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ABSTRACT

AÃ-(5-|Ar-(3,4-dihydro-2-methyl-4-oxoquinazolin-6-ylmethyl)-/V-
methylamino]-2-thenoyl)-i.-glutamic acid (ICI D1694) is a water-soluble,
folate-based thymidylate synthase (TS) inhibitor designed to be a less
toxic and more potent analogue of the clinically tested /V'u-propargyl-5,8-

dideazafolic acid. Inhibition of isolated L1210 TS by ICI D1694 is mixed
noncompetitive (although tending toward competitive), with a A', of 62

n\l (/T,,, = 960 n\l). The synthetic -y-polyglutamates are up to 2 orders

of magnitude more potent as inhibitors of TS; e.g., the tetraglutamate
(ginÂ»)has a A, of 1.0 IIM(A,,, = IS IIM).Although inhibitory activity of
ICI D1694 toward rat liver dihydrofolatc reducÃasewas similar to that
of TS (A, = 92 IIM:competitive inhibition) the polyglutamate derivatives
did not show enhanced activity. ICI D1694 was also a very potent inhibitor
of L1210 cell growth (50% inhibitory activity = 8 n>i). L1210 growth
inhibition was not observed in the presence of thymidine, consistent with
TS being the locus of action. Folinic acid antagonized LI210 growth
inhibition in a competitive fashion such that the highest folinic acid
concentration used (25 JIM) increased the 50% inhibitory activity 6000-
fold. \\ lien given as a 4-h delayed "rescue", folinic acid was much less

effective in antagonizing growth inhibition. These observations are con
sistent with folinic acid competing with ICI D1694 for uptake into the
cell and/or intracellular polyglutamation. The LI 210:1565 cell line, which
has greatly impaired reduced-folate/methotrexate transport and thus is
resistant to methotrcxate, was significantly cross-resistant to ICI D1694
(121-fold), suggesting that ICI D1694 is dependent on this uptake
mechanism for good cytotoxic potency in 1.121(1cells. 1.1210 cells that
were incubated for 4 h with 0.1 MM'11-K I D1694 accumulated - 1.5 n\}
intracellular 'II. and the high performance liquid chromatography analy
sis of the cell extracts demonstrated that 96% of the 'II was associated

with the ICI D1694 polyglutamate fractions (principally glui). Upon
resuspension in drug-free medium for 24 h, ~75% of the cellular 'H was

retained, this being the higher polyglutamate pool (gluj 6). In mice, after
a single bolus injection of 10 mg/kg of ICI D1694, TS was inhibited
>80% for 24 h in ascitic L1210:NCI cells (as measured by the rate of
'II release from |5-3H|deoxyuridine). ICI D1694 cured the L1210:ICR

ascitic tumor in mice at 0.4 mg/kg daily for 5 days (maximum tolerated
dose, ~50 mg/kg). This antitumor activity was prevented by coadminis-
iral ion of thymidine, indicating that TS is the sole locus of action in rivo.
Coadministration of folinic acid (20 mg/kg) with five daily injections of
10-mg/kg ICI D1694 also resulted in ablation of the antitumor activity.
We conclude from the presented evidence that rapid cellular uptake of
ICI D1694 and retention as more active polyglutamate metabolites are
responsible for its excellent antitumor potency both in vitrn and in vivo.
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INTRODUCTION

Designing a drug that may be clinically useful based on
inhibition of a target enzyme such as TS4 (EC 2.1.1.45) is

complex. Potent inhibition of the isolated enzyme does not
necessarily translate into potency in whole cell systems or in
vivo. CB3717, the prototype folate-based TS inhibitor tested in
humans, was a potent inhibitor of isolated TS (KÂ¡~3 nM), with
moderate potency against tumor cells in vitro or in vivo (1-10).
Nevertheless, CB3717 had antitumor activity in humans, thus
supporting the concept of TS being a useful target for antifolates
(11-17). Unfortunately, CB3717 had a poor therapeutic index
because of dose-limiting and life-threatening nephrotoxicity, a
result of the poor aqueous solubility of CB3717 at urinary pH
(18, 19). The non-dose-related and self-limiting liver toxicity
may also have been related to this poor solubility. A number of
very water-soluble analogues of CB3717 have been synthesized
which are devoid of kidney toxicity in mice (10, 20-26). Gen
erally, poor correlation has been found between their TS inhib
itory potency and cytotoxic potency. It is clear that factors such
as cell membrane penetration and substrate activity for FPGS
must have an important role in determining cytotoxicity. For
example, the 2-desamino-2-methyl analogue (ICI 198583) was
40-fold more cytotoxic than CB3717, which was related to its
uptake into cells via the RFC (unlike CB3717). This, in turn,
allowed polyglutamate formation to occur more readily (22).
Among the most potent cytotoxic compounds synthesized was
a series of 2-desamino-2-methyl-A"Â°-substituted-5,8-dideaza-
folate analogues in which the />-aminobenzoate was replaced
with a thiophene or thiazole ring (27-29). These compounds

also use the RFC in LI210 cells and are significantly better as
substrates for isolated FPGS when compared with those pos
sessing the benzene ring (30). Of these, the /V10-methyl thio

phene compound (ICI D1694) (Fig. 1) has been identified as
the most promising compound in vivo. In terms of potency,
lack of nephro- and hepatotoxicity, therapeutic index, and
spectrum of activity against a range of tumor models including
human tumor xenografts, ICI D1694 satisfies the in vivo selec
tion criteria for a successor to CB3717 (31-33). This paper
presents data summarizing the biochemical properties of ICI
D1694 with regard to enzyme inhibition, locus of action in vitro
and in vivo, the role of transport and polyglutamation in cyto-

4The abbreviations used are: TS. thymidylate synthase: ICI D1694, N-(S-[N-
(3,4-dihydro-2-methyl-4-oxoquinazolin-6-ylrnethyl)-A'-methylamino]2-lhenoyi)-
i.-glutamic acid: CB3717, A"Â°-propargyl-5,8-dideazafolic acid: gluw. glutamates
where n = total number of glutamates; di- to hcxaglutamate, ICI D1694 plus 1-
5 extra glutamates: DHFR, dihydrofolate reducÃase;IC50,50% inhibitory activity;
MTX, methotrexate; HPLC, high performance liquid chromatography; MTD,
maximum tolerated dose; FPGS, folylpolyglutamate synthetase; ICI 198583, 2-
desamino-2-methyl-,Vlo-propargyl-5.8-dideazafolic acid; RFC. reduced-folate/
methotrexate carrier; A'Â¡ap|J,apparent inhibition constant; 5,10-CH2-FH4, A"1'0-
methylenc tetrahydrofolic acid; dThd, thymidine; dUrd, 2'-deoxyuridine; Hx,
hypoxanthine; DDATHF. 5.10-dideaza-5.6,7,8-tetrahydrofolic acid; TK, thymi
dine kinase: L1210:ICR, LI 210 subline carried at the Institute of Cancer Research
(previously called L1210:CBRI).
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MECHANISM OF ICI DI694 LI2IO IN VITRO AND IN VIVO ACTIVITY
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Fig. I. Structure of ICI D1694.

toxicity, and the pharmacodynamics of ICI D1694 with respect
to TS inhibition /'n vivo. All of our evidence suggests that ICI

Dl694 is a compound that is rapidly transported into the cell
via the RFC and then undergoes rapid and extensive metabo
lism to polyglutamate derivatives and has TS as its locus of
action. Polyglutamation of ICI Dl694 appears to be the key
feature for the potent activity of the drug in vifro and In vivo.
ICI Dl694 is currently in clinical study at the Royal Marsden
Hospital.

MATERIALS AND METHODS

ICI D1694 and Its Synthetic Pol)glutamates. ICI D1694 was synthe
sized as previously described (28). The synthesis of the authentic 7-
polyglutamate derivatives was by the method of Bisset et al. (34). For
in vitro studies, all of the compounds were dissolved in 0.15 M NaHCO3
at a concentration of 1 or 10 HIM.and dilutions were made in either
H2O for the enzyme inhibition studies or RPMI 1640 for the cell
culture (the volume added was 10% of the final volume). For in vivo
studies, the compounds were formulated in 0.05 M NaHCCb, and the
pH was adjusted to 9 with NaOH.

Enzyme Assays. TS was assayed by 3H release after a 1-h incubation

with partially purified LI210 enzyme preparation as previously de
scribed (10). KÂ¡mvalues for ICI Dl694 and the polyglutamate deriva
tives were determined using 200 ÃŸM(6/?,S)-5,10-CH2FH4, and the data
were fitted by nonlinear regression to the Goldstein equation (35). The
mechanisms of inhibition and values of the kinetic parameters, A, and
A'ie,,which are the dissociation constants for I from IE (TS.dUMP.I)

and Ã•ES(TS.dUMP.5,10-CH2FH4.I) complexes, respectively, were de
termined for ICI Dl694 and its tetraglutamate by unweighted multi-
variate nonlinear regression where measured velocities were fitted to
different rate equations.5 Substrate and inhibitor were varied in a single

fit using the secant algorithm in the NLIN procedure of SAS (36). The
reaction rate was linear over the 1-h period in the presence of either
inhibitor at both 25 and 200 MM(6/?,S)-5,10-CH2FH4.

DHFR was assayed spectrophotometrically (37), and the AÂ¡irevalues
were determined using the Goldstein equation described above at two
concentrations of FH2 (25 and 75 ^M). A"Â¡values for DHFR were

obtained from the competitive inhibition equation

l + S/Km

Good agreement in A, values determined at both substrate concentra
tions were indicative of competitive inhibition.

Cell Culture. A full description of the cell lines used in this study and
their growth conditions has recently been published (10). For the
metabolite protection studies, dThd and Hx (Sigma Chemical Co.,
Poole, Dorset, United Kingdom) were used at concentrations of 10 and
50 MM,respectively. Folinic acid was obtained from David Bull Labo
ratories, Warwick, United Kingdom. All cell counts were performed
using a model ZM Coulter Counter. The IC50 was defined as the
concentration of compound required to inhibit cell growth by 50%.

Measurement of Intracellular Polyglutamate Formation with ['II|I( I
D1694. [5-3H]ICI D1694 was synthesized by ICI Cambridge Research

Biochemicals, Ltd., Billingham, United Kingdom, at a specific activity

of 10.8 Ci/mmol (1 mCi/ml in 11% aqueous methanol). Prior to use,
[3H]ICI D1694 was repurified because of the appearance of radiolysis
products. Purification was performed by reverse-phase HPLC as de
scribed elsewhere.6 Two x 10 ml of LI210 cells at a concentration of
~5 x lO'/ml were incubated with 0.1 or 0.5 MM[3H]ICI D1694 for 0.5,

4, and 24 h (the latter in the presence of 20 /Â¿MdThd to prevent cell
death). For efflux experiments, the cells were centrifuged for 5 min at
600 x g, washed once with medium, recentrifuged, and resuspended in
fresh medium containing 20 Â¿Â¿MdThd, recounted, and incubated for
24 h.

The preparation of cell extracts and their HPLC analysis is to be
published in detail elsewhere.6 Briefly, cells were harvested, washed
with ice-cold phosphate-buffered saline, and centrifuged, and the cell
pellets were sonicated in ice-cold water. Samples (25 M!)were processed
for radioactive counting as a measure of total cellular uptake and for
recovery measurements. Following boiling for 15 min, the extracts were
filtered using an Amicon micropartition system (Amicon, Ltd., Stone-
house, Gloucestershire, United Kingdom). Recovery of 3H after boiling

and filtration was between 83 and 92%. One lumdrcd Â¿ilsamples that
had been spiked with the appropriate standards (ICI Dl694 and its eli
to hexaglutamates) were analyzed using HPLC by an ion-pairing
method. Fractions (1 ml) were collected and analyzed for radioactivity.
Comparison of the radiochromatogram with the UV trace allowed
identification of ICI Dl 694 and its polyglutamates. The recovery of 3H

as ICI Dl694 and its polyglutamates through the HPLC analysis was
between 83 and 103%.

The total cellular 3H is expressed as /IM using the LI 210 cell volume
of 0.63 x 10~12liter. The purpose of the efflux experiments was to
measure only the loss of 'II through efflux, and therefore dilution of
intracellular 'II through cell division is accounted for in the calculation

(slightly >1 cell division was achieved during the 24 h efflux period).
In yivo Estimation of TS Inhibition. This whole-cell TS assay is based

on the method of Yalowich and Kaiman (38) and the principles de
scribed by Nicander and Reichard (39) and has been reported previously
(40). Essentially, this involved removing ascitic L1210:NCI cells at
various times after i.v. drug administration, resuspending them in
unsupplemented RPMI medium, and incubating with 0.3 MM|5-'II|
dUrd. The rate of 3H2O formation was measured at four time points

over 1 h, and the rate of equilibrium was calculated by linear regression
analysis.

Antitumor Studies. The tetraploid L1210:ICR tumor (7, 10, 41) was
routinely passaged in male DBA2 mice. For experiments, 5 x IO4cells

were injected i.p. (day 0) into male DBA2 x C57 FI hybrid mice, and
treatment started 3 days later (day 3). Treatment with ICI Dl694 was
given daily for 5 days as i.p. or i.v. tail vein injections, as indicated
below. Folinic acid was administered i.p. 5 min after the drug admin
istration daily for 5 days. Thymidine was given at a dose of 500 mg/kg
three times a day for 8 days.

Mice were sacrificed once the ascitic tumor load or general state of
the animals reduced mobility. A MTD for ICI Dl694 is defined here
as the dose leading to 20-25% loss in body weight.

RESULTS

Enzymology. The inhibition of LI210 TS by ICI Dl694 is
mixed noncompetitive with respect to (6/?,S)-5,10-CH2FH4
because the mechanism could be fully characterized by deter
mining the values of A, and A',,...(Table 1). Inhibition tends

toward competitive because the AÂ«,(960 nivi) is relatively high
and is ~ 15-fold higher than the K, (62 nM) (see "Materials and
Methods" for notation). Comparison of these data with those

obtained using the pure 6R diastereoisomer demonstrates no
significant difference in the results.5 Thus, the presence of the

unnatural 6S isomer is not noticeably affecting the analysis.
The addition of one (glu2), two (glu3), or three (glu4) extra

' W. Ward., R. Kimbell, and A. L. Jackman. Inhibition of thymidylate syn- ' W. Gibson, A. L. Jackman, and I. R. Judson. The measurement of [JH]ICI
thase: evidence for communication across the subunit interface, submitted for D1694 polyglutamate formation in LI 210 cells in w'froby an ion-pairing method,

publication. submitted for publication.
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MECHANISM OF 1C] D1694 L1210 IN VITRO AND IN VIVO ACTIVITY

Table 1 Inhibition of LI 210 TS and rat liver DHFR by ICI DI694 and its
polyglutamate derivatives

The inhibition of partially purified TS was by 3H release and of partially
purified DHFR, spectrophotometrically, as described in "Materials and Meth
ods."

Fold improve-
Fold improve- DHFR ment in

TS Kitm" Â± ment in TS K, * Â± DHFR inhibi-

SE (nM) inhibition SE (MM)lionICI

Dl694gluÂ¡
(diglutamate)

glu] (triglutamate)
glu4 (tetraglutamate)
gius (pentaglutamate)
glu6 (hexaglutamate)418

Â±58'24

Â±5
7.5 Â±0.49
4.7 Â±0.3'

3.8 Â±0.17
3.7 Â±0.1512

Â±2.9"
17 9.2 + 3.0
56
89 9.5 Â±1.9

110
1121.3

1.2

" TS K>m determined at 200 MM(6R, 5)-5,IO-CH2FH4.
* DHFR K^ determined at 75 MMFH2.
*K, = 62 Â±5 nM; ATÂ«,= 960 Â±180 nM.
" DHFR K = 92.5 Â±22.7 nM. Competitive inhibition.
'Ki = 1.0 Â±0.1 nM; KÃŒ,,= 15 Â±2 nM.

Table 2 Activity of ICI D1694 against LI 210 and reduced-folate/MTX
transport-deficient L1210:1565 cells in vitro

The L1210:1565 cell line has acquired resistance to the antitumor antibiotic
CI-920 and is cross-resistant to MTX because of a very much impaired reduced-
folate transport mechanism (53).

Inhibition of cell growth,IC50(MM)L1210ICI

D 1694 20.0076 Â±0.0008"
CB3717* 3.5
ICI 198583* 0.085

MTX 0.01 Â±0.001L1210:15650.95,

0.88
3.6
8.2
2.6 Â±0.3Relative

resistance
L1210:1565/L1210121

1
96260Â°Â±SD.

* Taken from Ref. 22.

glutamate residues to ICI D1694 resulted in a 17-, 56-, and 89-
fold reduction, respectively, in the KÂ¡mvalues for LI210 TS
(Table 1). This improvement in inhibitory potency was only
slightly increased upon the addition of further polyglutamate
residues (glus, 110-fold; glu6, 112-fold). The mechanism of
inhibition of these polyglutamates does not appear to change
upon polyglutamation because the ratio of K-KJK\ is the same
for ICI D1694 and the tetraglutamate (A"i= 1 nw; ATies= 15

HM).
Inhibition of liver DHFR was competitive, with dihydrofolate

giving a K\ of 93 nM (Table 1). Inhibitory activity did not change
upon the addition of one or three extra glutamate residues.

Inhibition of Cell Growth. ICI D1694 was found to be a very
active inhibitor of the growth of LI210 cells (IC50 = 8 nM)
(Table 2). The LI210:1565 cell line, with greatly impaired
uptake via the RFC and hence resistant to MTX (260-fold),
was cross-resistant to ICI D1694 (121-fold; Table 2). Thymi-
dine (10 MM)prevented LI210 growth inhibition by ICI D1694
(100 nM), which contrasts with the complete lack of dThd
protection of MTX (100 nM) growth inhibition in this cell line
(Table 3). The addition of Hx as well as dThd was required for
normal cell growth in the presence of MTX. Folinic acid alone
(0.5 MM)was also able to prevent the growth-inhibitory effects
of 100 nM ICI D1694 but not of 100 nM MTX. This protection
by folinic acid was competitive in that increasing concentrations
increased the IC50 for ICI D1694 (Table 4). Whereas 0.1 MM
folinic acid increased the IC50 of ICI D1694 from 0.009 MMto
0.058 MM(7-fold), 25 MMfolinic acid increased the IC50 to 50
MM (~6000-fold). This degree of protection could not be
achieved in CB3717-treated cells at any concentration of folinic
acid (0.5-25 MMconcentration only increased the IC50 6-10-
fold). Similarly, a much lower degree of protection was achieved
with MTX-treated cells in which 10 MMfolinic acid increased

the ICso 26-fold. The protective effect of 0.5 MMfolinic acid on

ICI Dl694 growth inhibition was also dependent on the se
quence of its addition. A 4-h preincubation with folinic acid

only slightly enhanced the protective effect of folinic acid,
whereas a 4-h delayed administration significantly reduced the
effect (Fig. 2).

The Uptake and Polyglutamate Formation of [3H]ICI D1694
in LI 210 Cells. After 30 min of exposure to 0.1 MM[3H]ICI

D1694 (glu,), significant metabolism of the drug di(glu2) and
triglutamates (gluj) was observed (~60% of cellular 3H) and by
4 h, the molar concentration ratio of intracellular 3H to extra
cellular 3H was ~15:1 (Table 5). The predominant polygluta
mate was glu4, accounting for ~70% (1 MM)of the cellular 3H.
The majority of the rest of the cellular 3H was found as glua

(17%) and glus (8%). Unmetabolized ICI D1694 accounted for
only 4% of the cellular 3H. L1210 cells that were exposed to
0.1 MM[3H]ICI D1694 for 24 h accumulated more cellular 3H
(~2.7 MM),and this was associated with an expansion of the

glu4 and particularly the glus fractions. Hexaglutamate was also
detectable at this time. Thus, by 4 and 24 h, the percentage of
cellular 3H associated with the higher polyglutamate fractions

(glu4_6)was 76 and 90%, respectively. L1210 cells that had been
incubated with 0.5 MM[3H]ICI D1694 accumulated more intra
cellular 'II. and again, the predominant metabolite was glu4,
although at 4 h, glui_3 accounted for half of the cellular 3H.

Efflux experiments are also summarized in Table 5. LI210 cells
that had been resuspended in drug-free medium for 24 h follow
ing a 4-h exposure period to 0.1 MMICI Dl694 lost ~25% of

Table 3 Effect of salvage precursors or folinic acid on ICI DI694 or MTX-
mediated LI210 growth inhibition

LI210 cells were exposed for 48 h to ICI Dl694 or MTX (-10 x IC50
concentration) plus additions: Hx (50 MM),dThd (10 MM).0.5 MMfolinic acid.

Cell growth
(% ofcontrol)lOOnM

ICI D1694+
HX+
dThd+

Hx anddThd+
0.5 MMfolinicacid100

nMMTX+
HX+
dThd-(-

Hx anddThd+
0.5 MMfolinicacid+
10 MMfolinic acid89490908229972273

Table 4 Effect of folinic acid concentration on the growth inhibition ofLI2IO
cells by ICI DI694 in comparison with CB3 717 and MTX

LI 210 cells (5 x 104/ml) were exposed for 48 h to a range of concentrations
of ICI Dl694 in the presence of various concentrations of folinic acid (non-
growth inhibitory), and the 1CMvalues for ICI Dl694 were calculated.

CompoundICI

Dl694CB3717MTXFolinic

acid
concentration(MM)0.10.52.55.0250.5250.55.0101CÂ»

(MM)0.0090.0580.434.211503.623360.00860.0330.140.22Fold
increase

in1CÂ»6.448470120056006.4103.81626
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Fig. 2. Inhibition of LI 210 cell growth by ICI D1694 in the presence of 0.5

JIMfolinic acid. L1210 cells were incubated for 48 h in (he presence of ICI D1694
alone (â€¢)or with 0.5 /<Mfolinic acid in the following sequence of addition: *. 4
h before ICI D1694; V. coincubation; A, 4 h after ICI D1694.

cellular 'H. This loss was accounted for by the loss of the

monoglutamate and a significant reduction in the glu2 and chi :
fractions, with the higher polyglutamate pool remaining quan
titatively unchanged (~1 MM).However, within this pool, there
was considerable reequilibration toward polyglutamates of
longer chain length, so that the pentaglutamate predominated
(58% of cellular 'H) with even some formation of glu6.

Inhibition of TS in Whole Cells Grown in Vivo. The whole-
cell TS assay was used to estimate TS inhibition in ascitic
L1210:NCI cells grown in vivo after i.v. injection of ICI D1694
to mice. Because the cells are suspended in drug-free medium
containing the [-'H]dUrd, this assay measured inhibition due to

noneffluxable forms of the drug and therefore is most appro
priate to compounds rapidly cleared from the plasma (10). For
compounds not rapidly cleared, such as CB3717 (plasma tvÃŸof
90 min), early tumor sampling times, e.g., 2 h, may underesti
mate any TS inhibition by effluxable species (10). The plasma
of M of 30 min for ICI Dl 694 (32) is relatively short, so that
only cells removed at the 2-h time point may still have signifi
cant levels of circulating drug. However, at this time, TS was
almost completely inhibited after an i.v. bolus of 1 mg/kg.

suggesting that rapid formation of noneffluxable species had
occurred (Fig. 3A). More impressive was the fact that TS
inhibition (>80%) was maintained for at least 24 h after admin
istration of the 10-mg/kg dose. Dose dependency was investi

gated at both 12 and 24 h after treatment. To maintain >80%
inhibition of TS for 12 h, it was necessary to give ~10 mg/kg,
although as little as 1 mg/kg was effective (<30% of control)
(Fig. 3ÃŸ).Some recovery from this latter dose was apparent
after 24 h, but no recovery was observed for the higher doses
by this time.

L1210:ICR in Vivo Tumor Model. The L1210:NCI tumor
described above is refractory to therapy with folate-based TS
inhibitors such as CB3717 (10), desamino-CB3717 (10), and
ICI 198583 (22) and is typical of most of the murine systems
investigated for reasons previously discussed (7,10). ICI Dl694
was also tested against this tumor at a dose of 50 mg/kg daily
for 5 days and gave no significant therapeutic effect (data not
shown). As little as 0.4 mg/kg daily for 5 days is curative to the
majority of mice bearing the sensitive (to folate-based TS inhib
itors) L1210:ICR tumor (Table 6). This dose was not toxic to
the mice. The highest dose administered to L1210:ICR tumor-
bearing mice was 50 mg/kg daily for 5 days, and this was
associated with ~20% loss in body weight and therefore falls
within our definition of the MTD (see "Materials and
Methods").

Thymidine at a dose of 500 mg/kg three times a day for 8
days starting with the first injection of ICI Dl694 prevented
the antitumor activity of the drug in 6 of the 7 mice treated
(Table 7). Folinic acid also prevented the antitumor activity of
ICI Dl694 when coadministered with the daily drug injection.
The 2-mg daily dose was only partially effective, and the 20-
mg daily dose was completely effective in preventing the anti-
tumor effect of 10 mg/kg daily for 5 days of ICI Dl694.

DISCUSSION

The identification of ICI Dl694 for clinical study was the
result of an extensive search for a second generation, water-
soluble, folate-based TS inhibitor. This compound is 500-fold
more cytotoxic than CB3717 against a variety of cell lines,
although as an inhibitor of isolated TS, it is not among the
most potent that have been reported: the K\ of 62 nw for LI210
TS is 20-fold less effective than for CB37I7 (10). The mecha
nism of TS inhibition is the same in that ICI Dl 694 is a mixed

Table 5 Intracellular polyglutamate formation in LI2IO cells exposed to fHJICl D1694

Time of exposure
(h)0.54244

+ 24 in drug
freemedium424ICI

Dl 694
concentration0.10.10.10.10.50.5Expt.

no.112121

25f12Total

cellular
3H(MM)0.371.57

1.442.66

2.681.17*

1.11*3.556.63

6.67Cellular

levels of ICI Dl 694 and its polyglutamates: % oftotal"glu.414

4.62.6

30

01355glu:300.8

1.60.6

0.50.6

0.550.91.1glU)2917

20781.6

2.6351011glu.070

6666

6735

35466565glu.08822

2158

5821918glu600

024

400.60.6glu,-gluj100(0.37)22

(0.35)
26(0.37)10(0.27)

11(0.29)2

(0.02)
3(0.03)53(1.9)16(1.1)

17(1.1)glu4-glu6078(1.2)

74(1.1)90

(2.4)
89(2.4)97(1.1)

97(1.1)48(1.7)85

(5.6)
84 (5.6)

Â°Detection limit = 0.004 pM. Each result is the mean of duplicate HPLC runs.
* Corrected for dilution by cell division (see "Materials and Methods").
c Mean of 5 experiments performed on same day.
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Fig. 3. A, TS activity in L1210:NCI cells after in vivo exposure of ICI D1694
after i.v. injection of 1 mg/kg (O) or IO mg/kg (S). The drugs were administered
to mice via the tail vein, and TS activity was determined in the tumor cells after
removal at the times indicated. The rate of 3H release from [3H)dUrd in intact
cells was used as the measure of TS activity, as described in "Materials and
Methods." Columns, mean activity; bars, SD (n = 3-13). B, TS activity in

L1210:NCI cells after in vivo exposure for 12 (D) and 24 h IÃŸ)to ICI D1694.
Methods as above.

Table 6 Anlitumor activity of ICI D1694 against the LI210:ICR tumor
The mean day of death in i.p. experiment (8 control mice) = 14 (range. 9-19

days) and in the i.v. experiment (6 mice) = 13 (range, 12-17 days). Day of tumor
inoculation = day 0, and day of first treatment = day 3. Treatment was daily for
5 days.

ICI D 1694daily
dose

(mg/kg)0.1

0.4
2
1Route

of
administrationi.p.

i.p.
i.p.
i.v.No.

of mice cured/
no. of micetreated0/7

10/14Â°
12/14"

7/8
Â°Pooled results of more than 1 experiment.

noncompetitive with respect to 5,10-CH2FH4, although pre
dominantly behaving as a competitive inhibitor. ICI D1694
(and its tetraglutamate) is a reversible inhibitor of LI 210 TS as
described by Ward et a/.5 Folate analogues such ICI D1694 and

CB3717 were expected to act only as competitive inhibitors of
TS, but there was clear detection of a noncompetitive compo
nent. The significance of this observation will be discussed in a
further publication.5 The synthetic polyglutamates of ICI

D1694 are up to 2 orders of magnitude more potent as inhibi
tors of TS than the monoglutamate. This increase in inhibitory

activity is similar to that reported for CB3717 and a number of
its analogues (4, 10, 22, 34, 42-44). The mechanism by which
they inhibit the enzyme is not apparently changed, as judged
by the kinetic analysis of the ICI D1694 tetraglutamate. This
potential intracellular metabolite has a A, of 1.0 UM.

In accord with many quinazoline antifolates targeted toward
TS, DHFR was also inhibited by ICI D1694 (K-, = 92 nM).
However, ICI D1694 and its synthetic polyglutamates (di- and
tetraglutamates) had similar inhibitory activities against
DHFR. Thus, as polyglutamate derivatives, ICI D1694 has
~ 100-fold greater specificity for TS over DHFR. For several

reasons previously reported (theoretical and experimental evi
dence) (10, 45), DHFR is not considered to be the rate-limiting
step in the oxidation-reduction cycle of FH4 for this type of
"dual inhibitor" (even as the monoglutamate). The fact that

dThd alone prevents the cytotoxicity of ICI D1694 (but not
MTX) in LI 210 cell culture provides experimental evidence for
TS being the sole intracellular target for ICI D1694. Similarly,
dThd prevented the cytotoxicity of ICI D1694 against human
WIL2 and MCF-7 cells (data not shown). Additional support
for TS being the intracellular locus of action is provided by the
WIL2:C1 cell line, which has an elevated level of TS (46). This
line was highly resistant to ICI D1694 but had slightly increased
sensitivity to DHFR inhibitors such as MTX or trimetrexate
(30, 46).

As the loss of potency for inhibition of isolated TS is not
accompanied by a change in the intracellular target for ICI
D1694, the greatly increased cytotoxic potency requires expla
nation. At least two other proteins, the cell membrane trans-
porter(s) and FPGS, have been shown to play a major role in
determining cytotoxic potency of this type of antifolate (30).
Cell lines with greatly impaired abilities to transport reduced-

folates or MTX have been useful in understanding the mecha
nism of cell uptake for CB3717 and some of its analogues. It is
now apparent from this and other types of experiment that
CB3717 does not use (or uses poorly) the RFC, although the
2-desamino-2-methyl analogue (ICI 198583) does (22, 30, 47,
48). Data presented in this paper concerning the LI210:1565
cell line suggest that ICI D1694 is taken up into LI210 cells
by the RFC. Supporting this is our recently developed human
ovarian 41M:R line which has acquired resistance to ICI D1694
and a greatly reduced ability to take up ['H]ICI D1694 and is

cross-resistant to compounds that utilize the RFC, such as
MTX, DDATHF, and ICI 198583 (49). No cross-resistance
was observed to CB3717, trimetrexate or lipophilic TS inhibi
tors, none of which appear to enter cells via this transport
mechanism. This 41M:R cell line thus provides further support
for the conclusion that ICI D1694 activity is highly dependent
on cellular uptake via the RFC.

An analysis of the utilization of ICI D1694 by mouse liver

Table 7 Prevention of the antitumor activity <L1210:ICR> of ICI D1694 by
coadministration ofthymidine orfolinic acid

Tumor was inoculated on day 0, and treatment with compounds started on
day 3. ICI D1694 and CB3717 were given i.p. daily for 5 days. Thymidine (500
mg/kg) was injected 3 times/day for 8 days and folinic acid, once/day for 5 days
starting with the first injection of drug. Thymidine or folinic acid had no effect
on tumor growth.

ICI D 1694
daily dose
(mg/kg)10

10
10
10Protecting

agentNone

Thymidine
Folinic acid (2 mg/kg)
Folinic acid (20 mg/kg)No.

of mice cured/
no. of micetreated11/14

1/7
3/7
0/7
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FPGS (Km = 1.3 UM) has indicated a first-order rate constant
( Kn.x/tfm) about 100 times higher than that of CB3717 (30).
Hence, it would be expected that ICI D1694 would accumulate
as polyglutamate derivatives very rapidly in cells. This agrees
with the rapid rate and extensive degree of polyglutamation in
intact LI210 cells (glu4 was the predominant species at 4 h).
LI210 cells that had been resuspended in drug-free medium for
24 h retained polyglutamates of high chain length (Â«liu,,). and
this clearly demonstrated the cellular retentive properties of
these important metabolites. The results with ICI D1694 con
trast markedly with the degree of polyglutamation observed for
CB3717 or ICI 198583 in this cell line. At equitoxic doses (10
x IC50; 0.1, 50, and 1 MM,respectively) -4% of ICI Dl694,
-80% of CB3717, and -50% of ICI 198583 was unmetabolized
at 4 h (6 h for CB3717) (22, 42). At 24 h, these figures were
-2, 50, and 22%, respectively.

Further evidence for the importance of polyglutamation
comes from the LI210 cell line with acquired resistance to ICI
D1694 (L1210:MB3). Results have demonstrated that this line,
although able to take up [3H]ICI D1694, was not able to

metabolize it to polyglutamates to any significant extent (49).
Retention of ICI Dl694 by polyglutamation provides an

explanation as to why L5178Y TK-/~ cells, treated with 100

nM ICI Dl694 for 4 h, had a surviving fraction in vitro of only
0.0001, in contrast to that seen with CB3717 at 10 ^M, where
a surviving fraction of only 0.37 was observed (33).

The apparent dependence of ICI Dl694 on good cell mem
brane transport and subsequent rapid metabolism to polyglu
tamates to achieve in vitro potency may also help to explain the
competitive nature of folinic acid in antagonizing LI 210 growth
inhibition, i.e.. a reduction in the rate of polyglutamate forma
tion through competition for the transport carrier and/or
FPGS. The greater efficiency of folinic acid in preventing ICI
Dl694 growth inhibition compared with MTX is analogous to
the situation reported with DDATHF, an inhibitor of glycinam-
ide ribonucleotide transformylase (50). The fact that a 4-h
"rescue" of ICI Dl694 growth inhibition with folinic acid was

much less effective in its protective effect is consistent with
substantial amounts of polyglutamates already being formed in
the 4-h preincubation period. It was also recently reported that
DDATHF has its metabolism to polyglutamates suppressed by
concurrent folinic acid incubation but not by a 4-h rescue (51).

Rapid transport and metabolism to polyglutamate derivatives
that are both more active against TS and retained by cells can
also explain the potency of ICI Dl694 when given as a bolus
injection in vivo. Prolonged inhibition of TS in the L1210:NCI
tumor for at least 24 h was achieved with a single i.v. bolus
injection of 10 mg/kg despite the fairly rapid clearance from
the plasma (tv,ÃŸ= 30 min). This is -50-fold less than the dose
of ICI 198583 required to give the same effect (22). Significant
inhibition of TS by CB3717 could not be achieved in this system
at any time point at the single-dose MTD of 200 mg/kg,
although the slower plasma clearance of this drug may allow
effluxable species such as CB3717 itself or its lower polygluta
mates to inhibit TS effectively while cytotoxic drug levels
remain (10, 22). Despite prolonged inhibition of the target
enzyme, this tumor is refractory to therapy, and the reasons for
this seem to relate to the ability of this tumor to survive by
salvaging the high level of dThd found in mouse plasma (7).

The encouraging pharmacodynamic profile of ICI Dl694
translated into potency against the L1210:ICI "sensitive" mu

rine model, where as little as 0.4 mg/kg daily for 5 days was
sufficient to cure most of the mice bearing this tumor. The

prevention of the antitumor activity with dThd is consistent
with the proposed mechanism of the drug, i.e., inhibition of
TS. Thymidine also prevented the body weight loss and leuko-
penia seen at 10 mg/kg in non-tumor-bearing mice, suggesting
that these toxicities are related to the TS-inhibitory properties
of the drug (32). Folinic acid coadministered with ICI Dl694
was also effective in preventing the antitumor activity of ICI
Dl694, and the mechanism(s) by which this occurs probably
relates to the antagonistic effect this may have on drug uptake
and polyglutamate formation, as outlined earlier. If we compare
these L1210:ICR results with our previously reported data for
CB3717, we can conclude that ICI Dl694 is -100-fold more
potent as an antitumor agent than CB3717. ICI Dl694 also
has a greatly improved therapeutic index in that it is curative
to this tumor at 1% of the MTD. CB3717 is curative at a dose
very close to the MTD (10).

Two other murine tumor models, the LSI78Y TK~X~(dThd
salvage incompetent) and the TK+/~ (partially dThd salvage

competent) tumors, are also sensitive to ICI Dl694 but rela
tively insensitive to CB3717 (33). Even more encouraging is
the fact that a number of human tumor xenografts respond to
ICI Dl694 therapy, including the human ovarian HX62 xeno-
graft (33, 52).

We conclude that ICI Dl694 is a potent antitumor agent
whose mechanism of action is inhibition of TS. These studies
indicate that potency is related to rapid cellular uptake and
intracellular metabolism to polyglutamate forms that are both
retained by the cells and substantially more potent as inhibitors
of TS. The fact that ICI Dl694 is not a particularly potent
inhibitor of TS in the unmetabolized form may indicate that
polyglutamation is an essential feature for potent activity.
Polyglutamation almost certainly accounts for its excellent
pharmacodynamic profile: TS inhibition in mice being sus
tained for prolonged periods after bolus administration of ICI
Dl694. Future work will be directed toward a much deeper
understanding of the mechanism(s) of cell membrane transport
and intracellular metabolism to polyglutamate derivatives in
both tumor cells and normal proliferating tissues.
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