© 2004 Nature Publishing Group http://www.nature.com/naturemedicine

ARTICLES

Targeting angiogenesis with a conjugate of HPMA
copolymer and TNP-470
Ronit Satchi-Fainaro1, Mark Puder1, John W Davies2, Hai T Tran3, David A Sampson1, Arin K Greene1,
Gabriel Corfas4 & Judah Folkman1
Angiogenesis is crucial for tumor growth. Angiogenesis inhibitors, such as O-(chloracetyl-carbamoyl) fumagillol (TNP-470), are
thus emerging as a new class of anticancer drugs. In clinical trials, TNP-470 slowed tumor growth in patients with metastatic
cancer. However, at higher doses necessary for tumor regression, many patients experienced neurotoxicity. We therefore
synthesized and characterized a water-soluble conjugate of N-(2-hydroxypropyl)methacrylamide (HPMA) copolymer, Gly-Phe-LeuGly linker and TNP-470. This conjugate accumulated selectively in tumor vessels because of the enhanced permeability and
retention (EPR) effect. HPMA copolymer–TNP-470 substantially enhanced and prolonged the activity of TNP-470 in vivo in
tumor and hepatectomy models. Polymer conjugation prevented TNP-470 from crossing the blood-brain barrier (BBB) and
decreased its accumulation in normal organs, thereby avoiding drug-related toxicities. Treatment with TNP-470 caused weight
loss and neurotoxic effects in mice, whereas treatment with the conjugate did not. This new approach for targeting angiogenesis
inhibitors specifically to the tumor vasculature may provide a new strategy for the rational design of cancer therapies.

Angiogenesis, the growth of new capillary blood vessels from preexisting vasculature, is important not only in physiological
processes, but also in pathological processes such as tumor progression and metastasis1. Angiogenesis is a crucial process for all malignancies2. As a result, the microvascular endothelial cell, which is
recruited by tumors, has become an important second target in cancer therapy. Antiangiogenic agents have emerged as a new class of
drugs, but the optimal use of these agents, alone or in combination
with drug delivery systems and conventional chemotherapy, has not
been fully elucidated.
There are more than 60 angiogenesis inhibitors in cancer clinical
trials. One of these, TNP-470, is a low-molecular-weight synthetic
analogue of fumagillin3, a compound secreted by the fungus
Aspergillus fumigatus fresenius. TNP-470 is a potent endothelial
inhibitor in vitro4. In animal models, TNP-470 has the broadest anticancer spectrum of any known agent5,6. TNP-470 inhibited the
growth of mouse tumors up to 91%, human tumors in mice up to
100% and metastatic tumors in mice up to 100% (ref. 6). In clinical
trials, TNP-470 has shown evidence of antitumor activity when used
as a single agent, with several objective responses reported with
relapsed and refractory malignancies7–9. It has also shown promise
when used in combination with conventional chemotherapy10,11.
However, many patients experienced neurotoxicity at doses where
antitumor activity was seen9,10,12,13. Predominant symptoms
reported were those of cerebellar dysfunction (malaise, rare seizures,

asthenia, dysphoria, dizziness, lightheadedness, vertigo and ataxia)9,
generally accompanied by physical findings of abnormal finger-nose
or heel-shin tests and the inability to perform tandem walking. The
median time to onset was 6 weeks, and the symptoms resolved in all
patients within 1–2 weeks of discontinuing treatment. Because of
dose-limiting neurotoxicity, TNP-470 has been tested using multiple
dosing regimens, but these have been unsuccessful in limiting its
toxicity. With few exceptions, weight loss or failure to gain weight
was observed in animals receiving TNP-470 (ref. 14), and two reports
noted a decrease in splenic weight15,16. Modifications of TNP-470
that retain or increase its antiangiogenic activity while reducing its
toxicity are therefore highly desirable.
Here we propose the use of water-soluble synthetic polymers
such as HPMA copolymers as specific carriers of angiogenesis
inhibitors that can be internalized into tumor vessels17. HPMA
copolymers are biocompatible, nonimmunogenic and nontoxic18,
and their body distribution is well characterized19. They accumulate selectively in tumor sites because of the EPR effect20, thus
overcoming limitations of drug-related toxicities21. The EPR phenomenon of passive diffusion through permeable neovasculature
and localization in tumor interstitia is observed for macromolecular agents and lipids in many solid tumors. We hypothesized that
conjugation with polymers would increase the accumulation of
TNP-470 in angiogenic tissues such as the tumor vascular bed, and
restrict its passage through the normal BBB22. We also hypothe-

1Vascular Biology Program and Department of Surgery, Boston Children’s Hospital and Harvard Medical School, 1 Blackfan Circle, New Research Building, Boston,
Massachusetts 02115, USA. 2Polymer Laboratories, Essex Road, Church Stretton, Shropshire, SY6 6EA UK. 3University of Texas, MD Anderson Cancer Center,
Divisions of Cancer Medicine and Pharmacy, 1515 Holcombe Blvd., Unit 432, Houston, Texas 77030, USA. 4Department of Neurology, Boston Children’s Hospital
and Harvard Medical School, 300 Longwood Avenue, Boston, Massachusetts 02115, USA. Correspondence should be addressed to J.F.
(judah.folkman@childrens.harvard.edu).

Published online 22 February 2004; doi:10.1038/nm1002

NATURE MEDICINE VOLUME 10 | NUMBER 3 | MARCH 2004

255

ARTICLES
a

CH3

CH3
C
H2

*

C
H2

x
CO

y
CO
NH

NH

CH2

CH2

CO

CHOH

NH

CH3

HC C
H2

Gly-Phe-Leu-Gly
linker

CO
NH

H CH3
HC C C
CH3
H2
CO
NH
CH2
CO

Enzymatically
degradable bond
O

NH
(CH2)2

O

NH
O

TNP-470

N
H
OMe
O

x = 90
y = 10

H
O CH
3

b

2,400
2,000

Free TNP-470 (µg)

© 2004 Nature Publishing Group http://www.nature.com/naturemedicine

same conditions with the addition of the lysosomal enzyme
cathepsin B, the linker (Gly-Phe-Leu-Gly) between the polymer and
the drug23 was cleaved and TNP-470 was released (Fig. 1b). These
conditions imitate the lysosomal environment in endothelial cells in
which lysosomal cysteine proteases, such as cathespin B, are
present. The incubated solution was then analyzed by HPLC/tandem
mass spectrometry (LC/MS/MS) and had a TNP-470 content of
∼10 mol%.

HPMA copolymer
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TNP-470 conjugate inhibits endothelial cell proliferation
To determine whether HPMA copolymer–TNP-470 is active in vitro,
we tested its inhibitory effect on bovine capillary endothelial (BCE)
cell and A2058 human melanoma cell proliferation. Basic
FGF–induced proliferation of BCE cells was inhibited similarly by
TNP-470 and HPMA copolymer–TNP-470 at TNP-470–equivalent
concentrations from 10 pg/ml to 1 µg/ml (Fig. 2a). At doses >1 µg/ml,
however, both free and conjugated TNP-470 were cytotoxic. TNP-470
did not have an effect on endothelial cells that were not induced with
basic FGF (data not shown). Free and conjugated TNP-470 inhibited
serum-induced proliferation of A2058 melanoma cells beginning at
10 ng/ml (Fig. 2a). Free and conjugated TNP-470 were cytotoxic to
these cells at doses >100 µg/ml. The effect of TNP-470 was thus 3–4
logs more potent on endothelial cells than on tumor cells. HPMA
copolymer alone was inert in vitro and in vivo (data not shown), in
agreement with extensive previously published data 17.
In contrast, inhibition of smooth muscle cell (BASM; Fig. 2b) and
fibroblast (Fig. 2c) cell proliferation in vitro after 72 h showed that
both free and conjugated TNP-470 had cytostatic effects on seruminduced cells at doses >10 pg/ml (free TNP-470) and 1 ng/ml (conjugate). Neither was cytotoxic at doses <1 mg/ml. This is significantly
different (P < 0.01) from their effect on endothelial cell and even
tumor cell proliferation (Fig. 2a). This probably prevents toxicity of
normal nonendothelial cells in vivo.
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Figure 1 Synthesis and characterization of HPMA copolymer–TNP-470
conjugate. (a) Structure of HPMA copolymer–GFLG-ethylenediamine–
TNP-470. (b) in vitro release of TNP-470 from HPMA copolymer in the
presence () or absence () of cathepsin B.

sized that conjugation of angiogenesis inhibitors to such carriers
would prolong their circulating half-life.
In this paper, we present the synthesis and characterization of an
HPMA copolymer–TNP-470 conjugate. We evaluate its effect on
endothelial cell proliferation in vitro and on experimental tumor
models in vivo.
RESULTS
Synthesis and characterization of HPMA copolymer–TNP-470
HPMA copolymer–Gly-Phe-Leu-Gly–ethylenediamine–TNP-470 conjugate (Fig. 1a) was synthesized, purified and characterized by highperformance liquid chromatography (HPLC). Free TNP-470 eluted as a
single peak with a retention time of 13.0 min, whereas the conjugate
eluted as a wider peak at 10.0 min (data not shown). Free drug was negligible (<0.01% of total TNP-470) after repeated purification by dialysis. TNP-470 is not water-soluble, but the conjugate with HPMA
copolymer is soluble. The conjugate was stable for 3 d in phosphatebuffered saline or citrate buffer (pH 5.5, 0.2 M at 37 °C). Under the
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TNP-470 conjugate inhibits endothelial sprouting
Having shown that the HPMA copolymer–TNP-470 conjugate
inhibited endothelial cell growth in vitro, an ex vivo model of chick
aortic rings implanted in Matrigel was used to further characterize
the conjugate. Both free and conjugated TNP-470 substantially
reduced the number and length of vascular sprouts growing from the
chick aortic ring at 50 pg/ml, and completely prevented outgrowth at
100 pg/ml (Fig. 2d). A control aortic ring showed abundant sprouting. Similar dose dependency was found for TNP-470 in a mouse
aortic ring assay24.
Single dose of conjugate inhibits liver regeneration
Having shown that the activity of HPMA copolymer–TNP-470 was
equal to that of free TNP-470 in vitro, we then evaluated its antiangiogenic activity in vivo. Before testing the conjugate in tumor models in vivo, however, we established the efficacy of the conjugate in a
hepatectomy model (Fig. 3a). This non-neoplastic in vivo model is
relatively rapid (8 d) and was used to compare the inhibitory activity
of free and conjugated TNP-470 on endothelial cells, because liver
regeneration after hepatectomy is angiogenesis dependent and thus
highly regulated by endothelial cells, similar to tumor growth25. On
day 0 after partial hepatectomy, liver weight was ∼0.4 g. Control mice
regenerated their resected livers to their preoperative mass (∼1.2 g)
by postoperative day 8 (Fig. 3b). In mice treated with 30 mg/kg of
TNP-470 or its conjugate, subcutaneously every other day
(s.c. q.o.d.), liver regeneration was inhibited and livers reached an
average size of 0.7 g on postoperative day 8 (Fig. 3b). Free TNP-470
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Figure 2 TNP-470 and HPMA copolymer–TNP-470
Untreated
TNP-470
HPMA–TNP-470
conjugate selectively inhibit endothelial cell
proliferation. (a) TNP-470 (circles) and HPMA
copolymer–TNP-470 (triangles) had similar
cytostatic effects on basic FGF–induced proliferation
of BCE cells (open symbols) at doses <1 µg/ml, and
similar cytotoxic effects at doses >1 µg/ml. A2058
cell proliferation (closed symbols) was inhibited by
free or conjugated TNP-470 at doses >100 µg/ml.
Solid horizontal line indicates proliferation of growth
factor–induced cells; dotted line indicates cell
proliferation in absence of basic FGF or serum. (b,c) TNP-470 () and HPMA copolymer-TNP-470 () had cytostatic effects on serum-induced
proliferation of BASM (b) and fibroblast (c) cells at doses >10 pg/ml (TNP-470) or 1 ng/ml (conjugate) after 72 h. Neither drug was cytotoxic at
these doses. (d) TNP-470 and HPMA copolymer–TNP-470 (100 pg/ml) inhibited chick aortic ring endothelial sprouting. Untreated control ring
shows abundant sprouting.

did not inhibit liver regeneration when injected at 60 mg/kg every 4 d
(q.4.d.) or in a single injection of 120 mg/kg on the day of hepatectomy. In contrast, the effect of conjugated TNP-470 was equivalent to
that on the 30 mg/kg q.o.d. dosing schedule when given 60 mg/kg
q.4.d. or in a single dose of 120 mg/kg on the day of hepatectomy.
This indicates that the conjugate has a longer circulation time than
free TNP-470 in vivo, and/or that the conjugate accumulates at sites

of proliferating endothelial cells, leading to sustained release of
TNP-470 species from the polymer.
HPMA copolymer–TNP-470 does not affect normal development
Free and conjugated TNP-470 (30 mg/kg s.c. q.o.d.) were injected into
17-day-old BALB/c mice to test their effects on normal development.
Free TNP-470 inhibited weight gain at these crucial ages (17–39 d),
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Figure 3 Once-weekly administration of HPMA copolymer–TNP-470 conjugate inhibits angiogenesis in liver regeneration model. (a) Schematic
representation of hepatectomy model. Untreated livers regenerate in 8 d; livers treated with TNP-470 30 mg/kg q.o.d. s.c. do not regenerate. (b) TNP-470
() inhibited liver regeneration when used at 30 mg/kg q.o.d. s.c., but not with other dosing schedules. HPMA copolymer–TNP-470 () inhibited liver
regeneration at 30 mg/kg q.o.d. s.c., 60 mg/kg q.4.d. s.c. or at a single dose of 120 mg/kg s.c. on day of operation. Pre- and post-partial hepatectomy on
day of surgery are also noted in control group (). (c) TNP-470 () caused delay in newborn mouse development, but HPMA copolymer–TNP-470 () did
not affect body weights, similar to control mice (). Arrows represent days of treatment. Data represent mean ± s.e. (n = 9).
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Figure 4 HPMA copolymer–TNP-470 inhibits
A2058 human melanoma and LLC growth.
(a) Effects of TNP-470 (), HPMA
copolymer–TNP-470 conjugate () and saline
() on male SCID mice bearing A2058 human
melanoma (n = 5 mice per group). (b) Excised
tumors (from a) on day 8 of treatment. (c) Effects
of TNP-470 (30 mg/kg q.o.d. s.c.; ) and HPMA
copolymer–TNP-470 (30 mg/kg q.o.d. s.c.; )
on C57 mice bearing LLC tumors and untreated
control mice (; n = 10 mice per group). (d)
Dose escalation of HPMA copolymer–TNP-470 in
C57 mice bearing LLC tumors. Data at 30 (),
60 () and 90 mg/kg q.o.d. () and controls ()
are shown (n = 5 mice per group). All data
represent mean ± s.e. *, P < 0.05; **, P < 0.03;
***, P < 0.01 compared with control.
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Days of treatment
Days of treatment
control mice were killed, conjugated
TNP-470 inhibited tumor growth by 86%
whereas mice treated with conjugated TNP-470 developed similarly (P < 0.03), compared with 67% for free TNP-470 (P < 0.05; Fig. 4c).
to control mice injected with saline (Fig. 3c). These results differed In addition, the conjugate did not induce weight loss, whereas free
from those obtained from the hepatectomy experiments. It is likely TNP-470 did (data not shown). We therefore tested the conjugate in
that the conjugate extravasated through leaky vessels in the liver after LLC-bearing mice at the higher doses of 60 and 90 mg/kg, as well as at
surgery. However, the conjugate did not leak from normal vessels 30 mg/kg q.o.d. The conjugate inhibited tumor growth equally at 30
and 60 mg/kg q.o.d. (P < 0.05; T/C = 0.4 on day 8). Tumor suppresdeveloping in the newborn.
sion was significantly enhanced at 90 mg/kg q.o.d. (P < 0.03; T/C =
0.24 on day 8; Fig. 4d). Even at 90 mg/kg q.o.d., mice did not lose
HPMA copolymer–TNP-470 inhibits melanoma growth rate
Severe combined immunodeficient (SCID) mice bearing s.c. A2058 weight, indicating that the maximum tolerated dose was not reached.
melanoma tumors showed decreased tumor growth rates when treated Free TNP-470 at these doses is very toxic to mice. In this set of experiwith free and conjugated TNP-470. T/C, defined as the ratio of the mean ments, treatment started when tumors reached ∼500 mm3, so the
tumor volume of the treated animals (T) divided by that of the results differed from those of our previous experiments (Fig. 4c) in
untreated control group (C) was 0.34 for free TNP-470 and 0.12 for the which treatment started when tumors were 100 mm3.
conjugate (Fig. 4a). During this study, we did not observe deaths due to
toxicity or weight loss in the conjugate-treated mice, indicating the pos- HPMA copolymer–TNP-470 does not cross the BBB
sibility of dose escalation of the conjugate. A significant decrease in LC/MS/MS showed that free TNP-470 is present in the ceretumor growth rate was observed in animals treated with free (P < 0.03) brospinal fluid (CSF) of mice with s.c. LLC tumor after intraand conjugated (P < 0.01) TNP-470, compared with controls (Fig. 4a,b). venous (i.v.) administration of the drug (data not shown). In
contrast, when HPMA copolymer–TNP-470 conjugate was
HPMA copolymer–TNP-470 inhibits Lewis lung carcinoma (LLC) injected, neither active TNP-470 species nor its known metaboC57Bl/6J mice bearing s.c. LLC showed decreased tumor growth rates lites26 were detected in the CSF. These results suggest that TNP1,000
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Figure 5 HPMA copolymer–TNP-470 conjugate accumulates at higher concentrations in tumors and has a longer half-life in circulation than free
TNP-470. (a,b) TNP-470 extracted from tumors (a) and sera (b) from mice treated with HPMA copolymer–TNP-470. Free TNP-470 concentration was
negligible at these time points. (c) TNP-470 extracted from brain, spleen and liver. Values represent mean ± s.e. (n = 3 mice per group).

258

VOLUME 10 | NUMBER 3 | MARCH 2004 NATURE MEDICINE

© 2004 Nature Publishing Group http://www.nature.com/naturemedicine

ARTICLES
a

b

30 -

35 -

28 -

30 -

Body weight (g)

Time to fall from rotarod (s)

Figure 6 HPMA copolymer–TNP-470 does not
affect neurological function. (a) Mice were
treated with free TNP-470 (30 mg/kg q.o.d. s.c.;
), HPMA copolymer–TNP-470 (30 mg/kg q.o.d.
s.c.; ) or saline (250 µl q.o.d. s.c.; ) for
5 weeks. Shown are mean times that each group
remained on rotarod. (b) Body weights of mice
treated with free TNP-470 (30 mg/kg q.o.d. s.c.;
), HPMA copolymer–TNP-470 (30 mg/kg q.o.d.
s.c.; ) or saline (250 µl q.o.d. s.c.; ) for
5 weeks. Data represent mean ± s.e. (n = 5 mice
per group).

25 -

**

20 15 10 -

26 24 -

***

22 -

5-

20 -

0-

Control

470-related neurotoxicity can be avoided when TNP-470 is conjugated to HPMA copolymer.
HPMA copolymer–TNP-470 selectively accumulates in tumors
LLC-bearing mice were treated with free or conjugated TNP-470.
TNP-470 from serum specimens of mice treated with free TNP-470
was only detected at the 1- and 2-h time points, with mean concentrations of 0.9 and 1.7 ng/ml, respectively. There was no detectable
TNP-470 in serum after the 2-h time point, and no detectable
TNP-470 in tumor specimens at any given sample time point.
However, active TNP-470 species, extracted from sera and tumors of
mice injected with conjugated TNP-470, were present up to 48 h
after injection (Fig. 5a,b). The circulating half-life of conjugated
TNP-470 in serum is estimated to be up to 24 h, which is much
longer than published data note half-lives for TNP-470 and its two
major metabolites, TNP-470-MIV and TNP-470-MII (3, 12, and 46
min., respectively)10. We also collected liver, spleen and brain samples from the same LLC-bearing mice. The conjugate was not present in the brain at time points up to 48 h. Conjugate was only
present at two time points at low concentrations in the liver and the
spleen, which can be attributed to the presence of the conjugate in
the blood in these organs. In contrast, free TNP-470 was present in
the spleen and liver at all the time points tested at higher concentrations, and in the brain at one time point at a high concentration
(Fig. 5c).
HPMA copolymer–TNP-470 does not affect neurological function
TNP-470 treatment results in severe ataxia and other symptoms of
cerebellar dysfunction in humans9. We therefore tested the effects
of free and conjugated TNP-470 on the motor skills of mice using
the rotarod test, a classic assay for ataxia in rodents. Mice were
placed on a rod rotating at increasing speeds, and the time for
which the mice remained on the rod was recorded. The performance of animals injected with conjugated TNP-470 was indistinguishable from that of control mice, whereas mice injected with
free TNP-470 remained on the rotating rod for significantly shorter
times than mice in the other two groups (P < 0.03; Fig. 6a). The
experiment was repeated every day for five consecutive days, with
similar results (data not shown). Mice treated with free TNP-470
lost weight, whereas mice treated with conjugated TNP-470 gained
weight, similar to control mice (P < 0.01; Fig. 6b). Skin irritation at
the injection sites was also observed in the mice treated with free
TNP-470, but not in the mice treated with conjugated TNP-470
(data not shown).
These results indicate that whereas free TNP-470 injection leads to
ataxia, conjugated TNP-470 does not affect the motor coordination
of mice. There were no visible neurohistological alterations in the
mice injected with free TNP-470 (data not shown). This indicates
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that free TNP-470 induces neuronal dysfunction but does not affect
neuronal survival, consistent with the observation that the neurological side effects in humans are reversible9.
DISCUSSION
This is the first report of conjugation of a low-molecular-weight
angiogenesis inhibitor to a polymer to target the inhibitor to tumor
vasculature, decrease its penetration through the BBB, increase its
circulation time and solubility, and decrease overall toxicity. As a
result, the efficacy of this inhibitor has been substantially improved.
Several polymer–cytotoxic drug conjugates are already in early
clinical trials27. These include HPMA copolymer–doxorubicin,
HPMA copolymer–paclitaxel, polyethylene glycol–camptothecin,
polyglutamic acid–paclitaxel, an HPMA copolymer–platinate and an
HPMA copolymer–doxorubicin conjugate bearing additional galactosamine as a liver-targeting moiety17. Reduced toxicity and activity
in chemotherapy-refractory patients have been described. HPMA
copolymer–doxorubicin targets solid tumors by the EPR effect28
with concomitant renal elimination, resulting in low blood levels
within 1–5 h (refs. 19,29).
Polymer–angiogenesis inhibitor conjugates can take advantage
of the ability of macromolecules to target solid tumor tissue passively by the EPR effect20. This effect occurs because of leaky tumor
vasculature30, resulting in ‘enhanced permeability’ toward circulating molecules. Poor lymphatic drainage in most tumors leads to
increased drug ‘retention’. The improved antitumor activity of
polymer-drug conjugates, compared with free drugs, is the result of
the EPR effect27. The tetrapeptide linker Gly-Phe-Leu-Gly in the
HPMA copolymer–conjugate was designed to permit intralysosomal TNP-470 liberation by lysosomal cysteine proteases31 such as
cathepsin B, which is overexpressed in many tumor cells32 and
tumor endothelial cells33–35.
To exert an antitumor effect, active TNP-470 must be released at
the tumor site and interact with methionine aminopeptidase-2 in
endothelial cells. Methionine aminopeptidase-2 is one target of
TNP-470, although the precise mechanism underlying TNP-470’s
selective effect on endothelial cell proliferation is not understood36.
The improved antitumor activity of the conjugate indicates that
active TNP-470 species was released at the tumor site. The mechanism of release of a TNP-470 moiety involves cellular uptake and
enzymatic cleavage of the peptide linker in lysosomes. Some of the
conjugate that accumulates in the tumor is likely to be taken up by
tumor cells. To affect tumor cells directly, however, a higher concentration of TNP-470 would be needed than that needed to affect
endothelial cells (Fig. 2a).
There are two main reasons why the conjugate should affect
endothelial cells in tumors and regenerating livers, but not those in
quiescent vessels (such as those in neonates and the BBB). The first is
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that TNP-470 only affects proliferating endothelial cells. TNP-470
activates p53 in endothelial cells, leading to an increase in cyclindependent kinase inhibitor p21CIP/WAF expression and subsequent
growth arrest37,38. TNP-470 does not affect contact-inhibited
endothelial cells in the G0/G1 phase38. Liver endothelial cells are sensitive to TNP-470 only during the 8-d period of endothelial proliferation during regeneration25, whereas the endothelial cells lining the
BBB are not proliferating. However, the unresponsiveness of quiescent, nonproliferating endothelial cells lining the BBB does not prevent the diffusion of free TNP-470 to the brain tissue. The most
probable mechanism by which free TNP-470 is neurotoxic is by a
direct effect on neuronal function. The fact that the neurological
effects of free TNP-470 in humans are rapidly reversible upon discontinuation of treatment suggests that TNP-470 does not produce
neuronal degeneration.
The second reason that the conjugate shows selective effects
against tumor and regenerating liver endothelial cells is that the conjugate circulates longer than TNP-470 and accumulates selectively at
higher concentrations in tissues where vessels are leaky. In contrast,
free TNP-470 can diffuse from all vessels homogenously throughout
the body. Hence, the proliferating endothelial cells in the leaky environments of the tumor and regenerating liver will be exposed to
HPMA copolymer–TNP-470 for a longer time than other endothelial
cells, because of the size and structure of the conjugate. HPMA
copolymer conjugates are internalized into cells by slow fluid-phase
pinocytosis39,40. These HPMA conjugates must be therefore present
in the vessel microenvironment for some time before they can be
internalized into endothelial cells. In short, HPMA–TNP-470 conjugate requires both a leaky environment and proliferating endothelial
cells to be effective.
Several components of this strategy can further contribute to its
pronounced antitumor activity and may facilitate future therapy in
humans: (i) The HPMA copolymer used here has multivalent side
chains, which permit the high loading of drugs on the polymer;
(ii) an endothelial-cell targeting moiety could be conjugated to the
side chains on the polymeric backbone; (iii) HPMA copolymer–
TNP-470 provides prolonged exposure of the drug to the endothelium; (iv) HPMA copolymer–TNP-470 cannot cross the normal BBB;
and (v) polymers are less immunogenic than viral vectors and can
decrease or even abrogate the immunogenicity of bound proteins and
prolong circulation time18,41–43. It may therefore be feasible to deliver
therapeutic genes or proteins repeatedly to angiogenic blood vessels
for sustained treatment of diseases that depend on angiogenesis and
vascular remodeling. This study represents an example of how an
effective angiogenesis inhibitor can be substantially improved and its
toxicity decreased by conjugating it to a polymer.
METHODS
Materials. A random copolymer of HPMA and methacryloyl-Gly-Phe-LeuGly-p-nitrophenyl ester, incorporating 10 mol% of the methacryloyl-GlyPhe-Leu-Gly-p-nitrophenyl ester monomer units, was prepared as
reported18 and was supplied in its ethylenediamine (en)-derivative form by
Polymer Laboratories. The HPMA copolymer–GFLG-en had a molecular
weight of 31,600 Da and a polydispersity of 1.66. TNP-470 was provided by
D. Figg (National Cancer Institute). Dimethylformamide (DMF) was from
Sigma. Vivacell-70 (10-kDa molecular weight cut-off polyethersulfone
membrane) was from VivaScience.
A2058 human melanoma cells were from the American Type Culture
Collection. LLC cells were passaged from mouse to mouse as previously
described44. BASM cells and human foreskin-derived dermal fibroblasts were
from C. Butterfield (Children’s Hospital Boston). BCE cells were isolated and
maintained as described45. C57Bl/6J mice were from Jackson Laboratories,
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SCID mice were from Massachusetts General Hospital and BALB/c mice were
from Charles River Laboratories. All animal procedures were performed in
compliance with Boston Children’s Hospital guidelines, and protocols were
approved by the Institutional Animal Care and Use Committee.
Synthesis. TNP-470 was conjugated to HPMA copolymer–Gly-Phe-LeuGly–ethylenediamine by nucleophilic displacement of the terminal chlorine as
follows: HPMA copolymer–Gly-Phe-Leu-Gly–ethylenediamine (100 mg) was
dissolved in DMF (1.0 ml). TNP-470 (100 mg) was then dissolved in 1.0 ml
DMF and added to the solution. The mixture was stirred in the dark at 4 °C for
12 h. DMF was evaporated and the product, HPMA copolymer–TNP-470 conjugate, was redissolved in water, dialyzed using Vivacell-70, lyophilized and
stored at −20 °C. Reverse-phase HPLC analysis using a C18 column was used
for characterization.
Cell proliferation assay. BCE (15,000 cells/well), A2058 (5,000 cells/well),
BASM and fibroblast (10,000 cells/well) cells were plated, and incubated for
24 h. Cells were challenged with free or conjugated TNP-470 and counted after
72 h. Control cells were grown with or without serum. Cytostatic effect was
quantified as the cell count equivalent to the basal number of cells in the
absence of growth factors after 72 h of treatment. Cytotoxic effect was quantified by the cell counts that fell below the basal cell number.
Chick aortic ring assay. Aortic arches were dissected from day-14 chick
embryos, cut into cross-sectional fragments and implanted in Matrigel
(Becton Dickinson) as previously described46. Endothelial cells sprouted and
vascular channels formed within 24−48 h. Free or conjugated TNP-470
(10 pg/ml to 1 µg/ml) was added to the culture.
Hepatectomy model. C57Bl/6J mice underwent a partial hepatectomy
through a midline incision25. Free or conjugated TNP-470 (30 mg/kg q.o.d.,
60 mg/kg q.4.d. or 120 mg/kg once) was injected s.c. for 8 d (Fig. 3a). The liver
was collected on day 8, weighed and analyzed by histology.
Evaluation of antitumor activity of HPMA copolymer–TNP-470. C57Bl/6J or
SCID mice were inoculated s.c. with 5 × 106 LLC cells or A2058 human
melanoma cells, respectively. Animals bearing 100-mm3 tumors were injected
i.v. with TNP-470, HPMA copolymer–TNP-470 (30 mg/kg TNP-470 equivalents) or saline. Mice were monitored for weight loss and tumor progression.
At termination, tumors were dissected, weighed and analyzed. A doseescalation experiment with the conjugate was also initiated when tumors
reached 500 mm3.
Body distribution of TNP-470 and HPMA copolymer–TNP-470. C57Bl/6J
mice bearing LLC tumors were injected i.v. with free or conjugated TNP-470
(30 mg/kg). Intracerebral withdrawal of CSF was done using a Model 310
stereotaxic apparatus (Stoelting) according to stereotaxic coordinates47, as
previously described48. CSF, tumor, liver, spleen, brain and sera were collected
at times up to 48 h and homogenized. HPMA copolymer–TNP-470 samples
were incubated with cathepsin B (2 U/ml) overnight at 37 °C and filtered.
TNP-470 was extracted in ethyl acetate/hexane (1:1), vortexed and centrifuged twice at 16,100 g for 5 min. The organic layer was removed and evaporated. Samples were reconstituted in acetonitrile and NH4OAc (pH 5.0).
LC/MS/MS (Waters-MicroMass) was used to determine the amount of free
TNP-470 in the samples, as previously described26,49. Dynamic ranges for
TNP-470 from both free TNP-470 (m/z 419) and HPMA copolymer–TNP470 conjugate (m/z 348) were from 1 to 1,000 ng/ml. Mean tissue extraction
efficiency was estimated to be 70%. Pharmacokinetic modeling was completed using ADAPT II V4.0 (Biomedical Simulations Resource, University of
Southern California).
Evaluation of neurotoxicity. Motor coordination and balance were assessed
using a standard accelerating rotarod treadmill (Economex, Columbus
Instruments). Mice were treated with free or conjugated TNP-470 (30 mg/kg
q.o.d. s.c.) or saline for 5 weeks, and their body weights were recorded. Mice
were placed on the rotarod for 30 s to acclimate, after which the rotarod speed
was increased at a rate of 3 rotations/min/s. The time that each animal
remained on the rotating rod was recorded.
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Statistical methods. In vitro data are expressed as mean ± s.d. and in vivo data as
mean ± s.e. Statistical significance was assessed using the Student t-test or
Kruskal-Wallis test. Where differences were detected, the Wilcoxon rank-sum
test was used to test for pairwise differences between treatment groups. P < 0.05
was considered statistically significant.
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