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Antifolate Inhibitors of Thymidylate Synthase as Anticancer Drugs
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Abstract: Inhibitors of thymidylate synthase (TS) play an essential role in the pharmacological management of several
tumors. Two antifolates, Raltitrexed and Pemetrexed, are licensed anticancer drugs, with Pemetrexed, unlike Raltitrexed,
undergoing further intense clinical development. Other antifolate TS inhibitors, recently/currently tested in clinical stud-
ies, that show encouraging anticancer activities are Plevitrexed, GW7904L and Nolatrexed. A new prospect among antifo-
lates, demonstrating a very desirable pattern of pharmacological properties, is BGC 945 that showed promising antitumor
activities and has been nominated for clinical development. In this paper, apart from reviewing their biochemical and
pharmacological properties, up-to-date characteristics of clinical development of all the mentioned agents are presented.
In addition, trends and perspectives for developing improved antifolate inhibitors of TS and future drugs are discussed.
Drug resistance is the main barrier to more effective treatment of cancers with antifolates; therefore, mechanisms of anti-
folate resistance and currently applied approaches to overcome it are also pointed out in the review.
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INTRODUCTION

Thymidylate synthase (TS) ThyA (EC 2.1.1.45) is an
enzyme crucial for DNA synthesis. TS ThyA (later denoted
shortly as TS) catalyzes the conversion of deoxyuridylate
(dUMP) and 5,10-methylene-5,6,7,8-tetrahydrofolate (mTHF)
to thymidylate (dTMP) and 7,8-dihydrofolate (DHF) by re-
ductive methylation, with mTHF serving as both methyl do-
nor and reducing agent [1-3]. The reaction catalyzed by TS is
a pivotal step in the de novo biosynthetic pathway leading to
dTTP (one of the four building blocks of DNA). Inhibition
of TS blocks, in the absence of preformed thymidine, DNA
synthesis and eventually leads to cell death, a phenomenon
termed “thymineless death” [4]. Therefore, targeting of TS
for inactivation in TS-overexpressing cells, such as tumor
cells, constitutes an important strategy in the development of
drugs for chemotherapy [5,6]. Several classes of agents have
been examined, either experimentally or through clinical
testing, for their inhibitory effect against TS. The most
widely utilized agent, 5-fluorouracil (FUra), was first devel-
oped in 1957 based on the observation that uracil may be
preferentially used in DNA synthesis in tumors compared to
normal cells [7-8]. FUra and its several pro-drugs (e.g.,
capecitabine, ftorafur, 5’-deoxy-5-fluorouridine) remain to
these days essential in the treatment of various types of can-
cer, including gastrointestinal neoplasia, breast, head and
neck, ovary and pancreas cancers [9-11]. FUra is anabolized
to a nucleotide analog of dUMP, 5-fluoro-2’-deoxyuridylate
(FdUMP), which is a tight-binding inhibitor of TS. The
mechanism-based inhibition of TS by FAUMP involves a
time-dependent formation of the ternary complex between
TS, FAUMP and the folate cofactor, mTHF, upon which the
reaction stops as the fluorine substituent fails to dissociate
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from the pyrimidine ring, resulting in a slowly reversible
inactivation of the enzyme [12]. FUra is by no means an op-
timal drug because it is inefficiently converted to FAUMP,
with part of it catabolized to toxic metabolites. Moreover,
tumors may exhibit acquired or intrinsic resistance to FUra
[13,14]. Both the aforementioned factors and the lack of se-
lectivity of FUra for TS cause that the search for effective
and specific inhibitors of TS continues, aiming mainly at
analogues of the enzyme substrate, dUMP, and folate cofac-
tor, mTHF (mTHF analogues belong to so called antifolates).

The most studied analogues of dUMP through the years
were those substituted in the pyrimidine ring, either at the
C(5) (most frequently) or C(2), C(4) or C(6) atoms [15-20].
The C(5)-analogues of dUMP were shown to span a very
broad spectrum of inhibitory activities against TS, depending
on the physicochemical properties of the substituent. The
latter relationship was quantitatively interpreted in the
QSAR models, showing the activity of the inhibitors to be
directly proportional to the electron withdrawing, while in-
versely proportional to the steric, effects of the substituents
[21-23]. The recent QSAR model reported by Jarmuta et al.
[23] suggested a set of new, potentially very strong inhibitors
of TS in this group, but no follow-up studies were conducted
so far. A strong, mechanism-based inhibitory effect, exhib-
ited by a C(4)-substituted analogue of dUMP, N(4)-hydroxy-
dCMP, was potentiated in the 5-fluoro congener, N(4)-OH-
FACMP [24,25]. The studies aimed at explanation of the
inhibitory mechanism of both agents are ongoing [26], in-
cluding the recently performed high-resolution crystallo-
graphic experiments (Jarmuta et al., in preparation). Alto-
gether, while TS-targeted analogues of dUMP and inhibitory
strategies pertaining to them, such as the enzyme-catalyzed
therapeutic activation (ECTA) [27,28] or the approach utiliz-
ing FAUMP(N) oligodeoxynucleotides (ODNSs) [6,29], re-
main the subject of continuous investigation, till present only
the classical, “old-aged” FUra and its several pro-drugs suc-
ceeded to become anticancer drugs.

© 2010 Bentham Science Publishers Ltd.
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An important factor reducing the effectiveness of
FAUMP as TS inhibitor is metabolic resistance, a phenome-
non consisting of the protection of enzyme against drugs by
accumulation of substrate to the level sufficient to compete
efficiently with the inhibitor, leading to the restoration of the
full activity of the metabolic pathway involving the target
enzyme [30,31]. It was one of the reasons causing the re-
searchers to focus their interest on analogues of the folate
cofactor of TS, leading ultimately to the development of in-
hibitors pertaining to this group. This review concentrates on
antifolates targeted at TS that are currently/were recently on
clinical trials or are on the market as drugs in anticancer
therapy. These agents, shown in Fig. (1), are discussed in
subsequent sections, and their selected characteristics are
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summarized in Table 1. In addition to reviewing the current
state of the antifolate group of TS inhibitors, trends and per-
spectives are discussed for developing improved drugs in
this group in the future.

RALTITREXED

Raltitrexed (Tomudex, ZD1694, ICI D1694) was devel-
oped as a direct (it does not require to be modulated by other
agents) and specific inhibitor of TS [32-34]. It is an analog
of CB3717 (PDDF), a quinazoline-based antifolate analogue
that was first investigated in the 1980s and proved to be a
potent inhibitor of TS [35,36]. Unfortunately, the evaluation
of CB3717 as an anticancer drug demonstrated severe life-
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Fig. (1). Antifolate inhibitors of TS.
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Table1. Selected Characteristics of Important Antifolate Inhibitors of TS

Agent Uptake Polyglutamation Crystal structures Clinical status***

Raltitrexed RFC + 1HZW,** 1100, 1HVY, 1RTS, | approved as drug (CRC), 4 active trials in MPM
2TSR, 2KCE and CRC
Pemetrexed RFC, PCFT, several other + 1JU6, 1JUJ approved as drug (MPM, NSCLC), 196 active
transporters trials in a range of cancers
Plevitrexed RFC, o-FR — — no active trials
GW1843* RFC + 2VFO0, 1F28, 1SYN, 1TSD, 1 active trial in CRC
1TLC

Nolatrexed passive diffusion - - no active trials
BGC 945 a-FR — — 2 active trials in ovarian cancer

*Now reformulated as GS7904L.
**|dentification codes in the Protein Data Bank.
***According to the search on ClinicalTrials.gov as of June 2010.

threatening renal and hepatic toxicity associated with its ad-
ministration, thereby ruling out its further clinical develop-
ment [37-39]. Studies on CB3717 were, and still are, impor-
tant for the drug design process. Obtaining the crystal struc-
tures of TS ternary complexes with dUMP/FdUMP and
CB3717 [40-50] allowed to explore the binding mode of
CB3717 to TSs from various organisms and therefore was,
and still is, of help in the process of rational design of new
folate analogs as potent TS inhibitors. Raltitrexed was mod-
eled by replacing the CH,-C=CH group and the benzene ring
in CB3717 with methyl group and thiophene ring, respec-
tively, rendering it a water-soluble, non-nephrotoxic, and
more potent than CB3717, TS-inhibitory agent [51,32]. Be-
ing an analog of mTHF, raltitrexed cannot be incorporated
into DNA, and its inhibitory effect is independent on dUMP
accumulation caused by TS inhibition. The drug is effi-
ciently transported by the reduced folate carrier (RFC) into
cells, where it undergoes an extensive polyglutamation by
the folylpolyglutamate synthase (FPGS) [52]. Once polyglu-
tamated, it becomes over 100-fold more inhibitory active and
retains within cells for a considerably prolonged time in
comparison to its monoglutamated form [53]. Raltitrexed
binds to E. coli TS in similar manner as CB3717, with the
differences between the two inhibitors being accommodated
by the enzyme with small shifts in the positions of the key
active site residues [54]. The ability of Raltitrexed to com-
pete with the mTHF cofactor at the enzyme active site does
not depend on the formation of a covalent bond between the
catalytic cysteine and the pyrimidine ring of the dUMP sub-
strate, which, once realized, was taken as a possible indica-
tion for further TS-targeted drug design [55].

Early clinical evaluation of Raltitrexed demonstrated the
therapeutic effectiveness of the drug against metastatic colo-
rectal cancer (mCRC) [37]. In 1995 it was approved in sev-
eral countries for the treatment of mCRC, thus becoming the
first new drug against colorectal cancer (CRC) in about 35
years [56]. At that time, the development of Raltitrexed was
considered a marked success in the rational drug design [57].
However, since then the reputation of the drug has been on
the downswing. The AstraZeneca company stopped prema-

turely the phase 111 Pan European Trial in Adjuvant Colon
Cancer-1 (PETACC-1) due to excess of drug-related deaths
and serious adverse events among patients treated with Ral-
titrexed [58]. Raltitrexed-related mortality of 4 %, compared
with 0.5 % for the 2 infusional regimens of FUra in combi-
nation with leucovorin (LV), was observed in the major
phase Il trial of the Medical Research Council (MRC)
[59,60]. Although several other trials, in particular those
combining Raltitrexed with oxaliplatin, offered good re-
sponse rates and tolerance when used as first- or second-line
therapy in patients with CRC [61-67], the disappointing re-
sults of the PETACC-1 and MRC trials were decisive for
virtual discontinuation of further clinical development of
Raltitrexed in CRC. In accordance, in the 2005 (reviewed in
2008) TA93 Guidance, the National Institute for Health and
Clinical Excellence (NICE) in England recommended
against the use of Raltitrexed as the therapy for CRC, except
for appropriately designed clinical studies [68]. The drug has
never been approved for the treatment of CRC in the United
States. While it remains approved in several countries (e.g.,
Canada, Australia, Japan, numerous European countries), its
usage is basically limited to patients intolerant to FUra [56].
The latter restriction corresponds with the published phase
1l PETACC-1 results, which failed to demonstrate non-
inferiority of Raltitrexed against FUra in combination with
LV with respect to relapse-free and overall survivals [69].
Hence, further “career” of Raltitrexed is uncertain, especially
as the industry support for its investigation has been with-
drawn after the MRC and PETACC-1 trials [56].

Besides its activity against CRC, the drug was shown to
be active, both as a single agent and in combination with
either cisplatin or oxaliplatin, in phase Il/I11 trials in malig-
nant pleural mesothelioma (MPM) [70-73], but these studies
need to be pursued further. Yet as of June 2010, only 11
clinical trials (including 4 active with 1 study recruiting new
patients) involving Raltitrexed were registered with the
clinical trials database, ClinicalTrials.gov (compare with the
number of trials involving Pemetrexed; see Pemetrexed sec-
tion), reflecting a distinctly lowered rate of current research
on the drug. On the positive end, experiences collected dur-
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ing investigation of Raltitrexed were/will be of benefit to the
clinical development of new agents targeted against TS.

PEMETREXED

Pemetrexed (ALIMTA, MTA, LY231514), a new-
generation antifolate, is a multi-targeted drug. In addition to
its primary target, TS, Pemetrexed inhibits other enzymes
involved in pyrimidine synthesis such as dihydrofolate re-
ductase (DHFR) and aminoimidazole carboxamide ribonu-
cleotide formyltransferase (AICARFT), as well as the purine
synthesis enzyme glycinamide ribonucleotide formyltrans-
ferase (GARFT) [74,75]. The drug was developed by replac-
ing the 5-dezapteridine ring in lometrexol [76], an antifolate
inhibitor of de novo purine synthesis designed in a collabora-
tive effort of Princeton, Yale, the University of Southern
California, and Eli Lilly and Company, with a pyr-
rolopyrimidine ring yielding unexpectedly a potent inhibitor
of TS (in contrast to lometrexol which does not inhibit TS)
[77]. One of major advantages of Pemetrexed is its high af-
finity for several folate transporters. In particular, one impor-
tant pathway for the uptake of the drug into cells is an RFC-
independent route mediated by the proton-coupled folate
transporter (PCFT) [78]. Therefore, the activity of Pe-
metrexed is preserved even in case of lost or impaired activ-
ity of RFC [79,80] that favorably distinguishes the drug from
Raltitrexed. Another advantage of the drug is its very exten-
sive polyglutamation by FPGS, allowing the drug to persist
for a markedly prolonged time within the cells [81,78]. The
latter causes marked accumulation of Pemetrexed polyglu-
tamates within the cells and facilitates a prolonged and po-
tent inhibition of the drug’s major target, TS, as well as a
similarly prolonged but 50-times less potent inhibition of
GARFT and even weaker inhibition of the drug’s remaining
enzyme targets [78]. Besides, the level of activity of the drug
is markedly sensitive to the level of cellular folates in that
the concurrent contraction in the folate pool supports the
preservation of a high-level activity of the drug [82,78]. Yet
another advantageous feature of Pemetrexed (and, in this
case, of other antifolates as well) is that its inhibitory effect
against TS is insensitive to dUMP accumulation (occurring
upon exposure of cancer cells to Pemetrexed [83]), as dUMP
and Pemetrexed bind to the enzyme at different sites. Indeed,
the excess of dUMP may even enhance the binding of the
polyglutamated forms of Pemetrexed to TS [78]. From the
structural standpoint based on relevant crystal structures
[84], binding of Pemetrexed induces TS active site closure
and leads to formation of a covalent adduct between the en-
zyme and the substrate, thus differing from the binding of
Raltitrexed. A large, almost 100-times increase in affinity for
TS of the polyglutamated, relative to monoglutamated, form
of the drug seems to originate from specific interactions be-
tween the polyglutamyl moiety and a positively charged
groove on the surface of the enzyme [84].

Clinical evaluation of Pemetrexed demonstrated its use-
fulness as the anticancer agent [66 and references therein].
Accordingly, it was approved in February 2004 by the
United States Food and Drug Administration (FDA) for use
in combination with cisplatin in MPM [85] and later that
year as a second-line single agent for the treatment of locally
advanced or metastatic non-small cell lung cancer (NSCLC)
with non-squamous histology [86]. A few years later, in Sep-
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tember 2008, FDA approved Pemetrexed in combination
with cisplatin as a first-line treatment for NSCLC [87] and in
the next year as a cost-effective maintenance therapy for this
cancer [88]. In accordance, the NICE in England recom-
mended Pemetrexed in combination with cisplatin as an op-
tion for the first-line treatment of NSCLC [89] and, most
recently, as the maintenance therapy for this cancer [90]. The
drug has also been recommended by NICE as a treatment
option for MPM [91]. Beside the approvals in United States
and England, the drug has been licensed for the treatment of
NSCLC in more than 85 countries across the World, includ-
ing, e.g., European Union, Canada, Japan, China, India,
South Africa and Australia. Pemetrexed alone or in combina-
tion with other chemotherapeutic agents shows also activity
in a number of other tumors including head and neck, breast,
bladder, cervical, gastric, pancreatic, ovarian and colorectal
cancers [92-95]. The most common adverse events associ-
ated with the administration of Pemetrexed involve neutro-
penia, leukopenia, fatigue, nausea, dyspnea, anemia, ano-
rexia, edema, rashes and vomiting. Severe toxicities, how-
ever, are reduced by low-level supplementation of folic acid
and vitamin B-12 [93,96-98]. On the other hand, increasing
the levels of folates diminishes the activity of Pemetrexed;
hence, the optimization of folic acid supplementation to the
level which decreases toxicities without significantly com-
promising the antitumor effect of the drug, remains an issue
of importance [78].

Unlike in the case of Raltitrexed, there is little concern
about the future of Pemetrexed, as the drug spreads itself
steadily on the pharmacological market and is being con-
stantly investigated for its possible inductions/extensions of
application in several types of cancer [94,95,99-109]. At the
time of this work, the search on ClinicalTrials.gov yielded
altogether 330 clinical studies involving Pemetrexed, 117 of
which were currently recruiting new patients. The main is-
sues that remain to be resolved to “catalyze” further progress
in the development of this drug involve: improved selection
of patients that are likely to respond to the drug, identifica-
tion of better markers of sensitivity to the drug, choice of
most effective doses when using Pemetrexed in combination
with other agents or supplemented with vitamin B-12 or folic
acid, and finding a way to combine the drug with the radia-
tion therapy for optimal effect [60].

PLEVITREXED

Plevitrexed (ZD9331, BGC9331) is a classical antifolate
that is a potent and specific inhibitor of TS [110-113]. The
drug was designed to be active without necessity of polyglu-
tamation. The double rationale behind this was to overcome
the resistance due to reduced expression of FPGS whilst re-
duce the toxicities associated with polyglutamation and drug
retention in normal tissues. The drug molecule was devel-
oped by structural modifications of the ICI 198583 molecule
(2-desamino-2-methyl analogue of CB3717) by incorpora-
tion of 7-methyl and 2’-fluoro groups and substitution of the
y-carboxyl of the glutamate chain with tetrazole ring [6,110].
Plevitrexed can be transported into cells via RFC, as well as
the a-folate receptor (a-FR), the latter overexpressed in most
of the epithelial ovarian tumors [112,114,115]. The drug
demonstrated promising phase | and Il activities and man-
ageable toxicities in ovarian, pancreatic, gastric, colorectal,
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non-small-cell lung and other solid cancers [116-125]. The
multi-center, randomized, phase II/11l study showed that in
pancreatic cancer Plevitrexed is equivalent to an anticancer
drug, gemcitabine, and may offer an alternative to current
therapies [126]. In 2007, the drug was granted US orphan
drug designation for gastric and ovarian cancer indications.
BTG International, the life sciences company that developed
Plevitrexed, has announced to be planning to take the drug
further through development and is seeking opportunities to
evaluate an improved clinical protocol in advanced gastric
cancer [127]. However, as of June 2010, the search on Clini-
calTrials.gov showed no active clinical trials involving the
treatment with Plevitrexed. The true anticancer potential of
the drug still remains to be explored.

Gw1843

GW1843 (0OSI-7904, BW1843, 1843U89) is, most
probably, the most potent known folate-based inhibitor of TS
[37,128,129]. It enters cells via RFC and, being a good sub-
strate of FPGS, undergoes conversion by this enzyme, pre-
dominantly to the diglutamate that is accumulated intracellu-
larly [128,130]. The high potency of GW1843, combined
with its high substrate activity for FPGS, enables GW1843
cytotoxicity to cells with reduced FPGS activity, even those
resistant to Plevitrexed [131]. The drug does not need further
glutamylation (beyond diglutamate), as it does not cause
further increase of the drug affinity for TS binding that is
anyway high [128,130,132]. However, due to the absence of
higher glutamylated forms, the drug is secreted out of cells
with relative ease, contributing to the loss of GW1843 cyto-
toxic potency, concurrent with a decrease in the drug expo-
sure time [133]. Compared to CB3717, GW1843 has an ex-
tra ring attached to the quinazoline portion of the molecule,
making the molecule of GW1843 more bulky and about 4 A
longer than that of CB3717. As shown in the crystal struc-
ture of the ternary complex between E.coli TS, dUMP and
GW1843, the extra bulk of GW1843 is accommodated by
the enzyme by means of a local distortion of the active site
that results in several “novel” interactions between the drug
and active site groups [134-136]. The covalent bond between
the catalytic cysteine and dUMP does not form. GW1843 has
an interesting property of inactivating TS at a stoichiometric
ratio of one molecule per TS dimer. In accomplishing this,
the drug acts as a competitive inhibitor of TS at the binding
site and a noncompetitive inhibitor at the other site [134].

Assessed in preclinical in vivo studies, GW1843 demon-
strated antitumor effects in a broad range of human tumor
xenografts implanted in mice [128,137-140]. Treatment-
associated toxicities were reduced and/or eliminated by co-
administration of folic acid without compromising the anti-
tumor activities [139]. Phase | clinical trial in patients with
advanced solid malignancies determined the maximal doses
of the drug at a given schedule with or without supplementa-
tion with folic acid [141]. In December 2000, the drug was
reformulated by encapsulation into liposomes (renamed as
GS7904L), in order to improve efficacy and convenience of
dose schedule. Examined using human tumor xenografts in
mice, GS7904L showed an improved efficacy over GW1843
[142]. GS7904L has also better bioavailability (through de-
creased clearance and volume of distribution) than GW1843,
enhancing the tumor localization of active drug and poten-
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tially simplifying the drug administration schedule [142-
144]. GS7904L, alone or in combinations with other agents
(cisplatin, oxaliplatin), is currently in phase | and Il clinical
trials against a range of solid tumors, including recently
completed trials against gastric or gastroesophageal (GEJ),
biliary tract and head and neck cancers, as well as an ongo-
ing trial against advanced CRC [143-148]. To date, the drug
showed some promises in gastric and CRC tumors.

NOLATREXED

Nolatrexed (AG337, Thymitaq) and AG331 are two lipo-
philic TS inhibitors that lack the glutamate side chain and
thus do not undergo polyglutamation. For this reason, the
drugs are capable of effective TS inhibition in FPGS-
deficient cells. However, due to the lack of polyglutamated
forms, prolonged intracellular retention of the drugs and, in
turn, prolonged TS inhibition, are impossible, therefore ad-
ministration via continuous infusion is indicated [132,53].
The drugs - structurally unrelated to mTHF - were developed
using an iterative computer-assisted drug design approach,
which combined high-resolution X-ray crystallography, mo-
lecular modeling and synthesis [149-153]. Both drugs lack
the requirement for active cellular uptake, entering the cells
by passive diffusion rather than being transported by RFC or
via other specific transport systems, thereby circumventing
possible resistance due to lowered RFC transport. The drugs
are potent noncompetitive inhibitors of human TS [150,154]
and much less potent inhibitors of cancer growth [150,154-
157]. The noncompetitive character of inhibition is unex-
pected, considering that the drugs bind at the folate binding
site; the mechanism behind this is not clear [133]. Preclinical
data on AG331 in rat and human hepatoma cells suggested
an alternate mode of action, proposed to result from biotrans-
formation of the drug into unidentified toxic metabolites
[155]. Severe liver toxicity observed in phase | clinical stud-
ies, together with more rapid progress of studies on
Nolatrexed, resulted in the termination of further clinical
development of AG331 [158,159].

Nolatrexed was synthesized shortly after AG331 [152].
Unlike with AG331, TS was suggested as the sole locus of
action [154,157]. However, sensitivity to Nolatrexed showed
no correlation with TS activity, TS protein or TS mRNA
levels in a panel of human colorectal carcinoma and leukae-
mia cell lines, suggesting additional sensitivity determinants
to be involved [160]. Clinical evaluation of the drug started
with several phase I clinical trials, testing a number of dose
and schedule regimens [161-165]. In phase Il clinical trials,
antitumor activity was observed primarily in head and neck
cancer and hepatocellular carcinoma (HCC) [166,167]; some
activity was also apparent in patients with pancreatic cancer,
CRC and NSCLC [133, reviewed in 168]. As a result, multi-
center phase Ill study was conducted in North America,
Europe and South Africa, in order to compare Nolatrexed to
another anticancer drug, doxorubicin (the control arm) in 445
patients with unresectable HCC. The study, known as
Evaluation of Thymitag in Hepatocellular Carcinoma
(ETHECC), failed to achieve its primary endpoint, which
was a survival benefit for patients treated with Nolatrexed
[169]. Similar result was observed in a small phase Il study
comparing Nolatrexed to doxorubicin in 54 Chinese patients
with advanced HCC [170]. In parallel, yet another small



1216 Mini-Reviews in Medicinal Chemistry, 2010, Vol. 10, No. 13

phase Il study of Nolatrexed in 48 patients with advanced
HCC demonstrated minimal activity and serious stomatitis,
thus further questioning the usefulness of the drug as a single
agent for HCC [171]. Two randomized trials comparing
Nolatrexed to methotrexate in patients with recurrent head
and neck cancer were also unsuccessful, showing no efficacy
advantage in the Nolatrexed arm [172]. A search of the two
public clinical trials databases (ClinicalTrials.gov and Cur-
rent Controlled Trials) showed no further trials for
Nolatrexed as of June 2010.

BGC 945

BGC 945 (ONX 0801) is a very potent, novel class TS
inhibitor, targeted specifically to a-FR, with low affinity for
RFC. The drug exerts selective toxicity against o-FR-
overexpressing tumors where it is retained for a prolonged
time and at much higher concentrations compared to plasma
or normal tissues [173,174]. The drug needs no polyglutama-
tion for its full effect to be exerted. This is due to the pres-
ence of a modified glutamate ligand, in the form of L-Glu-y-
D-Glu dipeptide, with the D-enantiomer stabilizing the BGC
945 molecule (as well as molecules of other antifolates with
dipeptide ligands [175,176]) against enzymatic hydrolysis in
vivo [173]. These desirable properties of BGC 945 may po-
tentially account for a high efficacy and low toxicity of the
drug in patients with tumors expressing a-FR, such as most
ovarian cancers and many other epithelial tumors [174]. Ac-
cordingly, the drug has been nominated for clinical devel-
opment and is expected to enter phase | studies in the near
future. Currently, two “preparatory” clinical trials to measure
the levels of a-FR in stored plasma and blood samples from
patients with ovarian cancer are ongoing.

DISCUSSION AND CONCLUSIONS

Since the approval of Raltitrexed in 1995 for the treat-
ment of CRC [56], a variety of antifolates have been devel-
oped as TS inhibitors and tested for anticancer activity and
cytotoxicity. Both ligand- and, later on, receptor-based de-
sign paths have contributed to the development arsenal of the
scientists and researchers engaged in the process. Some of
the most promising agents developed with either approach,
including Pemetrexed, Plevitrexed, GW1843, AG331 and
Nolatrexed, have advanced to the clinical trial stage, giving
rise to hopeful expectations. However, until these days, only
one of these agents, Pemetrexed, had joined Raltitrexed on
the approved list, becoming the licensed drug for the treat-
ment of MPM and NSCLC [85-91]. Other candidates, such
as Plevitrexed and GW1843 (now reformulated as
GS7904L), have yet not emerged successful and, at the best,
need further thorough clinical evaluation before having the
chance to be considered for possible therapeutic use in pa-
tients. Development of Nolatrexed has practically ceased
after the unsatisfactory results of the pivotal phase Il
ETHECC trial [169]. BGC 945, a new prospect among anti-
folates, has yet to be validated through extensive full-stage
clinical tests.

The two cases of Raltitrexed and Pemetrexed, being in a
clear contrast, deserve an additional word of comment. The
Raltitrexed-related deaths observed in the MRC and
PETACC-1 trials, which drastically slowed down further
drug development, were later attributed in majority to viola-
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tions in protocols and a failure to adjust doses with respect to
toxicity or to the presence of renal impairment [56,177,178].
Optimization of the administration and supplementation of
the drug was afterward never a subject of a comprehensive
investigation. Therefore, even with the continuous use of
Raltitrexed in CRC, it may be considered that the therapeutic
potential of the drug has not been exploited properly.
Moreover, the current limited pace of research on Raltitrexed
does not promise well in this regard for the future. This is in
contrast with Pemetrexed, which, regardless of having a
natural, advantageous therapeutic profile, was developed
consistently and dependably, with the current, rapid pace of
research on the drug offering good chances for further opti-
mization of its efficacy and tolerability in patients.

One very important obstacle that limits the efficacy of
antifolates is the drug resistance. As discussed extensively in
a recent review by Assaraf [179], the well recognized
mechanisms of antifolate resistance with respect to TS inhi-
bition include: (1) impaired uptake due to lost or reduced
expression of RFC, (2) decreased retention inside the cells
due to (i) decreased activity of FPGS and hence defective
polyglutamation, or (ii) increased activity of y-glutamyl hy-
drolase (GGH) and hence enhanced hydrolysis of the poly-
glutamate tails, (3) increased efflux due to overexpression of
ATP-driven multidrug resistance (MDR) efflux transporters,
(4) increased expression of the enzyme; mutations in the
enzyme protein lowering affinity for antifolates, and (5)
augmentation of folate cofactor pools in tumor cells. Strate-
gies aimed at overcoming antifolate resistance are devel-
oped, with certain antifolates discussed in our review (BGC
945, Plevitrexed, Nolatrexed) designed to circumvent the (1)
and/or (2) mechanisms (see Table 1). Currently, the most
important approaches targeted against antifolate resistance
include: restoration of RFC expression in tumor cells, target-
ing of a-FR or PCFT for antifolate uptake, induction of a-FR
and B-FR expressions, use of antifolates with improved
transport and polyglutamation characteristics [179 and refer-
ences therein]. Further identification and characterization of
molecular mechanisms underlying antifolate resistance will
aid in devising the most suitable strategies to over-
come/circumvent drug-resistance effects and thus improve
therapeutic efficacies of the antifolate drugs.

The future of TS antifolate inhibitors seems to depend on
advances in the receptor-based design, allowing better ac-
counting for the structural features of the molecular tar-
gets/resistance determinants, such as TS itself, RFC, a-FR
and FPGS, directly contributing to the activity and specific-
ity of TS-targeted antifolates. In a recent 2-part review by
Gangjee et al. [180,181], the structure-activity relationships
(SAR) of various classes of antifolates are discussed that
delineate preliminary structural features responsible for the
interaction of agents from each class with the aforemen-
tioned targets. Such observations, combined into comprehen-
sive 3D-QSAR models, will eventually elucidate structural
dependencies that should be adhered to in the design of im-
proved, specific antifolate inhibitors of TS. The approach
itself does not guarantee success (in the form of new drugs),
as the drug development and testing is a multi-issue, multi-
step and costly process, where the research does not neces-
sarily synergize but often competes with economic issues,
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but it increases the chances of a marked progress in the up-
coming years.
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ABBREVIATIONS

TS = thymidylate synthase

dUMP = deoxyuridylate

mTHF = 5,10-methylene-5,6,7,8-tetrahydrofolate

FUra = 5-fluorouracil

FAUMP = 5-fluoro-2’-deoxyuridylate

RFC = reduced folate carrier

FPGS = folylpolyglutamate synthase

CRC = colorectal cancer

NICE = National Institute for Health and Clinical Ex-
cellence

MPM = malignant pleural mesothelioma

PCFT = proton-coupled folate transporter

FDA = Food and Drug Administration

NSCLC = non-small cell lung cancer

a-FR = a-folate receptor

HCC = hepatocellular carcinoma
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