anti-rabbit IgG, using 5-bromo-4 chloro-3-indolyl phosphate

and nitroblue tetrazolium chloride substrates. Each experiment included
controls for non-specific binding using non-immune rabbit serum in place
of specific antibody and a ﬁegaﬁ*@ control withoﬁt primary antibody. The
relative amounts of topoisomerase Ife, IIf and topoisomerase I proteins
seen on Western blots were quantitated densitometrically. Specified
rf;gions of the film images of the Western blot were digitized by the
scaﬂ;ier and the area and image intensities were calculated. The image
intensity was calibrated against internal computer standards and values-are
expressed as arbitrary units relative to the standards. A linearrelationship
was present between the value of the integration units and the amount of
protein extract loaded on the gel in the range; 30-250 ug of protein (data
not shown). 100ug of protein extracts were used for all comparaﬁvé

experiments.
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Preparation of WSU-CLL native DNA:

A procedure for isolation of native DNA from WSU-CLL celi; was
developed based on the method oi‘: \éross-Bellard and co-worker (Gross-
Bellard et al, 1972). Briefly, WSU-CLL cells was suspended in 1 vol
digestion buffer(100mM NaCl, 10mM Tris-Cl, 25mM EDTA, 0.5% SDS,

0.1 mg/mi proteinase K pH 8.0). Samples were incqbateﬁ in a shaking

- incubator in tightly capped tubes for 12 to 18 hr at 50°C. An equal volume

of phenol/chloroform/isbamyl alcohol was used for extraction foliowed by

centrifugation for 10 min at 1700xg(3000rpm. in Sorvall H1000B rotor).

This organic extraction was repeated twice. The aqueous layer was

transferred to anew tube and % vol of 7.5 M ammonium acetate and 2 vol
of 100% ethanol were added. The solution was centrifuged for 2 min at
1700 x g. Organic solvents and salt were removed by two dialyses against
100 vol TE buffer for 24hr. Residual RNA was removed by adding 0.1%
SDS and 1¢g/ml DNAse-free RNAse and incubating for 1hrat37°C. The
organic extraction and purification was repeated and the resultant purified

DNA was resuspended in TE buffer at lmg/ml,
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. Preparation of i‘?kjvsslinked DNA:

~ WSU-CLL DNA was suspended at 100ug/ml in TE buffer. Samples in a

- thin layer were irradiated at room temperature with UV light(3 60nm peak)

12cm below four FL-15BLB fluorescent lamps. The incident fluence rate

' was 30W/m? measured with a Model J221 Blak-Ray ultravidlet
meter(Ultraviolet Products, San Gabriel, CA). The solution was extracted
with phenol/chioroform/isoamyl alcohol. After ethanol precipitation, the

.. DNA was resuspended in TE buffer at lmg/ml. The formation of

crosslinks was determined by ethidium bromide fluorescence assay
mentioned above. Crosslinked DNA accounted for 80% of total DNA

,after UV treatment.

lodination of Topoisomerase II:

& \'\' I

/!
/

(
\\\Q\Topoisomerase 1 was iodinated by the Iodogen Method (Salacinski et al
1981 ), purified by contricon 100(Amicon, Inc. USA ), and formulated in
topoisomerase II storage buffer(15 mM sodium pkosphate, pH 7.1, 700
mM NaCl, 0.1 mM EDTA, 0.5 mM dithiothreitol, 50% glycerol) at the

concentration of 1 Unit/](1unit will decatenate 0.2 1ig of KDNA in 30 min
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at37°C. The specific activity of the radiolabelled material is 600 cpm/ mU
topoisomerase IL |
I

Aﬁin;{;f of topoisomerase II for DNA:

" 5ug WSU-CLL cell DNA or WSU-CLL cell UV-irradiated crosslinke;i-
' DNA was incybated with various concentrations of '*I-Topoisomerase II [
iri “Topo II assay buffer (S0mM Tris-CL, 120mM KCl, 10mM MgCl,
0.5 mM dithiothreitol, 30 g BSA/ml pH 8) at 37°C for 1 hr. For some
experiments the '“I-Topoisomerase II was in the assay buffer with 5uM
déxombicin—preincubaﬁon for 30-min. Reaction rﬂiictures were collected

on DEAE-cellulose filters, washed with 5% trichloroacetic acid, and

. counted by the Packard 5330 y-Ray Counter. Duplicate determinations |

were performed for each point. Non-specific binding was defined as bound |
\25]-topoisomerase II that remained in the presence of a 100-fold excess of
the unlabelled toposomerase II, except for the compeutive binding. The
specific binding was determined by subtracting the non-specific binding
from total binding. Scatchard analysis was employed to determine the

maximal binding(B,.).
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The Neutral Comet Assay of Double-Strand DNA Breaks:

The single cell comet Aelectrophoresis assay was pelfgrmed accqrding to
Olive’s method (Olive et al 1991). Cells were suspended in PBS at a
density of 5 x ].Oslmi and treated with doxorubicin at 3 dose of 50 LM at
37°C for 3 hours. Following the treatment, 1.5 ml ol'f 1% low gelling
temperature agrose(Sigma ) at 40°C were added to a tube containing 0.5ml
of cold cell suspension. Tk contents were quickly pipetted onto a frosted
microscope slide aﬁd allowed to gel for about 1 mm on a cold surface. And
then slides were immersed for 5h at 50°C in 0.5% sodium dodecyl
sulphate(SDS), 30 mM EDTA, pH 8.3. Following lysis, slides were
throughly rinsed overnight in large volumes of 90 mM Tris-90mM boric
acid-2mM EDTA buffer. Slides were placed in horizontal gel
efectrophoresis chamber containing ¥ litre 90mM Tris-90mM boric acid-2
mM EDTA buffer at 0.6 V/cm for 30 min. DNA was stained by immersing

slides in 2.5 pg/ml propidium iodide for 30 min.

A Olympus epifluorescence microscope attached to a camera and image
analysis system was used to quantify the diferent parameters of the

comets. Generally 100 comets were analysed per slide. Results were
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expressed in terms of tail moment, which is defined as the product of the

percentage of DNA in the tail rriulﬁplied by the tail length.

Statistical methods: Differences between two cell lines were tested for

statistical significance by Student's ¢ test.
7.3. Results:

Cytoz‘oxicigz and Iizterstrand-DNA Cross-link formation:

The effects <;f melphalan on gxowth and survival of WIL2 cells and
WSU-CLL cells were already shown in Figure 5-1. The median IC,, for
WIL2 cells was 8.57+1.08 uM. The median IC,, melphalan for WSU-CLIL,
cells 223.18+6.45 pM. WSU-CLL celis were approximateiy 26 times more
resistant to the cytotoxic effects of melphalan than WIL2 cells (Table
7-1a). The IC,, values were obtained from ten independent experiment. The
effects of doxorubicin (Figure 7-1A), a topoisnmerase II inhibitor and of
camptothecin (Figure 7-1B), a topoisomerase 1 inhibitor, were also
studied. Statistical analysis showed that WIL2 cells were significantly

more sensitive to the cytotoxic effects of melphalan than WSU-CLL cells
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Table7-1:  Effect of Melphalan, Doxerubicin or Camptothecin on
. WIL2 Celisand on Alkylafar—R‘esistant Cells(WSU-CLL) :

<o

= (1a): ICy Concentrations for Melphalan, Doxorubicin and
« E |

Camptothecin “\
"IC (M)
Drug WIL2 . WSU-CLL - P value
Melphalan ~ 8.57+1.08 22318 6.45 <0.001
Doxorubicin 4.35+0.14 0.83+0.09 <0.01
* © Camptothecin’ 2.75 +0.42 2.65 4 0.68 >0.05
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Figl;re 7-1: Viable cell fraction (as a proportion of control) following

| treatment with doxorubicin (A), and camptothecin (B)
against WIL2 cells(A) and WSU-CLL cells (M). Values are

the mean + SD of five independent experiments. | Lo
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( < 0.001), but’at the same time WIL2 ceﬂs were significantly more
resistant to doxorubicin than WSU-CLL (p < 0.01). There was no
difference in IC;, dose for camptothecin when WIL2 cells and WSU-CLL
cells kxlvere c:on;lpared (Table 7-1a). On the other hand, there was a
sigm’ﬁgant difference in IC,, d;>se for melphalan between WSIf:CLL and

WSU-CLL with 0.01 M doxorubicin pretreatment while there was no

difference between WIL2 and WIL2 with 0.01 uM doxorubicin

pretreatment (Table 7-1b).

Interstrand-DNA-crosslink (C,%) formation following a brief (60 minute)
exposure to various concentrations of melphalan (measured after washing
cells and a further drug-free incubation for 4 hours) demonstrated a clear
dose response relaﬁonship between increasing concentrations’ of
melphalaﬁ and C,%in both cell lines studied. The percentage of interstrand-
DNA-cross-link formation present at the end of 4 hours drug free
incubation at Emy given concentration of melphalan was substantiaily lower

in WSU-CLL celis as compared to that found in WIL2 cells (Figure 5-2).

W
1
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| (1b): IC,, Concentrations for Melphalan in Alkylator-Sensitive Cells
(WIL2) and Alkylator-Resistant Cells(WSU-CLL), witk: and without

Doxorabicin Prefreatment

IC, (uM) y
WILZcells T 857£108 |
O e gty S
WSU-CLL cells | | 223.18 % 6.45
WSU-CLL cells pfe—ueated w1th

0.01uM doxorubicin for 6-hrs 48.73 £5.62

ICsy = drug concentration resulting in 50% reduction of cell numbers as
===  compared to controls(untreated). -
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The Kinetics of Interstrand DNA cross-linking:

To better define the kinetics of the formation and remc;val of inter.?trand-
DNA—crosslinks, C% values were determined at 0, 4, and 24 hours
following a 60-min incubaﬁon with 10uM melphalen. After melphalan
. © exposure for 60 minutes the cells were washed and re-incubated in drug
free medium for the stated ﬁ.mes. Viability and metabolic activity of célls
was monitored th;ough this jncubaﬁon and remained > 90% at all test

times.

Interstrand-DNA-~crosslink formation with melphalan was significantly

different for each comparison, at any stated time except between WIL2
cells and WIL2 celis with 6hr 0.01u4M doxorubicin-pretreatment (Figure

7-2).

Exponential functions for the rate of removal of interstrand-DNA-
crosslinks were calculated from the data for each conceniration according
to the equation: Y= ae™, where Y=the percentage of interstrand-DNA-

cross-links reruaining at t hour after the time of maximum crosslinking;
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Figure 7-2: Interstrand-DNA-crosslinks(C,%) following 60 nﬁnutes

| exposure to 40.M melphalan{MLN) and then 24 hours drug
free incubation in: A: WIL2 cells; B: WIL2 cells with ‘

doxorubicin 6hr-pretreatment; C: WSU-CLL; D: WSU-CLL

with doxorubicin 6hr-pretreatment. Time O represents the

start of incubation with melphalan which was continued for

1 hour, followed by washing and then drug free incubation
for another 24hr,
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a=the maximum zmount of intersﬁand-cross—]inldng as estimated by linear

regression analysis; and ¢ = the rate constant for the removal of interstrand-

DNA-cross-links. From these exponential functions the t,, for removal of ~

kinterstrand-DNAracr(')s,s-]jnks was calculated. The t, values showed

significant differences for each of the groups except between WIL2 cells

and WIL2 cells with 0.01 «M doxorubicin 6hr-preireaﬁneng(’l’ai\‘;-ﬁg];":ﬁ.,*’{_), i

Y

Topoisomerase 11 activity and e.a;vressim in WIL2 cells and WSU-CLL

cells:

The strand-passing activity of topoisomerase II was ryneasured’ by
decatenation of kDNA. This reaction, resulting in releése of double-
stranded minicircles from the catenated kDNA network, is ATP dependant
and specific for topoisomerase II (Figure 7-3). Figure7-3A shows the
tesults obtained using 0.35 M NaCl nuclear extracts at various dilutions.
No decatenation activity was observed in WIL2 cells. Decatenation activity

in WSU-CLL cells was much enhanced. In a set of five independent
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Table7-2: : //
Regression Analysis of the Kinetics of Interstrand-DNA-Cress-Links

Formation and Removal

. Regression ~ t,
A Y = 16.55¢000% 86.64
B Y = 16.78¢%% 86.64
C < Y =10.67¢%8% 5.13
D

Y = 13.96e1# 3851

A: WIL2 cells
B: WIL2 cells pretreated with 0.01.M doxorubicin for 6-hour
C: WSU-CLL celis

D: WSU-CLL cells pretreated with 0.01uM doxorubicin for 6-hour

t,,= half-life(hours) of interstrand-DNA-cross-links
Statistical comparisons showed:
Significant differences(p<0.01) for each comparison except between A and

B.
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Figure 7-3A: T6p6i§émerase 1 actiizity in nucléér/ext-raﬁts ﬁom leLzhcelrls and WSU—CLL

Figure 7-38:

cells. Lane 1: kDNA control; Lane 2: decatenated kDNA control, Lane 3
and 5: WIL2 nuclear extracts (containing 50 ng and 1000 ng protein per lane);
Lane 4 and 6:WSU-CLL nuclear extracts (containing 50 ng and 100 ng protein
per lane). |

Topoisomerase He and I protein levels, by Western biot analysis of whole cell
lysates from WIL2 cells and WSU-CLL cells. Lanel: the purified p170 kDa Topo
ITe marker(Topogen, USA); Lane 2: WIL2 cell extracts; Lane3: WSU-CLL cell
extracts. Each sample contained 100 ug total celiular protein per lane. The blots
were stained with monoclonal anti-topoisomerase e p170 antibody(Topogen,

USA) or monoclonal anti-topoisomerase IIf} p180 antibody(PharMingen, USA).
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experimesits a dramatic increase (mean 80.21{}) in catalytic activity was

found in nuclear extracts of WSU-CLL as cgfmy”ed to WIL2 celis(0)
‘ a ) (\ \{ »

\\\\
3

(Tablé 7-3).
0

Levels of topoiéomerése He and IIf proteins in six independently prepared
whole-cell extracts were determined by Western blot analysis ﬁsing‘
mongclonal anti-human DNA topoisomerase He and H[}» “‘anﬁbodies.
Densitometric analysis of the immunoblots (Figured 7-3B) showed ’rhgt
 the levels of topoisomerase Ie (60.36 + 8.99) and TIB(28.95 + 5.23)
proteins were also dramatically ingreased in whole-cell extracts of WéU-

CLL cells compared wit ‘L NZ cells(0).
The Affinity of topoisomerase Il to DNA:

”Fi/gure 7-4A shows the ability of the unlabelled topoisomerase II to
compete with ‘ZSI-topoisalﬁéras;e II for binding to DNA. The unlabelled
topoisomerase I competed efficiently with 'Z]-topoisomerase II in a dose-
dependent manner. The time course analysis indicated that the maximal
specific binding of *I-topoisomeras:* IT to DNA was reached after 60 min

of incubation at 37°C (Figure 7-4B). Scatchard analysis revealed that the
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Table 7-3: Topoisomerase I Catalytic Activity

Q

Topoisomerase II catalytic activity was determined as a percentage' of

different nuclear extracts.

hoooe
i

~-170-

-~ WIL2 CELLS 0
WSU-CLL\.,CELIJ‘S 80.25+9.23
1 ‘ -

 liberated minicircles to total kKDNA. Results are expressed in arbitrary o

" units. Values givexi,are Mean = SD of 5 separate experiments with five
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Figure 7-4:

{(A) Competitive binding of unlabelled topoisomerase Il to WSU-
CLL native DNA(A) and WSU-CLL UV-irradiated, crosslinked
DNA. DNA( ) was incubated with 10mU/ml*®*I-topoisomerase
I for lhr at 37°C in the topoisomerase II assay buffer. Specific
hinding was determined'by subtracting the non-specific binding( in
the presence of 1 U/ml unlabelled topoisomerase IT) from total
binding. Values shown represent the percentage of specific
binding of *I-topoisomerase II alone. (B) Time course of
binding of *I-topoisomerase II to WSU-CLL native DNA (4.)
and WSU-CLL crosslinked DNA. DNA ( M) was incubated with
10 mU/ml **I-topoisamerase II with or without a 100-fold excess
of unlabelled topoisomerase II for the indicated times at 37°C.
Points represent means £ SD. These determinations were repeated
three time with similar results.
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affinity of Topoll for UV-irradiated crosslinked WSU-CLL DNA was

-approximately 2.84-fold increased compared to that of native WSU-CLL -

DNA. Doxorubincin decreased Topo II binding to both nati\:ve,, DNAand

crosslinked DNA by 2.5¢nfold and 2.37-fold respectively (Table 7-4 and

Figure 7-5A, 7-5B).

Effect of the topoisomerase Il inhibitor, tf“bxombt’cirz, on interstrand-
PNA-cmsslink Jformation in WIL2 and WSU-CLL cells: |

A 6 hour exposure to a minimally cytotoxic concentration of 0.01 uM
<1% growﬁh iphibition of WILZ and <35 % growth inhibitiont of WSU-
CLL cells after 72 hour ‘exposure) doxorubicin resulted in interstrand-
DNA-crosslink formation of 0.29 % and 0.79 % in WIL2 and WSU-CLL
cells respectively. Interstrand-DNA-crosslink formation was significantly
enhanced in WSU-CLL cells pre-exposed to 0.01 pM doxorubicin for 6
hours followed by a 1 hour incubation with melphalar (40 uM) and then
assayed at both 4 (p < 0.05) and at 24 hours (p < 0.01) as compared to

WIL2 cells (Figure 7-6). Pre-exposure to 0.01 pM doxorubicin decreased
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- Tab!e 7-4: The Affinity of Topoisomerase II for Native and -
% " for UV- Irradiated(crosslinked) DNA
\:\\\\\ N 1 |
’ ) ) A '
- Table 4a: Ne preék:gatment with the Topeisomerase II Inhibitor
Doxorubicin |
: B, (mU/mi) i
s ‘ ‘ : \ S . ‘
4 { WSU-CLL Native DNA 53.92 : 5.16
=7 " =
WSU-CLL  UV-irradiated 153.11 £ 11.65"

) ::(:érosslji]ked)DNA

3
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Table 4b: Following Pretreatment with the Topoisomerase Il Inhibitor

~ Doxorubicin ' ; ;5
B (nU/mi)
=Mnaﬁve DNA with |
1iM  Doxorbicin 21.59 4 4.39
pretreatment

WSU-CLL Uv-

_ irradiated(crosslinked) DNA with  64.41 £8.62

1M Doxorubicin pretreatment

B, is defined as the topoisomerase II concentration at wlnch the DNA is
maximally occupied by topoisomerase IL
There are significant differences of the affinity either between native DNA

group and UV-irradiated(crosslinked) DNA or between same group with

doxorubicin pretreatment and without doxorubicin pretreatment(p<0.05).

-174-




Bound/Free
Bound/fFree

[ ] 1 i

0 20 40 60 80 100 120 | O 20 40 60 80 100 120 .
Bound-{mU/mi) Bound (mU/ml) f

i e et it

Figure 7-5:  Scatchard analysis of the binding of '*I-topoisomerase I to
 WSU-CLL native DNA(A) and WSU-CLL UV-irradiated
crosslinked DNA(B). DNA was incubated with different
concentrations of '*I-topoisomerase {10 mU/ml to 1 U/ml)
with{s, a) or without(®,0) pretreatment of 5 M
.Doxgzubicin for 30 min at 37°C in the presence or absence
of a 100-fold excess of the unlabelled topoisomerase II for 1

hr at 37°C. The results in each panel tepresent data from

[FEa

one of three experiments, each of which gave the similar
results.
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(M) induced interstrand-DNA-crwsslink formation. D = 0.01
#M doxorubicin for 6-hour; M = 40 uM melphalan for 1
hour; D - M =ypreincubation with 0.01 4M doxorubicin for
6-hour and then 40 uM me:lphéian treatinent for 1 hour.
Cells were then washed and Ct (%) was measured after 4-
hour and 24-hours drug-free incubation. Vaiues are ‘fhze mean

+ 8D of 10 experiments, each performed in triplicate.
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the.IC,, melphalan concentration for WSU-CLL cells‘ from 223.18 £ 6.45

t0 48.73 £5.62 uM.

Effect of Doxorubicin on Double Strand DNA Breakage in HL60 and R-

“HL60: *

DNA is able to migrate towards the anode in an electric field when cells are
embedded in agrose and lysed. Individual cell DNA was visualized by
fluorescence microscope. Each cell has the appearaﬁce ofa “comet”v with

bnghtly ﬂuoresceni mad and tail with an intensity that is related to the;

amount of ds DNA brea]fage sustained by the cell. The neuiral comet assay .

only measures double and not single-strand breaks (Olive! ot al, 1991 ).

" WIL2 cells and WSU-CLL cells were examined for DNA double-strand

induced by doxorubicin, The average tail moment of WSU-CLL cells was

shout 5.84-fold increased compared to that of WIL2 cells (Figure 7-7).
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Flgure 7-7:  Doxorubicin-induced dsDNA Breaks of WIL2 cells and
WSU-CLL cells. dsDNA breaks were measured by the
neutral comet assay. Comets were analysed by calculating
the “tail moment” for each cell. In A-D, Représentaﬁve
histograms from 200 comets are shown for A:WIL2 cells
without doxorubicin pre-treatment; B: WSU-CLL cells
without doxorubicin pre-treatment ; C: WIL2 cells pre-
treated with 50M Doxorubicin; D: WSU-CLL cells pre-
treated with 50,4M doxorubicin; E. The means + SD(bars)

of tail moments for 200 comets were shown.
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" Topoisomerase I activity and expression in WIL2 and WSU-CLL celis:

The possibility that the increase in'topokisomerase I activity might be
balanced by decreased topoisomeraée I activity was also investigated.
Quantiﬁcaﬁbn of relaxed DNA forms (Figure 7-8A) in six independently
 'prepared extracts of WIL2 and WSU-CLL showed a ratio of 1.25 + 0.26
(p>9,05)indicating similar topoisomerase I activity in both cell lines. The
Ieyei of topbisc;merase I pn;tein was determined in five independ;nt
extracts by Western blot analysis (Figure 7-8B). Densitometric analysis
showed no significant difference in the level of topoisomerase I pro{éin
P exprcésed in the two cell lines. The ratio of topoisomerase I proteins in
. WSU-CLL extracts to WIL2 beﬂs was calculated to be 0.98 + 0.24

- (P>0.05).
7.4. Discussion:

Antineoplastic drugs that alkylate DNA are extensively used in cancer
chemotherapy, either alone or in combination with other classes of

chemotherapeutic drugs. One of the principal factors limiting the
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Figure 7-8A:

Figure 7-8B:

WIL2 WSU-CLL

e g

A Toponsome;rﬂasglgctmtym nuclear extracts ﬁo;mﬁi and WSU-

CLL cells. Lane 1: control; Lane 2 and 4: WIL2 nuclear extracts
(containing 10 ng and 50 ng of protein per lane respectively);
Lane 3 and 5: WSU-CLL nuclear extracts (containing 10 ng and
50 ng of protein per lane respectively). The locations of
supercoiled (SC) and relaxed (R) topoisomer are indicated.

Topoisomerase I protein levels by Western blot analysis of whole
cell lysates from WIL2 cells and WSU-CLL cells. Sampies

contained 100ug total cellular protein.
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~ effectiveness of alkylating agents is cellular resistance to the alkylating

effect. There is considerable evidence from a number of in-vitro models

including both human and animal tumour cell lines (Louie et al, 1985, Frei '

etal, 1985; Robson et al, 1985) that the cytotoxicity of tﬁgse drugs results
directly from interstrand DNA cross-link formation (Kohn, 1977; Ewig and

Kohn, 1978; Ross et al, 1978; Hansson et al, 1987;Erickson etda[, 1997:;

Ewig and Kohn, 1997). The. alkylator resistant phenotypes are .

multifactorial and include decreased uptake, increased glutathione content,
and increased DNA repair activity (Bedford et al, 1988; Bungo et al, 1990;
Pegg,gﬁ 1990; Richon et al, 1990). In addition to these previously defined
mechaﬁisms, the resuits of the current study demonsirate that alkylator
resistan;:-e is critically determined by the capacity to repair interstrand-
DNA-crosslinks, which in turn is determined by increased topoisomerase
I acﬁvity, resulting  from an increase in topoisomerase II protein

expression.

Melphalan resistant WSU-CLL cells showed increased topoisomerase II
activity and protein expression proportional to the degree of melphalan
resistance. These findings taken in conjunction with the studies of kinetics

of DNA crosslink formation in the sepsitive and resistant cell lines suggest
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that the enhanced DNA repair due to mm; Vje.% rd topoisovnerase II activity
with increased biﬁcﬁng of topoisomerése l\llitd: crosslinked DNA in WSU-
CLL is responsible for the resistance to alkylaiing agents-'These melphalan
resistant (W SU-CLL) cells were more sensitive to the cytotoxic effects of

the topoisomerase I inhibitor doxorubicin, exposure to which resulted in

substantially increased double straud DNA breakage in WSU-CLL cells.

Ihibition of topoisomerasse II activity by minimally cytotoxic

concentrations of doxorubicin was able to significantly increase the aniount

By
of interstrand-DNA-crosslink formation following melphalan exposure in

WSU-CLL cells, thus reversing thie alkylator resistant fhenotype.

i Incrgased topoisomerase II actwvity and binding thus appears to be the rate
 limiting step for DNA repair. The speciﬁcify of this finding was suggested

by the observation that there was no increase in topoisomerase I expression

or alteration in sensitivity to the topoisomerase I inhibitor camptothecin, in
WSU-CLL cells as compared to WIL2. These results are consistent vﬁth
earlier studies which demonstrated increased topoisomerase I expression
to be associated with resistance to mechlorethamine and cisplatin and that

this resistance was associated with increased topoisomerase II binding to
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cisplatin-damaged LNA(Eder et“al, 1995). A poséiiale correlation
between topcﬁsomerase Il activity and cellular resistance te
vaﬁéylating agents in the mechiqrefhamine resistant Raji-HN, cell
" line and in’ a cisplgﬁiﬂjffesistant human lﬁng cancér cell line (Tan
et al, 1987; jje[pné ;t al,1991h ) has also been described.

)

Ina prewous study (Pu and Bezwoda 1999), human leukemlc HLGO celI9 s

were selected for resistance to melphalan by stepwxse exposure to
_ increasing concentratlons of melphalan. The resultmg cell hne (R-HL60)
was 4-fold resistant (IC;, melphalan 27.844.2 uM) to melphalan

compared to pan,ntal HL60 cells {(IC,, melphalan 6.9+1.78.M). Nuclear

extracts from R—HL60 cells possess an approximately 4-fold increase in

DNA topoisomerase II activity as c\\ompared to parental .HL6O cells. By -

Westem blot analysis the level of tonoisomerase It protein expressed in
R-HL60 cells was approximately 3-fold that of parental HL60 cells. But
any difference was abserved neither in the level of topoisomerase IIf
protein expression nor in the topoisomerase I activity and m the level of
topoisomerase I protein expression was observed comparing the two cell

lines. R-HL60 cells were five fold more seusitive than parental HL60 cells

to the cytotoxic effect of the topoisomerase II inhibitor doxorubicin. The-
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'coﬁ;pared/tb the parental HL60 cells.

fn s

camptothecm, dld not differ in R~HL6QT and parental HL60 cell lines.

Pre-incubation with doxorubicin siéni.ﬁca;lﬂy' sreased melphalan induced

inteistrand—DNA— crosslink formation and cytotoxicity in R-HL.60 cellsas

\

The afﬁmty of topmsomerase M for UV-ix, mated-crOSSMed HIL 60DNA
was mcreased 2. 47»fold as compared to that of HL60 native DNA. The
afﬁmty of topmsomerase I for both UV-irradiated \crosslmked) and for

ﬁafiive PNA Véas‘signiﬁcanﬂy decreased after doxorubicin-pretreatment. |
We had very similar results as the present results. It indicates that this

mechanism of melphalan resistance is not unique to B-CLL cell lme(W SU-

" CLL).

Topoisomerase I has been identified as the putative cellular target of many
clinically active antineoplastic agents, including the aminoacridines,
anthracyclines, and epipodophyllotoxin (Glisson and Ross, 1987; Liu,
1989). Sensitivity to these agents in vitro appears to correlate with cellular

topoisomerase II levels. Previous studies have shown that topoisomerase

-184-




<

N 1)

IT inhibitors also Ean partially reverse resistai‘lceb to the alkylating agents |
(Tan et al, 1987; DeJong et al, 1993), although the mechanism of this

+ effect has not been fully defined.

Th‘e -results of the current study provide further insights into the

mechanisms of alkylator resistance, as well as providing a mechanistic
. IR

AT
framework for the clinical use of alkylating agents in combination with

topoisomerase II inhibitors such as doxorubicin and epipodophylotoxins.
The findings provide a rationale for the clinical use of combination
i

= Y . . .
chemotherapy regimens Based on alkylating agents and topoisomerase I

inhibitors.
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CHAPTER 8

R

DNA Polymerase o Activity in WSU-CLL Cells as

Compared to WIL2Z Celis

*8.1. Introduction;:

Knowledge aboutg DNA polymerases in eskaryotes has increased

considerably during recent years. In a comprehensive sammary in 1985,

m

 relevant data regarding DNA-repair polymerases was available for two

muclear DNA polymerases, o and 3 (Friedberg 1985). Currently, there are

five characterized nuclear DNA polymerases in eukaryotes (Wang 1996).

A large body of evidence suggests an importaat role for DNA polymerases

in the repair process, directly in excision repair pathways, and/or as part of
a recombinational repair process manizmvalt etal 1982; Friedbergetal
1987; Sancar and Sancar 1988; Perrino and Loeb 1990). DNA
polymerases catalyze the synthesis of oligonucieotides for patching of gaps

generated at sites of DNA damage by the action of endo- and exonucleases.

In this study, we examined the activities of DNA polymerase o and DNA

polymerase {3 to determine whether there is any alteration in the activities
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" of these DNA repair associated proteins and whether the alterations were

related to the observed changes in DNA repair capacity.
© 8.2. Materials and Methods:

Cell lines, culture conditions and ¢ytotoxicity assays were detailed in

| Chapter 4.

Preparation of Cellular Extracts for DNA polymerase A;s'saj)s:

Harvested cells were pelleted and resuspended in 100-200 pl.(depending - |

on cell number) extracﬁoﬁ buffer(10 mM Tris/HC&I,’ pH 7.5, 150 mM NaCl,
1mM EDTA, 10 mM 2-mercaptoethanol) and disrupted by soniﬁcaﬁon.
The homogené.fe was centrifuged at 15000xg for 30 min at 4 °C, followed
by 30000xg for 90 min. The resulting supernatant was used for DNA

polymerase assays (Laemmli 1970, Yamaguchi et al 1980).
Quantitation of DNA polymerase-a and DINA polymerase- [ activities:

Activities of DNA polymerases- and DNA polymerase-f in WIL2 cells

and WSU-CLL cells were assayed essentially as previously described
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(Knopf et al 1976; Yamaguchi et al 1980), wﬂh some modiﬁcations as

3 follows: The reaction mixtures for both DNA‘polymerasg-oc and DNA
polymerase-f assays consisted of 50 pg bovine serum albumin(DNAse-
free), 50mM Tris/HCL pH 8.5, 0.5 mM dithiothrreitol, 7.5 mM MeCL,
0.1 mM each of dCTP, dGTP, dTTP and 7P-dATP (600 cpm/pmol). and
acﬁi;éted calf thymus DNA. In the mixtures for the DNA polymerase-o
-assay, 041 M KCl was added. In the DNA polymerase-f assay, 5 mM N-
ethylmaleimide was used. Nuclease-free redistilled water was added to the \‘
reaction mixtures to a final volume of 100u!. The mixture was incubated

for Thr at 37°C and the reaction waé stoppéd by adding 5 ul 0.5M EDTA.
Five rg;:licate 10 pl aliquots of each reaction mixture were collected to

- DEAE-Cellulose filters in a Millipore Multiscreen Assay System(Millipore
Corporation, Bedford, Mass.); the filters were washed with cold 5%

trichloroacetic acid, and counted by liquid scintillation.

One Unit of DNA polymerase-o. or DNA polymerase- was defined as the
amount of enzyme that catalyzed the incorporaiion of 1 pmol of *P-dATP

into newly synthesized DNA in 1 hour. Polymerase activity is expressed in

- - umits per milligram of proteins.
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8.3. Results:

DNA po@mérase—w and DNA polymerase-f3 Activities:

o

The activity of DNA polymerase-ct in WSU-CLL cells has approximarelgf
2.1-fold incfeased compared with that'in WIL2 cells. DNA polymerase-f
activity shov;'ed the no difference between two cell lines (Table 8-1).
10 uM ai)hidicoﬁn inhibited DNA polymerase-¢ to 65% of conﬂmls in

WIL2 cells and 57% of controls in WSU-CLL cells (Table 8-2).

Cytotoxicity Assay and Inter&tmnd DNA Cross-links:

: &
Aphidicolin at all dosages tested produced no cytotoxicity as determined
by MTT assay (Figuré 8-1). The response of both cell lines to melphalan
was not significantly enhanced by 10 uM aphidicolin pre-incubation for
24 hours (Figure 8-2a,2b, Table 8-3). The amount of interstrand~-DNA-
crosslinking (C,) produced following a 60 minute exposure to various
concentr=*ions of melphalan (measured after washing cells and a further

drug-free incubation for 4-hr) demonstrated no differences between with
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 Table8-1

Activity of DNA Polymerase « and § in WIL2 Cells and WSU-CLL

© Cells
Cell Line : DNA Pol-e(units/mg - DNA Pol-(units/mg
protein) protein) -
W2 27.82 £4.39 10,74 £ 0.09. o
WSU-CLL 5843 £3.67 0.82:+0.11

Valués are Mean =+ SD of five independent experiments

Pol: polymerase
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Table 8-2 Effect of Aphidicolin on DNA Polymerase-c:
DNA Polymerase-c.(units/mg protein)
WIL2 ' ~WSU-CLL )
P ] i w ‘@
Control 27.82+3.39 5843 +3.67 \\
Aphidicolin 18.08 £2.16  3331+3.14. \
' . ' \ .
(10uM)

- DNA Polymerase-o Was’ quantitated in WIL 2 cells and in WSU-CLL cells
- with or without 10 M Aphidicolin treatment for 24 hours at 37°C.

Values are Mean < SD of five independent experiments. |
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and without 10 ©M aphidicolin pre-incubated for 24 hours in either WIL2
cells or WSU-CLL cells (Figure 8-3).

[

8.4. Discussion:

>>h

fn this study, we demonstrated firstly that DNA polyn;g)fase-a level is
{/

elevated in the melphalan-resistant WSU-CLL cell line. This finding led to

- the further study designed to define the consequences on melphala.n'vf ’

cytotoxicity of using aphidicolin to inhibit polymerase-u; “

Aphidicolin is a tetracyclic diterpenoid derived from cephalosporium
aphidicola and is a specific reversible inhibitor of DNA polymerase-« and
DNA polymeras;-ﬁ (Ikegmi etal 1978; Oguru et al 1979; Pedraii et
al 1979; Huberman 1981; Goscin and Byrnes 1982). Incubation of the
two cell ﬁnes w1th 10 uM aphidicolin inhibited DNA polymerase-o to
63% in WILZ cells and 57% in WSU-CLL cells, respectively compared
with controls. However, the cytotoxicity of melphalan against two cell

lines was not enhanced by the pretreatment with. aphidicolin.

-192-

A



!
] ‘
« w 0.6 - | 2 ’
§ /)] :
: . AWL2
047 - ’ ¥ WSU-CLL
024 ()
O i 1 S A ] 1 1 I » 1 I ’

‘p 25 50 75 100 125 150 175 200

Aphidicolin (M)

Figuré 8-1: Viable cell fraction (as a proportion of control) following
treatment with aphidicolin against WIL2 cells (&) and
[ ) D

WSU-CLL cells(W). Values shown are the mean + SD of

five independent experiments.
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Figure 8-2: Cytotoxic effect of melphalan (MLN) on WIL2 cells(A:
without Ap--A; with Ap--0) and WSU-CLL cells (B:without
Ap--R; with Ap--®) with or without 10.M Ap(aphidicolin)
pre-treated for 24-hr. Points represent mean = S.D of ten
independent experiments. The significant difference was
found when WIL2 cells snd WSU-CLL cells were
compared(p<0.001).But there was no difference “etween
with and without 10uM Ap pre-treated for 24-hr,
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- Table 8-3:
| ICS(, Concentrations for Melphalan in WIL2 Cells and ‘Alkylator

Resnstant WSU-CLL Cells, with and without Aphidicolin Pretreatment

o JCq (uM)

WIL2 cells  gs7e108
WIL2 cells pre-treated with 7
10uM aphidicoﬂ}f for .’%4-hrs 9.82+1.73 |
WSU-CLLcells 223184645

WSU-CLL cells pre-treated wﬂh

10p.M aphldlco]m for 24-mrs 231.4245.21

RS R :?. N e ST T

ICs; = drug concentration resulting in 50% reduction of cell numbers as

compared to control(untreated).
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p>0.05
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80pm

Figure 8-3: Percentage of interstrand-DNA-cross-links (C,) assessed after

60 minutes melphalan (MLN) exposure followed by 4 hours

drug free incubation in WIL2 celis(A) and in WSU-CLL

cells (B)with or without 104M Ap(aphidicolin) pre-treated

for 24-hr. Points represent mean + SD of ten independent

experiments.
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- Previous studies demonstrated that DNA ploymerase o is not mvolved in

nucleoude exc1s1on—repa1'c DNA repair, (Dresler and Frattini 1986;
Nishida et al 1988; Huntingetal 1991; Popanda and Thielmann 1992).
Coveﬂey and co-worker used monoclonal antibodies that nentralized the

activity of DNA Pol « in solution, which did not signiﬁcanﬂy inhibit DNA-~

Tepair synfhesis carried out by cell extracts (Coveriey et al 1992). |

- In line with those findings, the lack of increased sensitivity to meiphalan

i)

with this approach suggests that melphalan resistance does not appear to
i

involve DNA polymerase-a as an additional resistance mechanism.

Uy,
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CHAPTER ?

In ChronigL}:mphatic Leukemia But Sensitises B-CLL Cells

To Melphalan Cytetoxicity

9.1. Introduction:

B-CLL is cha:ractensed by a slowly accumulative expansion of CD5" B-
Iymphocytes resm‘tmg from a decreased rate of spontaneous apoptosis
(Dameshek, 1967; Colins et al, 1989; Robertson et al, 1993b). While in-
vivo resistance to cell death characterises B-CLL, these cells show
decreased in-vitro viability and an increased rate of apoptosis in the
absence of specific maintenance factors such as IL4 (Danescu et al, 1992;
Manion-Fowler et al, 1993; Panayiotides et al, 1993). 114 is known to
increase the expression of bel-2 protein, an inhibitor of apoptosis, in B-
CLL cells (Panayiotides et al, 1993; Craig et al, 1993). The bel-2 product
has also been associated with drug resistance in either spontaneously

expressing or transfected cell lines with high levels of the protein

“ (Hockenbery et al, 1990; Korsmeyer S..J., 1992; Campana et al, 1992). In
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view of these observations, it might be expected that IL4 treatment of B-
.CLL cells would increase the resistance of these cells to chemotﬁerapeuﬁé
agents. The present study demonstrates that, paradoxically, 1L4 acﬁon on
B-CLL cells is associated with enhanced sensitivity to alkylating a;gents and
S ¢ .
more specifically that it is B-CLL cells that demonstrate alk;-‘ﬁator ;

resistance in the absence of IL4 that are sensitised to the cytotoxic effects

of the bifunctional alkylator, melphalan.

9.2. Materials and Methods:

Peripheral blood lymphocytes were obtained from 10 patients with B-CLL

and 5 normal control subjects. Clinical details of the patients are shown in

Table 9-1. Eight of 10 patients had had prior alkylator therapy and 6 had

' clonally restricted lymphocytes that were classified as alkylator resistant

according to a previously defined LD,, concentration of > 10 uM

- melphalan (Bezwoda & Pu 1997 ). These patients had also shown clinical

resistance to treatment with alkylating agents.
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Table 9-1: Clinical and Hematologic Details of Patients with Chronic Lymphatic

Leukemia

No. Age Sex WCC (x10%) Lymphocyte LDy, \f Prior
Percentage  (pM)  Treatment

1 71 M 7.84% 53 325 rE—
2 6 M 127 34 4.25 . -
3 st M | 437+ 42 7.25 +
4 7T 10.95% 75 8.75 +
5 78 M 9.20% " 73 13.25 + |
6 71 F 8.30% 54 116.50 +
7 71 M 231 77 17.50 +
g 6 M 42.20 92 18.25 +
o 57 T 25.50* 5 22.50 ;
10 6 M 57.80 100 27.50 +

* Patients were investigated following treatment including either oral alkylating agent therapy
(patients 1,3 and 5) or following second line treatment with fludarabine (patients 6 & 9). At
the time of investigation patients were off treatment with stable leukocyte counts for at least 4

weeks.
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Mononuclear cells were isolated by Ficoll-Hypaque centrifugation (Boyum
1958). Monocytes were removed by adherence: to plastic and T-
Iymphocytes were removed by passagt;, through by nyion wool (# udson &

. Hay, 1980). The resulting celi population contained <2 % T lymphocytes
and > 95 % B-cellg as assessed by flow cytometry using a panel of

monoclonal markers including CD5, CD19, CD20 and CD3. In patients
with B-CLL > 95 % of B-cells were demonstrated to be CD5" and to have
isotypic light chain restriction.

' Cultures included IL4 at and/or melphalan at various concentrations as

given in text and filustrations. For determination 6f cytotoxicity of

melphalan, cells were pre-incubated for 24 hours w1th or without 4,

washed once with fresh medium and then cultured for up to 72 hours

together with melphalan which was added at a final volume of 200 pl/well.

DNA fragmentation was assessed by analysis of soluble DNA in cell
lysates as compared to total cell DNA (soluble plus precipitable, intact,
DNA) using 33258 Hoechst according to the method of Cesarone et al
(Cesarone et al 1979} and of Buschle and co-workers (Buschle et al,

1993).
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;Ce]]n viability and metabolic activity was assessed both by trypan blue

»- exclusion and by the MTT assay.

Statistidal analysis of paired data used Student’s 7 test.

© 9.3, Results:

1w

14 did not stimulate proliferation of either B-CLL cells lor normal

- lymphocytes. However, IL4 significantly increased the viability of bbthB-

CLL cells as well as normal B-lymphocytes for periods cf up to 96 hoimc "

Differences were shown at all IL4 concentrations but the optimal

concentration of IL4 required to maintain cell viability was 50 w/ml

(F%gure 9-1).‘ ,
7/

7

| Spontaneous DNA fragmentation occurred in both normal lymphocytes and
ata higher rate in B-CLL cells (Figure 9-2). DNA fragmentation consisted

of typical 200 bp oligosomal multimers and was already evident after 24

hours incubation. IL4 significantly reduced DNA fragmentation in both

cell types.
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Figure 9-1: Effect of TL4 on cell viability following 96 hours culture.
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Cell culture was in RPMI 1640 with 10 % fetal calf serum.
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DNA Fragmentation assay. The percentage of soluble DNA
was measured in B-CLL cells and in normal B-lymphocytes

after 96 hours culture with or without addition of IL4.,

* Significantly different compared to control (p < 0.01).

*#*  Significantly different coinpan'ng B-CLL cells and normai B-

lymphocytes (p < 0.01).

~204~




Alkylator resistant (LD;,> 10 uM melphalan in the absence of IL4) B-CLL
cells exposed to IL4, were significantly sensitised to the cytotoxic effects |
of melphalan. The cytotoxic effect of melphalan against normal B-
h lymphocytes and against melphalan sensitive B-CLL cells'was, however,
not significantly altered. These ﬁndiﬁgs are illustrated in ¥ ig}ire 9-3 ét ’an
4 concenﬁaﬁon of 2 wml. Addition of ncreasing doses of IL4 up to 50
w/ml resulted in qualitatively similar findings, i.e. be specific sensitisation
fo the cytotoxic effects of melphalan confined to alkylator resistant cells.
The enhancement of the cytotoxic effects of melphalan increased from 50

% at I{.4 concentration of 2 u/mi to 80 % at 1.4 concentration of 50 w/mi.

The percentage of interstrand cross-linked DNA (Ct %) following
melphalan exposure was significantly higher at all times tested in 114
treated alkylator resistant B-CLL cells than in cells not exposed to 114

 (Figure 9-4 & 9-5),
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Figure 9-3: In-vitro cytotoxicity of melphalan against B-CLL cells and
against normal B-lymphocytes in the presence and absence

{ of (2 w/mi) IL4. Cells were pre-incubated for 24 hours in the
presence or absence of JL4. Cytotoxicity was assessed by

MTT assay after short term (60 min) exposure to melphalan,
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Figure 9-4: Percentage interstrand DNA-cross-links (Ct %) following
short term (60 min) in-vitro exposure to melphalan of
alkylator resistant B-CLL cells; with 1.4 () and without
IL4 (A). Ct% was assessed at intervals for up to 48 hours
following melphalan exposure. a) 10 pM melphalan;

b) 40 uM melphalan.
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Figure 9-5: Percentage interstrand-DNA-cross-links (Ct %) following 4
hours in-vitro exposure to melphalan (10 uM) of alkylator _
resistant B-CLL cells with IL4 () and without (A). Ct %
was assessed at tntervals for up to 48 hours following 10 pM

melphalan expesure.
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9.4 Discussion:

AN
0

L4 is a T-cell derived multifunctional cytokine, originally described as B-

 cell stimulatory factor, for normal preactivated human and mouse B-cells

- (De France et al, 1987). While IL4 has been shown to be required for

maintenance of B-cell celi:{ i'ln-vitro, it is also a potent antiproliferative
agent for B-CLL cells blocking the proliferative reéponse of the leukemic
B-cells to stxmuh such as recombinant tumour necrosis factor « (TNFa),
interleukin 2 (JL2) and intexferon”a (IFN-tt) (Luo et al, 1991). The
discrepancy between the Rrolonged survival of B-CLL cell in—vivo and their
ragid déath in-vifro sugg;:sts thaf humoral or cellular factors protect these

celis in-vivo and lack of these factors in-vitro allows apoptotic cell death.

Both 114 and phorbol myristate acetate (PMA) have been shown to be able
to maintain bel-2 protein levels in B-CLL cells (Panayiotidis et al, 1993).
In the absence of these maintenance factors the levels of intra-cellular bel-2
decline spontaneously in the majority of B-CLL cells in short term in-vitro
culture. The maintenance of bcl-2 protein levels has been linked to failure
of these cells to undergo apoptosis, although the exact mechanism by which
bel-2 prevents cell death is not clear. So far, the only agent described as
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being capable of preventing apoptosis in both normal and leukemic B-cells,
is PMA, an activator of protéin kinase C (PKC) (McConkey et al, 1991).
Whether 'the same mechanism is involved in IL4 stimulated cell
maintenance is not, however, clear. The present study confirms previous
Teports that IL4 inhibits apoptotic cell death of B-CLL during in-vitro
cultare (Manion-Fowler et al, 1993; Panayiotides et al, 1 593 ; Craig et al,
1993; Hockenbery et al, 1 9;0). In addition, we found that 114 can aIsQ

bignhibit: apoptosis of normal B-lymphocytes from healthy volunteers.

Apart from to the anti-apoptotic effect, bel-2 expression has, in a number
of instances, been shown to be associated with resistance of cells to the
éytotoxic effects of a variety of chemotherapeutic agents (Miyashita and
Reed 1993; Walton et al, 1993; Lotem and Sacks, 1993). Bcl-2 expression
has indeed‘ been thought to provide amother cellular mechanism for
multidrug resistance apart from mﬂrl and/or mdr2 expression (Dive et ali,
1992; Miyashita and Reed, 1992). However, this study demonstrates that
IL4 can enhance the cytotoxic activity of melphalan in B-CLL cells and
does not have same effect on normal B-lymphocytes. This increased
sensitivity to the cytotoxic effects of melphalan was associated with

increased interstrand DNA cross-linking, the common mechanism of
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a]kylatdr indixced cytotoxicity, which results in inhibition of normal DNA
replication and transcription and ultimately in cell death (Kohn et al\,’ 1 981 ;
ZWellz’ng etal 1 98] h anssan etal, 1 9,8»7). These findings suggest that
IL4 somehow increases ﬂ}e number of sites on DNA avaﬂab].e for

alkylation, pyossibly by altering DNA topology.

"
&
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CHAPTER 10

Summary;’

The yinvestigaﬁons which make up the body of this thesis touch on various

| aspects of the alkylator resistance. Although many of the factors governing

alkylator resistance have been elucidated specific problems remain to be

deﬁji;(éi in greater detail. The specific studies include:

The median IC,, for the B-lymphocyte cell line( WIL2) was 8.57+1.08 uM.

 The median IC;, for the B-CLL cell line( WSU-CLL) was 223.18+6.45

WM., WSU-CLL cells were approximately 26~fold resistant to melphalan as

" compared to WIL2 cells,

The relationship between in-vitro cytotoxicity and melphalan induced
interstrand-DNA-cross-linking was studied in melphalan-sensitive WILZ
and in melphalan-resistant WSU-CLL. Interstrand-DNA-cross-link

formation, as measured by ethidium bromide fluorescence assay (EFA)

showed a highly significaat correlation with in-vitro cytotoxicity in the two
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cell lines. However, the melphalan concentration at which such interstrand
DNA cross-linking occurred differed significantly when WIL2 cells and
WSU-CLL cells were compared. The kinetics of interstrand-DNA-cross-
link formation and removal following treatment with melphalan also

differed signiﬁcanﬂy, with WSU-CLL cells, showing a much more rapid

- rate of removal of interstand DNA cross-links as compared to WIL2 cells.

Cell cycle analysis ‘Showed that melphalan treatment resulted in the

progressive arrest of the WSU-CLL cells in G, and G, phases. But WIL2

cells failed to enter G; or G, arrest after melphalan ée‘atment. These
findings suggest an incréased rate of DNA repair occurring in glelphalan-
resistant WS[iCLL cells and such repair can be facilitated by alteration of
the cell cycle to. allow effective DNA repair before the cell enters phases

of the cell cycle in which the DNA damage will be lethal.

Melphalan transport was measured in WIL2 cells and in WSU-CLL cells.
The study demonstrated decreased initial melphalan accumulation in
WSU-CLL cells compared with WIL2 cells. The Lineweaver-Burk plots of
the rate of initial melphalan uptake showed the follow kinetic parameters:

WILZ cells Km=26.72uM, the Vmax =431.03 pmol /10 cell/min;

-213-



WSU-CLL cells Km = 25.63 ,LLM, the Vax = 123.61 pmol/10° ce]l/n;im

There was an approximately 3.5 ?fdld decrease of Vmax in WSU-CLL celis
compared with WIL2 cells. Melphalan transport was inhibited by both 2-
amino-bicyclo[Z,Z, 1] heptane-Z-cérboXylic acid(BCH) and by sodium ion
depletion m both cell lines, inciicaﬁng that both systems of aminoyacid
| Htransp ort (System L, which is sodium dependent and inhibited by BCH, and -
ASC, which is sodium dependent and unaffected by BCH) are functional

in these two cell lines.

The ﬁn&ing thatthe melphalan-resistant WSU-CLL cells transport the drug
less efficiently indicates that drug transport is a factor in the mechapism of
| resistance in the cell line. However the previous findings that WSU—CLL
cells demonstrated a rapid rate of removal of interstrand DNA-cross-links
and an inc;eased rate of DNA repair suggests that altered drug uptake is

not.a major resistance mechanism in these human lymphoid celis.

Levels of glutathione and its dependent enzyme(GST) in WIL2 cells and
WSU-CLL cells were also examined. There was no significant difference
between the two cell lines in with regard to either glutathione content or

glutathione-S-transferase activity. This finding differed from that reported
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. from some previous studies. The results demonstrate that glutathione and

glutathione-S-transferése level associated drug resistance mechanisms

appear be tumour cell line specific.

Nuclear extxacts%rom WSU-CLL cells possess an dramatic increase in
DNA topoisomerase Il activity as compared to WIL2 cells. By Western blot
analysis the levels of topoisomerase II proteins expressgfl in WSU-CLL
cells were also dramatically increased as compareSi to WIL” cells. No
difference in topoisdmerase I activity or of the level of to‘poisomerasé I

protein expression was observed comparing the two cell lines. WSU-CLL

_ cells were 5.24-fold more sensitive than WIL2 cells to the cytotoxic effect

of the topoisomerase II inhibitor doxorubicin. The sensitivity to the
cytotoxic effects of topoisomerase I inhibitor, camptothecin, did not differ
in WSU-CLL and WIL2 cell lines. Pre-incubation with doxorubicin
significantly increased melphalan induced interstrand-DNA-crosslink

formation and cytotoxicity in WSU-CLL cells as compared to WIL2 cells. |
The affinity of topoisomerase I for WSU-CLL UV-irradiated-crosslinked
DNA was increased 2.84-fold as compared to that of WSU-CLL native

DNA. The affinity of topoisomerase I for both UV-irradiated{crosslinked)
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and for native DNA was significantly decreased after doxorubicin-

pretreatiment.

\

;Elevated topmsomerase II activity and the mcreased affinity of

topo1somerase I for crosslmke& DNA in melphalan resistant celis appears

© ' to contribute to. a]kylator resmtance by changing DNA topology and

thereby facilitating DNA repair.

[

" Measmrement of DNA polymerase . and DNA polymerase f} revealed

significant elevations in DNA polymerase o (58.82 4 3.67 units/mg protein
m WSU-CLL ‘éell.é, as compared to 27.82 £ 4.39 units/ﬁlg protein m
WIL 2 cells; p< 0.01) but not DNA polymerase ( 0.82 = 0.11 units/mg
protein in“'?WSU-CLL cells, compared to 0.74 £ (;.09 units/mg protein in
WIL2, p> 0.05). Aphidicolin did not produce toxicity or demonstrate
antineoplastic activity when given alone. The study showed that there was
no change of melphalan cytotoxicity in either WIL2 cells or WSU-CLL
cells after DNA polymerase o was inhibited using aphidicolin. The failure
to increase cytotoxicity of melphalan using this approach suggests that tho

mechanisms of resistance do not involve DNA polymerase-c.
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" The effect of IL4 on cell viability, cell growth, apoptotic fraction,

N
melpl‘\alan induced cytotoxicity and the degree of interstrand DNA cross-

: hnkmg after alkylaﬁng agent exposure was investigated in peripheral biood

B-CLL cells obtained from 10 patients suffering from chronic lymphocytic

leukemia as well as iannlymphocytes from 5 normal individuals. The
addition of IL4 to culture mediwm maintained in-vitro viability and
de;::reased spontaneous in-vitro apoptosis in both B-CLL cells and normal -
. peripheral blood B-lymphocytes. ILA did not, however, stimulate

proliferéﬁon of either cell type. IL4 sensitised alkylator resistant B-CLL -

cells to the cytatoxic effecté of melphalan (L-phenylalanine mustard) but

‘had no influence on melphalan induced cytotoxicity against normal B-

lymphocytes. The enhanced cytotoxicity against B-CLL cells was
accompanied by an increase in the amount of interstrand-DNA-cross-
linking in these cells following short term exposure to melphalan, which is
the common meché.nism of alkylator induced cytotoxicity, resulting in
inhibition of normal DNA replication and transcription and ultimately in
cell death. These findings suggest that IL4 somehow increases the number
of sites on DNA available for alkylation, possibly by altering DNA

topology.
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Taken together these investigations demonstrated that resistance is to
alkylating agents is multifactorial. Understanding of these heterogeneous
mechanism of resistance to alkylating agents has been very helpful in

developing strategies to overcome resistance. It has also contributed to

| major underst&hding of the normal tissue protection against ca}ccinogens

and environmental toxin and may be relevant to individual cancer risk and
familial cancers. In future profiles of these resistance mechanisms may help

select therapy for patients.
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