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Abstract Purpose: These studies sought to evaluate the
biochemical and cellular pharmacokinetic properties,
cytotoxicity and antitumor efficacy of a new analogue of
10-deaza-aminopterin (PDX) against human tumors.
Methods: Studies were conducted with a group of hu-
man tumor cell lines in culture examining PDX and
other folate analogues as permeants for mediated
membrane transport, as inhibitors of dihdrofolate re-
ductase and as substrates for folylpolyglutamate syn-
thetase. These same analogues were examined for their
cytotoxicity following a 3-h pulse exposure, in experi-
ments providing a value for ICsg. Other studies with
these analogues were conducted in nude mice bearing
subcutaneously implanted human tumors. Treatment of
the mice was initiated 4 days after implantation of the
tumor using a schedule of administration of one dose per
day for 5 days. The tumors were measured 6 days after
cessation of therapy and compared to controls for as-
sessment of response. Results: In the CCRF-CEM cell
system, PDX was 2- to 3-fold less effective as an inhib-
itor of dihydrofolate reductase than aminopterin
(AMT), methotrexate (MTX) or edatrexate (EDX) but
much more effective as a permeant for one-carbon, re-
duced folate transport inward (PDX >AMT ~ EDX
>MTX) and substrate for folylpolyglutamate synthe-
tase (PDX >AMT >EDX >MTX). As predicted by
these results, PDX was 15- to 40-fold more cytotoxic
than MTX and 3- to 4-fold more cytotoxic than the
highly potent EDX following a 3-h pulse exposure in
culture of CCRF-CEM cells and cells from a panel of
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three human breast and two human nonsmall-cell (NSC)
lung cancers. The same relative differences were shown
for the therapeutic efficacy of these three analogues at
equitoxic doses in studies with the human MX-1 and
LX-1 tumors and the human A549 NSC lung tumor
xenografted in nude mice. On a schedule of qd x 5 given
3—4 days posttransplant, MTX was minimally active
(modest tumor growth delay) against all three tumors.
EDX was highly active (25-35% complete regressions
and 5-10% cures) against the MX-1 and LX-1 tumors
but very modestly active (no regressions) against the
A549 tumor. In contrast, PDX was even more active
(75-85% complete regressions and 25-30% cures) than
EDX against the MX-1 and LX-1 tumors and highly
active (30% complete regressions and 20% cures)
against the A549 tumor. Conclusions: These studies
showed significantly enhanced antitumor properties of
PDX compared with MTX and EDX. Based upon these
results, clinical trials of PDX in patients with metastatic
breast and NSC lung cancer appear to be warranted.

Key words 10-Propargyl-10-deazaaminopterin -
Cytotoxicity - Efficacy - Human tumors

Abbreviations ALL acute lymphocytic leukemia -
AMT aminopterin - CA carcinoma -

DHFR dihydrofolate reductase - EDX edatrexate
FPGS folypolyglutamate synthetase -

I1C5y 50% inhibition value -

Isotonic saline 0.14 M NaCl plus 0.01 M potassium
phosphate -+ MTD maximum tolerated dose -

MTX methotrexate - NSCLC nonsmall

cell lung cancer -

PDX 10-propargyl-10-deazaaminopterin

Introduction

The 10-deazaaminopterins are a class of folate ana-
logues targeted to dihydrofolate reductase (DHFR)
that were developed as antitumor agents during the
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mid-1980s [1-4]. The design of these analogues emerged
from structure-activity studies examining the effect of
various modifications of the 4-aminofolate structure
on its interaction with specific cytotoxic determinants
[5-7]. Tt was found that alkyl substitution of 10-dea-
zaaminopterin at the C10 position markedly improves
the efficacy of this class of compound compared with
the unsubstituted analogue with effects against murine
tumor models and human tumors xenografts in nude
mice considerably superior to that of methotrexate
(MTX) [1-4]. One of these analogues, edatrexate
(EDX, 10-ethyl-10-deazaaminopterin) has subsequently
been shown in phase II clinical trials to yield a major
response rate significantly better than MTX in patients
treated on a weekly schedule presenting with metastatic
nonsmall-cell (NSC) lung cancer [8] breast cancer [9]
and one form (MFH) of soft tissue sarcoma [10].

The increased cytotoxicity and antitumor activity of
EDX compared with MTX in the model systems utilized
in the above studies is attributable to findings that the
former is more effectively internalized and polyglutam-
ylated in tumor cells [1, 4]. This is related to the obser-
vation [1, 11] that EDX is a more efficient permeant for
one-carbon, reduced folate transport and substrate for
folylpolyglutamate synthetase (FPGS), both of which
are determinants of cytotoxicity in these cells [12-14].
Moreover, the greater therapeutic selectivity seen with
EDX in these model tumor systems compared with
MTX appears to be explained by findings showing that
the former is less effectively internalized and polyglut-
amylated in normal proliferative tissue where drug-lim-
iting toxicity is seen [1, 4].

Despite the provocative nature of these findings as
they pertain to EDX and the encouraging clinical re-
sults, the potential for the clinical utility of this agent is
as yet not fully realized. In the meantime, further studies
on the effect of modification at the C10 position and
elsewhere on 10-deazaaminopterin have continued. This
has resulted more recently in the synthesis of a new
analogue of 10-deazaaminopterin (PDX) bearing a
propargyl substituent at C10 [15]. The results of our
studies showing that PDX has more interesting phar-
macologic properties and markedly enhanced cytotox-
icity and antitumor efficacy compared with EDX against
human tumors are reported here.

Materials and methods

Biochemical and cellular pharmacokinetics

Measurements of influx ["’HJMTX and the nonradioactive analogues
by CCRF-CEM cells were carried out by procedures described in
detail previously [1, 5, 12]. The analysis of the influx velocity data to
derive the appropriate kinetic constants has been given in previous
reports [1, 5, 12]. The determination of DHFR activity has been
described as well as the method carried out at pH 6.9 for determining
the appropriate inhibition constants [1, 5, 12] for the various folate
analogues. The methodology used for preparing cell-free extracts
and for measurements of FPGS activity and deriving the related
kinetic constants has also been described in detail [11].

Methods of cell culture

CCRF-CEM cells were obtained for the various biochemical and
cellular pharmacokinetic experiments by growth in RPMI medium.
The methods used and the manner of harvesting cells have been
described previously [1, 14]. For experiments measuring the cyto-
toxicity of various folate analogues, the cells were grown in RPMI
medium using 96-well plates. Cytotoxicity was determined follow-
ing exposure of the cells as monolayers (10° cells/well) to different
concentrations of each analogue in a 3-h pulse. Following this, the
medium was removed, the cells washed with isotonic saline (pH 7)
and, RPMI medium without drug added prior to further incuba-
tion of the plates for 72-96 h. Cell numbers at this time were de-
termined by the XTT assay [16]. ICs, (half-maximal inhibition)
values were calculated from the data obtained in an automatic plate
reader. The other cell lines used in these studies were obtained from
various colleagues at MSKCC or the American Type Culture
Collection. Maintenance and cytotoxicity determinations with
these cells were carried out in DMEM-HG (MDA-468 cells) or o-
MEM-F12 (SK-BRIII, ZR-75-1, SK-L16 cells) medium.

In vivo antitumor experiments

The human tumors utilized for these studies were obtained from
either the National Cancer Institute, Developmental Therapeutics
Program (MX-1, mammary carcinoma, and LX-1, lung carcinoma)
or the American Type Culture Collection (A549 squamous cell
carcinoma of the lung). These tumors were maintained by trans-
plantation in Swiss nu/nu mice. The transplant for maintenance
and during the conduct of the experiments was made by trocar in
the form of a segment of tumor (2-3 mm in diameter) inserted
subcutaneously into the flank of the mouse. Following random-
ization of the tumor-bearing mice, treatment with each analogue in
isotonic saline (pH 7) was initiated 34 days after implant when the
tumor mass was on average 62.5 + 12.5 mg. The schedule of ad-
ministration was qd x 5 at the MTD (maximum tolerated dose) for
each analogue studied. The MTD was obtained in preliminary
experiments determining the amount of each analogue that could
be administered on this schedule with weight loss no greater than
10%. The average tumor diameter in control and treated groups
was measured with a caliper 14 days after implantation (6 days
posttreatment). The data are expressed as milligrams of tumor
mass as calculated from the average diameter (mass = milli-
grams = 4/37r°). The animals with no palpable tumor were scored
as a complete regression and those animals with no evidence of
tumor 28 days after cessation of treatment were deemed cured.
Other methodological details relevant to the studies described have
been given in previous reports [2, 3]. Statistical analysis was carried
out by the method of Zar [17].

These studies were performed in accordance with the “‘Princi-
ples of Laboratory Animal Care” (NIH publication No. 85-23,
revised 1985).

Other materials and methods

Protein determinations were carried out as previously described
[11]. The purity of the various analogues used in these studies were
shown to be greater than 98% as determined by HPLC analysis
[14]. 3,5 9PHIMTX (specific activity 1520 ci/mmol) was pur-
chased from Moravek Biochemicals (City of Industry, Calif.) and
was used for experiments after HPLC purification [14] to >98%.

Results and discussion
Biochemical and cellular pharmacokinetic studies

In a number of different experiments, PDX was com-
pared with three other 4-amino folate analogues (AMT,
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Fig. 1 Structural differences among the various folate analogues
utilized in these studies

MTX and EDX) as an inhibitor of DHFR, a permeant
for one-carbon, reduced folate transport inward and as a
substrate for FPGS. The structure of these analogues are
shown in Fig. 1 and the data obtained with them is
summarized in Table 1. From these data it can be seen
that all four analogues were potent inhibitors of DHFR
in the low picomolar range. However, the value for K;
obtained with PDX was two- to threefold higher than
with the other three analogues, suggesting that its in-
teraction with this enzyme at least in the unpolyglut-
amylated form, is slightly less effective than AMT, MTX
or EDX.

In other studies, it was shown (Table 1) that PDX
was the most efficient permeant for one-carbon, reduced
folate transport in CCRF-CEM cells when compared
with the three other analogues examined. While maxi-
mum capacity for influx (V.,) was similar in each case,
saturability for influx (1/K,,) was in the descending or-
der, PDX >AMT ~ EDX >MTX. Calculated values
for the first-order rate constant (V./K.,) were 4-fold
(AMT and EDX) and 12-fold (PDX) greater than for
MTX.

As a substrate for FPGS, PDX was also the most
effective among the analogues examined (Table 1) in the
assay utilized. PDX exhibited saturability (1/K,,) similar
to that of AMT and EDX which was fourfold greater
than that of MTX. However, unlike MTX and EDX,
which exhibited lower values for maximum capacity
(Vmax) than AMT, the maximum capacity obtained with
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PDX was somewhat higher than with AMT. Thus, first-
order rate constants (V. /Kn) derived for FPGS ac-
tivity were in the descending order of PDX >AMT
>EDX >MTX and calculated values were 1.5-, 3- and
10-fold greater, respectively, than AMT, EDX and
MTX. HPLC assays carried out (data not shown) on the
polyglutamate content in the cytosol of cells exposed to
these analogues for 3 h in culture were consistent with
these enzymatic findings. Longer-chain polyglutamates
(two to four additional glutamates residues) were gen-
erated by this catabolism for all of the analogues except
AMT in the order PDX>EDX>MTX. As we have
reported previously [14], AMT was converted primarily
to a polyglutamate with one additional glutamyl residue.
Overall, the data obtained from the various studies de-
scribed above suggest that substantial differences in the
order of PDX >AMT ~ EDX >MTX will be realized
in terms of the cytotoxicity of these agents against
CCRF-CEM cells and probably other human tumor
cells.

Cytotoxicity studies

Other experiments carried out with PDX and two other
folate analogues were used to determine their cytotox-
icity in culture utilizing a 3-h pulse exposure to these
agents. This method of comparison was chosen because
it was more relevant to bolus dosing or short-term in-
fusion in patients. Also, we have shown in prior studies
[14] that short-term exposure appears to be more ap-
propriate than long-term exposure when comparisons
are made between analogues that vary substantially in
their ability to be polyglutamylated.

From the data summarized in Table 2, it can be seen
that the relative cytotoxicity of these agents against
CCRF-CEM cells in culture was consistent with the
results of biochemical and cellular pharmacokinetic ex-
periments described above. EDX and PDX were signif-
icantly more cytotoxic than MTX (P = <0.001) while
PDX was more cytotoxic than EDX (P = <0.005).
Comparisons of these three analogues with regard to
cytotoxicity to five other human tumor cell lines gave
similar results, although the incremental differences seen
between each analogue against each cell line were not the
same. Among the three mammary carcinomas and two

Table 1 Biochemical and cellular pharmacokinetic properties of various folate analogues in CCRF-CEM cells. The values shown are
means = SE from three to five separate experiments. Experimental details are provided in the text

Compound DHFR Influx K,,, Influx Vi ax Vimax/Km FPGS activity FPGS activity Vimax/Km
inhibition® (uM) (pmol/min/mg K (M) Vimax (pmol/h/mg
K; (pM) protein) protein)
AMT 49 + 1 1.2 £ 0.2 3.6 £ 1 3.0 5.8 £ 1 117 £ 18 20.2
MTX 54 £2 48 £ 1 41 £ 1.2 0.9 322+ 5 70 £ 10 2.2
EDX 58 £1 1.1 £ 0.1 39 £ 0.9 35 63 £ 1 65 +£9 10.3
PDX 134 £ 3 0.3 £ 0.1 38 £ 1.3 12.6 59 £ 1 137 + 26 23.2

#Reaction carried out at pH 6.9
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Table 2 Cytotoxicity of var-

ious folate analogues against Tissue type ICs

human tumors in cell culture. MTX (uM) EDX (M) PDX (uM)

The cells were exposed to dif-

ferent concentrations of each CCRF-CEM Acutelymphocytic 12 £ 02 0.14 £ 0.03 0.04 £ 0.01

agent in a 3-h pulse. The values leukemia

are means + SE from three to  MDA-468 Breast carcinoma 45+ 0.6 0.39 + 0.05 0.11 + 0.02

five experiments. Other experi-  SK-BR III Breast carcinoma 42 + 0.5 0.99 + 0.2 0.28 + 0.04

mental details are given in the  zR_75.1 Breast carcinoma 3.5+ 05 0.86 + 0.1 0.26 + 0.05

text SK-LC8 NSCLC? 103 + 2 1.24 + 0.2 0.42 + 0.1
SK-LC16 NSCLC® 2.1 £ 0.3 0.26 + 0.05 0.11 + 0.02

#Squamous cell carcinoma
® Adenocarcinoma

NSC lung tumors, the latter were the more sensitive
(adenocarcinoma) and the more resistant (squamous cell
carcinoma) to this group of agents. In a very consistent
fashion, EDX was substantially more cytotoxic than
MTX (P = <0.001) to the extent of 4- to 11-fold
depending upon the cell line. Moreover, PDX was 3- to
4-fold more cytotoxic than EDX (P = <0.005) against
the same cell lines.

Studies of in vivo antitumor activity

PDX was evaluated against three different human solid
tumors xenografted in nude mice. For comparison, this
analogue was examined in parallel with both MTX and
EDX at equitoxic doses which represented the MTD for
each agent on the schedule of administration used. The
results obtained in the initial experiments (data not
shown) showed that tolerance of these mice to these
agents varied somewhat in the order PDX >EDX
>MTX. Against the MX-1 tumor, only a small delay in
growth was obtained (Table 3) with MTX. In contrast
to this analogue, EDX was substantially more effective
resulting on average in frank regression of the tumor.
Moreover, 35% of the EDX-treated animals showed

Table 3 Antitumor properties of various folate analogues against
human MX-1 mammary carcinoma in nude mice. The animals were
treated on a schedule of qd x 5 beginning 3-4 days after sub-
cutaneous implantation of tumor. The tumor volume was de-
termined 6 days after cessation of therapy. Additional details are
given in the text. The values shown are means + SE from two to
five experiments

complete regression of their tumor and some cures were
obtained. In contrast, PDX was even more effective. All
of the animals in this treated group had marked re-
gressions of their tumor and a high percentage (75-80%)
of these animals exhibited complete regression of their
tumor (EDX versus PDX, P = <0.005) and a greater
number of cures (30-35%) were observed (EDX versus
PDX, P = <0.01).

The superiority of PDX versus EDX or MTX was
even more striking in studies (Tables 4 and 5) with the
LX-1 and A549 tumors. In the case of the LX-1 tumor,
MTX was again without appreciable activity, yielding

Table 4 Antitumor properties of various folate analogues against
human LX-1 lung cancer in nude mice. See text and legend of
Table 3 for additional experimental details. Values shown are
means = SE from two to four experiments

b

R, R, Tumor Complete Cures

group MTD mass regressions® (no./total)
(mg/kg)  (mg) (no./total)

Control® - 567 + 68 0/20 0/20

MTX 1.5 409 + 52 0/10 0/20

EDX 2.0 58 + 14 6/20 1/20

PDX 3.0 <1 17/20 5/20

#No palpable tumor mass 6 days after cessation of therapy

No evidence of tumor anywhere in the animal 28 days after ces-
sation of therapy
“Treated with solvent (isotonic saline) only

Table S Antitumor properties of various folate analogues against
the human A549 squamous cell lung carcinoma in nude mice.
Values shown are the means from two experiments. See text and
legend of Table 3 for additional details

b

R, R, MTD Tumor Complete Cures® Ry Ry Tumor Complete Cures

group (mg/kg) mass regressions®  (no./total) group MTD mass regressions® (no./total)
(mg) (no./total) (mg/kg)  (mg) (no./total)

Control® - 430 + 35 0/25 0/25 Control® - 470 + 48 0/10 0/10

MTX 1.5 303 + 28 0/10 0/10 MTX 1.5 395 + 49 0/10 0/10

EDX 2.0 9+3 9/25 3/25 EDX 2.0 148 + 31 0/10 0/10

PDX 3.0 <1 19/25 8/25 PDX 3.0 54 + 16 3/10 2/10

#No palpable mass 6 days after cessation of therapy

®No evidence of tumor anywhere in the animal 28 days after ces-
sation of therapy

®Treated with solvent (isotonic saline) only

#No palpable tumor mass 6 days after cessation of therapy

®No evidence of tumor anywhere in the animal 28 days after ces-
sation of therapy

“Treated with solvent (isotonic saline) only



only a small delay in tumor growth. Treatment with
EDX resulted in complete inhibition of tumor growth
along with some complete regressions (30%) and only
an occasional cure. By comparison, all of the animals
treated with PDX showed frank regression of their tu-
mor with a large number of complete regressions (85%;
EDX versus PDX, P = <0.005). Moreover, 25% of
the animals in this treated group were cured (EDX
versus PDX, P = <0.01). Against the A549 tumor,
MTX was essentially without activity. Tumors in
animals treated with EDX showed a growth delay
(P = <0.05) but no complete regressions or cures were
observed. In contrast, the growth of tumors in animals
treated with PDX was completely inhibited (EDX versus
PDX, P = < 0.01) and many animals showed com-
plete regression (30%) and were cured (20%).

From an analysis of the data presented above, it
would appear that PDX is a significantly superior cy-
totoxic and antitumor agent to either MTX or EDX in
the model systems used in these studies. Moreover, the
biochemical and cellular pharmacokinetic data also de-
rived during these studies provides a reasonable phar-
macologic basis for this superiority. Although a direct
comparison of the pharmacologic and biological data
was made only in the case of CCRF-CEM cells, the
overall consistency of the results obtained with each
analogue among the different cell types would appear to
provide justification for such a conclusion. The bio-
chemical and cellular pharmacokinetic parameters ex-
amined in these studies are generally accepted as major
determinants of cytotoxicity and therapeutic response to
this class of agents at least in these model systems [6, 7,
11-14, 18]. Moreover, among the 4-aminofolate ana-
logues, PDX appears to be the most effective permeant
for one-carbon, reduced folate transport and substrate
for FPGS so far examined.

As such, the data presented above also clearly suggest
that PDX represents a further advance in the develop-
ment of agents targeted to DHFR which may have sig-
nificantly improved therapeutic potential in patients
with neoplastic disease. The data offer additional proof-
of-principle for the premise that optimizing through
structural design drug interactions with pharmacologic
determinants relevant to cytotoxicity and therapeutic
response will ultimately lead to improved efficacy com-
pared to therapy with standard agents, in this case,
MTX. This would appear to represent ample reason for
an evaluation of PDX in the appropriate clinical trials,
particularly in breast and NSC lung cancers. These
studies are now underway at the Memorial Sloan-Ket-
tering Cancer Center.

The improvement in antitumor activity of PDX
compared to EDX shown in the current studies with
these human tumor xenograft systems was unanticipated
in light of our other previous studies [15, 19]. Further
increase in bulk in the form of a fully saturated alkyl
substituent at C10 beyond two carbons as in the case of
n-propyl-10-deazaaminopterin has been found to di-
minish antitumor efficacy at least in one murine tumor
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model [15]. Similarly, the data pertaining to the thera-
peutic activity of PDX in this same model system [15]
were not particularly encouraging. Moreover, a prop-
argyl substituent at N10 in another series of 4-amino-
folates has been shown to result in very extensive loss of
DHFR inhibition by this analogue [19]. Thus, enhanced
cytotoxicity and antitumor efficacy against human tu-
mors that was observed in the case of PDX may relate to
the different effect of propargyl substitution at C10
rather than N10 and also to the unsaturated nature of
this substituent.
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