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ABSTRACT

The combined action among polyglutamylatable and nonpolyglutamy-
latable antifolates, directed against dihydrofolate reducÃase (DHFR), gly-
cinamide ribonucleotide formyltransferase (GARFT), 5-aminoimidazole-
4-carboxamide ribonucleotide formyltransferase (AICARFT), and
thymidylate synthase (TS), in human ileocecal HCT-8 cells was examined
in a 96-well plate growth inhibition assay (96-h continuous drug expo

sure). An interaction parameter, a, was estimated for each of 95 experi
ments by fitting a seven-parameter model to data with weighted nonlinear

regression. In a representative experiment, raising the folie acid concen
tration in the medium dramatically increased the Loewe synergy for the
combination of trimetrexate (TMTX) and the GARFT inhibitor AG2034
(from a mean a Â±SE of 1.50 Â±0.25 at 2.3 /IM folie acid to 146 Â±20 at
78 JIM folie acid). Enhancements were also found for combinations of
TMTX with the GARFT inhibitors AG2032, Lometrexol, and LY309887,
the AICARFT inhibitor AG2009, and the TS inhibitors LY231514 and
Tomudex but not with the GARFT inhibitor LL95509 or with the TS
inhibitors AG337, ZD9331, and BW1843U89. Replacing TMTX with
methotrexate in two-drug mixtures decreased the intensity of Loewe

synergy. Examination of isobolograms at different effect levels revealed
informative reproducible changes in isobol patterns. No two-drug combi

nations among inhibitors of GARFT, AICARFT, and TS exhibited Loewe
synergy at either 2.3 or 78 /Â¿Mfolie acid. Thus, the ideal requirement for
the folie acid-enhanced synergy is that a nonpolyglutamylatable DHFR

inhibitor be combined with a polyglutamylatable inhibitor of another
folate-requiring enzyme. A hypothesis to explain this general phenomenon
involves the critical role of folylpoly-y-glutamate synthetase and the effect

of the DHFR inhibitor in decreasing the protection by folie acid of cells to
the other antifolates.

INTRODUCTION

Folate cofactors act as one-carbon carriers in a set of two intercon

nected metabolic cycles for de novo purine and thymidylate synthesis.
Various enzymes are responsible for the interconversion of these
one-carbon units, and two specific H4PteGlun3 derivatives play es

sential roles: 10-CHO-H4PteGlun supports purine biosynthesis in the
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reactions catalyzed by GARFT and AICARFT, and CH2-H4PteGlun is

the coenzyme of the reductive methylation reaction converting dUMP
to dTMP via TS. In the process, H2PteGlun are produced and must be
reduced back to H4PteGlun by DHFR to regenerate the active reduced
folate pool. The retention of these natural folates within cells requires
their conversion to polyglutamate derivatives through the action of
FPGS, which catalyzes the sequential addition of several glutamyl
residues (1, 2).

The recognition of the critical role of reduced folates for the
synthesis of DNA precursors led to the development of DHFR inhib
itors (3). MTX still remains the most widely used antifolate for
clinical cancer chemotherapy; MDAM is being studied in a Phase I
clinical trial; and TMTX has been undergoing clinical evaluation
since 1984, recently becoming a therapeutic alternative in the treat
ment of AIDS-related Pneumocystis carinii infection. MDAM is a

nonpolyglutamylatable DHFR inhibitor that is actively taken into cells
by the RFC (4, 5). TMTX is a nonpolyglutamylatable lipophilic
DHFR inhibitor that lacks the requirement for active uptake (6-9).

During the last 15 years, new classes of antifolates have been synthe
sized and developed that inhibit other critical folate-dependent enzymes
such as GARFT, AICARFT, and TS (10-24). Among those compounds
that have advanced to clinical trials during this period are 4-[2-(2-amino-
4-oxo-4,6,7,8-tetrahydro-3//-pyrimido[5,4,6][l,4]thiazin-6-yl)-(5)ethyl]-
2,5-thienoylamino-L-glutamic acid (AG2034); N-[4-[2-(2-amino-
3,4,5,6,7,8-hexahydro-4-oxopyrido[2,3-D]pyrimidin-6-yl]ethyl]benzoyl]-
L-glutamic acid disodium salt trihydrate (Lometrexol, or 6R-DDATHF or
LY249543); Aq[5-[2-(2-amino-3,4,5,6,7,8-hexahydro-4-oxopyrido[2,3-
D]pyrimidin-6-yl)ethyl]-2-thienyl]carbonyl]-L-glutamic acid disodium
salt (LY309887, or LY329201); A45-[AK3,4-dihydro-2-methyl-4-
oxoquinazolin-6-ylmethyl)-A'-methylamino]-2-thenoyl]-L-glutamic acid
(Tomudex, or ZD1694); N-[4-[2-(2-amino-4,7-dihydro-4-oxo-3//-
pyrrolo[2,3-D]pyrimidin-5-yl)ethyl]benzoyl]-L-glutamic acid disodium
salt (LY231514, or LY289739); (5)-2-(5-(((l,2-dihydro-3-methyl-l-
oxobenzo(/)quinazolin-9-yl)methyl)amino)-1 -oxo-2-isoindolin-yl)
glutamic acid (BW1843U89); (25)-2-{o-fluoro-p-[N-(2,7-dimethyl-4-
oxo-3,4-dihydroquinazolin-6-ylmethyl)-A'-(prop-2-ynyl)amino] benz-
amido}-4-(tetrazol-5-yl)butyric acid (ZD9331); and 3,4-dihydro-2-
arnino-6-methyl-4-oxo-5-(4-pyridylthio)-quinazoline dihydrochloride;

(AG337, or Thymitaq). Thus far, only Tomudex has been approved for
routine clinical use. Some characteristics of these and several other new
antifolates are listed in Table 1, and chemical structures are shown in Fig.
1. Table 1 includes qualitative assessments for each compound of poly-

glutamylatability, importance of the addition of several glutamate resi
dues for enzyme inhibition, and substrate affinity for two folate/antifolate
transport proteins, the RFC, and the membrane folate-binding protein.

The data were derived from quantitative assessments from the indicated
references and from unpublished experiments. (Because diverse sources
with different experimental conditions and summary statistics were used,
the qualitative assessments in this table must be interpreted with caution.)

In 1985, Kisliuk and coworkers (32) observed a positive interaction
when PDDF was combined with trimethoprim against the bacterium,
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Table 1 Characteristics of folate-based inhibitors of DHFR. GARFT. AlCARFT, and TS with respect to pol\}>lutani\liition, i>n-\nit' inhihiiion. and substrate ajjinit\ for Â¡lieRFC
and membrane foiate-binding protein

The data in this Table are derived from the indicated references or from unpublished data. ?. not known; + ?, degree of substrate affinity is not known.

CompoundPteGlu

H,PteGlu
HjPteGlu
5-CH,H4PteGluLeucovorinMTXTMTXMDAMAG2034AG2032LometrexolLY309887LL95509AG2009TomudexLY2315I4BW1843U89ZD933

1AG337Main

targetDHFRDHFRDHFRGARFTGARFTGARFTGARFTGARFTAlCARFTTSTSTSTSTSPolyglutamylalion
FPGS substrate important for target

affinity" enzymebinding'?*+:::+-00+

+++?+

++++
+0+?+

+ +++
+ +++

+ + + (only todiglutamate)00Nâ€”â€”Y?YY^_YYYNâ€”â€”Good

substrate
for RFCrN

YYYNYYYYYNYYYYYNGood

substrate for
membrane folate-binding

protein?^Refs.Y

YNNN?YNYY?NYYYâ€¢>N,

2, 45, 52
, 2, 45, 52
, 2, 45, 52
, 2. 45,52,

2, 45,52,
2, 26,456-94,510,

11.unpublished''Unpublished''12,

13,28-3012,

1323,24Unpublished'14-16,

26,2714,
15,17-1914,

15, 20,3114.
15.2114,
15. 22

" Please note that determinations of FPGS substrate activity may not have been earned out under identical conditions. For experimental details, see the indicated references. Activity

of FPGS (Km) is defined as follows: + + ++, Km, <5 JIM: + ++. Km, 5-25 >IM; + +. Km. 25-100 Â¡IM:+. Km. >100 /Â¿M;0. nonsubstrate.
* Yes (Y) and no (N) labels referto intracellular polyglutamylation that leads to higher cellular retention with (Yl or without (N) augmenting the target enzyme inhibition. A dash

(-) indicates a nonpolyglutamylatable compound.
' Criteria for yes (Y) or no (N) are from Westerhof et til. (25). The use of RFC is based upon the inhibition constants of MTX transport (MTX used as the reference compound):

Y, Kj, <10.8 IM; N, K,. a 10.8 UM.
''Criteria for yes (Y) or no (N) are from Westerhof et al. (25). The use of membrane folate-binding protein is based upon the relative affinities for the binding to membrane

folate-binding protein (folie acid used as the reference compound): Y. ratio, ^0.1: N. ratio <0.1.
' T. ÃŒ.Boritzki and R. C. Jackson, unpublished data.

Lactobacillus casei. Later, several studies from Galivan's group (33-

35) showed that the lipophilic DHFR inhibitors TMTX and metoprine
could enhance the activity of the TS inhibitor PDDF and the GARFT
inhibitor DDATHF in rat hepatoma cells. Kisliuk el al. (36) then
confirmed these results for TMTX plus DDATHF and TMTX plus
PDDF in human Manca lymphoma cells. More recently, these syner-

gistic combinations were shown to be greatly enhanced by raising the
medium PteGlu from 2.3 to 40 JU.M(37). Before the present work, the
PteGlu-enhanced Loewe synergy observed between TMTX and

DDATHF at 40 /AMPteGlu against human Manca lymphoma cells
was, to our knowledge, the most intense ever rigorously quantified
and reported in the biomedicai literature.

Extending these observations, we have studied selected two-drug com

binations of inhibitors of GARFT [Lometrexol, LY309887, AG2034,
N-(5- [2- amino-4(3//)-oxo- 5,6,7,8 -tetrahydropyridol(2,3-D]pyrimidin-
6-yl)ethyl]-4-methylthieno-2-yl)glutamic acid (AG2032), and 6-(2'-
fbimyl-2'-naphtyl-ethyl)-2-amino-4(3//)-oxo-quinazoline (LL95509)],

AlCARFT [A45-(2-[(2,6-diamino-4(3//)-oxopyrimidin-5yl)thio]ethyl)
thieno-2-yl]-L-glutamic acid (AG2009)], TS (Tomudex, ZD9331,

LY231514, BW1843U89, and AG337), and DHFR (TMTX, MTX, and
MDAM), along with modulation by PteGlu, leucovorin, and 5-CH,-

H4PteGlu. We have exploited the known biochemical differences among
the members of this set of compounds to enable us to use the set (Fig. 1
and Table 1) as a tool for exploring the mechanistic basis of the general
synergy phenomenon first observed by Kisliuk and coworkers (32). We
have defined conditions that maximize, minimize, or abolish the intense
Loewe synergy observed between specific pairs of antifolates. (The
adjective "super" is used to describe the extremely high degree of Loewe

synergy found with several drug combinations in this report. There is no
minimum degree cutoff of Loewe synergy for which the adjective super
becomes appropriate; super is meant to be synonymous with "highly
intense.") Each of the 95 two-drug combined-action cell growth inhibi

tion experiments reported here included the random assignment of treat
ments of human ileocecal HCT-8 cells in 440 wells (five 96-well plates)

and the rigorous quantitative analysis of in vitro drug interactions by
fitting models to data with weighted nonlinear regression.

MATERIALS AND METHODS

Chemicals. TMTX was provided by the Parke-Davis Division, Warner

Lambert Company (Ann Arbor. MI). Tomudex and ZD933I were supplied by
Zeneca Pharmaceuticals (Macclesfield. England), and BW1843U89 was pro
vided by Glaxo Wellcome. Inc. (Research Triangle Park. NO. Lometrexol
(LY249543). LY309887 (LY329201). and LY231514 (LY289739) were sup
plied by Eli Lilly & Co. (Indianapolis, IN), and AG2032, AG2034, AG2009,
and AG337 were supplied by Agouron Pharmaceuticals. Inc. (San Diego, CA).
MDAM and LL95509 were synthesized by Prof. M. G. Nair, University of
South Alabama (4, 23). MTX. PteGlu. 5-CH,-H4PteGIu, leucovorin, and SRB

were purchased from the Sigma Chemicals Co. (St. Louis, MO). RPMI 1640
cell culture medium. dHS. dFCS. and trypsin (0.05% in 0.53 min EDTA) were
obtained from Life Technologies. Inc. (Grand Island, NY).

Cell Line. Mycoplasma-iree HCT-8 human ileocecal adenocarcinoma cells

were obtained from the American Type Culture Collection (Manassas, VA).
The resistant HCT-8/DW2 cell line was established by repeated exposure to

escalating doses of Tomudex, resulting in only 8% FPGS activity (38). Cells
were maintained as monolayer cultures in RPMI 1640 containing 10% dHS
and 1 mM sodium pyruvate. Stock cells were transferred twice weekly after
trypsinization and maintained in 75-cm2 flasks. Initial growth experiments

showed that a seeding density of 200 cells per well resulted in exponential
growth kinetics for at least 5 days, with a doubling time of 16.5 Â±0.4 h
(HCT-8 cells) and 19.0 Â±1.1 h (DW2 cells).

Experimental Design. Drug interactions were examined in a 96-well plate

growth inhibition assay. Exponentially growing cells were plated on day 0.
drug-treated on day 1. and incubated at 37Â°Cin a 5% CO, humidified atmosphere.

Each of the five plates included 11 control wells (no drug), 11 wells for drug I
alone, 11 wells for drug 2 alone, and 11 wells for each of the five combinations of
drug 1 plus drug 2 in constant ratios (1:4, 1:2, 1:1, 2:1, and 4:1) at the predicted
ID^s. To fully characterize the concentration-effect surface for a few specific

combinations, predicted ratios of 1:10, 1:25. 1:50, 10:1, 25:1, and 50:1 were also
used. (Note that absolute molar ratios are reported in the rest of this report.) The
randomization procedure (39) involved the making of serial dilutions of single
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Fig. 1. Chemical structures of antifolate compounds directed at the DHFR, GARFT, AICARFT. and TS. folate-requiring enzymes for de novo purine and thymidylate synthesis.

drugs and constant ratio mixtures in tubes in a 96-tube rack, generating a random

ization map with Excel (Microsoft, Redmond, WA), randomizing the tubes by and
into an empty rack (10-min step), and transferring drug-containing medium into
96-well plates with a multipipette. Cell growth was measured on day 5 with the

SRB assay (40,41 ). For the first 75 experiments, 10% dHS was present in the drug
exposure medium. However, because it was found that the use of dHS resulted in
sporadic patterns of SRB stain along the walls of wells, which had to be tediously
removed with Q-Tips before solubilization of the stained cells, the type of serum

used for routine experiments was switched to dFCS for the later experiments.
Statistical Analysis. Absorbances read at 570 nm in an Automated Micro-

plate Reader were derandomized in Excel and then analyzed with universal
response surface approach (42, 43). In brief, assuming that the appropriate
model for each drug alone is the Hill equation (Eq. A), an interaction param
eter, a, is estimated by fitting a seven-parameter model (Eq. B) to all of the

data at once with weighted nonlinear regression:

(Econ - AMD/IDs,,)â„¢
E â€”¿� 1-B

i +(D/iD50r (A)

1 =
/_Â£-Â£

\ Econ â€”¿�E ID50.2
E- B

\ Econ â€”¿�E

aDÂ¡D2

1D50.,ID5(U
/ E- B

\ Econ â€”¿�E

2mi + l/2mÂ¡l (fi)

The output E is the measured absorbance. and the inputs D, and D, are the
concentrations of drugs 1 and 2, respectively. The parameters are: Econ, the
control absorbance at a drug concentration of 0; B, the extrapolated background at
infinite drug concentration; ID50, and ID,,,,, the median effective concentrations
for drugs 1 and 2, respectively; in, and m2, the slope parameters for drugs 1 and
2, respectively; and a, the synergism-antagonism parameter. 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. The magnitude of a is related
to the degree of bowing of isobols. A large absolute value of a will indicate an
intense Loewe synergy or Loewe antagonism and will result in a large degree of
bowing below or above the isobologram diagonal additivity line, respectively. The

custom software package SYNFIT (FORTRAN, Microsoft Corp.. Bellevue, WA)
was used for thejltting procedure. A weighting factor was derived by fitting the
model ir2 = <k>'y*Jto data, in which sY2 is the sample variance, Y is the sample

mean for replicates, and <Â¿>2and <|>3are estimated parameters. Raw concentration-

effect data were properly weighted by the reciprocal of the predicted response
raised to the power </>,(39).

An additional data analysis method that was applied to all combined-action

data sets was adapted from an approach created by Gessner (44). First, the data
from each single agent were fit with Eq. A. Then, the data from each constant
ratio mixture were fit with Eq. A, as if the data came from a single drug. The
resulting ID5,>estimate for each mixture was used to calculate the \DX (X = 10,

25, 50, 75, or 90) contribution for each agent in the mixture. These IDX
contributions were then divided by the respective single agent IDys and plotted
on isobolograms. along with 95% confidence intervals.

All graphs were made with Sigma Plot 3.0 (Jandel Scientific, San Rafael,
CA).
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SUPER SYNERGY: CRITICAL ROLE OF POLYGLUTAMYLATION

Fig. 2. 3-D concentration-effect surface for a
96-h continuous exposure of human ileocecal
HCT-8 cells to the TMTX plus AG2034 combina

tion in RPMI 1640 with 10% dFCS supplemented
with 2.3 fiM (left} or 78 /J.M (right) PteGlu. The
fishnet curves were estimated by fitting Eq. B to
data from a single experiment with weighted non
linear regression. The parameter estimates deter
mined from the best fit of Eq. B to all of the data at
once were: for 2.3 (Ã•MPteOlu, Earn = 1.19,
B = 0.133, IDjdTMTx = 0.0015 /IM.
ID50.AG2034 = 0.0035 /Â¿M, mTMTX = -2.11.

mAG2ow = -2.23. and a = 1.50; and for 78 /Â¿M
PteGlu, Econ = 1.17, ÃŸ = 0.133, 1D50
TMTX = 0.0129 JAM, ID50 AG2034 = Â°-414 [LM,
mTMTx = -1.83, mA02014 = -0.991, and
a = 146. For the 143 data points: â€¢¿�.above the

surface; O. below the surface. Data points, means
of five replicates. Concentration scales are linear.
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RESULTS

A set of 95 two-drug combined-action cell growth inhibition ex

periments was conducted, with human ileocecal adenocarcinoma
HCT-8 cells being exposed continuously for 96 h. The combination of

TMTX plus AG2034 in the presence of 78 Â¡JLMPteGlu consistently
showed the highest degree of Loewe synergy among all of the com
binations tested. Therefore, the combination of TMTX plus AG2034
was studied more intensively than any other combination. The results
from two representative TMTX plus AG2034 experiments are shown
in Figs. 2 and 3, illustrating the enhancing effect of raising PteGlu
concentrations in the medium from 2.3 to 78 /LIM.Each PteGlu
concentration was present during the seeding of cells 24 h before the
drug treatment and also during the 96-h drug exposure. This particular

experiment included TMTX alone, AG2034 alone, and 11 constant
TMTX:AG2034 ratios for each of the two medium PteGlu levels. A
total of 1760 wells were used with 220 control wells and 1540
drug-treated wells. Fig. 2 presents the 3-D concentration-effect sur

faces estimated from the best fit of Eq. B to the data for the TMTX
plus AG2034 combination at 2.3 and 78 /LIMPteGlu. The means for the
154 different design points for each medium PteGlu level are plotted,
with vertical lines indicating the distance between the data points and
the surface. Solid points are above the fitted surface and open points
are below. Both fitted and raw data are expressed as a percentage of
the estimated Econ parameter. Unlike our standard two-drug protocol
with five two-drug constant ratios, in this particular experiment, 11
TMTX:AG2034 ratios were used to blanket the 3-D response surface,

so that a more comprehensive picture of the super synergistic inter
action could be provided. The enhanced synergism at 78 /LIMPteGlu
(Fig. 2, right, a = 146 Â±20), as compared with 2.3 /LIM(Fig. 2, left,
a = 1.50 Â±0.25) can be seen in the tightening of the fishnet into the

bottom far left corner of the cube.
A 2-D representation of the full 3-D surface for the TMTX plus

AG2034 combination at 78 pM PteGlu described above is given by the
concentration-effect curves of Fig. 3. These curves were simulated for

TMTX alone, AG2034 alone, and the 11 constant TMTX:AG2034
ratios with the seven best-fit parameter estimates (Â± SE):

Econ = 1.17 Â±0.0094; B = 0.133 Â±0.0022; ID,OTMTX = 12.9 Â±1.1
â„¢¿�;ID5o.A02o34 = 414 Â± 38 UM; Â»ITMTX= -1.83 Â± 0.16;
"ÃŽAG2034= -0.991 Â±0.053; a = 146 Â±20. None of the 95% confi

dence intervals encompass zero, the parameters were well estimated,
indicating the overall goodness of fit. Note that the legend gives the actual
concentration ratios of the TMTX:AG2034 mixtures. The X axis (loga
rithmic scale) is the total concentration of TMTX plus AG2034.

A total of 198 sets of single-agent data (plus concurrent controls)

for the antifolates TMTX, AG2034, AG2032, AG2009, AG337, and
Tomudex, after 96-h drug treatment of HCT-8 cells, were extracted
from both combined-action and single-drug experiments. A typical
single-agent data set included 55 controls and 5 replicates for each of
11 serial drug dilutions (total n = 110). Eq. A was fit to each

individual data set and Econ, ID50, m, and B were estimated. Figs. 4
and 5 present ID50 estimates and slope parameter m estimates for
these seven antifolates (listed on the X axis), and Table 2 contains
geometric mean values for the ID50s and arithmetic mean values for
the ms, with 95% confidence intervals.

As stated in "Materials and Methods," the routine use of dHS in the

drug exposure medium (first 153 single-agent data sets) made for a

problem with the SRB assay, and we switched to the routine use of
dFCS (last 45 data sets). To assess the impact of the change from dHS
to dFCS, we looked for significant changes in both the ID50 and m for
the same drug and PteGlu exposure conditions. For none of the nine
conditions for which dHS was switched to dFCS was a significant
difference found in either ID50 or m [unpaired t tests with no com
pensation for multiple comparisons for log (ID50), m; type I error
rate = 0.05]. Therefore, the possible effects of using two types of

serum were not further examined. However, the type of serum is
indicated in the legends of Figs. 2, 3, and 9 and Tables 3 and 4.

As shown in Fig. 4, the inhibitory activities of seven extensively
studied folate analogues were determined at the standard PteGlu cell
culture medium level of 2.3 /UMand two higher PteGlu levels (40 and
78 /XM).The lipophilic DHFR inhibitor, TMTX, with an ID50 of 0.972
nM, was 4.7-fold more potent than MTX at 2.3 p.M PteGlu. AG2034,
with an ID50 of 4.87 nM, was 1.7-fold more potent than AG2032.
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SUPER SYNERGY: CRITICAL ROLE OF POLYGLUTAMYLATION

Fig. 3. 2-D representation of the 3-D surface in Fig. 2 for
the TMTX plus AG2034 combination in RPMI 1640 with
10% dFCS supplemented with 78 /J..MPteGlu. The curves
(logarithmic concentration scale) were simulated for the
drugs alone ( ) and the 11 mixtures of TMTX plus
AG2034 ( 1.using the estimated parameters listed above
in Fig. 2. The absolute TMTX:AG2034 ratios are listed in
the legend. Thirteen curves are distributed into two panels so
that the correspondence between the raw data points and the
fitted curves can be easily examined.
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Potent TS inhibition was achieved with Tomudex, which had an ID50
of 1.91 nM. The AICARFT inhibitor AG2009 and the lipophilic TS
inhibitor AG337 were the weakest inhibitors of this group, with ID50s
of 0.317 /AMand 0.870 /MM,respectively. Increasing PteGlu concen
trations up to 40 and 78 p.M raised the ID50 AG203488- and 111-fold,
respectively, but the ID3()TMTXwas raised only 8.8- and 9.3-fold, and
the ID50Tomudcx was raised only 6.3- and 16-fold, respectively. A
paired t test performed on log-transformed ID5(1s from experiments

done side by side indicated that raising PteGlu concentrations from
2.3 to 78 /MMsignificantly blocks the growth-inhibitory activity of

each individual antifolate (P < 0.05). The PteGlu protection, as
indicated by the ratio of ID50 at 78 /MMto ID50 at 2.3 /MMin Table 2,
was the most limited with the lipophilic AG337 (1.4) and the most
effective with the two antipurine compounds AG2034 (111) and
AG2009 (740). For MTX, TMTX, AG2032, and Tomudex, the po
tency decrease was in the 4.5-16-fold range.

In Eq. A, the negative values of the slope parameter m indicate that
the concentration-effect curves fall with increasing drug concentra

tion. A larger absolute value of m indicates a steeper curve. As shown
in Fig. 5, AG2032, MTX, and Tomudex exhibited very steep concen
tration-effect curves; AG2009 had the shallowest curve. It is difficult
to estimate m for very steep concentration-effect curves without using

a very small step for making serial drug dilutions. For example, the
estimates of m for AG2032 at the bottom of Fig. 5 are all poorly
estimated. The steepness of the curves was not significantly altered for
MTX, AG2032, AG2009, or Tomudex by 78 /MMPteGlu. In contrast,
a significant change (paired / test, type I error rate = 0.05) was found

in the slopes of TMTX and AG2034 when PteGlu concentrations were
raised from 2.3 to 78 /MM;concentration-effect curves become steeper

with TMTX and shallower with AG2034.
When AG2034, AG2032, AG2009, and Tomudex were individu

ally combined for 96 h with TMTX or MTX at 2.3, 40, and 78 JAM
PteGlu, an interaction parameter, a, along with a 95% confidence
interval, was estimated by fitting Eq. B to the data. Fig. 6 shows the
a estimates from 46 two-drug experiments with accompanying 95%

confidence intervals. Estimates from experiments performed at the
same time are connected with straight lines. Also, Table 3 includes the
ID50s and as for 17 miscellaneous individual two-drug combined-

action experiments. At 2.3 JLIMPteGlu, substantial Loewe synergy was
seen for TMTX plus AG2034, AG2032, Lometrexol, or LY309887;
TMTX plus AG2009 exhibited the highest Loewe synergy. Com
bined-action experiments with TS inhibitors usually produced a slight

antagonism with negative a values. The combination of two DHFR
inhibitors TMTX and MTX led to an additive response.
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SUPER SYNERGY: CRITICAL ROLE OF POLYGLUTAMYLATION

Fig. 4. Effect of raising folie acid concentralion
from 2.3 to 78 /Â¿Mon antifolate potency (ID,,,
estimate, in /i\i. log scale). Human ileocecal
HCT-8 cells were exposed for 96 h to the single

agents. Estimates were obtained by fitting Eq. A lo
data with weighted nonlinear regression. Data
points, estimates from a separale experiment.
Points that would have totally coincided have been
spread out horizontally.
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Increasing medium PteGlu concentration from 2.3 to 78 /AMen
hanced the Loewe synergy for the following combinations: TMTX
plus AG2034, TMTX plus AG2032, TMTX plus AG2009, TMTX
plus Lometrexol, TMTX plus LY309887, TMTX plus Tomudex,
TMTX plus LY231514, TMTX plus MTX, MTX plus AG2034, MTX
plus AG2032, MTX plus Tomudex, and MDAM plus AG2034. The
largest synergies were observed for combinations of TMTX plus the
GARFT inhibitors, AG2034, Lometrexol, or LY309887 at 78 /AM
PteGlu. The a (Â±SE) values ranged for TMTX plus AG2034 (Fig. 6)
from 1.03 Â±0.27 at 2.3 /AMPteGlu to 480 Â±83 /AMat 78 /AMPteGlu.

Similarly, Lometrexol (from a = 2.86 Â±0.52 to a = 102 Â±14) and
its thiophene analogue, LY309887 (from a = 2.55 Â± 0.28 to
a = 77.6 Â±5.2), underwent dramatic increases in Loewe synergy
over the PteGlu range 2.3-78 JU.M(Table 3). TMTX plus Tomudex
showed Loewe synergy with o = 5.98 Â± 1.03 at 40 JUMand
a = 11.3 Â±1.8 at 78 /UMPteGlu. TMTX plus LY231514 became
slightly synergistic at 78 /AMPteGlu (a = 0.485 Â±017). But, com

binations of TMTX with the poorly polyglutamylated BW1843U89 or
the nonpolyglutamylated compounds ZD9331, AG337, and LL95509
did not show Loewe synergy at 2.3, 40, or 78 /AMPteGlu.
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Fig. 5. Effect of raising folie acid concentration
from 2.3 to 78 /Â¿Mon the Hill slope parameter
estimate (m, linear scale). These estimates are from
the same experiments described in the legend of
Fig. 4. Four estimates greater in magnitude than - 5

are listed at the bottom.
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SUPER SYNERGY: CRITICAL ROLE OF POLYOLUTAMYLATION

Table 2 Geometric means for ID$(ÃŽestimÃ¢tesanil arithmetic means for slope parameter <m) estimates with 9.5% confidence limits for the experiments shown in Figs. 4 and 5
Individual estimates were obtained by fitting Eq. A to the data. HCT-8 cells were exposed for 96 h to the drug in the presence of 2.3, 40, and 78 yM PteGlu. The cell growth was

measured by the SRB assay. Values in parentheses are confidence intervals.

No. of experiments

AntifolateTMTXMTXAG2034AG2032AG2009AG337TomudexTotal3211241211215157898115737Paired91494946334PteGlu(/J.M)2.340782.3782.340782.3782.3782.3782.340781D50(nM)"0.972(0.847,

1.11)8.60(7.24,

10.2)9.04(8.01.

10.48)4.57(4.14,5.05)20.7(18.2,23.5)4.87(4.04.

5.05)427(243,

752)541(452,

648)8.20(6.80.

9.90)89.3(77.3.

103)317(260,

388)229,000(193.000,273,000)870(644,

1,180)1,218(622,

2,390)1.91(1.55,2.59)12.0(11.2,

12.9)30.9(23.1,41.2)Potency

fold decrease* Slope(m)-1.49(-1.38.

-1.60)"8.8
-1.66(-1.55,

-1.78)9.6
-1.94(-1.78,
-2.09)-3.00(-2.79,

-3.21)4.5
-2.88(-2.50.

-3.26)-
1.70(-1.58,

-1.83)"88

-1.19(-1.14,
-1.25)111

-1.34(-1.22,
-1.46)-3.91(-3.08,

-4.74)1
1 -4.70(-2.90,

-6.50)-0.823(-0.740,

-0.906)740
-0.897(-0.791,
-1.00)-1.75(-1.51,

-1.99)1.4
-1.96(-1.44,
-2.56)-2.38(-2.13,

-2.62)6.3
-2.48(-2.14,

-2.82)16
-2.32(-2.08,

-2.56)

" Paired t tests (without compensation for multiple comparisons) performed on data from combined-action experiments done side by side (paired experiments) showed that there

was a statistically significant change in the IDM>estimates (for all seven antitblates, after log transformation) and slope parameter estimates (only for TMTX and AG2034) when the
medium PteGlu concentration was increased from 2.3 to 78 U.M(P < 0.05).

*The fold decrease in potency is calculated by dividing 1D5O(78 ^M) or ID5I, (40 (Â¿M)by ID5O (2.3 JIM).

Similar patterns of antifolate synergism were found by substituting
MTX or MDAM for TMTX. However, MTX was less able to syner-

gize with AG2034, AG2032, and Tomudex. Also, the synergistic
growth-inhibitory effect of MTX plus AG2009 at 2.3 /XM PteGlu

decreased to an unexpected additive response at 78 /AMPteGlu. This
intriguing result was found in two replicate experiments. Six two-drug

combinations of TS, GARFT, and AICARFT inhibitors (Tomudex
plus AG2032, Tomudex plus AG2034, Tomudex plus AG2009,
AG2032 plus AG2009, AG2034 plus AG2009, and AG2034 plus
AG337) were either Loewe additive or Loewe antagonistic. Finally,
the ability of 78 /AMPteGlu to increase the Loewe synergy of TMTX
plus AG2034 was 17-fold less for the FPGS-deficient HCT-8/DW2
cells than for the parental HCT-8 cells (Table 3, last row).

Other representations of these combined actions are shown with
families of 2-D isobols for six combinations of TMTX plus an

antipurine compound (Fig. 7) and for five combinations of TMTX
plus an antithymidylate compound or plus MTX (Fig. 8) at 2.3, 40,
and 78 /XMPteGlu. Each data point is the IDX (X = 10, 25, 50, 75,

or 90), estimated by fitting Eq. A to the data from each mixture
of TMTX plus antifolate separately, as described in "Materials
and Methods." Isobols were not symmetrical at 2.3 /XM PteGlu

for AG2034, AG2032, Lometrexol, LY309887, Tomudex, and
LY231514. The general isobol pattern (e.g., AG2034 plus TMTX at
2.3 /XMPteGlu, ID,,,; Fig. 7, top left) includes a pocket of local Loewe
synergy at high antifolate concentration plus low TMTX; a pocket of
local Loewe antagonism at intermediate concentrations of antifolate
and TMTX; and a sliver of local Loewe synergism at low antifolate
and high TMTX concentrations. These six isobols move from the top

right to the bottom left of the isobologram as the IDX changes from
1D1()to ID90. This snake-like isobol pattern and its movement were

highly reproducible.
The folie acid-enhanced synergy is seen in the greater bowing of

the isobols when PteGlu is raised to 78 JU.M.The isobols are pressed to
the origin corner of the graph for the GARFT inhibitors AG2032,
AG2034, Lometrexol, and LY309887. (The isobols for AG2009 plus
TMTX at both at 2.3 and 78 Â¿IMPteGlu are pressed to the origin.) For
Tomudex plus TMTX at 78 /XMPteGlu, the isobols move from a less
intense Loewe synergy region to the origin. For LY231514 plus
TMTX, there are only small movements of the snake-like isobols for

both 2.3 /XMand 78 /XMPteGlu toward the origin.
In contrast, the isobols for the nonpolyglutamylatable compounds

LL95509, ZD9331, and AG337 at both low and high PteGlu concen
trations start in the Loewe antagonism region and move toward the top
right (intense antagonism) of the isobologram. The isobols for TMTX
plus BW1843U89 at 2.3 and 40 /XMPteGlu also start in the antago
nism region but shift to the left toward Loewe synergy. For MTX plus
TMTX, the isobols in the Loewe synergy region at 2.3 JU.MPteGlu do
not move much along the additivity line, whereas there is a great shift
from intense Loewe antagonism to Loewe synergism at 78 /XMPteGlu.

To assess the effect of changing the concentration of PteGlu over a
wide range on the combined action of TMTX plus AG2034, a large
experiment including 10 stacks of five plates (4400 wells) was con
ducted. The changes caused by increasing the medium PteGlu in the
estimates of ID,aTMTX, ID50 A02()34, mTMTX, mAG2034, and a are
shown in Fig. 9, left. Varying PteGlu concentrations from 2.3 to 200
/XMraised the ID50 A02034371-fold but the IDM)TMTXonly 12.5-fold,
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SUPER SYNERGY: CRITICAL ROLE OF POLYGLUTAMYLATION

Table 3 EstimÃ¢tes<Â±SE) of the individual /D50 und the synergism-anlagonism parameter, a, frum individual two-drug combination experiments in which human ileocecal
HCT-8 cells were exposed for 96 h In various anlifolate combinations at 2.3. 40. and 7Ã„\LMPteClu (RPMI 1640-10% dHS)

EU.B was fitted to data from each experiment. SYN. Loewe synergy: ANT. Loewe antagonism: ADD. Loewe additivity.

DrugcombinationTMTX

+MTXTMTX

+LometrexolTMTX

+LY309887TMTX

+LY2315I4TMTX

+BW1843U89"TMTX

+ZD933I"TMTX

+AG337"MTX

+AG337Tomudex

+AG2032Tomudex

+AG2034Tomudex

+AG2009AG2032

+AG2009AG2034

+AG2009AG2034

+AG337TMTX

+LL95509"MDAM

+AG2034TMTX

+ AG2034"-APteGlu

(fiM)2.3782.3782.3782.3782.3402.3402.3782.3782.3782.3782.3782.3782.3782.3782.3782.3782.3-78ID50|(HM)0.776

Â±0.037.59
+0.411.41

Â±0.1011.5
Â±0.941.08
Â±0.0609.82
Â±0.410.798
Â±0.02712.3
Â±0.761.02
Â±0.207.92
Â±0.531.57

Â±0.195.32
Â±0.701.49
Â±0.08518.4
Â±1.24.20
Â±0.4322.5
Â±1.21.52
Â±0.05432.7
Â±0.932.13

Â±0.1224.8
Â±3.21.36

Â±0.1225.0
Â±1.112.5

Â±0.7179.2
Â±7.02.54
Â±0.16463
Â±224.58
Â±0.30855
Â±681

.04 Â±0.0409.84
Â±0.401.78

Â±0.1317.6
Â±1.30.389
Â±0.0242.15
Â±0.091ID,0

2(nM)3.76

Â±0.1920.5
Â±0.9410.3
Â±0.81770
Â±783.58

Â±0.1197.9
Â±3.517.3
Â±1.166.5
Â±1.90.304
Â±0.0370.742
Â±0.0359.75
Â±1.37.74
+0.93411

Â±38468
Â±241,910

Â±4003,560
Â±4306.96
Â±0.5896.9
Â±4.25.90

Â±0.21299
Â±57237

Â±22320.000
Â±37,000265
Â±19278.000
Â±78,000284

Â±421
38.000 Â±18.000926

Â±1161,350Â±
11023,400

Â±41028.400
Â±6706.60
Â±0.38539
Â±6738.2
Â±2.1931
Â±77a-0.0456

Â±0.0710.624
Â±0.212.86
Â±0.52102
Â±142.55
Â±0.2877.6
Â±5.2-0.0149
Â±0.00750.485

Â±0.17-0.00649
Â±0.11-0.0121

Â±0.076-0.0840
Â±0.0087-0.0993
Â±0.0098-0.0125
Â±0.0035-0.0368
Â±0.0079-0.0532

Â±0.13-0.450
Â±0.036-0.0181

Â±0.052-0.0417
Â±0.014-0.00656
Â±0.00053-0.0218

Â±0.20-0.00639
Â±0.0110.100+

1.6-0.0142
Â±0.028-0.346
Â±0.23-0.00247

Â±0.14-0.183
Â±0.12-0.0128

Â±0.25-0.069
Â±0.013-0.428

Â±0.024-0.437
Â±0.0231.05

Â±0.3254.0
Â±8.21.26

Â±0.158.64
Â±1.1InteractionADDSYNSYNSYNSYNSYNANTSYNADDADDANTANTANTANTADDANTADDADDANTADDADDADDADDADDADDADDADDANTANTANTSYNSYNSYNSYN

" HCT-8 cells were cultured in RPMI 1640-10% dFCS.
''The two-drug combination was conducted in the FPGS-deficient HCT-8/DW2 subline.

indicating that PteGlu is much more competitive with AG2034 than
with TMTX. The increased a value and the decreased potency of
AG2034 followed a very similar pattern. The steepness of the con
centration-effect curve for AG2034 was decreased in a systematic

way by higher concentrations of PteGlu. In contrast, the pattern for
mTMTXexhibited an initial decrease in steepness and then an increase
and another decrease. The changes in the IDM) isobols are shown in
Fig. 9, right. The 100-fold increase in PteGlu concentration also

produced a gradual movement to the origin of the isobols at the 50%
effect level, reflecting the 78-fold increase in the interaction param

eter. Thin bars through the points are the 95% confidence intervals. As
described previously, the degree of bowing is mathematically related
to the magnitude of the synergism parameter, a.

It has been shown that the form of folate offered to human lym-

phoma cells affects TMTX plus PDDF and TMTX plus DDATHF

interactions (36). Table 4 includes the results of an experiment in
which the biologically active form of leucovorin or 5-CH,-H4PteGlu

are used in place of PteGlu for enhancing the TMTX plus AG2034
and TMTX plus Tomudex interactions in HCT-8 cells. Leucovorin

was highly protective against antifolates used either alone or in
combination. Addition of 40 /MMleucovorin enhanced by 2.5-fold the
synergistic TMTX plus AG2034 combination (a = 9.40 Â±0.60), as
compared with 2.3 /J.MPteGlu (a = 3.75 Â±0.49). The interaction

parameter for the TMTX plus Tomudex interaction at 40 /UMleuco
vorin could not be estimated because Tomudex cytotoxicity was
totally prevented (ID5() > 10 JAM).Loewe synergy was not enhanced
by 5-CHrH4PteGlu for either TMTX plus AG2034 or TMTX plus

Tomudex combinations. Thus, PteGlu was, by far, the best Loewe
synergy-enhancing agent for both antifolate combinations.

The protocol followed for all experiments reported above included

Table 4 Influence of different forms of reduced folate supplement in RPMI lf>40-I0c/c dFCS on human ileoceccal HCT-8 cells exposed for 96 h to combinations of TMTX plus the

GAKFT inhibitor. AG2034. or TMTX plus the TS inhibitor. Tomudex
Estimates (Â±SE) of the individual ID50and the synergism-antagonism parameter, a, were obtained by fitting Eq. B to the data.

DrugID50

(nM) TMTXAG20341

:1mixture(absolute
ratio)a

TMTX +AG2034ID50

(nM) TMTXTomudex1:1

mixture(absolute
ratio)a

TMTX + TomudexPteGlu

(2.3HM>1.47

Â±0.077.27
Â±0.293.31

Â±0.25(1:2)3.75

Â±0.491.04

Â±0.071.42
+0.071.59
+0.14(1:1)-0.01

3 Â±0.003PteGlu

(40/Â¿M)12.6

Â±0.49998
+4137.8
Â±1.8(1:50)133

+177.4

Â±0.4812.9
Â±0.734.92
+0.35(1:1)2.47

Â±0.56Leucovorin"

(40/AM)208

Â±121
56,000 Â±390011,000

Â±307(1:100)9.40

Â±0.60193

Â±17b534

+44(1:2)<5-CH3-H4PteGlu"

(40/AM)88.1

Â±3.92,960
Â±110719
Â±23(1:10)2.65

+0.2458.2

Â±4.1173
Â±15139

Â±9.2(1:2)-0.0004

Â±0.03
" These compounds have the natural configuration al C-6.
'Tomudex cytotoxicity is totally prevented by leucovorin (IDÂ«i0> 10 /XM).
' Interaction parameter is not estimatable.
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Fig. 6. Estimates of the synergism-antagonism parameter (a Â±95% confidence interval, log scale) obtained by fitting Eq. B to the full data set from each single experiment with
weighted nonlinear regression. Human ileocecal HCT-8 cells were exposed continuously for 96 h to combinations of an antifolate (X-axis) plus TMTX (A) or MTX (/?) in the presence
of PteGlu (2.3. 40, or 78 fÂ¿M).Each dula point is from a separate 96-well plate growth inhibition assay; . link experiments done side by side in low- and high-folate conditions.

, Loewe additivity. The data points on the additivity line indicale that the 95% confidence intervals for a encompassed zero. There are no cases displayed here of Loewe
antagonism.

the addition of the indicated PteGlu (or other folate) concentration
during the seeding of cells, 24 h before drug exposure, and the
continuation of this PteGlu concentration for the subsequent 96-h drug

exposure period. In one experiment, 40 JUMPteGlu was not present in
the cell seeding medium but was added simultaneously with the
TMTX plus AG2034 combination. In another experiment. 78 JU.M
PteGlu was similarly applied. There were no material differences
between the simultaneous addition of PteGlu supplements and the
addition 24 h before drug exposure in the ID50s of TMTX or AG2034
(data not shown). The a estimates for these two experiments were also
in the range found for our standard protocol. (All experiments re
ported below used the standard protocol.)

To explore the role of TS in the Loewe synergy phenomenon found
between TMTX and AG2034 in the presence of high PteGlu, cells
were exposed simultaneously to 40 /U.MPteGlu, 10 /UMTdR, 20 /LIM
AG337, and 1 constant AG2034:TMTX molar ratio of 1:5. The TdR
was added to eliminate the need of the cells for de novo thymidylate
synthesis, and the AG337 was added at an ID998 concentration to
almost completely inhibit TS. We hypothesized that, under these
conditions, the reconversion of H2PteGlun to H4PteGlun by DHFR
would not be needed, because TS would not be generating H2PteGlun
from the de novo synthesis of thymidylate. Therefore, the inhibition of
DHFR by TMTX would be mainly important for preventing the
reduction of PteGlu to H-.PteGlu and then, subsequently, to H4PteGlu.
There was no significant change in Loewe synergy (a = 143 Â±22)

for these conditions, as compared with the same conditions without
AG337 (a = 166 Â±22). As explained in detail below, this result

implies that the conversion of PteGlu to H2PteGlu is an important
mechanistic component of the complex synergy phenomenon.

Fig. 10 illustrates the relationship between the effect of PteGlu on
the potency of 12 folate-requiring enzyme inhibitors and the intensity

of their interaction when used in combination with TMTX. For each
individual antifolate, slopes (logarithmic scales) of ID50 versus PteGlu
concentration and a versus PteGlu concentration were estimated and
then plotted in Fig. 10 on linear axes. As the degree of protection of
antifolate cytotoxicity by PteGlu increases, the degree of PteGlu
enhancement of the synergistic antifolate interaction increases. The
AICARFT inhibitor AG2009 does not seem to follow the pattern.
However, there is also the possibility that the overall relationship rises
with the degree of PteGlu protection and then falls at very high
degrees of protection.

DISCUSSION

This work on the growth inhibition of human ileocecal adenocar-
cinoma HCT-8 cells was centered on the combined effects among the

members of a set of 14 antifolates with diverse targets and properties,
along with modulation by PteGlu. A statistical and quantitative
method, the universal response surface approach, was applied to
assess these in vitro drug interactions among DHFR, GARFT,
AICARFT, and TS inhibitors and to report on: (a) the ability of
PteGlu to enhance these growth-inhibitory synergies, (b) other factors

that may affect the Loewe synergy, and (c) possible mechanistic
explanations.

Increased medium PteGlu concentration reduced the growth-inhib
itory activity of each individual antifolate against HCT-8 cells ex

posed for 96 h, but the degree of PteGlu protection was not quanti
tatively identical in each instance. PteGlu was highly protective with
LY309887, Lometrexol, AG2034, and AG2009 (ranked from 27- to
740-fold decrease in potency) and moderately protective with

LY231514, MTX, TMTX, MDAM, AG2032, and Tomudex (ranked
from 3.8- to 16-fold decrease in potency), indicating that PteGlu is
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11)10 ID25 ID50 ID75 ID90

Fig. 7. Families of 2-D isobols for individual
lwo-drug combination experiments in which human
ileocecal HCT-8 cells were exposed for 96 h to six
combinations of TMTX plus an antipurine com
pound at 2.3 JIM(â€¢)and 78 U.M(O) PteGlu. For
each single agent and for each TMTX:antipurine
combination ratio, data were fitted by Eq. A, and
Econ. B, ID,,,, and m were estimated. The thick
solid lines connect the points; they do not represent
a fitted model. Diagonal straight lines. Loewe ad-
ditivity lines.
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much more competitive with the former than with the latter antifolates
(Tables 2 and 3). PteGlu was the most limited in its ability to reverse
the growth-inhibitory action with the poorly or nonpolyglutamylatable

compounds BW1843U89, ZD9331, LL95509, and AG337 (Tables 2
and 3).

We found that the Hill model (Eq. A) was appropriate for all
concentration-effect curves in this study. Patterns for changes in the

slope m estimates were examined (Figs. 5 and 9). The m estimates can
be used as an indication of the heterogeneity of drug response: a larger
absolute m value (steeper) implies less heterogeneity, and a smaller
absolute m value (more shallow) implies more heterogeneity in drug
response. It is clear that MTX and AG2032 have relatively steep
concentration-effect curves and that AG2009 has a relatively shallow

curve. The implication is that the former drugs affect cell growth in a
relatively uniform manner but that there is an important factor or
factors for AG2009 cytotoxicity that are very heterogeneous among
cells. The steepness for MTX, AG2032, AG2009, AG337, and
Tomudex was not altered by higher PteGlu concentration but was

significantly greater for TMTX and lower for AG2034. Escalating
PteGlu level from 2.3 to 200 Â¿XM(Fig. 9) confirmed this diminishing
trend of mAG2034, suggesting an increase in heterogeneity of drug
response when PteGlu concentration was increased. However, the
trend toward increased steepness was not confirmed for TMTX (Fig.
9); therefore, the effect of increasing PteGlu on heterogeneity of
response of HCT-8 to TMTX is unclear. Gaumont et al. (37) found no

consistent trend for m as PteGlu was increased in human Manca
lymphoma cells for DDATHF or TMTX, whereas increased PteGlu
decreased m for PDDF (more shallow slope and more heterogeneity).
A quantitative assessment of the steepness of concentration-effect

slopes is not routinely made by most researchers; however, this
measure of heterogeneity to drug response may prove to be useful for
characterizing biochemical/cellular mechanisms of agents. In this
study, the importance of heterogeneity of folate metabolism, folate/
antifolate polyglutamylation, and/or inhibition of target enzymes for
specific antifolates is suggested.

The variability patterns for the combined-action parameter a that
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Fig. 8. Families of 2-D isobols for individual
two-drag combination experiments in which hu
man ileocecal HCT-8 cells were exposed for 96 h

to 5 combinations of TMTX plus a TS inhibitor and
to TMTX plus MTX at 2.3 (Â¿M(â€¢)and 40 or 78 /J.M
(O) PteGlu. For each single agent and for each
TMTX:antipurine combination ratio, data were fil
led by Eq. A, and Econ. B, ID,,,, and m were
estimated. The thick solid lines connect the points:
they do not represent a fitted model. Diagonal
straight lines, Loewe additivity lines.
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can be expected for routine experiments using similar designs and
assays to those used here can be inferred from the results shown for
TMTX plus AG2034 in Fig. 6. The degree of uncertainty that can be
expected for estimates of the combined-action parameter, a, can be

visually assessed from the 95% confidence interval bars. Typically,
the 95% limits are â€”¿�33%below and above the estimate. The variation

among experiments can be seen from the scatter of estimates from
replicate experiments. Most replicate estimates are within a 3-fold

range but with some outliers. Similarly to the situation with the ID5()
parameter, it appears more appropriate to consider multiplicative
(logarithmic) rather than additive differences for the a parameter.

Estimates for a (interaction intensity) were larger (more intense
Loewe synergy) for combinations of DHFR inhibitors with polyglu-
tamylatable GARFT and AICARFT inhibitors than with polyglutamy-

latable TS inhibitors (Fig. 6 and Table 3). There was also a higher
effectiveness for TMTX used as the DHFR inhibitor, as compared
with MTX or MDAM. Hence, at 2.3 /J.MPteGlu, Loewe synergy was

found for combinations of TMTX with the antipurine compounds
AG2032, AG2034, AG2009, LY309887, and Lometrexol but not with
the TS inhibitors BW1842U89, Tomudex, and LY231514. Folie acid
enhancement at higher PteGlu concentrations was reported for TMTX
plus the polyglutamylatable compounds LY231514, AG2009,
AG2032, Tomudex, LY309887, Lometrexol, and AG2034, but the
relative increase of a values was different in each instance, ranging
from 0.5- to 54-fold, respectively. In contrast, no folie acid enhance

ment was found with the nonpolyglutamylatable GARFT inhibitor
LL95509, the poorly glutamylated TS inhibitor BW1843U89, or the
nonpolyglutamylatable TS inhibitors ZD9331 and AG337.

Examination of isobolograms at different effect levels revealed
reproducible patterns (Figs. 7 and 8). As the effect level increased, the
sets of contours moved either to the left toward Loewe synergism
(TMTX plus polyglutamylatable antifolates) or to the right toward
Loewe antagonism (TMTX plus nonpolyglutamylatable antifolates).
Isobols for PteGlu-enhanced Loewe synergies were irregular at 2.3
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B

Fig. 9. Influence of increasing concentration of
PteGlu from 2.3 to 200 (ÃŒMin RPMI 1640-10%
dHS on the combined action of TMTX plus
AG2034 against HCT-8 cells for a 96-h drug
exposure. A. parameter estimates (Â± SE) for
IDso.TMTx-ID5o.Ac.2oj4.mTMTX.mAG2,,M.and a.
obtained from fitting Eq. B to the data. Each of the
10 different folie acid levels was studied in a sep
arate stack of five 96-well piales. All plates were
part of one large experiment. B, set of isobols at the
50% effect level obtained as described in the leg
end of Fig. 4 and in the text.
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Â¿Â¿MPteGlu; local Loewe synergisms and Loewe antagonism were
typically present; but at higher PteGlu concentrations, several of the
isobol sets (for TMTX plus AG2034, LY309887, Lometrexol,
AG2032, and AG2009) became symmetrical and superimposable
upon the isobols simulated from Eq. B. These are the same combi
nations of TMTX with antipurine agents which also demonstrated
high Loewe synergy (a values).

Although sufficient data are not yet available to completely eluci
date the super synergy phenomenon, basic principles for the inhibitory
synergies can be inferred from the large panel of combined-action
growth inhibition experiments. Because the major pathways for intra-

cellular folate metabolism have been well characterized and the

modes of action for the panel of antifolates used in the present work
have been extensively studied, we can use the results of simple growth
inhibition studies as selective probes to suggest a mechanism for the
super synergy phenomenon.

Empirically, the increase in Loewe synergy observed for TMTX
plus a polyglutamylatable antifolate caused by PteGlu supplementa
tion comes from the small shifts to the right for the concentration-

effect curves of fixed ratios of the combination relative to a large shift
to the right for the curve of the individual antifolate. This results in a
shift of the isobol in the synergy direction toward the origin of the
isobologram (Figs. 7 and 8) and an increase in a, the synergy param
eter.
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Fig. 10. Relationship between the change in the
antifolate potency and the change in the synergism-
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lale. slopes (logarithmic scale) of ID,,,s and as were
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Fig. 11. Simplified diagram of folate metabolism to aid
in the explanation of a mechanistic hypothesis for the super
synergy observed in human ileocecal HCT-8 cells when the
lipophilic DHFR inhibitor TMTX is combined simulta
neously for 96 h with the GARFT inhibitor AG2034 in the
presence of large PteGlu concentrations.
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It is clear that FPGS plays a central role in this phenomenon. The
key role of FPGS and of folate/antifolate polyglutamylation is sug
gested by several of our observations, as follows, (a) Several two-drug
combinations of the DHFR inhibitor, TMTX, with an antifolate poly-

glutamylatable beyond the diglutamate species, showed Loewe syn
ergy under low PteGlu (2.3 /MM)conditions, and all showed Loewe
synergy under high PteGlu (a40 JU.M)conditions. The degree of
Loewe synergy increased for each of these combinations when PteGlu
concentrations were increased from 2.3 /XM.In contrast, combinations
with a nonpolyglutamylatable antifolate or an antifolatc polyglutamy-

latable only to the diglutamate form did not show synergy. These
results were consistent between the global interaction model-fitting

approach (Figs. 2, 3, and 6 and Table 3) and the isobol approach (Figs.
7 and 8). (h) The combination of TMTX plus AG2034 showed less
Loewe synergy in the FPGS-deficient cell line HCT-8/DW2 than in
the parental cell line, HCT-8. (c) The combination of TMTX plus the

polyglutamylatable DHFR inhibitor, MTX, showed some Loewe syn
ergy at high (78 Â¿AM)PteGlu. (d) PteGlu decreased the potency of
polyglutamylatable antifolate inhibitors of TS and GARFT but pro
vided little protection against nonpolyglutamylatable antifolate inhib
itors of the same enzymes. It is likely that this protection is due to
competition for polyglutamylation at FPGS between reduced metab
olites of PteGlu, such as H2PteGlun or H4PteGlun and polyglutamy
latable antifolates.

The intensity of Loewe synergy for the combination of TMTX plus
antifolate is correlated with the degree of PteGlu protection against
the antifolate, when used as a single agent (Fig. 10). Note that the best
polyglutamylatable substrates for FPGS tend to be TS inhibitors and
show a small protection by PteGlu and a weak synergy enhancement;
whereas more poorly polyglutamylatable substrates for FPGS tend to
be GARFT inhibitors and show a large protection by PteGlu and a
strong synergy enhancement. It appears that the ideal antifolate for the
super synergy phenomenon is a polyglutamylatable inhibitor of
GARFT (or A1CARFT), which is only a moderately good substrate
for FPGS, but for which polyglutamylation will enhance binding to its
target enzyme.

There are several possible effects on cell proliferation of a decrease
in the pool of polyglutamylated antifolates and an increase in the pool
of polyglutamylated natural folates. First, polyglutamylation of anti
folates leads to increased accumulation and retention of the inhibitors
in cells (45). Increased cellular concentrations will lead to increased
target enzyme inhibitions. Second, the polyglutamylated forms of the
antifolates are generally more potent inhibitors of their target enzymes
than is their monoglutamate form. This has been shown to be true for
Lometrexol and LY309887 (12, 13), Tomudex (16), and LY231514
(19). Third, increasing the intracellular concentrations of the natural
folate substrates for folate-requiring enzymes will lessen the degree of

inhibition caused by antifolates.
Evidence was presented by Galivan and coworkers (46) that the

synergistic enhancement by TMTX of the growth inhibition of hep-

atoma cells by PDDF involves enhanced polyglutamylation of the
antifolate. They proposed that DHFR inhibitors induce perturbations
in the reduced folate pools, which facilitate interactions between the
antifolate and its polyglutamates with folate-dependent enzymes.

They suggested that a depletion in the concentrations of the folate
cofactors can reduce competition for polyglutamylation at FPGS, thus
increasing the amount of polyglutamates and facilitate the target
enzyme binding.

In our study, patterns of folie acid enhancement were similar for
combinations of a DHFR inhibitor plus a polyglutamylatable antifo
late when MTX replaced TMTX, but the magnitudes of a values were
always lower. Unlike TMTX, MTX is capable of forming polygluta-

mate derivatives, which are more avidly retained in cells than the
parent compound (47, 48). These MTX polyglutamates are as potent
as MTX monoglutamate in inhibiting DHFR but have an increased
affinity for TS and AICARFT (49, 50). Perhaps this multitargeting
inhibitory activity offers extra sites for competition between MTX and
other antifolates, which, in turn, somehow lessens the extent of
antifolate synergism. The abolishment of Loewe synergy for MTX
plus AG2009 by large PteGlu concentrations hints at the possibility of
complex interactions of MTX polyglutamates with sites in addition to
DHFR.
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PteGlu is not a particularly good substrate for DHFR (51) and is
poorly polyglutamylated relative to H2PteGlu and H4PteGlu (1,2,41).
PteGlu must be reduced to H2PteGlu by DHFR before becoming a
good substrate for FPGS (52). The reduction of PteGlu to H2PteGlu
may be a critical step for the super synergy phenomenon. This was
first suggested by Galivan's group (46, 53). The results from several

of our experiments were also consistent with the idea. First, PteGlu
was found to be a better modulating agent of antifolate synergism than
the already-reduced 5-CH3-H4PteGlu or leucovorin. Second, when 40

fj.MPteGlu was added simultaneously with the combination of TMTX
plus AG2034, a large Loewe synergy was observed. Evidently, it is
not necessary to build up the reduced folate pools before the appli
cation of the drug combination. Third, the complex experiment in
which AG337 was used to shutdown TS, thereby blocking the regen
eration of H2PteGlun from H4PteGlun, and in which exogenous TdR
was added to make de novo thymidylate biosynthesis unnecessary, it
was found that 40 JAMPteGlu still greatly enhanced the Loewe
synergy of the TMTX plus AG2034 combination. Thus, it appears that
it is not the conversion by DHFR of H2PteGlun to H4PteGlun that is
critical for the phenomenon, but rather it is the initial PteGlu to
H2PteGlu conversion.

PteGlu may prevent uptake of antifolates. However, because the
RFC has a much higher affinity for natural reduced folates and the
antifolates that show the super synergy phenomenon (see Table 1), we
hypothesize that competition for transport via the RFC is not a major
factor for the phenomenon. Support for this hypothesis was provided
by Galivan et a!. (34), who showed that potentiation of the cytotox-

icity of DDATHF by the lipophilic DHFR inhibitors TMTX and
metoprine occurred in H35 cells with an RFC/MTX transport defect.
In contrast, PteGlu and most of the antifolates that show the phenom
enon are good substrates for a membrane-associated FBP. However,

the role of this folate uptake system still remains questionable, and we
opted to not include it in our final mechanistic speculations.

Dihydrofolates have been found to directly inhibit TS, AICARFT
and GARFT (51 ). Although the accumulation of H2PteGlun following
DHFR inhibition under standard cell culture conditions (2.3 pun
PteGlu) was found not to be sufficient to significantly inhibit these
enzymes, H2PteGlun levels might reach sufficient levels when me
dium PteGlu is greatly elevated (54). However, the results from our
AG337-TS block experiment, in which H2PteGlun should not have

accumulated, argue against this concept explaining the super synergy
phenomenon.

Taken together, our results suggest the following cascade of events
illustrated in Fig. 11 as a mechanistic hypothesis for the super synergy
phenomenon. The combination of TMTX plus AG2034 is used as an
illustrative representative example. [Note that most elements of the
general hypothesis were first proposed by Galivan's group (46).] (a)

TMTX exerts both antithymidylate and antipurine effects via a deple
tion of reduced folates concomitant with a modest accumulation of
H2PteGlun. PteGlu, especially at high extracellular concentrations,
protects against TMTX as intracellular PteGlu and/or H2PteGlun by
displacing TMTX from DHFR. (b) Once in the cell, AG2Ã–34requires
its transformation into potent polyglutamates for effective GARFT
inhibition. PteGlu protects against AG2034 by forming large reduced
folate pools, which compete for polyglutamylation with AG2034 at
FPGS. Less AG2034 polyglutamates are then available for tight
binding to GARFT, and more 10-CHO-H4PteGluâ€ž, leading to a de

crease in the enzyme inhibition, (c) When TMTX and AG2034 are
combined, TS is still synthesizing dTMP so that H,PteG!un are
accumulating. The total reduced folate pool is depleted by TMTX
blockade of DHFR. Especially critical is the PteGlu to H2PteGlu step.
(There is a larger folate pool available for depletion under high
extracellular PteGlu concentrations.) Finally, more polyglutamates of

AG2034 are synthesized, less of the folate cofactor 10-CHO-

H4PteGlun is available, and GARFT is more inhibited. Thus. TMTX
blocks the protection by PteGlu of the cytotoxicity of AG2034.

In summary, the super synergy phenomenon requires the combina
tion of a nonpolyglutamylatable DHFR inhibitor with a moderately
polyglutamylatable inhibitor of another folate-requiring enzyme, such

as GARFT, AICARFT, or TS, for which binding of the second
inhibitor is increased with polyglutamylation. against cells with good
FPGS activity. The phenomenon is enhanced with high concentrations
of PteGlu in the medium.

Work is in progress to explore the universality of the phenomenon
across different cell lines, to study various protection/rescue proto
cols, to examine the phenomenon with cells adapted to low folate
(e.g., 50 nM) conditions, to study short-term exposures of the drug
combinations, to examine perturbations in folate/antifolate polygluta-

mate levels, and to study the phenomenon with a clonogenic assay.
Work is also in progress to examine the super synergy phenomenon in
vivo. These ongoing in vitro and in vivo studies will further charac
terize the mechanistic basis of the super synergy phenomenon and
help to define the optimum conditions for therapeutic synergy. There
is a strong potential for the future clinical application of the general
concept to specific combination therapies.
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