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ABSTRACT. Folic acid (PteGlu)-enhanced intense synergy has been observed between nonpolyglutamylat-
able dihydrofolate reductase (DHFR) inhibitors and polyglutamylatable inhibitors of other folate-requiring
enzymes, such as glycinamide ribonucleotide formyltransferase (GARFT) and thymidylate synthase. Since this
phenomenon is potentially therapeutically useful, we explored its universality by examining the combined action
of a DHFR inhibitor, trimetrexate (TMQ), with a GARFT inhibitor, 4-[2-(2-amino-4-oxo-4,6,7,8-tetrahydro-
3H-pyrimidino[5,4,6][1,4]thiazin-6-yl)-(S)-ethyl]-2,5-thienoylamino-L-glutamic acid (AG2034), in eight human
cultured cell lines. Using a 96-well plate cell growth inhibition assay, four ileocecal adenocarcinoma cell lines [HCT-8,
HCT-8/DW2 (Tomudex-resistant), HCT-8/DF2 (Tomudex-/FdUrd-resistant), and HCT-8/50 (adapted to 50 nM Pte-
Glu)], three head and neck carcinoma cell lines [A253, FaDu, and Hep-2/500 (FdUrd-resistant)], and a non-small cell lung
carcinoma cell line [H460] were treated for 96 hr with TMQ 1 AG2034 in the presence of 2.3 or 40 mM PteGlu. Cell
growth was measured with the sulforhodamine B assay at the end of this period. Drug interactions were assessed by fitting
a 7-parameter model including a synergism parameter, a, to data with weighted nonlinear regression. Isobologram analysis
was also applied. At 2.3 mM PteGlu, cells exhibited similar intensities of Loewe synergy for the combination of TMQ 1
AG2034. Loewe synergy was abolished in HCT-8/50 cells cultured and studied in 50 nM PteGlu. At 40 mM PteGlu, the
intensity of the combined action in all cell lines was increased. However, the most intense Loewe synergy was seen with
HCT-8, HCT-8/DF2, H460, FaDu, A253, and Hep-2/500 cells, whereas the HCT-8/50 subculture showed less of the
phenomenon, and PteGlu enhancement was the least with HCT-8/DW2, a subline deficient in folylpolyglutamate
synthetase (FPGS). The universality of the PteGlu-enhanced intense synergy phenomenon is suggested. Impaired FPGS
activity and low-folate adaptation prior to treatment significantly lessen the degree of PteGlu enhancement. BIOCHEM
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Because of the importance of purine nucleotides for DNA
and RNA synthesis, tumor cells have been thought to be
particularly vulnerable to inhibition of purine biosynthesis.
This is because of their rapid growth rates and often
decreased activity of purine salvage enzymes [1–3].
GARFT§ catalyzes the first of two folate-dependent reac-

tions in de novo purine biosynthesis, i.e. the transfer of the
formyl group of 10-CHO-H4PteGlun to the amino group of
glycinamide ribonucleotide to form formylglycinamide ri-
bonucleotide and H4PteGlun. Emerging from a computer-
ized molecular modeling study of the GARFT domain of
the human trifunctional enzyme, the inhibitor AG2034
was designed to have a high affinity for the folate cofactor
binding site [4]. This antipurine compound, which contains
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PteGlu, folic acid; H2PteGlun, dihydropteroylpolyglutamates; H4PteGlun
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(trimetrexate), 2,4-diamino-5-methyl-6-[(3,4,5-trimethoxyanilino) meth-
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5,6,7,8-tetrahydrofolate; Lometrexol (LY249543), 6R-DDATHF; and
LY309887, [6R]-29,59-thienyl-DDATHF.
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a terminal glutamate moiety, is also a good substrate for
FPGS. Because its biochemical profile suggests an improved
antitumor activity and more manageable toxicity than
Lometrexol, AG2034 is being studied in a Phase I clinical
trial. A congener of AG2034, LY309887, is also under
active investigation [5, 6].

We extended the initial findings from other groups on
the positive interaction of specific pairs of antifolates
[7–11], and demonstrated in an in vitro HCT-8 cell system
that DHFR inhibitors were capable of enhancing the
growth inhibitory activity of potent polyglutamylatable TS
and GARFT inhibitors, especially under very high PteGlu
concentrations [12]. The concept of modulation of antifo-
late synergism by PteGlu was first introduced for combina-
tions of TMQ plus 10-propargyl-5,8-dideazafolate (PDDF)
or TMQ plus DDATHF with 4.6 mM PteGlu in human
Manca lymphoma cells [8], and was extended later by
increasing the synergy dramatically by raising medium
PteGlu to 40 mM [13]. The combined action of a lipophilic
DHFR inhibitor, TMQ, plus AG2034 led to the highest
degree of Loewe synergism [12] ever reported in the
literature, to the best of our knowledge. Therefore, we have
chosen this unique interaction and a variety of human
tumor cell lines to explore the universality of the phenom-
enon and deepen our mechanistic understanding of the
synergistic process. Each of the 41 two-drug combined-
action cell growth inhibition experiments reported here
was rigorously quantified using the Universal Response
Surface Approach (URSA) [14, 15]. Isobolograms were also
examined to reveal patterns of synergism and antagonism at
several effect levels.

MATERIALS AND METHODS
Drugs and Chemicals

TMQ was provided by the Parke-Davis Division, Warner
Lambert Co. Tomudex was supplied by Zeneca Pharmaceu-
ticals and AG2034 by Agouron Pharmaceuticals, Inc.
PteGlu and SRB were purchased from the Sigma Chemical
Co. Folate-free and “standard” RPMI 1640 (2.3 mM Pte-
Glu) cell culture media, dFBS, and trypsin were obtained
from Gibco. 6-[3H]FdUMP (18 Ci/mmol) was purchased
from Moravek Biochemicals, Inc. Purified Lactobacillus casei
TS was obtained from Dr. D. G. Priest (Medical University
of South Carolina). Sephadex G-25 fine was purchased
from Pharmacia Biotechnology Inc.

Cell Culture and Establishment of an HCT-8
Subculture in MFM

The human HCT-8 (ileocecal adenocarcinoma) [16], A253
(epidermoid carcinoma, submaxillary gland) [17], FaDu
(squamous cell carcinoma, pharynx) [18], and H460 (non-
small cell lung carcinoma) [19] cell lines were obtained
from the American Type Culture Collection.

Two HCT-8 sublines, made resistant to TS inhibitors,
were supplied by Dr. K. Lu, Roswell Park Cancer Institute.

The resistant HCT-8/DW2 subline was selected by re-
peated exposure of HCT-8 to escalating doses of Tomudex
and exhibits decreased FPGS levels [20]. The double-
resistant HCT-8/DF2 subline was established by two se-
quences of drug treatment, in which HCT-8 was exposed to
FdUrd repeatedly, followed by Tomudex. Its degree of
resistance is 130- or 75-fold relative to HCT-8 in a 2-hr
exposure to Tomudex or FdUrd, respectively. Also, HCT-
8/DF2 has decreased TK activity, as well as decreased in situ
TS activity [21]. All of the cell lines were grown in RPMI
1640 medium containing 10% dFBS and 1 mM sodium
pyruvate, except for the FaDu and A253 cells, which were
passaged in RPMI 1640 containing 10% dFBS.

For the establishment of HCT-8 subcultures in MFM,
5 3 105 cells were seeded into 75-cm2 flasks containing 20
mL of folate-free RPMI 1640 containing 10% dFBS. PteGlu
was added to each of the four flasks 48 hr after seeding to
generate the final concentrations of 200, 100, 50, and 20
nM. After 4 weeks, the cells grew with almost the same
population doubling time (ranging from 20.3 to 22.7 hr) as
the parent cell line (20.3 hr). These HCT-8/MFM lines
were designated as HCT-8/200, HCT-8/100, HCT-8/50,
and HCT-8/20, respectively. The FdUrd-resistant variant
of the human laryngeal carcinoma HEp-2 cell line, HEp-2/
500, was provided by Dr. S. H. Berger [22]. Cells were
progressively adapted to 0.5 mM FdUrd in RPMI 1640
containing 5% horse serum, 100 mM deoxyinosine, and 10
mM folinic acid. Drug resistance was associated with an
80-fold increase in the cellular level of TS, as a result of
gene amplification. HEp-2/500 was maintained further in
the presence of FdUrd in RPMI 1640 containing 10%
dFBS, 100 mM deoxyinosine, and 10 mM folinic acid, but
was passaged twice in the absence of the TS inhibitor
before use in growth inhibition assays.

Cells were maintained as monolayers in 75-cm2 flasks
incubated at 37° in a 5% CO2 humidified atmosphere and
transferred after trypsinization, twice weekly. Cell cultures
were tested routinely for mycoplasma (Gen-Probe Myco-
plasmas T. C.), and found negative.

Growth Inhibition Studies

A typical two-drug combined-action experiment involved a
stack of five 96-well plates with five replicates of each drug
treatment condition (440 total data points). Exponentially
growing cells were plated at a density of 200 cells/well in
175 mL of medium, and drug treatment was initiated 24 hr
after plating. Solutions of TMQ and AG2034 in medium
were freshly prepared from concentrated stock solutions of
1 and 10 mM, respectively. Appropriate volumes were used
to obtain the five fixed-ratio binary mixtures of TMQ plus
AG2034 (1:4, 1:2, 1:1, 2:1, and 4:1) at the predicted ID50

values (absolute molar ratios are reported in the remainder
of the paper). The agents alone and their mixtures were
serially diluted over a 106-fold concentration range, ran-
domly assigned to wells, and then incubated with cells for
96 hr as described by Faessel et al. [12]. Cell growth
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inhibition was quantified by the SRB assay at the end of
this period [23, 24].

Measurements of Combined CH2-H4PteGlun 1
H4PteGlun Pools

The method is based upon enzymatic conversion of reduced
folates to CH2-H4PteGlun followed by its stoichiometric
entrapment into a stable ternary complex with excess L.
casei TS and 6-[3H]FdUMP, as described previously [25].
Exponentially growing cells were trypsinized, washed twice
with PBS, and frozen as cell pellets (2 3 106 cells) at 270°.
Cells were extracted with 100 mL extraction buffer con-
taining 75 mU/mL of TS and 62 nM 6-[3H]FdUMP, 6.5
mM formaldehyde, 50 mM sodium ascorbate, 213 mM
sucrose, 1 mM disodium-EDTA, and 50 mM Tris–HCl, pH
7.5. The reaction mixtures were incubated at 30° for 1 hr,
and then boiled with 6% SDS for 3 min. Ternary complexes
were separated from free 6-[3H]FdUMP by centrifuging
25-mL aliquots through Sephadex G-25 minicolumns.
Bound radioactivity was measured by scintillation count-
ing. CH2-H4PteGlun 1 H4PteGlun levels are expressed as
picomoles per milligram of protein. Protein content in cell
extracts was assayed with the Bio-Rad protein assay solu-
tion using bovine serum albumin, according to Bradford
[26]. Because of a slight nonlinearity in the standard curve,
a macro for curvilinear regression was run in Excel (Mi-
crosoft) to determine the amount of protein in the un-
known samples.

Assessment of In Vitro Drug Interactions

Data from individual two-drug combination experiments
were analyzed with URSA. With the assumption of the
structural Hill model (Equation A) for the concentration–
effect curve of each single agent, Equation B was fitted to
all the data at once for each separate experiment with
iteratively reweighted nonlinear regression, enabling the
estimation of a synergism-antagonism parameter, a, with its
standard error [14, 27]. The custom software package
SYNFIT (written in FORTRAN, Microsoft Corp.) was
used for the fitting procedure.
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E is the measured effect, and D is the drug concentration.
The seven estimable parameters are: Econ, the control
response; B, the background; ID50, the drug concentration
inducing a 50% inhibition of the maximal cell growth; and
m, the slope parameter of the concentration–effect curve.
When a is positive, Loewe synergy is indicated; when a is
negative, Loewe antagonism is indicated; and when a is
zero, Loewe additivity is indicated [28].

An isobologram analysis adapted from the approach of
Gessner [29] was also applied to all combined-action data
sets. Individual fittings of Equation A to data were per-
formed for each growth inhibition curve for the single
agents and the five constant ratio mixtures. The resulting
ID50 estimate for each mixture was used to calculate the IDX

(X 5 10, 25, 50, 75, 90) contributions for each agent in the
mixture, which were then plotted on normalized isobolo-
grams.

All graphs were made with Sigma Plot 3.0 (Jandel
Scientific).

RESULTS
TMQ 1 AG2034 against Colon, Head and Neck, and
Lung Cancer Cell Lines

Five cell lines from three different human solid tumors
(colon, head and neck, and lung) were exposed for 96 hr to
simultaneous combinations of TMQ and AG2034 at two
different concentrations of PteGlu. Table 1 includes the
ID50 (measure of drug potency) and a (measure of Loewe
synergy) parameter estimates (6 SEM) obtained from the
best fit of Equation B to data from individual two-drug
combined-action cell growth inhibition experiments con-
ducted with FaDu, A253, HEp-2/500, and H460 cells.
Because the two antifolates have been studied extensively
alone and in combination in HCT-8 cells, geometric means
for ID50 values and a values [6 95% confidence limits]
were calculated from a total of 45 in vitro experiments;
individual ID50 or a parameters were estimated by fitting
Equation A or Equation B to data, respectively [12]. Each of
the 2.3 mM (standard PteGlu cell culture medium level)
and 40 mM PteGlu concentrations was present during the
cell plating 24 hr before the drug treatment and during the
entire incubation time period. Note that FaDu and HEp-
2/500 cells were allowed to grow 1 extra day (120-hr drug
exposure) for a suitable absorbance signal at 570 nm.

At 2.3 mM PteGlu, TMQ had a similar potency
(ID50,TMQ 5 0.852 to 3.11 nM) for 96-hr exposure against
all cell lines, except FaDu (ID50,TMQ 5 13.0 nM). Com-
pared with an ID50 of 4.87 nM in HCT-8 cells, AG2034 was
equipotent in H460 cells, but 2.2-, 5.3-, and 14-fold less
potent in A253, HEp-2/500, and FaDu cells, respectively.
As shown in Table 1, 40 mM PteGlu raised the ID50,AG2034

88-fold but the ID50,TMQ only 8.8-fold in HCT-8 cells. The
protective effect of PteGlu against TMQ was also limited in
other cell lines, ranging from 3- to 5-fold; and PteGlu
protection of AG2034 was extreme in FaDu cells (164-fold)
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and high in H460, A253, and HEp-2/500 cells (from 28- to
46-fold).

Positive a values of 2.21 to 8.70 for the HCT-8, FaDu,
A253, and HEp-2/500 cell lines indicated substantial
Loewe synergy at 2.3 mM PteGlu when AG2034 was
combined simultaneously for 96 hr with TMQ. In the H460
non-small cell lung carcinoma cell line, two out of the three
combined-action experiments showed slight Loewe synergy
(a 5 0.697 6 0.087; a 5 1.48 6 0.23); once slight Loewe
antagonism was observed (a 5 20.195 6 0.063). Raising
the PteGlu level in the medium to 40 mM enhanced greatly
the synergistic intensity of these TMQ 1 AG2034 com-
bined actions. The relative increase in a values was more
pronounced in H460 (up to 300-fold) and A253 (up to
96-fold) cells than in HEp-2/500 (52-fold), FaDu (31-fold),
or HCT-8 (28-fold) cells.

TMQ 1 AG2034 against the HCT-8 Ileocecal Cell
Line and Derived Sublines

By adapting HCT-8 cells to 200, 100, 50, and 20 nM
PteGlu concentrations, we obtained the four respective
sublines HCT-8/200, HCT-8/100, HCT-8/50, and HCT-8/
20. These cell lines were created to provide a model closer
to the normal human physiological condition of 5–30 nM
plasma folates [30, 31]. A preliminary growth experiment

showed that a seeding density of 200 cells/well for each
subline resulted in exponential growth kinetics for at least
5 days with a mean doubling time of 21.7 hr. The
measurement of the intracellular combined pool of CH2-
H4PteGlun 1 H4PteGlun (pmol/mg protein 6 SEM)
showed that adaptation of cells to low folate levels caused
a sharp depletion of 6-fold in HCT-8/200 (11 6 0.3) and
HCT-8/100 (9.4 6 1.5) cells followed by an extra 2-fold
decrease in HCT-8/50 (5.3 6 0.3) and HCT-8/20 (5.0 6
0.02) cells, as compared with the parental HCT-8 line
(65 6 0.4).

Table 2 presents changes in drug potency (ID50, geomet-
ric means) and slope parameter (m, arithmetic means)
estimates with PteGlu when HCT-8 cells and three sub-
lines were exposed for 96 hr to the single agents TMQ or
AG2034. Each of the 185 single-agent data sets included a
total of 110 data points with 55 controls and 5 replicates for
each of 11 serial drug dilutions. Equation A was fit to each
individual data set, and Econ, ID50, m, and B were estimated.
At 2.3 mM PteGlu, the HCT-8/DW2 subline was 2.9-fold
more sensitive to TMQ, but 7.6-fold more resistant to
AG2034, as compared with the parental line. HCT-8/DF2
cells were more resistant to both TMQ and AG2034 by a
factor of 1.6 and 14, respectively. For HCT-8/50 cells
cultured in 50 nM PteGlu, the growth inhibitory activity of

TABLE 1. Estimates of the individual ID50 and the synergism-antagonism parameter, a, from experiments conducted in five human
tumor cell lines

Human tumor
cell lines

PteGlu
(mM)

TMQ
ID50, nM

AG2034
ID50, nM

Antifolate interaction

a* Nature

HCT-8† 2.3 0.972 4.87 3.72 SYN
[0.847; 1.11] [4.04; 5.05] [3.27; 5.96]

40 8.60 427 114 SYN
[7.24; 10.2] [243; 752] [84.9; 153]

FaDu‡§ 2.3 13.0 6 0.71 69.6 6 6.8 8.53 6 1.2* SYN
40 50.0 6 3.4 11,387 6 1,872 262 6 48* SYN

2.3 3.1 6 0.18 10.9 6 0.86 4.84 6 0.63 SYN
A253§ 40 12.4 6 1.4 498 6 130 465 6 124 SYN

2.3 2.21 6 0.18 10.5 6 1.08 8.70 6 1.5* SYN
40 7.45 6 0.99 296 6 68 155 6 35* SYN

HEp-2/500‡§ 2.3 1.48 6 0.20 25.9 6 6.5 2.21 6 0.75* SYN
40 9.95 6 0.88 1,187 6 146 114 6 15* SYN

2.3 1.04 6 0.023 4.39 6 0.089 0.697 6 0.087* SYN
H460§ 40 5.54 6 0.21 136 6 21 211 6 14* SYN

2.3 1.22 6 0.021 5.00 6 0.045 20.195 6 0.063 ANT
40 6.32 6 0.24 186 6 9.1 160 6 10 SYN

2.3 0.852 6 0.048 4.62 6 0.22 1.48 6 0.23 SYN
40 5.04 6 0.34 202 6 21 130 6 15 SYN

Cells were exposed for 96 hr to the TMQ 1 AG2034 combination in the presence of 2.3 or 40 mM PteGlu. SYN indicates Loewe synergy and ANT Loewe antagonism.
*The values refer to the TMQ 1 AG2034 combinations for which 2-D-isobol families are presented in Fig. 2.
†Geometric means for ID50 estimates with [95% confidence limits] were estimated from 43 single data sets for TMQ (32 sets at 2.3 mM PteGlu and 11 at 40 mM PteGlu) and

26 single data sets for AG2034 (21 sets at 2.3 mM PteGlu and 5 at 40 mM PteGlu); individual estimates were obtained by fitting Equation A to data. Geometric means for a
estimates with [95% confidence limits] were calculated from 12 combination data sets (7 sets at 2.3 mM PteGlu and 5 at 40 mM PteGlu); individual estimates were obtained by
fitting Equation B to the data.

‡Cells were incubated with TMQ 1 AG2034 for 120 hr.
§The listed parameter estimates (6 SEM) for all cell lines, except HCT-8, were obtained by fitting Equation B to data from individual combined-action experiments. The

separate results from replicate experiments are listed for A253 and H460.
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each antifolate was increased, as compared with HCT-8. A
16- and a 6-fold increase in potency were observed for
TMQ and AG2034, respectively, when reducing PteGlu
from 2.3 mM to 50 nM (46-fold reduction). Increasing the
cell culture medium PteGlu levels reduced significantly
the growth inhibitory effects of both TMQ and AG2034
in the resistant HCT-8/DW2 and HCT-8/DF2 cells, as
well as the adapted HCT-8/50 cells. At 40 mM PteGlu,
the ID50,TMQ was raised 5-fold in both HCT-8/DW2 and
HCT-8/DF2 sublines, whereas the ID50,AG2034 was raised
44-fold in HCT-8/DF2 and only 11-fold in HCT-8/DW2.
For the HCT-8/50 subline, the drug potencies were
decreased 17- and 6.3-fold for TMQ and 4.3- and 41-fold
for AG2034 by increasing PteGlu to 2.3 and 40 mM,
respectively.

We found that the Hill model, Equation A, was appro-
priate for all growth inhibition curves in this study. If cells
are assumed to be similar in enzyme activities, signal
transduction activities, cell cycle phase, and other critical
characteristics, then the sigmoidal shape of a growth
inhibition concentration–effect curve could be attributed
to important cellular mass-action phenomena such as the
gradual saturation of target enzymes or the control of
enzymatic or signal transduction pathways. However, since

it is well known that cultured cells within a population are
heterogeneous with regard to many attributes (including
cell cycle phase), the steepness of a concentration–effect
curve more likely reflects a cumulative cellular tolerance
distribution to a drug, which is the result of many contrib-
utors to apparent cell growth inhibition (e.g. cell killing,
cell growth slow-down, and sterile daughter cells). A
smaller absolute value of m (shallower slope) implies more
cellular heterogeneity, and vice versa. The m estimates for
TMQ clearly increased with increasing PteGlu in HCT-8,
HCT-8/DF2, and HCT-8/50 cells, whereas there was a
systematic diminishing trend of mAG2034 in HCT-8/WT
and HCT-8/50 cells as PteGlu was increased; for HCT-8/
DW2 cells, the slope of the concentration–effect curves for
TMQ and AG2034 was not obviously altered by high folate
conditions.

Figure 1 shows estimates of the synergism-antagonism
parameter (a 6 95% confidence intervals, logarithmic
scale) from 41 combined-action experiments, in which
HCT-8 cells and four sublines were exposed simultaneously
to TMQ, AG2034, and PteGlu for 96 hr. At 2.3 mM
PteGlu, HCT-8/DW2 or HCT-8/DF2 cells produced an
extent of Loewe synergism similar to HCT-8/WT. The
combination of TMQ 1 AG2034 showed slight Loewe

TABLE 2. Geometric means for ID50 estimates and arithmetic means for slope parameter (m) estimates with [95% confidence
limits]

Antifolate Cell lines PteGlu (mM) ID50 (nM) Slope parameter, m

2.3 0.972 [0.847; 1.11] 21.49 [21.38; 21.60]
TMQ HCT-8* 40 8.60 [7.24; 10.2] 21.66 [21.55; 21.78]

78 9.04 [8.01; 10.5] 21.94 [21.78; 22.09]

2.3 0.331 [0.273; 0.403] 21.45 [21.37; 21.53]
HCT-8/DW2 40 1.44 [1.14; 1.82] 21.50 [21.39; 21.61]

78 2.00 [1.39; 2.89] 21.66 [21.43; 21.89]

HCT-8/DF2 2.3 1.59 [1.45; 1.74] 21.25 [21.16; 21.35]
40 8.49 [7.13; 10.1] 21.64 [21.47; 21.82]

0.05 0.062 [0.015; 0.25] 20.985 [20.738; 21.23]
HCT-8/50 2.3 1.07 [0.708; 1.62] 21.49 [21.21; 21.78]

40 6.70 [4.04; 11.1] 22.06 [21.35; 22.77]

2.3 4.87 [4.04; 5.05] 21.70 [21.58; 21.83]
AG2034 HCT-8* 40 427 [243; 752] 21.19 [21.14; 21.25]

78 541 [452; 648] 21.34 [21.22; 21.46]

2.3 36.9 [29.3; 46.5] 21.72 [21.55; 21.89]
HCT-8/DW2 40 415 [361; 478] 21.61 [21.49; 21.72]

78 1,357 [792; 2,326] 21.72 [21.54; 21.90]

HCT-8/DF2 2.3 66.4 [21.0; 210] 21.22 [20.653; 21.78]
40 2,905 [2,144; 3,936] 21.07 [20.313; 21.84]

0.05 0.909 [0.471; 1.75] 23.38 [22.83; 23.93]
HCT-8/50 2.3 4.31 [2.00; 9.30] 22.17 [21.20; 23.14]

40 175 [87.0; 354] 21.32 [21.12; 21.51]

Cells from the human ileocecal HCT-8 cell line and its resistant HCT-8DW2 and HCT-8DF2 and established HCT-8/50 sublines were exposed for 96 hr to the drug in the
presence of 0.05, 2.3, 40, or 78 mM PteGlu. Individual estimates were obtained by fitting Equation A to the data.

*Individual data for TMQ and AG2034 in HCT-8/WT were previously disclosed [12].
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synergy (a 5 0.234 6 0.16) in HCT-8/200 cells with 200
nM PteGlu in the medium and Loewe additivity (95%
limits for a encompassed zero) in HCT-8/50 cells with 50
nM PteGlu in the medium.

High medium folate levels enhanced the combined effect
of TMQ 1 AG2034 in all of the HCT-8 cell lines. When
these cells were incubated for 24 hr with higher PteGlu
levels, the size of the intracellular CH2-H4PteGlun 1
H4PteGlun pool (pmol/mg protein 6 SEM) increased about
2-fold for HCT-8 (from 106 6 2 to 182 6 4 at 40 mM
PteGlu), HCT-8/DW2 (from 28 6 0.3 to 59 6 0.4 at 40
mM PteGlu), and HCT-8/200 (from 30 6 0.1 to 69 6 0.3
at 2.3 mM PteGlu and to 141 6 0.8 at 40 mM PteGlu). The
degree of antifolate synergism caused by 40 mM PteGlu was
not identical in the five HCT-8 cell lines of this study (Fig.
1). The largest PteGlu-enhanced synergies were observed in
HCT-8 and HCT-8/DF2 cells with a values ranging from
69 to 163 for HCT-8 and from 111 to 118 for HCT-8/DF2.
PteGlu enhancement was the most limited with the HCT-
8/DW2 subline for which a values ranged from 0.999 at 2.3
mM PteGlu to 11.03 at 40 mM PteGlu and to 18.1 at 78
mM PteGlu. With the HCT-8/200 and HCT-8/50 sublines,
the enhancing effect of PteGlu for the TMQ 1 AG2034
interaction was more dramatic over the 0.05 to 2.3 mM

PteGlu range than over the 2.3 to 40 mM PteGlu range; a
values at 40 mM PteGlu were 53.9 for HCT-8/200, and
were 64.5 and 45.6 for HCT-8/50.

Isobolographic Analyses

For a better characterization of these TMQ 1 AG2034
interaction surfaces, each experiment was explored through
isobolographic examination. 2-D-isobol families for each
cell line and PteGlu concentration are plotted in Figs. 2
and 3. Each data point is the estimated IDX (X 5 10, 25, 50,
75, 90) normalized by division by the respective IDX of
TMQ or AG2034 when given alone, as described in
Materials and Methods. At 2.3 mM PteGlu, isobols for the
10, 25, and 50% effect levels contained local Loewe synergy
for low concentrations of TMQ and local Loewe antago-
nism for intermediate and high concentrations of TMQ.
These regions moved to the left toward synergy as the IDX

changed from ID10 to ID90. Similar isobolographic behavior
was observed with all other cell lines tested, except for the
HCT-8/DW2 subline. This latter exhibited a near perfect
Loewe synergistic ID10 isobol with small movements at
higher effect levels. HCT-8/50 cells displayed a pure Loewe

FIG. 1. Estimates of the synergism-antagonism parameter (a 6 95% confidence interval, log scale) obtained by fitting Equation B to
the full data set from individual TMQ 1 AG2034 combination experiments with weighted nonlinear regression. Human ileocecal
HCT-8/WT cells and the three sublines were exposed continuously for 96-hr to the combination in the presence of PteGlu (50 nM,
200 nM, 2.3 mM, 40 mM, or 78 mM). Each data point is from a separate 96-well plate growth inhibition assay; symbols stand for cell
type: HCT-8/WT (closed circle), HCT-8/DW2 (open circle), HCT-8/DF2 (closed square), and HCT-8/MFM (open square). Solid
lines link experiments done side-by-side in minimum, low, and high folate conditions. The horizontal solid line near the bottom of the
figure indicates Loewe additivity. The data points on the additivity line indicate that the 95% confidence intervals for a encompassed
zero.
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antagonistic curve at 50 nM PteGlu, collapsing toward the
additivity line as the effect level increased.

At 40 mM PteGlu, seven out of the eight isobol sets
became symmetrical and pressed to the origin corner of the
isobologram. These are the combinations of TMQ 1
AG2034 that demonstrated PteGlu-enhanced intense
Loewe synergies. A lesser degree of bowing of the isobols
was seen for HCT-8/DW2, which is consistent with less of
the Loewe synergy phenomenon and a smaller synergism
parameter estimate (a 5 10.4 6 0.97).

DISCUSSION

In this report, we have explored the PteGlu-enhanced
combined effect of the lipophilic DHFR inhibitor TMQ
plus the specific GARFT inhibitor AG2034 on the growth
inhibition of eight human carcinoma cell lines having
differences in: (a) histologic origin (ileocecal, head and

neck, and lung); (b) mechanisms of acquired resistance to
the TS inhibitors FdUrd and/or Tomudex; and (c) adapta-
tion to low medium PteGlu levels. Both isobolograms and
three-dimensional concentration–effect surfaces were used
to characterize rigorously the nature and the intensity of
this unique in vitro antifolate interaction.

Collateral sensitivity to antifolates has already been
described by some authors [32, 33] and associated with
impaired reduced folate carrier (RFC) [34–37] or impaired
FPGS activity [38]. TMQ had greater antitumor activity
against the FPGS-deficient HCT-8/DW2 subline (Table
2). Work from our laboratory showed that the mechanism
was related to a reduction of the intracellular reduced folate
pools in the HCT-8/DW2 subline [39]. Similarly, the
profound reduction in the intracellular amount of CH2-
H4PteGlun 1 H4PteGlun caused by folate deprivation
increased the cellular sensitivity of HCT-8/50 cells to TMQ
and AG2034. Similar enhancements of growth inhibitory

FIG. 2. Families of 2-D isobols for a 96-hr continuous exposure of four different human tumor cell lines (non-small cell lung H460
and head and neck Hep-2/500, FaDu, and A253 carcinomas) to the TMQ 1 AG2034 combination in RPMI 1640 10% dFBS
supplemented with 2.3 mM (F) or 40 mM (E) PteGlu. For each single agent and for each constant ratio of TMQ:AG2034 (1:4, 1:2,
1:1, 2:1, and 4:1), data were fitted by Equation A, and Econ, B, ID50, and m were estimated. The solid lines connect the points; they
do not represent a fitted model. The diagonal straight lines are the Loewe additivity lines. One representative experiment for each of
four cell lines is shown.
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effects for AG2034 were reported with L1210/C1920 cells
at 200 nM PteGlu and HeLa S3 cells at 50 nM PteGlu [4].
An up-regulation of mFBP in these cell lines was suggested.
Also, collateral sensitivity to the GARFT inhibitor
DDATHF was found with head and neck cells grown in low
folates on the basis of a diminished availability of extracel-
lular folates, which can compete at sites for cellular pro-
cesses [40].

All the tumor cells exhibited substantial Loewe synergy
at 2.3 mM PteGlu with a values ranging from 0.999 to 9.77
for a 96-hr exposure to the TMQ 1 AG2034 combination.
When testing the antifolate combination in HCT-8/MFM
cells maintained in low PteGlu conditions, Loewe synergy
was minimized in HCT-8/200 cells and absent in HCT-
8/50 cells. When raising PteGlu to higher extracellular
concentrations, the intensity of the TMQ 1 AG2034
combination was enhanced in all the cell lines tested,
except for HCT-8/DW2. High Loewe synergies (a . 100)

were observed for the ileocecal HCT-8/WT and HCT-8/
DF2 lines, the head and neck A253, FaDu, and Hep-2/500
lines, and the non-small cell lung H460 line. The HCT-
8/50 and HCT-8/200 subcultures showed less of the phe-
nomenon with a estimates of 45.6 to 64.5. The FPGS-
deficient HCT-8/DW2 subline showed the weakest PteGlu-
enhanced Loewe synergy phenomenon. Finally, changes in
isobol patterns were similar for cell lines that demonstrated
substantial Loewe synergy at 2.3 mM PteGlu and intense
PteGlu-enhanced Loewe synergy at higher folates (Figs. 2
and 3). In contrast, there was a lesser degree of bowing of
the isobols at 40 mM PteGlu for HCT-8/DW2, and isobo-
lograms for HCT-8/50 at 50 nM PteGlu displayed Loewe
antagonism at all effect levels, which was consistent with
the fit of the global interaction model (Table 1 and Fig. 1).

This panel of combined-action growth inhibition exper-
iments extends a previous report [12] on the PteGlu-
enhanced Loewe synergy of a DHFR inhibitor plus another

FIG. 3. Families of 2-D isobols for a 96-hr continuous exposure of human ileocecal adenocarcinoma HCT-8/WT, HCT-8/DW2,
HCT-8/50, and HCT-8/DF2 cells to the TMQ 1 AG2034 combination in RPMI 1640 10% dFBS supplemented with 50 nM (f),
2.3 mM (F), or 40 mM (E) PteGlu. For each single agent and for each constant ratio of TMQ:AG2034 (1:4, 1:2, 1:1, 2:1, and 4:1),
data were fitted by Equation A, and Econ, B, ID50, and m were estimated. The solid lines connect the points; they do not represent a
fitted model. The diagonal straight lines are the Loewe additivity lines. One representative experiment for each of four cell lines is
shown.
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inhibitor of a folate-dependent enzyme initially observed by
Kisliuk et al. [7]. A reasonable explanation was that TMQ
blocks the protection by PteGlu of the second inhibitor for
which polyglutamylation enhances binding to its target
enzyme [41]. Inhibition of DHFR blocks recycling of
H2PteGlu to H4PteGlun and the conversion of PteGlu to
H2PteGlun, thus depleting cells of folate cofactors that can
compete with the second inhibitor for polyglutamylation
and binding. Because the conversion of PteGlu to
H2PteGlu appears to be a critical step [12], high extracel-
lular PteGlu concentrations would be expected to intensify
the difference between the DHFR-inhibited state and the
DHFR-uninhibited state for reduced folate inhibition of
antifolate polyglutamylation.

The general finding of synergistic growth inhibition by
the antifolate combination of TMQ 1 AG2034, along with
PteGlu modulation, suggests that many kinds of mamma-
lian cancer cells share common regulatory elements for the
folate metabolic pathways. In this study, the cell lines that
displayed a similar pattern of PteGlu enhancement have
the intrinsic capacity to form polyglutamate derivatives.
This has been shown to be true for HCT-8 [20, 42], H460
[4], and FaDu and A253 [43–45]. The critical role of
polyglutamylation is further indicated when 40 mM PteGlu
incubated with the FPGS-deficient HCT-8/DW2 subline
was 8-fold (Table 1) more limited in reversing the growth
inhibitory activity of AG2034 and 6-fold (Fig. 1) less
effective in enhancing the Loewe synergy of TMQ 1
AG2034 than with the parental HCT-8 line. Also, higher
PteGlu levels did not affect the steepness of the concen-
tration–effect slopes for TMQ or AG2034, indicating that
a factor that induced heterogeneity in drug response in
other cell lines was less abundant in HCT-8/DW2 cells.
Cellular differences in FPGS content/activity for changes
in the pharmacodynamic profiles of both antifolates are
suggested.

Several observations suggest that the PteGlu-enhanced
combined action of TMQ plus AG2034 depends upon
folate status prior to the application of the drug combina-
tion: (a) substantial Loewe synergy was found at 2.3 mM
PteGlu in all cell lines including the HCT-8/DW2 subline.
If, at the same time, less polyglutamates of AG2034 are
synthesized and less folate cofactors are available, TMQ
appears to effectively synergize with AG2034; (b) no Loewe
synergy was present in HCT-8/50 cells cultured in 50 nM
PteGlu, and the intensity of synergism brought about by 40
mM PteGlu was 2-fold lower than in the parental line. It
has been reported that FPGS activity remained stable [40]
or increased [40, 46, 47] in cell lines or tumors grown in low
folate conditions. An increase in FPGS activity is not
consistent with the absence of increased Loewe synergy in
HCT-8/50 or HCT-8/200 cells relative to HCT-8 cells
under 2.3 or 40 mM PteGlu. It is also known that cells
exhibit a greater uptake and retention of exogenous folates
under folate deprivation [48]. Because folate cofactors are
better substrates for FPGS than antifolates [49], their
metabolism may predominate and block, with the elonga-

tion of the chain length, the access of FPGS to polyglu-
tamylatable antifolates [50, 51]. Another possibility is that
PteGlu prevents uptake of AG2034, since AG2034 and
PteGlu use mFBP as an alternative transport route [4, 52],
which was shown to be up-regulated markedly by low folate
conditions in a variety of human cell lines [47, 53].

The hypothesis of a differential blockage of antifolate
uptake by PteGlu was not included in our mechanistic
explanation for the PteGlu-enhanced synergy phenomenon
[12]. The fact that Galivan9s group found synergistic growth
inhibitory effects for the combination of DDATHF plus
TMQ or plus metoprine in a methotrexate-resistant cell
line with transport defect [10] argues against RFC as a
major factor for the phenomenon. However, it is very
difficult to tease out polyglutamylation effects from trans-
port competition for explaining diminished drug accumu-
lation. Direct drug uptake studies will be useful for assessing
the role of transport for this phenomenon.

In summary, using a broad spectrum of sensitive and
resistant carcinoma cell lines, we report here on the
universality of the synergistic growth inhibition by the
combination of TMQ plus AG2034. Loewe synergy was
abolished in folate-depleted cells. Enhancement of the
Loewe synergy phenomenon by extracellular high PteGlu
concentrations occurred in all FPGS competent cells. In
vivo studies of the combination of TMQ 1 AG2034 against
human tumor xenografts in nude mice are ongoing.
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and T. J. Boritzki for critical reviews of the manuscript. This work was
supported by NIH Grants RR10742, CA16056, and CA65761, and
the American Cancer Society Grant DHP178.
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