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Abstract

The growth of solid tumors and the formation of
metastases are critically dependent on neovasculariza-
tion. This dependence on neovascularization, however,
is not limited to cancer but is also a major contributing
factor in the pathology of autoimmune diseases such as
rheumatoid arthritis. Hence, antiangiogenic therapy was
recognized as a potentially powerful therapeutic ap-
proach in the treatment of these devastating diseases.
The discovery of fumagillin and its potent antiangiogenic
and antiproliferative activities provided the rationale for
the development of fumagillin analogues as a novel
class of antiproliferative agents. Molecules of the fumag-
illin class inhibit the enzymatic activity of methionine
aminopeptidase-2 (MetAP-2), and this inhibition is the
first step required for the selective growth inhibition of
cell types that are dependent on MetAP-2 function for
growth. Mechanistically, this growth inhibition is charac-
terized by cytostasis and arrest in the late G1 phase of
the cell cycle. TNP-470 was the first MetAP-2 inhibitor of
the fumagillin class to enter phase | clinical trials in can-
cer. Despite some encouraging results in several solid
tumors in early phase I/ll studies, further clinical devel-
opment of this molecule was halted, primarily due to
dose-limiting neurotoxicities and a poor clinical pharma-
cokinetic profile. More recently, fumagillin analogues
specifically designed to improve upon the clinical defi-
ciencies of TNP-470, such as PPI-2458, have advanced
into phase | trials in cancer.

Introduction

Angiogenesis is the growth of new capillary blood
vessels from the preexisting vasculature, and is tightly
regulated in physiological processes such as the female
reproductive cycle and wound healing. In cancer and
autoimmune diseases, however, neovascularization has
been recognized as a major factor in the pathology of
disease. The concept of antiangiogenesis as a novel
therapeutic strategy in cancer was first proposed by
Folkman, supported by observations in animal models
that the growth of solid tumors was restricted to 2-3 mm
in size in the absence of neoangiogenesis (1). Subse-
quent clinical research has confirmed angiogenesis as a
critical secondary target to the tumor cell in cancer thera-
py. Moreover, the potential utility of antiangiogenic thera-
pies is not limited to cancer and has been extended to
several autoimmune diseases. In rheumatoid arthritis
(RA), pathological angiogenesis is known to support
aggressive synovial hyperplasia, which ultimately leads to
joint destruction, and in psoriasis, neovascularization is
considered vital to the growth and remodeling of psoriat-
ic plagues. Thus, antiangiogenic therapies are also
thought to be an attractive therapeutic approach in
autoimmune diseases.

In the late 1980s, the discovery of fumagillin and its
potent antiangiogenic and antiproliferative activities initi-
ated the development of fumagillin analogues with
improved pharmacological properties as a novel class of
antiproliferative agents (2). In 1992, TNP-470, a semisyn-
thetic fumagillin analogue, appeared on the verge of
realizing their great promise when it became the first
molecule of this class to enter phase | clinical trials in can-
cer. In the late 1990s, methionine aminopeptidase-2
(MetAP-2) was identified as the molecular target of this
class of molecules (3, 4), and the crystal structure of
human MetAP-2 complexed with fumagillin was deter-
mined (5). Published reports of preclinical studies and
clinical trials of TNP-470 further stimulated the develop-
ment of additional pharmacologically improved fumagillin
analogues. Although a large number of these analogues
has been reported in different phases of discovery and
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development, only two other molecules of this class have
advanced into phase | clinical trials in cancer: CKD-732
and PPI1-2458.

In this review we describe mechanism-related studies
which led to the elucidation of the cytostatic G1 cell cycle
arrest in sensitive cell types after the exposure to fuma-
gillin analogues, the discovery of MetAP-2 as their com-
mon molecular target, and the inhibition of the enzymatic
activity of MetAP-2 as the first pivotal step in cell growth
inhibition. Moreover, we describe the preclinical develop-
ment of fumagillin, CKD-732, TNP-470 and PPI-2458,
and summarize the current clinical status of these mole-
cules. Finally, we discuss the clinical potential of fumag-
illin analogues as a novel class of therapeutics for the
treatment of hyperproliferative diseases.

Mechanism of cell cycle regulation

Most studies to elucidate the molecular mechanism of
cell growth inhibition by molecules of the fumagillin class
were carried out with TNP-470, following the original
observation that fumagillin potently inhibited the growth of
human umbilical vein endothelial cells (HUVEC) with a
Glg, of ~1.2 nM (2). This growth inhibition followed a
biphasic inhibition curve. While the first phase was char-
acterized by a cytostatic, completely reversible mecha-
nism of growth inhibition (complete inhibition range: 750
pM to 7 pM, Gl,: 37 pM), irreversible growth arrest and
cytotoxicity were observed during the second phase at
concentrations of 70 uM (6). The ability of fumagillin ana-
logues to induce growth arrest at low concentrations,
however, appeared to be restricted to a limited number of
sensitive cell types (6-8), while direct cytotoxicity at high
concentrations extended over a wide range of different
cell types (6).

In HUVEC, fumagillin analogues were shown to block
cell cycle progression into S phase by arresting the cells
in the late G1 phase of the cell cycle, while early and mid-
G1 events such as the expression of the immediate early
genes c-fos and c-myc and protein tyrosyl phosphoryla-
tion were not affected (6, 9). This late G1 cell cycle block
is most likely triggered through the activation of the p53
pathway and the accumulation of the cell cycle inhibitor
protein p21C'PWAF The function of the p53 signaling path-
way, and particularly the critical roles of the p53 and
p21CIPWAF cell cycle regulators in the induction of growth
inhibition in HUVEC was confirmed by the exposure of
pulmonary endothelial cells from mice genetically defi-
cient in either the p53 (p537) or the p21CIPWAF (p21-)
genes to TNP-470. These cells were completely resistant
to TNP-470-induced growth inhibition (10, 11). The mech-
anism of p53/p21CPWAF dependence on growth inhibition
has not yet been observed in other cell types and is
believed to be specific for HUVEC (10, 11).

Several other important cell cycle regulators have
also been reported to be involved in the G1 arrest after
the inhibition of MetAP-2 enzyme activity by fumagillin
analogues. The hyperphosphorylation of the retinoblas-
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toma (Rb) tumor suppressor protein during the late G1
phase of the cell cycle, which is essential for the release
of the S phase-promoting transcription factor E2F from its
stable association with the hypophosphorylated form of
Rb, was shown to be inhibited, thus lending further sup-
port for the observed mechanism of a G1 cell cycle arrest.
Several other mechanistic studies in HUVEC have linked
the G1 arrest to the inhibition of cyclin-dependent kinase
activation (CDK2, CDK4) (9) and the suppression of
cyclin D1 expression during this phase of the cell cycle
(12). Finally, a more recent study has shown that the
exposure of HUVEC and human fibroblast-like synovio-
cytes from RA patients (HFLS-RA) to the fumagillin ana-
logue PPI-2458 resulted in a marked decrease in the
expression of yet another major cell cycle-regulatory pro-
tein, proliferating cell nuclear antigen (PCNA) (7). More
importantly, this decrease was found to be directly pro-
portional to the amount of MetAP-2 enzyme inhibited,
thus suggesting a molecular link between the inhibition of
MetAP-2 and PCNA in the induction of G1 cell cycle
arrest (7).

Molecular target MetAP-2

All eukaryotic cells express two catalytically active
isoforms of a class of metallopeptidases, MetAP-1 and
MetAP-2 (13-15). These enzymes catalyze the cotransla-
tional removal of the N-terminal initiator methionine from
nascent polypeptide chains, a central step in protein mat-
uration (13, 14). This processing step is an important pre-
requisite in the regulation of a number of cellular process-
es such as protein targeting and turnover and cell proli-
feration. Although both MetAPs share the same general
substrate specificity, selective differences in the hydroly-
sis of the initiator methionine are determined by the
penultimate residue, which is mostly a small and un-
charged residue. MetAP-1 and MetAP-2 share a high
degree of structural conservation (extended N-terminal
domain, C-terminal domain with conserved metal cofactor
binding residues), although they have highly divergent
primary structures. The most distinguishing structural
motif between both isoforms is an approximately 60-
amino-acid insert of yet undetermined function in the cat-
alytic domain of MetAP-2 which is conserved from
archaebacterial to human MetAP-2 (Fig. 1). Both MetAP
isoforms are further distinguished by a noncatalytic func-
tion unique for MetAP-2. The association of MetAP-2 with
the eukaryotic initiation factor-2a subunit (elF-2a) pro-
tects this factor from inhibitory phosphorylation; thus,
MetAP-2 serves as a positive regulator of translation (16,
17). Genetic studies in yeast have demonstrated an
essential function for MetAP-2 in the control of cell growth
(18, 19), and a similar role for MetAP-2 has been sug-
gested in the regulation of mammalian cell growth (7, 8,
20-23). A recent report which investigated the roles of
MetAP-1 and MetAP-2 in the control of mammalian cell
proliferation provided further experimental evidence to
support a critical role for MetAP-2 in the control of mam-
malian cell proliferation (8).
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Fig. 1. Structures of methionine aminopeptidases-2 (MetAP-2). The different functional domains and structural motifs are presented in
color. Catalytic domain (black), conserved 60-amino-acid insert diagnostic for MetAP-2 (vs. MetAP-1) (light blue), stretch of basic amino
acids (dark blue) and stretch of acidic amino acids (red). The full-length protein (number of amino acids) is shown in parentheses. The
DDHEE motif presents the conserved metal cofactor binding residues (corresponding to D251, D262, H331, E364 and E459 in human
MetAP-2). References for MetAP-2: Pyrococcus furiosus (89), Saccharomyces cerevisiae (19) and Homo sapiens (13, 90, 91).

In 1997, two groups independently reported the iden-
tification of MetAP-2 as the molecular target of fumagillin
and ovalicin, a natural product structurally related to
fumagillin (3, 4). The first group tested the hypothesis that
biologically active epoxide-containing natural products
such as fumagillin are able to form covalent adducts with
cellular proteins. This approach led to the identification of
a 67-kDa fumagillol-binding protein from HUVEC as
MetAP-2 (4). Alternatively, the second group identified
MetAP-2 as a 67-kDa protein from cell lysates of bovine
aortic endothelial cells (BAEC) or 14.5-day-old mouse
embryos which was covalently bound to photoaffinity-
labeled ovalicin (3). The crystal structure of human
MetAP-2 complexed with fumagillin resolved the atomic
nature of this interaction and provided an explanation for
the observed binding selectivity of this class of inhibitors
to MetAP-2 over the MetAP-1 isoform (5). This model
revealed that the covalent bond is formed between the
carbon of the reactive spiroepoxide of fumagillin and the
imidazole nitrogen of histidine-231 in the catalytic site of
MetAP-2 (5). The critical function of histidine-231 for
catalysis was independently confirmed by site-directed
mutagenesis of this residue (24). Despite a similar topol-
ogy of the catalytic site in MetAP-1, relatively minor struc-
tural differences, particularly the narrowing of the speci-
ficity pocket, were found to determine the observed
selectivity of fumagillin for MetAP-2 (5). These conclu-
sions were further supported in MetAP-2 homology mod-
els and molecular dynamic simulations (25).

The discovery of MetAP-2 as the molecular target of
this class of inhibitors and the critical role of this enzyme
in mammalian cell growth established MetAP-2 as a
potentially promising clinical target and provided the ratio-
nale for the development of molecules of the fumagillin
class as novel therapeutic agents for the treatment of
hyperproliferative diseases.

Preclinical development and clinical experience

The potential value of MetAP-2 as a novel therapeutic
target accelerated the development of novel fumagillin

analogues with pharmacologically improved properties
over the parent compound. The synthesis and functional
characterization of a significant number of these ana-
logues have been reported (Table I); four molecules of
this class, fumagillin, CKD-732, TNP-470 and PPI-2458,
have reached clinical status (Table II). Fumagillin class
inhibitors of MetAP-2 are the most potent and selective
inhibitors of this enzyme; however, the development of
other classes of structurally divergent inhibitors, most
notably the bestatin class of pseudosubstrate-like
reversible inhibitors, has also been reported. Their devel-
opment will not be covered in this review (for information
see reference 26).

Fumagillin

Fumagillin was first isolated in 1949 as a fungal
metabolite from Aspergillus sp. (27). The chemical struc-
ture of this molecule is characterized by the presence of
six stereogenic centers, a functionalized diol and two
epoxide rings (Fig. 2). Early preclinical studies in the
1950s showed the efficacy of fumagillin against several
enteric protozoan parasites, particularly Entamoeba his-
tolytica (28), and clinical efficacy was subsequently
shown in the treatment of patients with intestinal amebia-
sis (29). Moreover, several studies in the mid-1990s
reported therapeutic benefit after topical treatment of
microsporidial keratoconjunctivitis (30, 31). In phase I/l
clinical trials of HIV-1 patients with intestinal micro-
sporidiosis caused by chronic Enterocytozoon bieneusi
infection, fumagillin demonstrated promise as an orally
administered agent. Transient clearance of microsporidia
was observed in patients receiving either 10, 20 or 40
mg/day for 14 days, while complete clearance was
observed in most patients in the high-dose group (60
mg/kg/day for 14 days), with no parasitic relapse report-
ed during a 10-12-month follow-up period (32-34). The
most serious adverse events observed included thrombo-
cytopenia and neutropenia (32-34). Fumagillin is current-
ly in phase Ill clinical trials for this indication.
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Table I: Efficacy of fumagillin class MetAP-2 inhibitors in animal models of cancer and arthritis.

Tumor type Agent Therapeutic regimen Tumor growth inhibition Ref.
Melanoma (B16F6), mouse TNP-470 Dose: 10, 30, 60 mg/kg sc, Dose-dependent Gl (max. 84%) on day 13 41
days 1, 3, 6, 8, 10
Reticulum cell cancer (M5076), TNP-470 Dose: 2, 5, 15 mg/kg sc qdx12 Dose-dependent Gl (max. 90%) on day 13 41
mouse
Renal cell carcinoma (Renca), TNP-470 Dose: 10, 30, 90 mg/kg sc, Dose-dependent Gl (max. 77%) 76
mouse days 1,3,5,7,9
Lymphoma/leukemia TNP-470 Dose: 30 mg/kg sc qod, Significant reduction of tumor load and 77
(TLL-M), mouse days 1-15 tumor mass in infiltrated organs (increased
apoptosis)
Human prostate cancer TNP-470 Dose: 50, 100, 200 mg/kg sc ~ Dose-dependent Gl (max. 96%) on 40
xenograft (PC-3) 1x/week, start: day 19 day 66; toxicity (deaths) at 200 mg/kg
Human breast cancer TNP-470 Dose: 50, 100, 200 mg/kg sc ~ Dose-dependent Gl (max. 88%) on 40
xenograft (MDA-MB-231) 1x/week, start: day 28 day 70; toxicity (deaths) at 200 mg/kg
Human pancreatic cancer TNP-470 Dose: 30 mg/kg sc qod for Significant Gl (~ 50% reduction in tumor 78
xenograft (MIAPaCa-2) 14 weeks, start: day 3 volume) and reduction in
neoangiogenesis
Human uterine cancer TNP-470 Dose: 30 mg/kg sc 3x/week, Significant Gl (max. 65%) on day 56 79
xenograft (FU-MMT-1) start: day 21
Human liver cancer CKD-732 Dose: 50 mg/kg sc 2x/day, Gl (max. 50%) on day 26 36
xenograft (SNU-398) start: day 12
Melanoma (B16F10), PPI-2458 Dose: 3, 10, 30, 100 mg/kg Significant dose- and schedule- 80
mouse po god, days 6-20; dependent Gl (~ 65%) on day 20
100 mg/kg po qod, g3d,
g4d
Human lymphoma PPI-2458 Dose: 15, 30 mg/kg po or sc Significant Gl (max. 57%) 81
xenograft (SR) qdx5 for 5 weeks
Tumor type and metastasis Agent Therapeutic regimen Inhibition of metastasis Ref.
Melanoma (B16F6), TNP-470 Dose: 30, 60 mg/kg sc Reduction of number and size of metastatic 41
mouse, lung 3x/week, start: day 1 foci on day 15; 56% extended mean
survival
Renal cell cancer (Renca), TNP-470 Dose: 10, 30, 90 mg/kg sc, Dose-dependent decrease (lung: 91%, 76
mouse, liver and lung days 1,3,5,7,9 day 14; liver: 92%, day 21) and size of
metastatic foci
Human colon cancer TNP-470 Dose: 20, 30 mg/kg sc Complete inhibition of metastasis (high dose) 82
xenograft (TK-9), liver god, start: day 10 on day 42
Human breast cancer TNP-470 Dose: 30 mg/kg sc 3x/week 60-70% reduction in the number and 83
xenograft (MDA-MB-231), for 4 weeks, start: day 1 area of osteolytic bone metastases
bone
Human fibrosarcoma TNP-470 Dose: 10, 30, 100 mg/kg sc Dose-dependent inhibition of metastasis 84
xenograft (HT-1080), lymph god for 18 days, start: day 7 on day 27
nodes
Human gastric cancer TNP-470 Dose: 15, 30 mg/kg sc qod Complete inhibition of metastasis 85
xenograft (AZ-H5c), liver for 5 weeks, start: day 10 (high dose) on day 45
Tumor type Combination  Therapeutic regimen Inhibition of tumor growth and metastasis Ref.
Human prostate cancer TNP-470 and Dose: TNP-470: 100 mg/kg sc  Significantly enhanced Gl (day 49) 40
xenograft (PC-3) Cisplatin 1x/week; Cisplatin, 5 mg/kg compared to either single agent
sc 1x/week, start: day 19
Human neuroblastoma TNP-470 and Dose: CPP, 450 mg/kg ip Significantly enhanced Gl (day 30) 86
xenograft (CHP-134) CPP over 6 days; TNP-470, compared to either single agent
5 mg/kg, sc
1x/week, start: day 10
Human pancreatic cancer TNP-470 and Dose: TNP-470: 90 mg/kg Significantly enhanced Gl (day 30) and 87
xenograft (HPC-3H4), Cisplatin sc qod for 4 weeks; reduction in the number of metastatic
liver metastasis Cisplatin: 0.25 mg/kg foci compared to either single agent
ip gd5/week for 4 weeks,
start: day 1
Human bladder cancer TNP-470 and Dose: TNP-470, 15 mg/kg/day Synergistic effect on Gl (day 35) and 42
xenograft (KOTCC-1), Gemcitabine sc for 21 days; Gemcitabine, lower incidence of lymph node metastasis

lymph node metastasis

60 mg/kg ip 1x/week for
3 weeks, start: day 7

compared to either single agent

Continuation
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Table | Cont.: Efficacy of fumagillin class MetAP-2 inhibitors in animal models of cancer and arthritis.
Arthritis model Agent Therapeutic regimen Effect on arthritis Ref.
Collagen-induced arthritis TNP-470 PP: Dose: 27 mg/kg sc PP: Prevention of clinical arthritis (day 28) 46
(CIA), rat god, start: day 2; SP: Dose: SP: Significant suppression of established

27 mg/kg sc qod, disease (day 28)

start: day 10
Adjuvant-induced arthritis TNP-470 PP: Dose: 27 mg/kg sc PP: Significantly reduced incidence of 48
(AA), rat god, start:day 2; SP: Dose: arthritis and severity (day 28); SP:

27 mg/kg sc qod, Significant reduction in the mean

start: day 12 arthritic index
Collagen-induced arthritis TNP-470 and SP: Dose: TNP-470, Significant reduction of clinical 49
(CIA), rat Paclitaxel 27.5 mg/kg, sc qod; Paclitaxel, arthritis; reduction earlier and greater

7.5 mg/kg ip qod, compared to either single agent

start: day 10
KRN/NOD transgenic mouse  TNP-470 PP: Dose: 30, 60, 90 mg/kg PP: Dose-dependent delay of disease 47

(spontaneous development sc god, days 23-41; SP: onset; SP: Alleviation of clinical 47
of arthritis 27 days after birth) Dose: 60 mg/kg sc, symptoms of disease

after onset of disease for

20 days
Peptidoglycan/polysaccharide- PPI-2458 SP: Dose: 0.25, 1, 5, Significant dose-dependent suppression 7

induced arthritis (PGPS), rat
day 15

50 mg/kg po qgod, start:

of established disease (day 31)

For each tumor type, the tumor and/or metastasis-inducing cell line is shown in parentheses. For further review on the evaluation of these
inhibitors in animal models of cancer, see references 39, 59, 60 and 97, and in animal models of arthritis, see reference 98.
Abbreviations: qd, every day; god, every other day; q3d, every third day; g4d, every fourth day; ip, intraperitoneal; po, oral; sc, subcuta-
neous; CPP: cyclophosphamide; Gl, growth inhibition; PP, prevention protocol; SP, suppression protocol.

In 1990, the serendipitous rediscovery of fumagillin as
a natural product secreted from the fungus Aspergillus
fumigatus fresenius, and the potent antiangiogenic and
antiproliferative activities found to be associated with this
agent, led to the development of fumagillin analogues
and structurally related molecules as a novel class of
powerful antiproliferative agents. However, the develop-
ment of fumagillin as a cancer therapeutic was not active-
ly pursued due to severe toxicity observed in animal mod-
els of cancer (> 15% body weight loss) (37).

CKD-732

CKD-732 a semisynthetic fumagillin analogue, was
designed by structure-based molecular modeling based
on the crystal structure of human MetAP-2 complexed
with fumagillin (Fig. 2) (35). Similar to other fumagillin
analogues, CKD-732 has shown potent antiangiogenic
activity in vitro (Gl,,: 2.5 nM on HUVEC) due to a cyto-
static G1 cell cycle arrest (36). CKD-732, however, signif-
icantly differs from other molecules of this class in that its
growth-inhibitory activity does not follow the characteris-
tic biphasic mode of cell growth inhibition. The exposure
of HUVEC to this agent resulted in the induction of apop-
tosis at relatively low concentrations (ED,,: 25 nM), while
cytotoxicity of other fumagillin analogues has only been
observed at concentrations of > 10 uM. Antitumor activity
of CKD-732 has recently been reported in several mouse
models of cancer (Table 1) (36, 37).

Acute toxicology studies in mice (10-50 mg/kg i.v., 4-
h observation period postinjection) have shown minor tox-
icities; however, no results from chronic toxicology stud-

ies have been reported (38). CKD-732 is currently in
phase | clinical trials in cancer (Table ).

TNP-470

AGM-1470, later termed TNP-470 (Fig. 2), is a semi-
synthetic analogue of fumagillin and was reported to pos-
sess approximately 50 times greater potency in the in
vitro growth inhibition of endothelial cells (ECs) than its
parent compound (Fig. 2) (2). The same study reported
potent antitumor activity of TNP-470 in several mouse
tumor models, and a significantly improved toxicity profile
when these animals were treated with TNP-470 (30
mg/kg s.c. on alternate days for 100 days). Following this
initial report, TNP-470 was shown to have broad antipro-
liferative activity in vitro against a wide panel of tumor cell
lines of different origin (for review see 39 and references
therein), and significant antitumor activity was observed
in a large number of experimental rodent and human
xenograft tumor models (Table 1). The observed growth
inhibition of primary tumors in these models, as well as
the dose-dependent inhibition of metastasis formation,
was predominantly attributed to the antiangiogenic activi-
ty of this agent, rather than a direct effect on the tumor
cells (40). Several animal studies have also shown a sur-
vival benefit after treatment with TNP-470 (41). Finally,
combination therapy of TNP-470 with conventional cyto-
toxic agents appeared to potentiate the efficacy of sever-
al cytotoxic therapies against primary and metastatic dis-
ease (4, 42-45); however, significant variability among
different model systems has been noted.
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Fig. 2. Chemical structures of fumagillin class MetAP-2 inhibitors. Fumagillin, TNP-470, PPI-2458 and CKD-732 have reached clinical devel-
opment status, while the inhibitors 5-10 have been reported to be in different phases of discovery and development. For more detailed infor-
mation on the latter compounds, see references 59 (5), 92 (6), 93 (7), 94 (8), 95 (9) and 96 (10). Ovalicin (10) is a natural product which is
structurally closely related to fumagillin. The inclusion of this molecule is intended to indicate that ovalicin also acts as a potent and irreversible

inhibitor of MetAP-2.

The recognition of angiogenesis as an attractive tar-
get in the pathogenesis of inflammatory arthritis led to the
successful evaluation of TNP-470 as the first angiogene-
sis inhibitor in an animal model of arthritis (46), and sig-
nificant activity of this agent was later shown in multiple
models of this disease (Table ). Administration of TNP-
470 prior to the onset of disease in rats significantly pre-
vented the onset of arthritis, while markedly attenuated
severity of disease was observed when TNP-470 was
administered to animals with established disease (46-48).
Moreover, in combination therapy with ciclosporin or
paclitaxel, the efficacy was significantly greater than that
of either single agent in diminishing the severity of arthri-
tis in rat models of this disease (49, 50).

The powerful antiangiogenic and antiproliferative
properties of TNP-470 led to the further evaluation of this
agent in a number of animal models where a critical

involvement of neovascularization in the pathology of dis-
ease has been suggested. TNP-470 prevented chronic
allograft vasculopathy (CAV) in a rat model of chronic
allograft rejection, thus suggesting antiangiogenic thera-
py as a potentially new therapeutic approach in trans-
plantation (51). In a mouse model of peritoneal fibrosis,
TNP-470 suppressed the angiogenesis-dependent pro-
gression of peritoneal fibrosis, suggesting a potential
therapeutic benefit to patients on long-term peritoneal
dialysis (52). Finally, TNP-470 has shown potent antipro-
liferative activity in vitro against the malaria and
Leishmania parasites Plasmodium falciparum and
Leishmania donovani (53), respectively, and in a mouse
model of microsporidiasis, it prolonged survival and pre-
vented the development of ascites (54).

The importance of angiogenesis in normal physiolo-
gical processes such as wound healing and the female
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Table lI: Clinical experience of fumagillin class MetAP-2 inhibitors in cancer.
Tumor type Therapeutic agent Clinical status’ Objective response? Ref.
AIDS-related Kaposi's sarcoma TNP-470 Phase | (39) PR (7/39) 64,72
AIDS-related Kaposi’'s sarcoma TNP-470 Phase | (13) 71
Advanced squamous cell TNP-470 Phase | (18) CR (1/18) 60, 69
cancer of the cervix PR (3/18) 66
Metastatic prostate cancer TNP-470 Phase | (33)
Solid tumors (10)2 TNP-470 Phase | (36) PR (3/36) 65
Solid tumors (9)* TNP-470 + paclitaxel Phase | (32) PR (8/32) 70
Solid tumors (4)° TNP-470 + carboplatin + paclitaxel Phase | (17) PR (3/17) 88
Metastatic renal carcinoma TNP-470 Phase Il (33) PR (1/33) 67
Metastatic breast cancer TNP-470 Case study (1) PR (1/1) 68
Non-Hodgkin’s lymphoma PPI-2458 Phase |
NR CKD-732 Phase |

"The number of subjects enrolled in each trial is shown in parentheses. 2Objective responses are limited to either complete or partial
responses. Subjects who had stable disease or achieved other clinical benefits for some period of time are not considered. 3Solid tumor
types and number of subjects: sarcoma (12), colorectal cancer (7), melanoma (4), non-small cell lung cancer (NSCLC) (3), breast car-
cinoma (3), gastric adenocarcinoma (2), head and neck squamous carcinoma (2), pancreatic adenocarcinoma (1), Merkel cell carcino-
ma (1), spindle cell carcinoma (1). Partial responses: sarcoma (2), melanoma (1). “Solid tumor types and number of subjects: NSCLC
(16), head and neck carcinoma (5), prostate cancer (4), kidney cancer (2), bladder cancer (1), cervical cancer (1), uterine cancer (1),
breast cancer (1), sarcoma (1). Partial responses: NSCLC (6), NR (2). Solid tumor types and number of subjects: NSCLC (11), head
and neck cancer (3), sarcoma (2), thymoma (1). Partial responses: NSCLC (2), NR (1). PR: partial response; CR: complete response;

NR: not reported.

reproductive system led several investigators to study the
hypothesis that antiangiogenic therapy may adversely
affect these processes. In several experimental mouse
models of wound healing, conflicting results on the activ-
ity of TNP-470 were reported. While TNP-470 prevented
the recurrence of liver metastasis after partial hepatecto-
my without suppressing liver regeneration or wound heal-
ing (55), significant, dose-dependent impairment of
wound healing was observed in the dorsal excisional
wound model (56). Similarly, different experimental out-
comes have been reported on the activity of this agent on
the female reproductive cycle. The administration of TNP-
470 to pregnant mice between days 1 and 7 of gestation
resulted in complete failure of embryonic growth (57).
This effect, however, was completely reversible and func-
tional recovery of the reproductive system was observed
after 6-8 weeks (57). The ovulatory cycles of macaques
and marmosets, which more closely approximate the
potentially adverse effects of drug treatment in humans,
were not affected by exposure of these animals to
TNP-470 (58).

Toxicology studies in rats and dogs with TNP-470
administered intravenously (i.e., clinical route of adminis-
tration) for 90 days, followed by a 13-week recovery peri-
od, suggested a maximum tolerated dose (MTD) of 3
mg/kg (8 mg/m?) and 0.5 mg/kg (10 mg/m?) for rats and
dogs, respectively (59, 60). The administration of doses
higher than the MTD resulted in toxicities which included
body weight loss in rats and body weight loss, convul-
sions, ataxia, tremors, cataracts, leukocytopenia and
anemia in dogs. After 13 weeks of recovery, most toxico-
logical findings were resolved in dogs, while recovery in
rats was complete. In an effort to avoid drug-related toxi-
cities while maintaining potent antiproliferative activity,
two recent studies reported that TNP-470, when conju-

gated to a synthetic polymer, was as potent in a mouse
tumor model as free TNP-470. Moreover, conjugated
TNP-470 yielded no clinical signs of toxicity previously
associated with the administration of free TNP-470
observed in this model (61, 62).

In 1992, TNP-470 was the first MetAP-2 inhibitor of
this class to enter phase | clinical trials in cancer. Kaposi’s
sarcoma (KS), the most prevalent neoplasm in AIDS
patients, was the first oncology indication selected (Table
II). The clinical presentation of this tumor shows highly
vascularized dermal lesions, suggesting a prominent role
of angiogenesis in the pathology of this disease (63).
Seven partial responses were obtained in 39 patients
administered TNP-470, with a median duration of
response of 11 weeks (64). TNP-470 was further evaluat-
ed in a large number of phase /Il solid tumor trials and
showed promising early results in several indications
(Table II). Published outcomes included responses in
metastatic squamous cell cervical cancer (65-67). In
metastatic breast cancer, 1 patient demonstrated a partial
response after 3 months of TNP-470 treatment, including
eye and lung disease that was undectable after 3 months
of treatment and an overall reduction in the size and num-
ber of other lesions (68). One patient presenting with
metastatic squamous cell carcinoma of the cervix
achieved a complete response after 18 weeks of TNP-
470 treatment, which lasted for more than 8 months after
discontinuation of therapy. This study also included 3
patients with stable disease for periods ranging from 5 to
20 months (69). Moreover, a study of TNP-470 used in
combination with paclitaxel in patients with non-small cell
lung cancer (NSCLC) included 6 partial responses.
NSCLC patients in this trial had a median survival time of
14.1 months (70). Despite these encouraging clinical
results, however, the clinical development of TNP-470
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Fig. 3. PPI-2458-induced growth inhibition (A) in human fibroblast-like synoviocytes from rheumatoid arthritis patients (HFLS-RA) and
human umbilical vein endothelial cells (HUVEC), but not normal human dermal fibroblasts (NHDF-Ad), is linked to MetAP-2 enzyme inhi-
bition (B). A) HFLS-RA (@), NHDF-Ad (M) (8 x 102 cells) and HUVEC (O) (8 x 10° cells) were incubated with increasing concentrations
(0.001-1000 nM) of PPI-2458 for 7 and 4 days, respectively. For the final 24 h, 1 puCi/well of [*H]-thymidine was added, and proliferation
was determined by [*H]-thymidine incorporation. The results are representative of at least 5 independent experiments. B) The MetAP-2
assay was performed with cell lysates from HFLS-RA, NHDF-Ad and HUVEC treated exactly as described in A, except that no [*H]-thymi-

dine was added. Reproduced with permission from Ref. 7.
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Fig. 4. Incidence of seizures after the administration of PPI-2458
and TNP-470. Sprague-Dawley rats were given PPI-2458 or
TNP-470 at doses of 6 or 60 mg/kg/day i.v. for 14 consecutive
days. The animals were observed daily after dosing for clinical
signs of toxicity and the incidence of seizures was recorded for
each treatment group (n=8; 4/sex). Reproduced with permission
from Ref. 7.

was halted in phase Il, primarily due to CNS toxicities (65,
66, 69) and difficulties in optimizing the dosing regimen
due to its extremely short circulating half-life (65, 71, 72)
and the requirement for intravenous infusion for adminis-
tration. Thus, improvement of these clinical liabilities will
be important for novel MetAP-2 inhibitors of this class to
be successful in the clinic.

PPI-2458

PPI-2458 (Fig. 2) is a novel, orally available semisyn-
thetic fumagillin analogue designed to maintain the potent
antiproliferative activity of fumagillin class MetAP-2

inhibitors, while at the same time improving upon their
toxicity profile and clinical deficiencies. PPI-2458 has
shown broad antiproliferative activity against a large
panel of tumor cell lines, and importantly, this in vitro
activity has correlated with the in vivo activity in corre-
sponding human xenograft models of hematological and
solid tumors in mice and rodent solid tumor models (Table
I). Moreover, PPI-2458 has also shown activity in multiple
animal models of arthritis (7, 73, 74). This molecule is a
potent inhibitor of HUVEC and HFLS-RA proliferation in
vitro (Glg,: 0.2 nM and 0.04 nM, respectively) (7). Both
cell types have been shown to directly contribute to the
pathogenesis of RA and their activities regulate the inva-
sive growth of the pannus that ultimately leads to joint
destruction. Furthermore, the direct cytostatic growth inhi-
bition of HUVEC and HFLS-RA was directly proportional
to the amount of MetAP-2 enzyme inhibited, which sug-
gests that MetAP-2 enzyme inhibition is the first critical
step in the growth inhibition of PPI-2458-sensitive
HUVEC and HFLS-RA (Fig. 3) (7). These pharmacologi-
cal activities of PPI-2458 observed in vitro appear to
translate into protective activity in animals. In the rat pep-
tidoglycan/polysaccharide-induced (PGPS) model of
arthritis PPI-2458 significantly attenuated paw swelling
when administered therapeutically after the onset of
chronic disease, and in a rat model of collagen-induced
arthritis (CIA) PPI-2458 demonstrated significant regres-
sion of disease, as well as prevention of erosions (73,
74).

In reaction to the clinical deficiencies of TNP-470, par-
ticularly the dose-limiting neurotoxicities (65, 66, 69), PPI-
2458 was designed to minimize the CNS exposure. The
incidence of seizures, considered a clinical symptom of
CNS toxicity, was measured in rats after administration of
PPI-2458 and TNP-470 (6 or 60 mg/kg/day i.v.) for 14
consecutive days. TNP-470 at both doses demonstrated
an increased incidence of seizures compared to vehicle-
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treated animals. In contrast, no clinical signs of PPI-2458-
associated CNS toxicity were observed (Fig. 4) (7).

PPI1-2458 has advanced into phase | clinical trials in
non-Hodgkin’s lymphoma (NHL) (Table Il). The rationale
for treating NHL appears compelling as germinal center
(GC) B-cells and their neoplastic counterparts express
high levels of MetAP-2 (75). Moreover, animal studies
have shown a concentration-dependent decrease in
splenic and lymph node GC B-cells, further suggesting
the potential importance of this target in NHL therapy
(Cooper et al., submitted).

Conclusions

Fumagillin class inhibitors of MetAP-2 have emerged
as a potentially new therapeutic approach with broad clin-
ical applications for the treatment of hyperproliferative
diseases. Their pharmacological properties, character-
ized by potent antiangiogenic and antiproliferative activi-
ty, are due to specific molecular interactions resulting in
the covalent binding and irreversible inhibition of a com-
mon molecular target, MetAP-2. TNP-470 was the first
fumagillin analogue to enter clinical trials and showed
promising initial results. However, further clinical develop-
ment of this agent was halted, primarily due to obstacles
associated with safety (dose-limiting CNS toxicities) and
difficulties in optimizing the dosing regimen due to its
extremely short circulating half-life and the requirement
for intravenous infusion for administration. The clinical
experience of TNP-470 has thus provided valuable infor-
mation for the development of novel fumagillin analogues
with significantly improved pharmacological properties,
such as the orally active molecule PPI-2458. Clinical
evaluation of this agent will determine whether these
changes in the pharmacological profile of PPI-2458 have
translated into the anticipated clinical benefit for PP1-2458
to demonstrate the therapeutic potential of MetAP-2
inhibitors in a broad array of disease states involving
hyperproliferative cells and angiogenesis.
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