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before injection, no differences in colony numbers were shown.
These results suggest that different AML progenitor cells can be
defined in the whole AML population, dependent on the test
system used. Moreover, the findings indicate a hierarchy in
AML progenitors, including cells with short-term and long-
term repopulating abilities, as has already been defined in the
normal counterpart. This expanding knowledge on the biological
behaviour of AML progenitors in vitro may be used in future
clinical trials to optimise new therapeutic strategies, especially
in the possible elimination of AML progenitor cells from the
graft.
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Predictive Value of Thymidylate Synthase and
Dihydropyrimidine Dehydrogenase

G.]. Peters, C.L. van der Wilt and C.]. van Groeningen

INTRODUCTION

POTENTIATION OF inhibition of thymidylate synthase (TS) is
considered to be the mechanism by which leucovorin modulates
the antitumour activity of S-fluorouracil (SFU) against colorectal
cancer [1, 2]. Combination of leucovorin with SFU has doubled
the response rate of single-agent SFU from approximately
10-15% to 20-40%, depending on schedule and dosing of both
5FU and leucovorin [1, 3]. However, this still means that the
majority of patients does not benefit from this treatment in terms
of response rate. In most of the studies, no major effect on
survival time has been reported.

ROLE OF TS IN THE ACTION OF 5FU

Sensitivity and resistance

Several factors may be responsible for the lack of potentiation
of SFU by leucovorin. These factors are related to an aberration
in the metabolism and disposition of either leucovorin or of
SFU. Besides the interpatient variation in pharmacokinetics of
both drugs, there are a number of cellular or tumoral factors
which determine whether leucovorin can modulate SFU [1]. In
order to be active, leucovorin has to be transported across the
cellular membrane, a process mediated by a reduced folate
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carrier. For the folate antagonist, methotrexate, transport
deficiency has been associated with resistance [4]. After transfer
of the membrane, leucovorin has to be metabolised to 5,10-
methylene-tetrahydrofolate (CH,-THF), which is the one-car-
bon donor required for conversion of dUMP to dTMP, the
reaction catalysed by TS. CH,-THF is also essential for the
formation of a stable ternary complex between FAUMP (the
activated form of SFU), TS and CH,-THF. This complex is
responsible for inhibition of thymidylate synthase. Although it
has been reported that intermediates of the metabolic pathway
of leucovorin to CH,-THF can also support the formation of this
ternary complex, CH,-THF is the best substrate [S]. An even
better inhibition is achieved in the presence of polyglutamates
of CH,-THF [6], which are formed by the action of folyl-
polyglutamate synthetase. A lack of polyglutamylation has been
associated with resistance to SFU [7]. For SFU, transport
deficiency has not been reported to be associated with resistance,
but aberrations in its metabolism to FAUMP (the inhibitor of
TS) or to FUTP (the metabolite for RNA incorporation) have
been associated with resistance [1]. Considering the inhibition
of TS, a number of possibilities exist, such as an increased
activity of the enzyme (for instance, due to gene amplification)
or altered kinetics of the enzyme (e.g. decreased affinity of either
FAUMP or CH,-THF to TS, leading to a diminished inhibition)
[1]. Thus, it would be of interest to determine these parameters
in patients who are receiving SFU in combination with leucovo-
rin for anti-cancer treatment.This information would also be
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useful in designing alternative treatment schedules, bypassing
potential resistance mechanisms, without enhancing toxic side-
effects.

TS as a predictive parameter

When one considers TS as the major target for SFU, it is a
logical step to determine a relationship between the activity of
TS and sensitivity to SFU or to SFU in combination with
leucovorin. Consequently, one needs to know the minimal
concentration of leucovorin required to achieve potentiation.
Both aspects have been addressed repeatedly in the literature
(see [8] for a recent review), but the answers are not clear, as
has been pointed out by Beck and colleagues in this issue
(pp. 1517-1522,1522-1526). Traditionally, TS levels have been
measured by determining the number of FAUMP binding sites
or by measurement of the conversion of dUMP to dTMP. More
recently, new methods for TS have become available, such as
ELISA assays [9, 10], immunohistochemistry [11, 12] or semi-
quantitative PCR [13]. However, for each of these methods, it
has to be determined whether TS is really related to the
sensitivity for SFU. In a panel of 19 cell lines from various
histological origins (five head and neck cancer, six breast cancer
and eight from cancer of the digestive tract), Beck and colleagues
(pp. 1517-1522) suggest they have observed such a relationship;
however, the significance of this relationship is rather poor (r* of
0.22), possibly caused by a relatively large variation in crucial
samples (considering either the sensitivity for SFU or the TS
activity), but more likely due to other factors determining
sensitivity to SFU. In a study from our laboratory, in which
more parameters were included [14], we did not observe a
relationship between SFU sensitivity and TS activity, although
the panel was smaller (six cell lines); sensitivity was mainly
related to a balance in the activities of anabolic and catabolic
enzymes, similar to other studies [15-17]. An update of our data
on a possible relationship between TS activity and sensitivity to
SFU in an additional group of eight cell lines (colon cancer and
head and neck cancer) also resulted in a similarly poor correlation
(r? = 0.27). This means that more factors play a role in the
sensitivity to SFU, although TS seems to be one of the major
factors.

Dosing of leucovorin

A major question in the modulation of SFU activity is the dose
of leucovorin. Several randomised clinical trials have been
published [3, 18] in which patients received a low dose of
leucovorin {20-25 mg/m?, given either intravenously (i.v.) or
orally], an intermediate dose (about 100 mg/m?) or a high dose
(500 mg/m?). From preclinical in vitro studies, it was initially
postulated that prolonged exposure to concentrations of leucovo-
rin higher than 1 pM would be required [2, 8]. For most
administration schedules of leucovorin, this plasma concen-
tration was achieved [19, 20]; however, in patients receiving a
low dose of leucovorin, this plasma concentration will not be
achieved, although potentiation of the effect of SFU has been
observed [21]. This might be related to either a selective
enhanced uptake of l-leucovorin, the active stereoisomer, in the
tumour or by a low requirement of that specific tumour for
leucovorin to potentiate the effect of SFU [8, 10]. Indeed, in cell
culture, very low concentrations of leucovorin (<0.1 uM) have
been found to be sufficient to potentiate the growth-inhibitory
effect of SFU in certain cell lines [8]. However, at the concen-
trations of leucovorin usually employed in in vitro studies (1-10
M), a considerable number of cell lines do not respond to
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Figure 1. Summary of published modulation studies in cell lines.
Data are from [8]. The total number of reported cell lines which were
tested for modulation by leucovorin was set at 100%. The bars give
the percentage of cell lines in which the sensitivity to 5FU could be
modulated by co-incubation with leucovorin (the threshold potenti-
ation factor was set at 1.5). The numbers in the figure indicate the
number of cell lines tested for that specific tumour type.

potentiation by leucovorin (Figure 1). An interesting feature
of the in vitro modulation studies was the observation that
modulation of 5-fluoro-2'-deoxyuridine (FUdR) was observed
in more cell lines than that of SFU. Beck and colleagues
(pp. 1522-1526) describe that modulation of SFU by leucovorin,
in apparently modulation-resistant cell lines, cannot be achieved
by exposing the cells to either low or high concentrations of
leucovorin. In the modulation-sensitive lines, the modulation
is a saturable phenomenon related to the concentrations of
leucovorin. Another interesting feature in the modulation of
5FU by leucovorin was the observation that cell lines with a low
ICso for SFU could be modulated by leucovorin, but cell lines
with a high ICse could not. This was a pattern which was also
found in more cell lines [8]. The concentration of leucovorin
required for modulation was variable. In in vivo tumour models,
we observed that administration of a very high dose of leucovorin
(total 500 mg/kg) did not improve the modulating effect com-
pared to lower doses (total 100200 mg/kg), the latter compara-
ble to the high doses used in patients [22].

Inhibition of TS

Most tumour cell lines are derived from one tumour, and one
could consider a panel of cell lines being representative for
several different tumours and thus for the heterogeneity
observed among tumours. This could mean that certain tumours
would respond to modulation by a low dose of leucovorin, but
others would not. Indeed, when we compared the inhibition of
TS in patients who received a test dose of 5FU (500 mg/m?), in
combination with either low-dose leucovorin (25 mg/m?) or
high-dose leucovorin (500 mg/m?), inhibition of T'S was signifi-
cantly enhanced in patients receiving the high dose of leucovorin
as compared with patients receiving SFU alone [23]; in patients
receiving the low dose of leucovorin, inhibition of TS was
comparable with that of SFU alone. When comparing patients
who had received SFU alone in a test dose and SFU alone as
treatment, a clear correlation was observed between the extent
of TS inhibition and response to treatment, as well as between
total TS and response to treatment {24]. Similar results were
published recently in a preliminary form for a relation between
the expression of TS-mRNA and response of patients with
gastric cancer [25], as well as between immunohistochemical
staining for TS and survival of patients with rectal cancer [26];
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both groups of patients were treated with a SFU-containing
regimen.

The question remains whether those patients not responding
to combination chemotherapy with SFU and leucovorin would
respond to a therapy with even higher doses of leucovorin. The
answer is not straightforward. Possibly several patients would,
but a number of patients might have a mutant form of TS
which cannot be modulated by high-dose leucovorin. In several
patients, the activity of TS may be too high to be inhibited
sufficiently to block DNA synthesis. This activity can be high
due to the large genetic heterogeneity which has been observed
between non-treated patients [27] or as a result of prior treatment
with SFU. Even a 99% TS inhibition in the tumour of a patient
with a basal T'S activity of 3000 pmol of dTMP formed per h per
mg protein, would still result in a residual activity of 30 pmol
dTMP formed per h per mg protein. However, 99% inhibition
in the tumour of a patient with a basal activity of 100 would lead
to just 1 pmol of dTMP formed per h per mg protein. Thus, in
the patient with the very high activity, it may be impossible
to inhibit TS to the level which will result in cytotoxicity.
Alternatively, it is also possible that, in the modulation-resistant
patients, the major mechanism of action of 5FU is RNA directed,
which cannot be modulated by leucovorin. However, it has been
reported that the combination with leucovorin can cause a shift
in the mechanism of action of RNA to TS directed [1, 8]. In
order to bypass more mechanisms of resistance to SFU, it seems
worthwhile to use multiple modulators such as interferon-
o, PALA (N-phosphonacetyl-L-aspartate), uridine and others
(1, 8].

ROLE OF DIHYDROPYRIMIDINE DEHYDROGENASE

A novel aspect in the study of Beck and colleagues
(pp. 1517-1522) is their observation of a relatively high activity
of dihydropyrimidine dehydrogenase in the tumour cell lines
studied. Although the presence of comparable levels of this
enzyme has been previously reported in tumours [28], it is the
first time that a relatively large panel of cell lines has been
assayed for the activity of this degradation enzyme in cell
extracts. For intact cells, using a flow-through system, we
observed that the degradation pathway can have considerable
activity [29]; however, no relationship could be demonstrated
with sensitivity to SFU. Beck and colleagues (pp. 1517-1522)
observed a relatively low correlation coefficient (r> = 0.27),
indicating that this enzyme may play a role in sensitivity to SFU,
but is not the major determinant. It should be noted that
the balance between activating and inactivating enzymes will
ultimately determine which is the predominant pathway. How-
ever, both in tumour samples from colon cancer patients and
several cancer cell lines, in which we characterised the activity
of the activation and inactivation pathways [14, 30], we observed
that the activity of dihydropyrimidine dehydrogenase was 2-10-
fold lower than that of the activation enzyme with the lowest
activity ([30], unpublished observations). Under pharmacologi-
cal conditions, especially with continuous infusions in which
plasma concentrations are low (1-5 pM; [31]), the kinetic
characteristics (K, and V... values) of the activation and inacti-
vation pathways would favour activation of the drug. Recently,
the same group also reported on the activity of dihydropyrimid-
ine dehydrogenase in tumour samples from patients with head
and neck cancer [32]; a large variation in the activity of this
enzyme was observed, both in the group of patients responding
to SFU-based chemotherapy and in patients not responding.
The mean activity of dihydropyrimidine dehydrogenase in the

G.]. Peters et al.

responding group was significantly lower, but there was a large
overlap in enzyme activity. Currently, the meaning of these
findings, although interesting, is not clear. The balance between
activation/inactivation of SFU metabolism was not measured in
this study, but compared to reported activities of anabolic
enzymes in squamous cell carcinoma, the degradation activity is
still low [33]. Thus, based on the information currently available,
tumour dihydropyrimidine dehydrogenase levels cannot (yet) be
considered to be a predictive parameter for SFU. However, high
or low dihydropyrimidine dehydrogenase activities in normal
tissues (e.g. liver, in which levels are much higher than in
tumours) may be a major determinant in the pharmacokinetics
of SFU; low dihydropyrimidine dehydtogenase levels being
clearly related to enhanced toxic side-effects [34].

CONCLUSIONS

Measurement of pretreatment TS levels with either an enzyme
assay, immunohistochemistry or semi-quantitative PCR, may
give sufficient information to predict whether a patient has a
good chance of responding to SFU-containing therapy. Con-
sidering the encouraging clinical data with new specific folate-
based TS inhibitors, such as Tomudex (ZD-1694) which has
shown an overall response rate of 27% in patients with advanced
colorectal cancer [35], this information would also be valuable
in order to determine a relationship between TS activity and
response to this new class of anti-cancer drugs. The data on
dihydropyrimidine dehydrogenase are too preliminary to be
considered as predictive for the result of SFU therapy, but are
clearly indicative of aberrations in SFU pharmacokinetics.
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Lonidamine: In Vitro/In Vivo Correlations
B. A. Teicher

LONIDAMINE, 1{(2,4-dichlorophenyl)methyl]-1H-indazole-3-car-
boxylic acid, was first prepared and studied in the mid-1970s as
an anti-spermatogenic agent {1]. It was soon recognised that
mitochondria and, consequently, cellular energy metabolism
were targets for the observed anti-spermatogenic activity. The
potential application of lonidamine to malignant disease was
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quickly realised, and preclinical development of lonidamine in
cancer began [2]. Lonidamine is interesting as an anti-cancer
agent for two reasons: (1) it has a unique mechanism of action
and (2) it has a unique spectrum of normal tissue toxicities.
Numerous careful and elegant studies on the mechanism of
lonidamine cellular effects focused on the mitochondria and
oncellular energetics. These studies identified mitochondrial
hexokinase as an enzymatic target for this drug [3-6]. Later
studies, however, found that lonidamine alters properties of the
inner surface of the plasma membrane of cells as well as damaging
both the inner and outer mitochondrial membranes, resulting in



