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m?. Between [6 RS]LYV doses of 50 and 100 mg/m?, the greatest
change in pool size expansion was observed, where this was
essentially doubled. Between 100 and 800 mg/m?, pools were
increased by 21% only, which was not statistically significant
(P =0.67).

For HxHC, tumors, although a small upward trend in
pool size expansion in response to [6RS]LV was observed,
this was determined statistically to be nonsignificant. Pools
were expanded maximally to 137% of control, at a dose level
of [6RS]LV of 500 mg/m?.

In line HXGG;, pools of CH,-H,PteGlu, and H,PteGlu, were
expanded to a degree intermediate between that observed for
HxHC, in comparison to HXELC, or HXVRC; tumors. At a
dose level of [6RS]LV of 20 mg/m?, reduced folate pools were
increased to 169% of control (P < 0.01). Thereafter, these pools
continued to increase further (P = 0.01) to a maximum of 233%
of control, achieved at 1000 mg/m? [6 RS]LV.

Modulation of CH,-H,PteGlu, and H,PteGlu, Species. For
each of the four tumor lines, the influence of dose of [ RS]LV
on the predominance of polyglutamate species was examined
at the end of the 24-h infusion for both the CH,-H,PteGlu,
pool and also the combined pools of CH,-H,PteGlu, and
H.PteGlu,. Data for the CH,-H,PteGlu, pool have been pre-
sented in detail. Any similarities or differences in the distribu-
tion of individual species within the combined pools has been
additionally described.

In HXELC, tumors, the penta- and hexaglutamate forms of
CH,-H,PteGlu, predominated in untreated tumors. Subse-
quently, three dose levels of [6 RS]LV were examined; 100, 400,
and 1000 mg/m? (Fig. 3). At a dose level of 100 mg/m? [6RS]-
LV, the tri-, tetra-, and pentaglutamate forms of CH,-
H,PteGlu, were markedly elevated while CH,-H,PteGlu, de-
creased. As the dose of [6RS]LV was increased, the predomi-
nance of the three species also increased. At 400 mg/m? [6 RS]-
LV, the appearance of CH,-H,PteGlu, was observed, which
was increased somewhat at 1000 mg/m? [6 RS]LV. The greatest
change in species between [6 RS]LV dose levels of 400 and 1000
mg/m? was in the elevation in CH,-H,PteGlu; and CH,-

60

H,PteGlu,. For the combined pools (CH-H,PteGlu, and
H,PteGlu,), similar patterns of modulation of species were
observed in relation to the dose of [6RS]LV (data not shown).

For line HxVRC;, CH,-H,PteGlus predominated in un-
treated tumors, with CH,-H,PteGlu, containing from 2 to 6
glutamate residues also present. At a dose level of 20 mg/m?
[6RSILY, CH,-H,PteGlu,.s were elevated, whereas CH,-
H,PteGlus decreased (Fig. 3). At additional doses of 200 and
1000 mg/m? [6 RS]LV examined, tri-, tetra-, and also digluta-
mate species increased with increasing dose of [6 RS]LV (Fig.
3). For the combined pools of CH,-H,PteGlu, and H,PteGlu,,
the tri-, tetra-, and pentaglutamates continued to increase with
increasing dose of [ RS]LV, the hexaglutamate decreased, and
the diglutamate was not detected at any dose of [ RS]LV (data
not shown).

In HxGC; tumors (Fig. 3), CH,-H,PteGlu, and CH,-
H,PteGlus were elevated at a dose of 20 mg/m? [6 RS]LV, with
a slight increase in CH,-H,PteGlu;. The tetraglutamate contin-
ued to increase up to a dose of 1000 mg/m? examined. CH,-
H,PteGlu; was elevated substantially only at this highest dose
of [6RS]LYV used. CH,-H,PteGlus, a major species in untreated
tumors, was no longer detected at 200 mg/m? [6RS]LV. For
the combined pools of CH,-H,PteGlu, and H,PteGlu,, modu-
lation by [6 RS]LV was similar to that observed within the CH,-
H,PteGlu, pool (data not shown).

For line HxHC, (Fig. 3), CH,-H,PteGlus predominated in
untreated tumors. At a dose level of 20 mg/m? [6RS]LYV, tri-,
tetra-, and pentaglutamates were elevated, whereas CH,-
H,PteGlus decreased. As the dose of [ RS]LV was increased
to 250 and 1000 mg/m?, CH,-H,PteGlu; and CH,-H,PteGlu,
increased, while CH,-H,PteGlus remained fairly stable (Fig. 3);
in a separate experiment, CH,-H,PteGlus appeared to decline
(data not shown). CH,-H,PteGlus was also decreased. Similar
observations were made for the combined pools of CH,-
H,PteGlu, and H,PteGlu, (data not shown).

Thymidylate Synthase Inhibition. The effect of increasing the
dose of [6RS]ILV on the inhibition of thymidylate synthase
induced by FUra was examined in each of the four tumor lines,
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Fig. 3. Effect of dose of [6RS]LV on the
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when FUra was administered by i.v. bolus injection at 3 h into

* the 24-h infusion of [6RS|LV (Fig. 4). Thymidylate synthase
activity was subsequently determined in untreated tumors and
at 4 and 21 h, after the administration of FUra. Doses of
[6RS]LYV used were 215, 430, and 644 mg/m? in studies utiliz-
ing HXELC,, HxGC;, and HxVRC; tumors and were 20, 250,
and 1000 mg/m? for HXHC, tumors. Doses of FUra utilized
were 50, 25, 15, and 10 mg/kg, respectively.

In HXELC, tumors (Fig. 4), the extent of thymidylate syn-
thase inhibition at 4 h after FUra administration was similar
(44 to 50% of control) among the four treatment groups (P =
0.402). By the end of the infusion of [6RS]LV, thymidylate
synthase activity had returned to 94% of control in tumors
receiving FUra alone. However, in the [6 RS]LV-treated groups,
as the dose of [6 RS]LV was increased from 215 to 430 and 644
mg/m?, FUra-mediated enzyme inhibition was also increased,
where enzyme activity had recovered to 87% (P = 0.145), 65%
(P <0.001), and 55% (P < 0.001) of control, respectively.

In HxVRC; tumors, retardation of the recovery of thymidyl-
ate synthase following FUra administration was also related to
the dose of [6RS|LV (Fig. 4). At 4 h after FUra, inhibition of
thymidylate synthase was similar between the FUra alone and
FUra-[6 RS]LV-treated groups (20 to 24% of control; P =
0.154). By the end of the [6RS]LV infusion, thymidylate syn-
thase had reached 64% of control in FUra-treated tumors. At
dose levels of [ERS]LV of 215 and 430 mg/m?, enzyme activity
was depressed to between 48 and 52% of control (P < 0.001);
and at a dose level of 644 mg/m?, activity was further reduced
to 35% of control (P < 0.001).

For line HxGC; (Fig. 4), FUra alone reduced thymidylate
synthase activity to 43% of control, 4 h after drug administra-
tion. At this time, [ RS]LV potentiated the degree of enzyme
inhibition to 31 to 35% of control (P < 0.003) at dose levels of
215 and 430 mg/m?, whereas at a dose level of 644 mg/m?, no
increase in the degree of thymidylate synthase inhibition was
observed (P = 0.142). By the end of the [6RS]LV infusion,
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Fig. 4. Inhibition of thymidylate synthase by FUra (50, 25, 15, and 10 mg/
kg, respectively) in HXELC,, HxGC;, HxVRC;, and HxHC, tumors, respectively,
in the absence or in the presence of [6RS]LV at different dose levels. These were
215, 430, and 644 mg/m? in lines HXELC,, HxGC;, and HxVRC;s and 20, 250,
and 1000 mg/m? in HXHC, tumors. [6 RS]LV was administered to mice by 24-h
i.v. infusion, with FUra given by bolus i.v. injection 3 h into the infusion of [6 RS]
LV. Alternatively, mice received FUra alone. Thymidylate synthase activity was
subsequently assayed in untreated tumors and at 4 and 21 h after FUra treatment
from the release of *H from [5->H]dUMP as described in “Materials and Meth-
ods.” Results represent the mean + SD (bars) of 3 determinations/point using
pooled tissues at each time point. The activities of thymidylate synthase in
untreated tumors were 0.09, 0.18, 0.60, and 1.53 nmol/min/g tissue for lines
HxELC,;, HXHC,, HxGC;, and HxVRC;, respectively.
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enzyme activity had returned to 70% of control in tumors
receiving FUra alone. Of interest was that the recovery of
thymidylate synthase in [6 RS]LV-FUra-treated tumors ap-
peared inversely related to the dose of [ RS]LV. Hence, at 21
h after FUra, enzyme activity was 69, 64, and 51% of control
in tumors treated with [6 RS]LV dose levels of 644 (P = 0.264),
430 (P = 0.106), and 215 (P < 0.01) mg/m?, respectively.

For line HXHC, (Fig. 4), at both 4 and 21 h after FUra
administration, the degree of depression of thymidylate syn-
thase activity was similar for tumors treated with FUra alone
or FUra-[6RS]LV (20 to 1000 mg/m?). At 4 h after drug
administration, thymidylate synthase activity was reduced to
between 8 and 12% of control. By the end of the [6RS]LV
infusion, enzyme activity was at 20% of control in tumors
receiving FUra alone and 16% of control in [6 RS]LV-FUra-
treated tumors (P = 0.142).

FPGS Activities. FPGS activities were determined in each of
the four colon xenografts and also in livers derived from CBA/
CaJ mice (Table 1). Line HXELC, demonstrated the lowest
activity (310 pmol/h/mg protein), and HxGC; and HxVRC;s
tumors were 3.3- to 4.2-fold higher (1015 to 1290 pmol/mg
protein). Line HXHC, demonstrated an intermediate level of
activity (786 pmol/h/mg protein). FPGS determined in mouse
liver was 453 pmol/h/mg protein.

DISCUSSION

In this study, the concentrations of reduced folate species in
plasma were linearly related to the dose of [6 RS]LV. However,
in neoplastic tissues, biochemical modulation in response to
the dose of [6RS]LV differed among the four tumor lines. In
HXELC, and HxVRC; tumors,the disproportionate expansion
of CH,-H,PteGlu, and H,PteGlu, pools beyond [6 RS]LV doses
of 100 to 200 mg/m” suggested that there may be saturation
either in [6S]LV uptake at the cellular level or in subsequent
metabolism to other reduced folate species. At high dose levels
of [6RS]LYV, it is possible that saturation of the reduced folate
transport system may occur. Alternatively, competition between
the biologically inactive [6 R] diastereoisomer and active [6.5]
isomer of [6RS]LV at the level of transport could proportion-
ately reduce the concentration of [6.S]LV inside the cell, as the
dose of [6RS]LYV is increased. The interference of [R]LV with
the biological processing of [6S]LV has yet to be proved,
however (22). A more probable occurrence is saturation in the
cellular metabolism of [6S]LV. In studies with the murine colon
38 tumor in mice, 5-CHO-H,PteGlu appeared to readily enter
neoplastic cells. However, due to apparently low levels of CH=
H,PteGlu synthetase, the enzyme responsible for the initial
conversion of 5-CHO-H,PteGlu to CH=H,PteGlu, inefficient
metabolism of 5-CHO-H,PteGlu was observed (23). The dose
of [6RS]LV used in these studies was 400 mg/kg (approxi-
mately 1200 mg/m?). This constitutes a high dose level of
[6 RS]LV, and maximum expansion of pools of CH,-H,PteGlu,
and H,PteGlu, (by 5- to 6-fold) may already have been achieved.

Table 1 Activities of FPGS in human colon xenografts and CBA/CaJ mouse liver

FPGS activity
Tissue (pmol/h/mg protein)
HxGC; 1290 + 160°
HxVRC;, 1015 + 203
HxHC, 786 + 31
HxELC, 310 + 52
Liver 453 + 140

“ Results represent the mean + SD of 6 to 16 determinations from 2 to 4
separate experiments in neoplastic tissues and 23 determinations from 6 separate
experiments in mouse liver.
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The maximal degree of modulation of these pools in response
to [6RS]LV was similar to that observed in HxELC, and
HxVRC; xenografts. In these human tumors, retardation of the
recovery of thymidylate synthase also increased with increasing
dose of [6RS]LV.

In HXHC, tumors, little effect of [6RS]LV on either the
degree or duration of thymidylate synthase inhibition was ob-
served, even at the highest dose of [RS]LV used in the study
(1000 mg/m?). This may be due to the lack of significant
expansion of pools of CH,-H,PteGlu, and H,PteGlu, in re-
sponse to [6 RS]LV. However, a fairly high degree of thymidyl-
ate synthase inhibition (92%, 4 h after FUra) was observed at
a low dose level of FUra (10 mg/kg), which would make small
differences in enzyme inhibition difficult to detect. Of interest
was the observation in HxGC; tumors that an apparently
greater degree of FUra-mediated thymidylate synthase inhibi-
tion was obtained with the lowest dose level of [ERS]LV (215
mg/m?) examined. At present, the reason for this observation
remains unclear. However, a report from the Mayo Clinic (4)
has suggested that low-dose [6 RS]LV (20 mg/m?) might induce
higher response rates (43%) than high-dose [6 RS]LV (200 mg/
m?; 26%) in combination with FUra in patients with colorectal
adenocarcinoma. Whether a subset of colon tumors might exist
with this particular metabolic phenotype therefore requires
further examination.

The overall expansion of the CH,-H,PteGlu, pool will be
determined by both increases and decreases in any particular
polyglutamate species. Of note is that in all four tumor lines,
CH,-H,PteGlus was decreased as the dose of [6RS]LV in-
creased. The reason for this consistent finding is unknown but
may counter the effect of expanding the pools of lower polyglu-
tamate forms of CH,-H,PteGlu particularly in HxGC; and
possibly in HXHC, tumors. For example, in HxGC; xenografts
the total pool was elevated at a dose of 20 mg/m? [6RS]LV.
There was an increase in CH,-H,PteGlus_s with only a slight
loss of the hexaglutamate species. At higher doses of [6 RS]LV
increases in these lower chain length forms were largely offset
by the complete loss of CH,-H,PteGlus. In tumors HXELC,
and HxVRC; the substantial increase in CH,-H,PteGlu,_s ap-
pears to override the effect of the loss of hexaglutamate. Thus,
quantitative changes in the total CH,-H,PteGlu, pool may be
affected by qualitative alterations through redistribution of
polyglutamate species.

In the current study, modulation of FUra-induced thymidyl-
ate synthase inhibition during a 24-h i.v. infusion of [6 RS]LV
in mice has been observed at plasma concentrations of [6S]LV
ranging from 2.5 uM (215 mg/m? [6RS]LV) to 7.2 um (644
mg/m? [6 RS]LV). Clinically, increased response rates to FUra-
[6RSILV have been achieved during continuous infusion of
[6 RSILV (500 mg/m?), in which plasma concentrations of [6.5]-
LV have reached 1.2 to 4.5 um (5-7). In cultured S-180 and
Hep-2 cells, 20 um [6RS]LV (27-h exposure) was the lowest
concentration that provided for maximal potentiation of the
growth inhibition induced by FUra (3-h exposure) and also
retarded recovery of thymidylate synthase activity (24). How-
ever, in in vivo studies, both clinical and experimental, modu-
lation of FUra activity by [6 RS]LV has occurred in the presence
of lower concentrations of [6S]LV in plasma (1.2 to 7.0 um).
Keyomarsi and Moran (25) demonstrated in L1210 and B-8392
cells that maximal potentiation of growth inhibition by FUra
was induced at 1 uM [6 RS]LV, when cells were exposed contin-
uously to both agents. Whether these are truly optimal concen-
trations of [6S]LV in the xenograft models relative to tumor-
specific metabolism and cytotoxicity have yet to be determined.

FPGS activities determined in the four colon xenograft lines
differed by 4.2-fold. The activity determined for CBA/CalJ
mouse liver was in the same range reported by others for the
rat (320 pmol/h/mg protein). Line HXELC, demonstrated the
lowest activity of FPGS, whereas HxXVRCs and HxGC; tumors
contained the highest activities. The combined pools of CH,-
H,PteGlu, and H,PteGlu, had been estimated to be 0.5, 2.7,
and 1 uM, respectively, and for CH,-H,PteGlu, approximately
0.2, 1.7, and 0.5 uM, respectively (12). However, the pattern of
modulation of CH,-H,PteGlu, species in HXELC, and Hx-
VRC; tumors was similar with increasing dose of [6RS]LV.
Thus, there was no relationship between the activity of FPGS
and the pattern of modulation of CH,-H,PteGlu, species in
tumors when [6 RS]LV was delivered by 24 h i.v. infusion. The
increased distribution of CH,-H,PteGlu;_s observed at high
dose levels of [6RS]LV in HXELC, and HxVRC; tumors are
most likely responsible for the retardation of recovery of FUra-
inhibited thymidylate synthase in both lines. In all tumors,
CH,-H,PteGlu, decreased during [6 RS]LV infusion. This may
be due to its utilization in enzymic reactions without being as
rapidly resynthesized, or alternatively, may be less efficient in
competition for [6-*H]FdUMP binding due to the greater avail-
ability of other polyglutamate species.

The biochemical characteristics of these tumors are complex.
However, of interest was that three patterns emerged concern-
ing biochemical modulation by [6RS]LV. HXELC, and Hx-
VRC; tumors were similar, while HxGC; and HxHC, appeared
to differ, providing a spectrum from little or no modulation to
tumors in which pools could be markedly enhanced. HXELC,
and HxHC, tumors had previously demonstrated some sensi-
tivity to treatment with FUra or 5-fluoro-2’-deoxyuridine alone,
which may relate, in part, to the low activities of thymidylate
synthase in these tumors. However, due to the degree of expan-
sion of CH,-H,PteGlu, and H,PteGlu, pools in HXELC, and
HxVRC; tumors in response to [6 RS]LV and effects on FUra-
induced thymidylate synthase inhibition, these tumors are the
most likely to respond to 5-fluoropyrimidine-[6 RS]LV combi-
nations, provided that thymidine salvage, thymidylate synthase
levels, or concentrations of FAUMP do not limit the utility of
the combination, and reduced folate pools are elevated suffi-
ciently.

Previous studies from these laboratories have demonstrated
schedule-dependent effects on expansion of pools of CH,-
H,PteGlu, and H,PteGlu, and the distribution of their polyglu-
tamate species (26). Future studies must therefore determine
the effect of dose and frequency of administration of [ RS]LV
on the cytotoxicity of FUra in the individual xenograft models.
To maintain inhibition of thymidylate synthase and to maxi-
mize therapeutic activity, it will be necessary to use optimal
doses of FUra and may be necessary to administer FUra-
[6RS]-LV combinations over a period of 5 days, similar to the
clinical application of the drug combination. Interpretation of
data may also be aided by further analysis of the modulation of
metabolic characteristics within individual tumors during this
time period.
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