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Fig. 6. Analysis of [6-3H]FdUMP-thymidylate synthase-CH2-H4PteGluâ€žter

nary complexes formed using CH2-H4PteGluâ€žderived from the combined pool
of CH2-H4PteGlu, and H4PteGluâ€žin HxGCj tumors that had received [6RS]-
leucovorin (500 mg/m2) by each of the 3 administration regimens. Electrophoresis

was conducted under denaturing conditions in SDS prior to the preparation of
fluorograms from gels.

the [6/fSjleucovorin infusion, and thymidylate synthase activity
was examined subsequently in HxGC., and HxELC2 tumors. In
line HxGCj, in the presence of [oAS^leucovorin (500 mg/m2),

thymidylate synthase inhibition was potentiated. Thymidylate
synthase was inhibited by 71% 4 h after FUra (6.25 mg/kg); by
the end of the saline infusion, enzyme activity had recovered to
60% of control (Fig. SA). In the presence of [oASjleucovorin
infusion, at 4 h after FUra, enzyme activity was inhibited by
82% (P = 0.001), with some retardation in enzyme recovery.
Twenty-one h after administration of FUra, inhibition was 47%
in comparison with 40% in the FUra control group (P = 0.07).
When a higher dose of FUra was used (25 mg/kg), less poten-
tiation of thymidylate synthase inhibition of [6A5]leucovorin
was observed 4 h after FUra (76.5% inhibition, FUra alone;
80% inhibition, FUra-leucovorin; P = 0.17), although recovery
of enzyme activity was retarded by the end of the infusion (70%
inhibition, FUra alone; 80% inhibition, FUra-leucovorin; P =
0.03; Fig. 8fi).

In HxELC: tumors, thymidylate synthase inhibition by FUra
was also potentiated by [6A5]leucovorin. In three experiments,
[6/?5"]leucovorin potentiated both the degree and duration of

thymidylate synthase inhibition; in one experiment, no in
creased enzyme inhibition was observed 4 h after FUra, al
though enzyme recovery was retarded. A representative exper
iment is shown in Fig. 9. In this study, in the presence of
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Fig. 7. SDS gel electrophoresis of [6-3HÂ¡FdUMPternary complexes formed

with CH2-H4PteGluâ€žderived from the combined pool of CH2-H4PteGluâ€žand
H4PteGluâ€žin HxELC;, tumors treated with [6A5]leucovorin (500 mg/m2) by
bolus administration or by 4-h or 24-h infusion. B, electrophoresis of ternary
complexes formed with known standards (Stds.) of CH2-H4PteGlu, or CH2-
H4PteGlu6.

[6/JS]leucovorin, thymidylate synthase inhibition was increased
by 15% 4 h after FUra (12.5 mg/kg), with reduced recovery at
the end of the 24-h infusion of the folate. Potentiation of FUra-
induced thymidylate synthase inhibition by [o/fSJleucovorin
was significant (P < 0.001) at both time points.

DISCUSSION

In patients with colon adenocarcinoma, [6A5]leucovorin has
been utilized in different regimens with FUra, where the sched
ule for administration of the folate has ranged from i.v. bolus
daily for 5 days (13, 15, 19) to continuous infusion (12). The
objective of the current study was thus to attempt to select an
optimal schedule for [6A5]leucovorin administration by exam
ining the effects of scheduling of [6/?S]leucovorin in preclinical
models of human colon adenocarcinomas maintained in im
mune-deprived mice. Consequently, a dose level of [6/Ã®5]leu-
covorin frequently used clinically (500 mg/m2) was used to
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Fig. 8. Inhibition of thymidylate synthase by FUra in HxGCj tumors in the
absence (â€¢)and presence (O) of (6AS]leucovorin (500 mg/m2). FUra at a dose
level of 6.25 mg/kg (A) or 25 mg/kg (B) was injected i.v. 3 h into a 24-h i.v.
infusion of [6AS)leucovorin in tumor-bearing mice as described in "Materials and
Methods." Thymidylate synthase activity was determined 4 and 21 h after FUra

and compared with the activity at Time 0. Points, mean of 3 determinations; bars,
SD.
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Fig. 9. Inhibition of thymidylate synthase by FUra (12.5 mg/kg) in HxELC;
tumors in the absence (â€¢)or presence (O) of |6/Ã®5]leucovorin(500 mg/m2)
administered to tumor-bearing mice by 24-h i.v. infusion. Experimental conditions
were as described in "Materials and Methods." Points, mean of 3 determinations

at each time point; !>ar\. SD.

determine (a) the concentration-time profiles of [65]leucovorin,
[6/?]leucovorin, and [6S]5-CH3-H4PteGlu in the plasmas of
mice for different regimens of [6Ã„S]leucovorin (500 mg/m2)

administration, (Â¿>)whether treatment with [6A5]leucovorin
could expand the pools of CH2-H4PteGluâ€žand H4PteGluâ€žin
human colon adenocarcinoma xenografts in vivo and how this
related to the maintenance of reduced folates in plasma, (c)
how the distribution of CH2-H4PteGlu polyglutamates was
modulated in tumors, and (d) how the preferred schedule for
[6/?S]leucovorin administration in mice would influence FUra-
mediated thymidylate synthase inhibition in tumors.

In mice, similar or slightly higher concentrations of [65]-
leucovorin (2-fold) and similar or slightly lower concentrations
of 5-CHrH4PteGlu (2-fold) were determined in plasma for
short (16) or prolonged (17) [6/?5]leucovorin infusions in com
parison with data derived in humans. For [6Ã„J5-CHO-
H4PteGlu, concentrations have been similar (16) or approxi
mately 2- to 3-fold higher (16, 17) in humans. After i.v. bolus
administration of [6A5]leucovorin to mice, concentrations of
[6S]leucovorin >10 MMwere achieved for at least 1 h. The rates
of elimination in mice of [65]5-CHO-H4PteGlu (/,â€ž= 11 to 16
min), [6S]5-CH3-H4PteGlu (/,/, = 30 to 35 min), and

[6/?]5-CHO-H4PteGlu (f,A= 23 to 41 min) were in the same
order as was observed clinically, although elimination from
human plasma was slower |[65r]5-CHO-H4PteGlu, f./,= 20.2 to

53 min (16-19) or 122 min (19); [6S]5-CH3-H4PteGlu, t* =
167 to 426 min (16-19); [6Ã„]5-CHO-H4PteGlu, t* = 480 to
659 min (16-19)j. The higher clearances and more rapid tv,
values for reduced folates in mice versus humans were recog
nized and accounted for in the study design. The use of mg/m2

in mice was adjusted for species differences as described (21).
Thus, the absolute dose given to mice was approximately 14
times (on a mg/kg basis) the highest dose (500 mg/m2) used in

clinical studies. Thus, the concentration profiles for reduced
folate species in the plasmas of mice were similar to those
reported in humans.

In experimental models, little is known concerning the intra-
cellular metabolism of [6/?5]leucovorin or its incorporation into
the pools of CH2-H4PteGluâ€žand H4PteGluâ€ž.Data derived from
cultured L1210 cells incubated with radiolabeled leucovorin
indicated formation of predominantly 10-CHO-H4PteGlu,
CH=H4PteGlu, and 5-CH,-H4PteGlu (30, 31). However, Ull-
man et al. (7) found a 12-fold elevation in the amount of
radiolabeled ternary complex formed after exposure of folate-
depleted LI210 cells or [6/?S]leucovorin-supplemented cells
after treatment with [6-3H]FdUrd. Keyomarsi and Moran (9)

examined concentrations of total cellular folates following ex
posure of LI210 cells to different concentrations of the active
isomer of leucovorin ([6S]5-CHO-[3H]H4PteGlu). These were
expanded from 0.4 to Â»20MM(by >50-fold) after exposure to
100 MM[65]leucovorin. However, saturable processes are en
countered during cellular metabolism, and an upper limit for
pool size expansion should ultimately be achieved. In vivo, a
single i.p. dose of [6A5]leucovorin (400 mg/kg) in mice resulted
in inefficient metabolism of 5-CHO-H4PteGlu to other reduced

folates in colon 38, suggesting limiting metabolism at initial
conversion to CH=H4PteGlu by the enzyme CH=H4PteGlu
synthetase (32). Of interest in our studies, however, were the
effects of the different schedules of administration of [6Ã„51]-
leucovorin (500 mg/m2) on the size of pools CH2-H4PteGluâ€ž

and H4PteGluâ€ž.Although in both HxGC3 and HxELC2 tumors
these pools were expanded, the degree of elevation was less
than observed for reduced folate pools in cultured LI210 cells
(9). However, whether pools in tumors could be expanded
further by changing the dose level of [6/?S]leucovorin in mice
remains to be elucidated. Of interest was that little difference
existed between the degree of expansion of CH2-H4PteGluâ€žand
H4PteGluâ€žpools during a 4- or 24-h infusion of [o/fSJleuco-
vorin, even though the rate of delivery of the reduced folate was
6-fold higher in the former. Based upon concentrations of CH2-
H4PteGluâ€ž(0.2 MM,0.5 MM)or CH2-H4PteGluâ€žplus H4PteGluâ€ž
(0.5 MM, 1 MM)previously estimated in HxELC2 and HxGC3
tumors, respectively (5), pools of CH2-H4PteGluâ€žwould be
maximally expanded to 1.4 to 1.8 MM,and the combined pools
to 3.5 MM. Since plasma concentrations of [6,S]5-CHO-
H4PteGlu and [6S]5-CH3-H4PteGlu ranged from 5.1 to 55 MM
and 3.0 to 7.7 MM,respectively, during the 4- or 24-h infusions,
some saturation in either uptake or metabolism in neoplastic
tissues is indicated.

With regard to the influence of [6A5]leucovorin administra
tion on the distribution of polyglutamate species of CH2-
H4PteGlu in neoplastic tissues, some differences were observed
between HxELC2 and HxGC3 tumors. The major difference
was the accumulation of a short chain length species in HxELC2
that was less prominent in HxGC3 tumors, particularly evident
following bolus injection of [6A5]leucovorin. In both tumor
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lines, however, this was evident following the 4-h infusion
of [6/?S]leucovorin, where CH2-H4PteGlu2 was elevated and
CH2-H4PteGlu5 somewhat decreased by the end of the infusion.
Only after this time was the pentaglutamate observed to in
crease. During the 24-h infusion of [oASJleucovorin, CH2-
H4PteGlu3_s were elevated in tumors. The decrease observed in
CH2-H4PteGlu6 during [6AS]leucovorin modulation may be
explained by its utilization in enzymic reactions without being
as rapidly resynthesized, or alternatively, may be less efficient
in competition for [6-3H]FdUMP binding due to the greater

availability of other polyglutamate species.
The predominance of CH2-H4PteGlu polyglutamate species

observed in tumors during modulation by [6/?5]leucovorin must
be influenced by several factors, including the balance between
utilization of CH2-H4PteGluâ€žin enzymic reactions and their
formation, efficiency of polyglutamylation of CH2-H4PteGlui
and subsequent species, competition with other endogenous
reduced folates for folylpolyglutamate synthetase, competition
between CH2-H4PteGluâ€žspecies in the FdUMP binding assay,
and the balance between the rate of formation and dissociation
of ternary complexes (which will both be influenced by their
relative concentrations). Analysis of ternary complexes on non-
denaturing gels has therefore been used as a qualitative method
to elucidate how CH2-H4PteGluâ€žspecies may be modulated by
[Ã³/Ã¬SJleucovorin.Since these species continued to change with
time both during and following [oASJleucovorin administra
tion, quantitative changes in pool sizes were determined by an
alternate method (3H release), which appears independent of

the glutamyl chain length of the ccfactor (5). Of interest was
that analysis of ternary complexes under SDS denaturing con
ditions confirmed the nature of the covalent linkage and re
vealed changes associated with either the broadening of the
single band on gels or the appearance of a distinct lower
molecular weight species that correlated with the predominance
of longer or shorter chain length forms of CH2-H4PteGluâ€ž,
respectively.

Previously, we have shown that CH2-H4PteGluj-6 stabilized
to the same degree ternary complexes (formed between [6-3H]-

FdUMP, thymidylate synthase purified from a human colon
adenocarcinoma xenograft, and CH2-H4PteGluâ€ž)at a >200-
fold lower concentration than required for CH2-H4PteGlui,
with CH2-H4PteGlu2 being intermediate (6). Therefore, it would
be optimal to increase the pools of CH2-H4PteGluj-6 to maxi
mize this interaction. The administration of [6A5]leucovorin
by prolonged infusion would thus appear to be the preferred
schedule for delivery in mice, since pools of CH2-H4PteGluâ€ž
and H4PteGluâ€žwere elevated in neoplastic tissues for long
periods of time, in comparison, for example, with these pools
following i.v. bolus injection of [6/?5]leucovorin. In addition,
CH2-H4PteGluj_5, optimal for increasing the affinity of binding

of FdUMP to thymidylate synthase (6), were elevated during
this period. Consequently, the effect of [6/tÃ¶]leucovorin (500
mg/m2), delivered by 24-h infusion, on FUra-induced thymi

dylate synthase inhibition was examined in HxELC2 and
HxGCj tumors. In both lines, [6A5]leucovorin potentiated
enzyme inhibition, and this was likely to be due to the genera
tion of CH2-H4PteGlu polyglutamates. In cultured cell lines,
[6/?S]leucovorin administration (20 pM) has been shown to
retard the recovery of thymidylate synthase after FUra treat
ment (10), although this has not previously been evaluated in
solid tumors maintained under the in situ conditions of tumor
growth. That thymidylate synthase inhibition may be modu
lated by [6/?S]leucovorin in vivo is of importance.

From in vitro studies, 10 MM[65]5-CHO-H4PteGlu was re

ported to be optimal in potentiating FUra cytotoxicity in cul
tured cells (10). Clinically, in excess of these concentrations, a
level of 24 Â¿Â¿Mwas achieved and maintained during short (2 h)
infusions of [oASjleucovorin (500 mg/m2; 16), following bolus
injection (>10 UM for at least 1 h; 19), but not during a
continuous infusion (1.2 to 4.5 MM16,17) of the reduced folate.
However, in the latter instance, the sum of concentrations of
[6,S]leucovorin and the potentially biologically active [65]5-
CH3-H4PteGlu has reached 9.2 to 13.2 MM.Since [6Â£]5-CH3-
H4PteGlu has been shown in murine S-180, human Hep-2, and
human CCRF-CEM cells to be equally effective with [65]-
leucovorin in potentiating the growth-inhibitory effects of FUra
and FdUrd (10, 11), this may be a potential precursor of CH2-
H4PteGluâ€žin colon adenocarcinomas, although this has yet to
be determined. Of interest, however, is that for each clinical
regimen discussed, increased response rates to FUra-leucovorin
have been obtained in comparison with FUra alone (12-16).

In the current study in mice, plasma concentrations of [65]-
5-CHO-H4PteGlu (5.1 MM)and/or 5-CH,-H4PteGlu (3.0 /UM)
achieved during 24-h infusion of [6/?S]leucovorin (500 mg/m2)
have been sufficient to elevate intratumor pools of CH2-
H4PteGluâ€žand H4PteGluâ€žand cause potentiation of FUra-
induced thymidylate synthase inhibition. However, the influ
ence of dose of [6A5]leucovorin and the effects of daily admin
istration of the reduced folate on FUra-induced thymidylate
synthase inhibition, as well as the size and composition of CH2-
H4PteGluâ€žand H4PteGluâ€žpools, will be important in optim
izing [6/?S]leucovorin regimens. Daily administration of the
reduced folate may influence the efficacy of bolus delivery on
enzyme inhibition due to the relatively transient effect of main
taining elevated pools of CH2-H4PteGluâ€žand H4PteGlun when
given by this regimen. Whether continued administration of
the reduced folate may be cumulative in its effects on reduced
folate pools and thymidylate synthase inhibition must also be
determined.

The optimal dose of the reduced folate will be influenced by
tumor-specific metabolism. Of interest is a report ( 15) suggest
ing that low-dose [6/?5]leucovorin (20 mg/m2) induces higher

response rates (43%) than higher dose [oASJleucovorin (200
mg/m2, 26%) in combination with FUra, in comparison with

FUra administered alone (10%). Certainly, differences in the
metabolism of [Ã¶Ã„S^leucovorinhave been observed between
HxGCj and HxELC2 colon adenocarcinoma xenografts with
regard to the size of expansion of CH2-H4PteGluâ€ž and
H4PteGlun pools and the characteristics of polyglutamylation
of CH2-H4PteGlu. The xenograft models described will be
valuable tools in elucidating how differences in [6/i5]leucovorin
metabolism further influence FUra-leucovorin interactions and
potentiation of FUra cytotoxicity by [6A5]leucovorin. Effects
of dose, schedule, and duration of drug administration on tumor
response in vivo may be comprehensively evaluated in these
models. In addition, a thymidine kinase-deficient variant of
HxGCj, that has been selected in vitro and also grows in
immune-deprived mice, may be used to evaluate the influence
of thymidine salvage on these regimens. The models will also
be important in addressing questions that relate to the efficacy
of 5-CHj-H4PteGlu in expanding intratumor pools of CH2-
H4PteGlun and H4PteGluâ€žand in determining how the presence
of [6A]5-CHO-H4PteGlu in plasma influences the subsequent
intratumor metabolism of [6S']5-CHO-H4PteGlu.
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