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Introduction

The antifolates were the first class of antimetabolites to enter the clinics 65 years ago. Their
mechanism of action is due to the disruption of the metabolic pathways that require one-
carbon moieties supplied by the B9 folate vitamins which they resemble. While renewing
tissues of the bone marrow and intestinal tract are also folate-dependent and are sites of
antifolate toxicity, the clinical utility of antifolates was established with the identification of
doses and schedules of administration that provided sufficient selectivity to make these
drugs effective in the treatment of cancer as well as inflammatory disorders. Many of the
early key preclinical studies that defined the pharmacological properties of this class of
drugs, and treatment strategies, were conducted /n vitroand, /n vivo in mice, using murine
leukemia cell lines 12,

The first antifolate in the clinic was aminopterin. Its introduction, as first reported in the
New England Journal of Medicine in June 1948 3, was greeted with great enthusiasm when
this agent was shown to produce, for the first time, remissions in children with acute
lymphoblastic leukemia. While these remissions were short-lived, the activity of this agent
established that this disease was treatable and provided optimism that this and other
malignant diseases would be conquerable with cancer chemotherapeutics in the future. For
reasons not fully understood, but attributed to the unpredictable toxicity of aminopterin, this
drug was replaced with methotrexate (MTX) in the early 1950s, an antifolate less potent that
aminopterin but with what was considered to be a more favorable therapeutic index 2.

Despite its early clinical success, an understanding of the mechanism of action of MTX
evolved slowly over the ensuing decades. Likewise, the efficacy and selectivity of
leucovorin “rescue” that allowed the safe administration of high doses of MTX was
established entirely empirically and, even today, the basis for the selectivity of this regimen
is not widely appreciated nor fully understood. The lack of a basic understanding of the
biochemical and molecular pharmacology of MTX hampered efforts to develop subsequent
generations of antifolates that would lead to the realization of the full clinical potential of
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this class of drugs. Hence, it was more than fifty years after the introduction of MTX that the
second antifolate, pemetrexed, was approved in 2004 for the treatment of mesothelioma and
subsequently non-small cell lung cancer. This was followed by approval of pralatrexate in
2009 for the treatment of cutaneous T-cell lymphoma.

This chapter will focus on the cellular, biochemical, and molecular pharmacology of
antifolates and how a basic understanding of the mechanism of action of MTX, its cytotoxic
determinants, mechanisms of resistance, and transport into and out of cells, has led to the
development of a new generations of antifolates, a process that continues both in the
laboratory and in the clinics. Finally, new approaches to folate-based cancer chemotherapy
will be described based upon targeted delivery of drugs to malignant cells. These include, (i)
the development of folate analogues transported by routes selectively expressed and/or
active in tumor cells and (ii) the selective endocytosis of folic acid, linked to cytotoxics, into
tumor cells that express folate receptors. The evolution of antifolates, folate receptor
targeted drugs, and membrane transport of folates and antifolates have been the subject of
recent reviews 411

Antifolates Achieve their Pharmacological Effects by their Perturbations of
Folate Metabolism

The structures of the B9 vitamins in their oxidized (folic acid) and reduced forms are
illustrated in figure 1. Folic acid is not a physiological folate but is an important source of
folates ingested because it is added as a supplement to foods and it is the predominant form
of folate in vitamin supplements. The major dietary folate in nature, 5-
methyltetrahydrofolate (5-methylTHF), is absorbed in the proximal small intestine by a
highly specific transport mechanism, the proton-coupled folate transporter (PCFT-see
below) following which it is delivered to the liver via the hepatic portal vein 612, There,
large amounts of 5-methyl THF accumulate as polyglutamate derivatives (see below).
Following conversion back to the monoglutamate form, this folate exits hepatic cells to
circulate in the blood for delivery via the reduced folate carrier (RFC —see below) to
peripheral tissues. There it provides its methyl group to homocysteine for the synthesis of
methionine with the generation of a tetrahydrofolate moiety in a vitamin B-12 requiring
reaction mediated by the enzyme methionine synthase (Figure 2). The tetrahydrofolate
generated then proceeds, through a variety of reactions, to acquire another carbon at various
oxidation states at the N, N10, or shared between both positions, to form a family of
tetrahydrofolate cofactors. These one-carbon derivatives sustain key biosynthetic reactions
within cells such as the addition of a single carbon in the synthesis of thymidylate and two
carbons in the synthesis of purines — both required for the synthesis of DNA and RNA.
Methionine goes on to form S-adenosyl methionine which then mediates a variety of
methylation reactions including the methylation of cytosines within DNA a key factor in the
regulation of transcription and activities of oncogenes and tumor suppressor genes 13, In the
absence of vitamin B12, the utilization of 5-methylITHF cannot occur, 5-methyITHF is
“trapped” so that neither its one-carbon nor tetrahydrofolate moieties are available for
biosynthetic reactions 14. Proliferating tissues, with a high requirement for folates, are the
most susceptible to folate deficiency and to drugs that block these folate-dependent
pathways.

In the synthesis of methionine and purines, the tetrahydrofolate molecule remains intact and
another carbon moiety can be acquired to be utilized again in one-carbon reactions (Figure
2). However, in the synthesis of thymidylate from deoxuridylate that requires 5,10-
methylene tetrahydrofolate (5,10-methyleneTHF), tetrahydrofolate is oxidized to
dihydrofolate. In proliferating cells this reaction is so rapid that tetrahydrofolate cofactors
would rapidly interconvert to 5,10-methyleneTHF, followed by oxidization to dihydrofolate,
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in minutes if it were not for the enzyme, dihydrofolate reductase (DHFR) which rapidly
reduces dihydrofolate back to tetrahydrofolate to sustain the pool of tetrahydrofolate
cofactors.

Figure 3 illustrates the structures of aminopterin and MTX. The former differs from folic
acid only in the substitution of an amino for a hydroxyl group at the N4-position of the
pteridine ring. MTX differs from aminopterin in having the addition of a methyl group at the
N10 position, in a bridge between the pteridine and p-amino-benzoic acid moieties. These
structural differences from folic acid confer on these analogs an extremely high affinity for
DHFR. The primary action of aminopterin and methotrexate (MTX), the “classical”
antifolates, is the inhibition of this enzyme. The 4-amino antifolates are among the most
potent enzyme inhibitors known. When the interaction between the drug and its target
enzyme is evaluated in cell-free systems, the inhibition constant is ~5 pM. This is
comparable to what can be achieved with inhibitors designed to bind within the transition
state of the catalytic sites of enzymes 1°. However, micromolar levels of MTX are required
to inhibit this enzyme within cells. There are two reasons for this discrepancy: (i) DHFR is
present in cells in great excess so that inhibition of more than 95% of the enzyme is required
to begin to suppress tetrahydrofolate synthesis and (ii) as illustrated in Figure 4, the substrate
for this reaction, dihydrofolate, builds to high levels behind the block as tetrahydrofolate
cofactors interconvert and cycle to 5,10-methyleneTHF which is oxidized via thymidylate
synthase. Dihydrofolate levels become so high that they compete with MTX for the small
percentage of enzyme that is sufficient to support tetrahydrofolate synthesis. To overcome
this inhibition and achieve saturation of the enzyme requires relatively high, micromolar,
intracellular levels of MTX. Indeed, if after sufficient levels of MTX are present within the
cell to completely block this reaction, cells are placed in a MTX-free environment, the drug
rapidly leaves the cell, a small component of MTX bound to DHFR is displaced by the high
levels of dihydrofolate, tetrahydrofolate synthesis resumes, tetrahydrofolate cofactors
rapidly increase to normal levels, and dihydrofolate decreases to its usual very low levels
leaving >95% of the enzyme still associated with MTX. This is the sequence of events that
occurs within cancer cells as MTX blood levels rise and fall after administration of the drug.
Hence, a very potent inhibitor of DHFR in a cell-free system is a competitive and rapidly
reversible inhibitor when interacting with its target enzyme within the dynamic environment
of the cell where pools of substrate and products can undergo large changes when enzyme
activities are perturbed 16,

Based upon this understanding of the critical elements of MTX interactions within cells, it
becomes clear that a major determinant of the activity of this agent is the intracellular level
achieved. There are two determinants of the cell antifolate level: (i) membrane transport and,
(i) metabolic conversion to derivatives that remain potent inhibitors of DHFR but are
retained within the cell and accumulate to high levels.

Pharmacological Consequences of the Formation of Methotrexate
Polyglutamate Derivatives within Cells

Physiological folates form polyglutamate derivatives that are retained and build to high
levels within cells. These are usually preferred substrates for tetrahydrofolate cofactor-
requiring enzymes 1718 In a series of reactions, mediated by folylpolyglutamate synthetase
(FPGS), glutamate molecules are added successively at the y-carboxyl moiety to form a
peptide chain of up to six to eight glutamate residues. Antifolates undergo the same reaction
and this has profound pharmacological ramifications. The polyglutamation of antifolates, (as
seen for MTX in Figure 5), converts these drugs from a form (monoglutamate) that is a good
substrates for a variety of folate export processes, to forms that are not, leading to the
retention and build-up of high levels of polyglutamate derivatives in tumor cells. In the case
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of MTX these derivatives are at least as potent inhibitors of DHFR as the monoglutate. The
retention of MTX polyglutamate derivatives within cells, after antifolate blood levels fall,
results in sustained inhibition of this enzyme for long intervals. In the case of pemetrexed,
polyglutamation results in derivatives with a much higher affinity for its target enzymes than
the monoglutamate and this, along with prolonged retention in tumor cells, allows regimens
in which this agent can be administered every three weeks (see below).

A key factor in the efficacy of any antineoplastic agent is its selectivity — the extent to which
it kills malignant cells while sparing susceptible host tissues. In the case of MTX, the major
toxicities are due to its effects on intestinal and bone marrow cells. The basis for this
selectivity appears to be due, at least in part, to the lesser accumulation of its polyglutamate
derivatives in these normal replicating tissues in comparison to susceptible tumor cells 19-22,
Hence, when the drug is administered intravenously in a pulse, MTX is transported into
tumor cells where polyglutamate derivatives are synthesized and accumulate. When the
concentration of MTX in the blood falls below a critical level, formation of polyglutamates
cease but the polyglutamate derivatives already synthesized are retained and produce
prolonged suppression of DHFR. On the other hand, while MTX monoglutamate builds
within intestinal and bone marrow cells when the concentration of MTX in the blood is high,
as the MTX blood level falls, MTX monoglutamate exits the cells and, in the absence of
polyglutamate derivatives, the very small component of DHFR necessary to meet cellular
demands for tetrahydrofolate is rapidly activated 20-22, For a detailed analysis of the
perturbations of cellular folate pools in response to 4-amino antifolates and the impact of the
formation of poyglutamate derivatives, the reader is referred to an earlier review 16

The Membrane Transport of Antifolates Mediated by Facilitative Carriers
and Export Pumps

The physiological folates as well as most antifolates are bivalent anions, hydrophilic
compounds that diffuse poorly across cell membranes. Relatively low levels of folates are
present in the diet and in the blood; hence, specific processes are required to achieve their
efficient transport across epithelia and into systemic cells (Figure 6). Transport across the
apical-brush border membrane of the duodenum and proximal jejunum is mediated by the
proton-coupled folate transporter (PCFT) a process that functions optimally at the low-pH
found at the microenvironment of the surface of the villi of these tissues. Its critical role in
this process was established with the demonstration that there are loss of function mutations
in this gene in the autosomal hereditary disorder, hereditary folate malabsorption 12:23.24,
PCFT is expressed in many normal tissues but because of the ambient neutral pH, it has very
limited function. Besides the proximal small intestine, PCFT is highly expressed in the liver,
choroid plexus and the brush-border membrane of the proximal renal tubule and in a broad
spectrum of solid tumors 2526, Transport into systemic tissues is mediated by the reduced
folate carrier (RFC) a process that functions optimally at the neutral pH sustained in most
tissues. RFC is expressed in all normal and malignant cells and is the major route of 5-
methylTHF transport into these tissues. RFC is also a major route of transport of MTX and
most other antifolates into tumor cells 726,

MTX, raltitrexed, and pemetrexed share comparable affinities for RFC, with influx Kp,s of ~
5-7 uM at the optimal pH of this transporter — 7.4. The affinity of RFC for the natural
isomer of 5-methylTHF is greater. The affinity of RFC for pralatrexate is 3-4 times greater
than for MTX. The affinities and maximum transport velocities mediated by PCFT are
highest at pH ~5.5 and decrease as the pH is increased. At its optimal low pH, the affinity of
PCFT is greatest for pemetrexed (Kp, ~0.2 0.5 yM) but still quite good for MTX (Ky,~1.5
HM). As the pH is increased transport is much better preserved for pemetrexed than MTX or
raltitrexed 27:28,
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Both RFC and PCFT are facilitative carriers that mediate folate and antifolate entry (influx)
and exit (efflux) from cells. The extent to which these processes are unequal will determine
the final concentration gradient achieved across the cell membrane. PCFT contains two
substrates binding sites; one for a proton the other for a folate/antifolate. This symporter
utilizes the transmembrane proton gradient to achieve concentrative folate transport into
cells. RFC contains only one substrate binding site, for a folate/antifolate. However, a
variety of structurally unrelated organic anions can compete for this site and can utilize this
carrier; the most potent of which are the organic phosphates. This transporter utilizes the
high concentration of organic phosphates within cells to achieve concentrative folate/
antifolate transport into cells. Hence, while both transporters are bidirectional and are
capable of transporting folates/antifolates into and out of cells, export mediated by PCFT is
suppressed by the neutral pH within the intracellular compartment. Likewise, export
mediated by RFC, an antiporter, is suppressed by the high levels of organic phosphates
within cells. These assymetrical effects by protons and organic phosphates, respectively,
result in concentrative (uphill) folate/antifolate transport into cells.

Antifolates are also substrates for members of the family of multidrug resistance associated
proteins, MRPs and the breast cancer-resistance protein (BCRP) 29-31, These ATP-
dependent exporters oppose the concentrative effects of RFC or PCFT to suppress the level
of monoglutamate antifolates that accumulate within cells and thereby slow the formation of
polyglutamate derivatives. When these exporters are inhibited, intracellular MTX levels
increase. Once polyglutamate derivatives form they are no longer substrates for most of
these exporters. However, the lower polyglutamate derivatives of MTX are modest
substrates for some MRPs and BCRP 2%:30, The level of monoglutamy! antifolates that
accumulate within cells is determined by the net effect of the exporters and the carrier
mediated concentrative transporters. Cumulatively, these factors influence the rate and
extent of accumulation of antifolate polyglutamate derivatives within cells. While
overexpression of MRPs and BCRP can induce resistance to antifolates, it is unclear as to
whether this contributes to resistance to these agents in the clinics 31,

Membrane transport of methotrexate mediated by RFC is an important determinant of its
cytotoxicity. The higher the affinity of RFC for this drug, the higher the free levels achieved
within the intracellular water and the greater the rate and extent of formation of its
polyglutamate derivatives. Impaired membrane transport mediated by RFC is an established
mechanism of intrinsic and acquired resistance to MTX (see below). In the absence of RFC
function, the only way antifolate activity can be sustained is if drug can enter tumor cells by
passive diffusion or by another transport route. However, to achieve the former for a
hydrophilic drug or the latter via PCFT, which operates inefficiently at neutral pH, requires
very high drug levels with a high potential for toxicity to normal tissues. The membrane
transport of folates and antifolates has been the subject of recent reviews 671011,

High-dose MTX with “Leucovorin Rescue”

With the recognition that MTX resistance in experimental tumor systems was often
associated with impaired RFC-mediated transport across the cell membrane and with the
assumption that delivery to cells within solid tumors is limited by a compromised
vasculature, an approach was developed to circumvent these limitations that would permit
the safe administration of very high doses of MTX 32-35,

The rationale for high-dose MTX is that high blood and extracellular drug levels facilitate
diffusion of drug into the core of solid tumors and passive diffusion across the tumor cell
membrane, where carrier mediated transport might be compromised. Protection of normal
tissues is achieved by the subsequent administration of low doses of 5-
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formyltetrahydrofolate (5-formylTHF; leucovorin) following treatment with MTX.
Presumably, leucovorin has access to bone marrow and intestinal cells via an intact vascular
supply to these normal tissues, and intact membrane transport, while delivery to tumor cells
is limited by the low blood levels of the rescue agent, the compromised vascular supply, and
impaired transport across the tumor cell membrane. Additionally, as the MTX blood level
falls, leucovorin concentrations in the blood are sufficiently high to competitively inhibit
MTX transport into normal cells via RFC, (a transport mechanism that MTX and leucovorin
share), allowing the MRP exporters to pump the drug, unopposed, out of these cells. While
high-dose MTX regimens were implemented in the 1960’s, these regimens remain part of
the treatment arsenal for several malignancies (see below).

A further understanding of the “selectivity” of high-dose MTX with “leucovorin rescue”
emerged several decades after the introduction of this regimen and relates to the differential
formation of MTX polyglutamate derivatives in tumors versus normal bone marrow and
intestinal precursors 1922, This was based upon the revelation that polyglutamate derivatives
of MTX are not only potent inhibitors of DHFR but also direct inhibitors of
tetrahydrofolate-requiring enzymes: thymidylate synthase 36, and one of the enzymes
required for the synthesis of purines, 5-aminoimidazole-4-carboxamide ribotide
transformylase (AICAR transformylase) 37-39, These direct inhibitory effects block the
utilization of the one-carbon moiety of leucovorin for thymidylate and purine synthesis in
tumors; however, utilization is unimpeded in normal tissues that lack comparable levels of
these derivatives 40. An additional factor is interconversion of leucovorin to other
tetrahydrofolate cofactors and ultimately to dihydrofolate polyglutamates that displace MTX
from, and thereby activate, DHFR in cells which do not contain MTX polyglutamate
derivatives 41,

There are a variety of ways of administering high doses of MTX; these include pulses of
drug, or continuous infusions for up to 42 hours, following which low-dose leucovorin is
begun. Specific regimens of administration have been developed, and parameters
designated, to assure the safety of these protocols based upon the expected renal excretion of
MTX and decline in the MTX blood level. Any compromise of renal function and
glomerular filtration, that can occur after high-dose MTX, delays clearance of drug and
requires prolongation of leucovorin “rescue” until the MTX concentration in the blood falls
to a safe level 4243,

Current Clinical Applications of Methotrexate

MTX remains an important agent for the treatment of acute leukemia, lymphoma,
osteosarcoma, and leptomeningeal metastases 4446, MTX continues to be used for the
treatment of gestational trophoblast tumors 47 and in the cytoxan-MTX-fluorouracil (CMF)
regimen for the treatment of breast cancer 4849, This drug is also widely used for the
treatment of rheumatoid arthritis, inflammatory bowel disease, psoriasis, and other
inflammatory diseases °0-55, While introduced in the 1960s 3334 high-dose MTX regimens
continue to have a role in the treatment of leukemia, lymphoma and osteosarcoma 46:56-58,

The Emergence of a New-Generation 4-amino-antifolate - Pralatrexate

As an understanding of the pharmacological properties of MTX emerged, and its interaction
with intact cells that were key determinants of its cytotoxicity were identified, a search was
undertaken to create a structural analog that would enhance its activity and its selectivity.
The key parameters identified were membrane transport and polyglutamation. This led to the
development of pralatrexate 5960, This antifolate differs from MTX in the substitution of a
carbon for nitrogen at the N1 position and the substitution of a propargyl for the methyl
group at that site (Figure 3). This drug has a much higher affinity for RFC and FPGS than
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MTX. This should lead to higher levels of the monoglutamate within cells, the substrate for
FPGS and this, along with the much higher affinity for this enzyme, should result in a
marked increase in the level of these active derivatives. It is unclear as to the level of
pralatrexate polyglutamate derivatives that form within cells or the extent to which they, like
MTX, are direct inhibitors of thymidylate synthase and AICAR transformylase. Likewise it
not established, as yet, as to whether this drug can be administered safely within the context
of a leucovorin “rescue” regimen.

Pralatrexate does appear to have enhanced “selectivity” since it can be administered at doses
comparable to MTX, despite its enhanced properties that should lead to much higher levels
in cells at comparable blood levels. The basis for this difference in selectivity is not clear.
Pralatrexate appears to be active in T-cell but not B-cell leukemias and lymphomas;
however, the basis for this difference has not been established. Pralatrexate is approved for
treatment of cutaneous T-cell lymphoma with folate supplementation which moderates
toxicity to this agent 61-63, Considerable additional information will be required about the
cellular and biochemical pharmacological properties of this drug before its full spectrum of
clinical activities and utility can be achieved.

The Emergence of Antifolates that have as their Target Tetrahydrofolate-
requiring Enzymes

Raltitrexed

Pemetrexed

The recognition that the polyglutamate derivatives of MTX have targets downstream of
DHFR as direct inhibitors of thymidylate synthase and AICAR transformylase led to a drug
development effort focused on the identification of antifolates which, in their polyglutamate
forms, are direct inhibitors of one or both of these enzymes. The first of these agents to be
established in the clinic was raltitrexed (Figure 3) 6465, In its polyglutamate forms, this drug
has a high affinity for thymidylate synthase. It is also a much better substrate than MTX for
FPGS with comparable affinity for RFC, the former required for inhibition of its target
enzyme. Raltitrexed has a very low affinity for PCFT. This drug is utilized clinically
primarily for the treatment of colorectal cancer in Europe and elsewhere; it is not approved
for cancer treatment in the United States 66-68,

The second inhibitor of tetrahydrofolate cofactor-requiring enzymes to enter the clinic and
achieve approval was pemetrexed (Figure 3). In its polyglutamate forms, this drug is a
potent inhibitor of thymidylate synthase. Initially it was considered to be an inhibitor of
glycinamide ribonucleotide formyltransferase (GAR transformylase) which, like AICAR
transformylase, is required for purine synthases 8970, However, recent studies indicates that
the interruption of purine synthesis within cells is due to inhibition of AICAR
transformylase (see below). Inhibition of thymidylate synthase occurs at extracellular levels
of pemetrexed about 1/10t the concentration required for inhibition of purine synthesis.
This drug is an excellent substrate for FPGS, 300 times more potent than MTX, and has
comparable affinity for RFC 4. What is of particular interest is that pemetrexed has a much
higher affinity than MTX for PCFT both at acidic and neutral pH 52871, The high affinity
for PCFT, and delivery via this mechanism, results in the preservation of pemetrexed
activity even when transport mediated by RFC is abolished. Hence, tumor cells resistant to
raltitrexed or MTX due to impaired transport via RFC retain sensitivity to pemetrexed, a
considerable advantage for this drug 2872,

Of recent particular interest is emerging data indicating that pemetrexed effects on purine
synthesis in cells are due to suppression of AICAR transformylase resulting in the build-up
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of high cellular levels of ZMP that activate AMP kinase which, in turn, results in inhibition
of mTOR 7374, Hence, an antimetabolite that, on the one hand, has potent cytotoxic activity
through its inhibition of thymidylate synthase can also inhibit a major signal transduction
pathway, which cumulatively results in cell growth inhibition and cell death.

Pemetrexed is currently approved for the first and second line treatment of the non-
squamous histology of non-small cell lung cancer and mesothelioma, in combination with
cisplatin, and for maintenance therapy of lung cancer as a single agent >-’8, The basis for
the difference in activity between squamous and nonsquamous lung carcinomas is not clear.
Ongoing clinical trials are evaluating pemetrexed efficacy in other malignancies. The
development of pemetrexed and its cellular and biochemical properties is the subject of a
recent review °.

The Impact of Physiological Folates on the Antitumor Activities and
Toxicity of Antifolates

Drugs that require polyglutamation to achieve activity, in particular raltitrexed and
pemetrexed, are generally sensitive to the level of physiological folates with cells which are
substrates for FPGS and compete with these antifolates for this enzyme 7°. Hence, the higher
the folate levels in tumor cells, the poorer the activity of these agents 8081, On the other
hand, folate sufficiency is also an important element in toxicity to patients receiving these
drugs; the most sensitive indicator of B12 or folate deficiency is reflected in an elevated
blood homocysteine level 7582, To avoid this toxicity, folic acid and vitamin B12 are co-
administered with pemetrexed and pralatrexate in clinical regimens 72:82:83 The strategy
here is to provide sufficient folate supplementation to protect patients from serious toxicity
while not substantially impairing the activity of the drug against the tumor. Accordingly,
folic acid supplementation should be used at the lowest recommended dose and frequency of
administration.

Mechanisms of Resistance to Antifolates

Mechanisms of resistance to MTX have been established by studies in tumor systems /n
vitro under conditions in which selective pressure has been applied by gradual exposure to
increasing concentrations, or pulse exposures to high concentrations, of drug. Chemical
mutagenesis has also been used to accelerate and amplify mutational events contributing to
resistance. All elements of the interaction of this drug with its cellular targets have been
implicated in resistance. Membrane transport is a frequent mechanism of resistance due to
low expression or loss-of-function mutations of RFC. Similar changes have been detected in
human tissues as a basis for intrinsic or acquired resistance to MTX. Resistance has also
developed due to loss-of-function mutations of FPGS resulting in impaired formation of
MTX polyglutamate derivatives. Finally, DHFR mutations resulting in a decreased affinity
for the drug, or increased expression of the enzyme, due to a regulatory change or
amplification of the gene, result in resistance. The pattern of resistance to pralatrexate is not,
as yet, known but is likely to be similar to that of MTX. The mechanisms of resistance to 4-
amino-antifolates has been the subject of recent reviews 16:84,

Resistance to pemetrexed acquired in tumor lines /in vitro correlates best with increased
levels of thymidylate synthase 8°. Based upon studies on explanted human tumor specimens
in vitro, low levels of thymidylate synthase, GAR transformylase and MRP4 gene
expression were associated with increased sensitivity to pemetrexed 86, On the other hand,
decreased expression of FPGS would lead to impaired formation of the active pemetrexed
polyglutamate derivatives 87. Resistance to pemetrexed in human solid tumors due to
impaired membrane transport has not been documented and is unlikely to occur since this
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drug can utilize both RFC and PCFT. Activity is retained with loss of the former due to
transport mediated by PCFT and the accompanying contraction in tetrahydrofolate cofactor
pools within the cells as a result of impaired uptake and accumulation of folates transported
primarily by RFC 287288,

Targeting Drugs to Tumor Cells via Folate Transporters

A major emphasis of current drug-development efforts, in general, is directed to targeting
pathways or regulatory elements that drive the proliferation of malignant cells. Another
approach is the development cytotoxics and other agents that are selectively delivered to
malignant cells via transporters that are selectively expressed, and/or selectively active, in
malignant cells. These efforts have focused on two transporters - PCFT, and folate receptors.

Folate receptor-targeted drugs

There are two major folate receptor isotypes expressed on cell membranes with a binding
constant for folic acid of 1-2 nM; the binding constant of the isolated protein is in the pM
range. Folate receptor alpha (FRa) and folate receptor beta (FRp) both transport folates and
antifolates by a receptor-mediated endocytosis 8990, FRa is broadly expressed in epithelial
tumors 9L, Its expression in normal tissues is restricted to certain epithelia (apical membrane
of proximal renal tubular cells, retinal pigment epithelium, choroid plexus). FR is
expressed in spleen, thymus, late-stage myeloid cells but not CD34+ progenitors. It is highly
expressed in hematopoietic malignancies ° and also expressed on activated and tumor-
associated macrophages 92. These folate receptors are a component of an endocytic process
in which folates bind to the receptor following which the surrounding membrane
invaginates, forms an endosomal vesicle that buds off within the cytoplasm to circulate
within the endosomal compartment where the endosomal pH decreases. The folate is then
released from the receptor and is exported from the endosome into the cytosol in a process
mediated in part by PCFT.

This endocytic mechanism has now been harnessed for the delivery of anticancer drugs %,
In the most advanced application, directed to FRa, drugs are linked to folic acid via a spacer
and another segment containing a cleavable disulfide bond (Figure 7). The folic acid-drug
complex binds to the receptor, is endocytosed, and when the reducing potential within the
endosomes increases, the disulfide bond ruptures, drug is released from folic acid, and exits
the endosome. A requirement is that the drug must be sufficiently lipid soluble to freely
diffuse across the endosomal membrane so that it can be available to interact with its
intracellular target(s). Another requirement is that the drug must be highly toxic since there
are only a limited number of folate receptors on tumor cells with a limited capacity for
delivery of drug.

The drug currently in clinical trials, that utilizes this technology, is folic acid linked to a
highly potent vinca alkaloid, desacetylvinblastine 9324, The most advanced clinical trials to
date have been focused on ovarian cancer which, among cancers, has the highest expression
of FRa 95:96, Another disease in which this agent is being evaluated is lung cancer, where
expression of FRa is also prevalent. Complementing this therapeutic is a diagnostic reagent,
folic acid linked to Technicium-99 which allows scanning patients to establish the
expression and function of folate receptors in the tumor 97:98. Hence, only patients that
express functional FRa would be expected to benefit from the drug. The diagnostic reagent
also allows re-evaluation of patients after they have failed one folic acid conjugate to
determine whether the endocytic process remains intact. If that is the case, it would allow
administration of another conjugate in which folic acid is linked to a different cytotoxic.
Another application of this technology is the linkage of folic acid to a fluorescent molecule
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for visual localization of tumor in the intraoperative setting 9°. The status of these folic acid
conjugates has been reviewed recently 89,

Another class of drugs, in this case antifolates, is being developed that have high affinity for
FRa but very low affinity for RFC which is the major route of delivery of antifolates to
normal tissues. In this way the drug is delivered exclusively via FRa which is selectively
expressed on tumors; there is very limited, or no, transport mediated by RFC, thereby
protected bone marrow and intestinal cells that express this carrier. One such antifolate,
ONYX0801 a thymidylate synthase inhibitor, is currently in clinical development for the
treatment of solid tumors 100,

In another approach, antifolates are being developed with high affinity for PCFT but low
affinity for RFC 26:101.102 The strategy here, again, is to limit uptake into normal tissues via
RFC. However, rather than targeting to folate receptors, the transport route targeted is
PCFT. This transporter is widely expressed in solid tumors and, while also expressed in
normal tissues, limited uptake is expected via this route under physiological conditions.
Hence, the compromised blood supply in solid tumors, resulting in local hypoxia, along with
the release of lactate due to the shift to anaerobic glycolysis inherent in malignant cells,
should produce an acidic environment that favor PCFT-mediated transport 103-105_ On the
other hand, PCFT-mediated transport should be negligible at the neutral pH of normal
tissues with a physiological blood supply and intact aerobic metabolism
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Antifolates disrupt cellular proliferation by blocking folate-dependent one-carbon
biosynthetic and methylation reactions

Antifolates form active polyglutamate derivatives that are retained in tumor cells and
result in sustained inhibition of their target enzymes

Antifolates currently approved for cancer treatment include methotrexate and
pralatrexated, inhibitors of dihydrofolate reductase, and pemetrexed that, in it
polyglutamate forms, targets thymidylate synthase and AICARFT (5-aminoimidazole-4-
carboxamide ribonucleotide transformylase).

Novel folate analogs and conjugates, currently in clinical trial, utilize membrane folate
receptors for transport into tumor cells by an endocytic mechanism.
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Figure 1.

The structures of folic acid, dihydrofolate, tetrahydrofolate, and 5-methyltetrahydrofolate.
Folic acid is not a physiological folate but is an important source of folate in foods and
vitamins. Within cells folic acid is reduced to dihydrofolate by dihydrofolate reductase
(DHFR-see Figure 2), albeit at a very slow rate since it is a very poor substrate for this
enzyme. Dihydrofolate is the major oxidized form of folates within cells, and the preferred
substrate for DHFR, mediating the formation of tetrahydrofolate that goes on to form a
variety of tetrahydrofolate cofactors. Seen here is the major dietary folate, and the major
folate in the blood, 5-methyltetrahydrofolate.

Hematol Oncol Clin North Am. Author manuscript; available in PMC 2013 September 19.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Visentin et al.

Page 18

THYMIDYLATE

VTN

Thymidylate "
HOMOCYSTEINE synthase Dlrf;}glilr:t?slzte

=W

F

DEOXYURIDYLATE
B12 5-METHYL THF «— 5,10-METHYLENE THF
5

1

\t

METHIONINE

5,10-METHENYL THF

2

R
THF SERINE

S-ADENOSYL METHIONINE

10-FORMYL THF
3

PURINES

METHYLATION REACTIONS

5-FORMYL THF
(leucovorin)

Figure2.

Folate-dependent reactions within cells. Reactionl1: 5-methyltetrahydrofolate (5-methyl THF)
enters the folate cycle with the provision of its methyl group to homocysteine in the
synthesis of methionine, a vitamin B12 dependent reaction mediated by methionine
synthase. The tetrahydrofolate (THF) moiety can then acquire a carbon at various oxidation
states. Reaction 2: Formate is added at the N9 position to form 10-formylTHF which
provides two carbons in Reaction 3 for the synthesis of purines. Reaction 4: 5,10-
methyleneTHF is formed from serine and THF in a reaction mediated by serine hydroxyl
methyltransferase. Reaction 5: 5-10-methylene THF is reduced irreversibly to 5-methyI THF.
Reaction 6: 5-formytetrahydrofolate dehydrase is the mechanism by which 5-formyITHF
(leucovorin) enters these cyclical folate pathways. Reaction 7: The formation of thymidylate
mediated by thymidylate synthase; the THF moiety is oxidized to dihydrofolate (DHF).
Reaction 8: DHF is reduced to THF by dihydrofolate reductase. The latter is essential for
maintaining THF cofactor pools within mammalian cells.
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Figure 3.
The structures of folic acid and a group of antifolates; except for aminopterin, all are in
clinical use in the United States and/or elsewhere.

Hematol Oncol Clin North Am. Author manuscript; available in PMC 2013 September 19.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Visentin et al.

Page 20

AMINOPTERIN
METHOTREXATE
PRALATREXATE
THYMlDYLATE/ THYMIDYLATE/ DHF \
Thymidylate Dinydrofolate ______~ Thymidylate Dihydrofolate
synthase reductase synthase reductase
l -
5,10-METHYLENE THF v 5,10-METHYLENE THF
/ -
THF THE

5,10-METHENYL THF

/

5-FORMYL THF
(leucovorin)

Figure4.

The impact of dihydrofolate reductase inhibitors on folate pools within cells. The left panel
illustrates that under physiological conditions dihydrofolate (DHF) produced during the
synthesis of thymidylate mediated by thymidylate synthase is reduced to tetrahydrofolate
(THF) so rapidly due to the high levels of dihydrofolate reductase (DHFR) within cells that
the DHF level is trivial compared to the level of tetrahydrofolate. The right panel illustrates
the impact of suppression of DHFR by several 4-amino antifolates. High levels of DHF
build up in cells by continued thymidylate synthase activity, interconversion of THF
cofactors to 5,10-methyleneTHF and oxidation to DHF. This leads to depletion of THF
cofactor levels within cells and cessation of THF cofactor-dependent reactions. High DHF
levels compete with MTX for the small percentage of enzyme sufficient to maintain THF
cofactor pools within cells.

Hematol Oncol Clin North Am. Author manuscript; available in PMC 2013 September 19.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Visentin et al. Page 21

0

NH, ©70—NH—CQO’
|
//j j/\ N ClH
| -
/L\ z CH 00
HyN CHy | §
CHZ*ﬁ —H —ClH

o] cle olel

CH,—C —NH H
Methotrexate (monoglutamate) ! I _ﬁ -
o , GH coo

z

\

Diglutamate = CH,—C —NH —CH
i

o] C‘Hi

] -
Triglutamate CH: _(|: o

Tetraglutamate

Figure5.
The structure of the polyglutamate derivatives of MTX. Glutamates are progressively added
to the y-carboxyl of the MTX molecule and each successive polyglutamate derivative.
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Folate-specific transport routes in mammalian cells. There are two carrier mechanisms: the
reduced folate carrier (RFC), an organic phosphate (OP™) antiporter, and the proton-coupled
folate transporter (PCFT), a proton-folate symporter. Both carriers transport folates and
antifolates into cells against an electrochemical-potential gradient. Multidrug resistance-
associated proteins (MRPs) and the breast cancer resistance protein (BCRP) utilize the
energy released in the hydrolysis of ATP to pump folate and antifolate monoglutamates out
of cells. BCRP and some MRPs can export lower polyglutamates as well. Folate receptors
transport folates into cells by an endocytic mechanism. Folate export from acidified

endosomes is mediated, in part, by PCFT.
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Figure7.

Receptor mediated endocytosis of folic acid linked to cytotoxic agents. A drug is coupled to
folic acid via a hydrophilic linker molecule and a segment containing a cleavable disulfide
bond. The complex binds to the folate receptor at the cell membrane which invaginates and
forms a vesicle that circulates within the endosomal compartment. As the vesicle matures
the reducing potential increases, rupturing the disulfide bond releasing the cytotoxic which
diffuses out of the endosome to reach its intracellular target. Folic acid can also be linked to
Technicium-99 to establish the presence of folate receptors and the competence of the
endocytic mechanism before treatment with the cytotoxic conjugate.
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