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Neovastat—a novel antiangiogenic drug for cancer therapy
Denis Gingrasa, Dominique Boivina, Christophe Deckersa, Sébastien
Gendrona, Chantal Barthomeufb and Richard Béliveaua

Neovastat (Æ-941) is an antiangiogenic drug isolated from

marine cartilage. It interferes with several steps associated

with the development of angiogenesis through its ability to

induce endothelial cell apoptosis, and to inhibit matrix

metalloproteinase activities and vascular endothelial

growth factor-mediated signaling pathways, suggesting

that Neovastat behaves as a multifunctional antiangiogenic

drug. Neovastat is orally bioavailable, and shows signifi-

cant antitumor and antimetastatic properties in animal

models. An excellent safety profile with few side effects

has been monitored in more than 800 patients who have

been exposed to Neovastat, some of whom for more than 4

years. This indicates that Neovastat is suitable for long-

term use, either alone or in combination with other

anticancer therapies. Accordingly, Neovastat is currently

under evaluation in three pivotal clinical studies with two

phase III clinical trials in patients with lung and renal

carcinoma, and a phase II clinical trial in patients with

multiple myeloma is ongoing. Anti-Cancer Drugs 14:91–96
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Introduction
The current view of the cellular and molecular events

involved in the development of cancer identify six major

alterations in cell physiology that collectively dictate

malignant growth: self-sufficiency in growth signals,

insensitivity to antigrowth signals, evasion of apoptosis,

unlimited replicative potential, tissue invasion and

sustained angiogenesis [1]. All of these processes are

highly complex, but, in each case, several key regulatory

mechanisms governing the development of malignancy

have been unveiled, providing novel drug targets amen-

able for therapeutic intervention [1]. Among these

events, the targeting of tumor-induced angiogenesis as a

means of blocking tumor progression has generated a

growing interest in recent years [2]. This interest stems

from several observations that tumor cells cannot grow

significantly in the absence of blood vessels [3] and that

molecules interfering with angiogenesis have potent

antitumor properties in animal models [4]. Moreover,

since endothelial cells (ECs) are genetically stable,

inhibitors specific to these cells should not induce

resistance in tumors in contrast to cytotoxic compounds

(antimitotic, antimetabolites and alkylating agents) for

which resistance is commonly observed [5].

Extensive studies on the cellular and molecular processes

underlying angiogenesis have identified key events

associated with tumor-induced neovascularization: (i)

stimulation of ECs by tumor-derived angiogenic cyto-

kines, such as the vascular endothelial growth factor

(VEGF), resulting in increased EC proliferation and

migration, (ii) secretion of matrix-degrading enzymes,

such as matrix metalloproteinases and plasminogen

activators, resulting in the digestion of the surrounding

extracellular matrix (ECM), and (iii) formation of a three-

dimensional capillary network in the vicinity of tumor

cells, allowing their sustained growth by providing oxygen

and essential nutrients. These cellular and molecular

steps all represent attractive antiangiogenic targets, and

have led to the identification and development of a

variety of compounds targeting either EC proliferation,

migration or vessel formation [6]. At the present time,

almost 300 angiogenesis inhibitors have been identified

and developed, and more than 75 are under clinical

evaluation, from which only three are under investigation

in phase III clinical trials.

Neovastat
Cartilage was the first tissue reported to contain

biological inhibitor(s) of angiogenesis, based on experi-

ments showing that fragments of cartilage grafted onto

the chick embryo chorioallantoic membrane were resis-

tant to invasion by the vascularized mesenchyme of the

host [7]. Aqueous extraction of cartilage removed this

antiangiogenic activity, suggesting that cartilage contains

biologically active hydrosoluble inhibitors of angiogenesis

[8]. These observations contributed to the development

of a proprietary manufacturing process for Neovastat, a
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naturally occurring antiangiogenic agent obtained from

dogfish cartilage that is developed and prepared by

Æterna Laboratories (Québec, Canada) [9].

Neovastat is prepared by homogenization of the cartilage

in purified water, followed by purification of a molecular

fraction whose components have molecular weights of

less than approximately 500 kDa [9]. As such, Neovastat

is not cartilage, but an extract from cartilage from which

more than 95% of insoluble material has been discarded

[10]. Neovastat is produced and tested by state-of-the-

art facilities that are managed according to current Good

Manufacturing Practice (cGMP) criteria. The quality

controls for Neovastat are based on commonly used

attributes, e.g. physico-chemical characteristics, micro-

biology, chemical identity of the components, molecular

fingerprints and biological activities.

Antiangiogenic activities of Neovastat
In vitro, Neovastat inhibits the proliferation of ECs,

whereas it has no significant effect on the proliferation of

human skeletal muscle cells, dermal fibroblasts or several

tumor cell lines [11]. Antiangiogenic activity of the

compound is also supported by its inhibitory effect on

neovascularization in the ex ovo chick chorioallantoid

membrane model as well as by its inhibition of neovas-

cularization induced in vivo by s.c. implants of Matrigel

[11]. These studies thus indicate that Neovastat is an

orally bioavailable antiangiogenic agent [11]. Extensive

investigations conducted on the mechanisms by which

Neovastat exerts its antiangiogenic activity have demon-

strated that it has at least four mechanisms of action: it

inhibits specific matrix metalloproteinases (MMP-2, -9 and -

12), down-regulates the VEGF signaling pathway (VEGFR-

2), induces apoptosis in ECs and stimulates tissue-type

plasminogen activator (tPA) enzymatic activities.

Inhibition of the VEGF signaling pathway

New blood vessel formation during the angiogenic

process happens mainly through the stimulation of EC

proliferation and migration by angiogenic stimulators such

as VEGF and basic fibroblast growth factor (bFGF) [12–

14]. VEGF specifically binds to receptors of the tyrosine

kinase family at the EC surface, the fms-like tyrosine

kinase (Flt-1 or VEGFR-1) and the fetal liver kinase-1

(Flk-1/KDR or VEGFR-2) [15]. The binding of VEGF to

VEGFR-2 triggers the tyrosine phosphorylation of a

number of key signaling intermediates [16] that appear

to account for most of the mitogenic [17], chemotactic

[18], anti-apoptotic [19] and hyperpermeabilizing [20]

effects of VEGF.

There is compelling evidence that Neovastat contains

molecules that interfere with VEGF-mediated angiogen-

esis. Neovastat significantly inhibits VEGF-dependent

sprouting of ECs (a phenomenon including cell prolifera-

tion and migration) in the rat aortic ring preparation, an ex
vivo model of angiogenesis [21]. It also strongly inhibits

VEGF-dependent migration of ECs, an important com-

ponent of many biological processes including wound

healing, inflammation and angiogenesis. In vivo, oral

administration of Neovastat also leads to an inhibition of

VEGF-induced blood vessel hyperpermeabilization [21].

These data suggest that Neovastat contains components

that interfere with VEGFR-2 function, leading to the

alteration of VEGF-mediated signaling pathways. Accord-

ingly, Neovastat was shown to compete for the binding of

[125I]VEGF to its receptor in ECs [21]. However, it does not

significantly alter the binding of [125I]bFGF to its receptor,

although it inhibits bFGF-dependent proliferation of ECs.

The effect of Neovastat on VEGF binding was correlated

with a marked reduction of VEGFR-2 tyrosine phosphor-

ylation, whereas VEGFR-1 activity was unaffected.

Induction of EC apoptosis

A hallmark of antiangiogenic molecules is their ability to

induce apoptosis of EC but not of several other normal or

tumoral cell types. This induction of EC apoptosis

appears to represent an essential component of their

antiangiogenic effects, leading to subsequent tumor cell

apoptosis [22]. In a similar manner, cell death was

induced in bovine and human ECs that were exposed to

Neovastat, whereas other cell types were unaffected in

similar assays [23]. Neovastat-induced apoptotic cell

death was markedly reduced by zVAD-fmk, a broadly

active caspase inhibitor, suggesting the involvement of

caspase activities. Accordingly, Neovastat was found to

induce apoptotic cell death by increasing caspase-3 and -8

activities, and this was correlated with nuclei fragmenta-

tion and the release of cytochrome c from mitochondria to

the cytoplasm [23].

Inhibition of matrix proteinase activities

The capacity of tumors to form metastatic foci appears to

correlate with their ability to degrade basement mem-

brane barriers, a process involving the activation of

extracellular proteases of the MMP family [24,25].

MMPs are multidomain zinc-dependent endopeptidases

that, with a few exceptions, share a basic structural

organization comprising propeptide, catalytic, hinge and

hemopexin-like domains [25]. About 25 members of this

family have been described to date and these enzymes

have been extensively characterized, mostly in terms of

their specificity towards ECM proteins [4–6]. These

studies have shown that collectively, MMPs are capable of

degrading all molecular components of the ECM,

supporting an essential function in tumor invasion and

in angiogenesis [26]. In the extracellular medium, the

activity of MMPs is controlled by the tissue inhibitors of

matrix metalloproteinases (TIMPs), a family of proteins

currently composed of four members (TIMP1–4) which

act as endogenous inhibitors of MMPs and thus prevent
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degradation of ECM components [27]. A large body of

evidence suggests that the equilibrium existing between

MMP and TIMPs determines whether or not cells invade

the ECM [27].

The effect of Neovastat on MMP activities was assessed

by fluorimetric assays and by substrate gel zymography. In

both assays, Neovastat significantly inhibited MMP-2

activity [28], whereas it had much less inhibitory activity

towards MMP-1, -7, -9 and -13 activities. Although the

molecular components involved in the MMP inhibitory

activity remain to be biochemically identified, the

inhibitory activity correlated with the presence of

TIMP-like molecules within Neovastat, suggesting that

these molecules may contribute to MMP inhibition [28].

Interestingly, Neovastat also showed a significant inhibi-

tory activity towards metalloelastase (MMP-12) and

neutrophil elastase, two enzymes that degrade elastin

and are involved in the pathophysiology of diseases such

as abdominal aneurysms and pulmonary emphysema. The

contribution of this activity to the antiangiogenic effect of

Neovastat remains to be determined.

Stimulation of tPA activity

The PA/plasmin system comprises two major types of PA,

tPA and urokinase PA (uPA), that both specifically

convert circulating plasminogen to the active proteinase

plasmin by cleavage of the Arg561–Val562 peptide bond

[29]. Plasmin is a trypsin-like protease with broad

specificity that is capable of degrading most components

of the ECM either directly or through activation of

MMPs or elastases [30]. While uPA and tPA share a

common substrate, there is evidence that the physiolo-

gical roles of the two proteins are distinct. The binding of

uPA to its cell-surface receptor (uPAR) is involved in

pericellular proteolysis and is associated with cell

locomotion [30,31]. This uPA/uPAR interaction has been

proposed to play an important role in neovascularization

based on the observation that interference with the

binding of uPA to its receptor results in an inhibition of

tumor angiogenesis [32]. In contrast to uPA, the role of

tPA in angiogenesis remains unclear. tPA is a key enzyme

in fibrinolysis due to its ability to significantly increase

the cleavage of plasminogen to plasmin when bound to

fibrin, leading to fibrin degradation [29]. How this

fibrinolytic activity contributes to angiogenesis remains

unknown. High tPA levels correlate with good prognosis

in various tumors [33,34], whereas lower tPA levels were

found to be associated with malignant tumors [35]. While

such a positive role for tPA in tumor progression remains

unexplained, it has been proposed that overstimulation of

plasmin generation by tPA may induce the degradation of

the proangiogenic fibrin matrix, resulting in the inhibition

of angiogenesis [36].

Recent studies have suggested that Neovastat may have a

positive impact on the PA system. Using recombinant tPA

and uPA enzymes, we recently observed that Neovastat

promoted a marked increase in tPA-dependent plasmin

generation, whereas the compound had an inhibitory

effect on that mediated by uPA (Gingras et al., manuscript

in preparation). Interestingly, this stimulatory effect of

Neovastat on tPA activity is likely to occur in vivo, based

on the observation that administration of Neovastat to

animals bearing human glioblastoma results in a marked

increase in the levels of EC-associated tPA (Jourdes et al.,
submitted). The participation of this activity to the

antiangiogenic effect of Neovastat is currently under

extensive study.

In summary, these data collectively indicate that Neova-

stat contains several constituents with distinct mechan-

isms of action and further emphasizes its pleiotropic

mechanism of action (see Fig. 1). It is suggested that

each of these molecules might act together in synergy to

produce a more complete control of angiogenesis. The

biochemical identification of these molecules is underway

and should provide interesting information concerning

the mechanisms underlying the antiangiogenic effects of

Neovastat.

Antitumor and antimetastatic properties of
Neovastat
Antitumor properties

Chronic administration of Neovastat significantly inhibits

tumor growth in vivo as reflected by a significant dose-

dependent inhibition of tumor volume [11]. Moreover,

Neovastat-treated mice in the experimental glioblastoma

model showed a significantly longer survival time

compared to untreated mice [37], which correlated with

a significant reduction of tumor vascularization.

Antimetastatic properties

The antimetastatic activity of Neovastat was assessed

using an in vivo Lewis lung carcinoma (LLC) model,

Fig. 1

+ _ _+

Neovastat

Angiogenesis

EC apoptosis tPA VEGFR-2 MMPs

Neovastat is a multifunctional antiangiogenic agent.
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which is characterized by the formation of a large number

of lung metastases. Neovastat was well tolerated by the

mice bearing LLC metastases with no significant effect

on body weight or mortality. Importantly, a 70% inhibition

of metastases invasion was observed following oral

administration of Neovastat [11]. Similarly, Neovastat

was shown to prevent bone metastasis in vivo [38]. In

addition, Neovastat appears to increase the efficacy of

conventional anticancer agents. Administration of Neova-

stat in combination with a single sub-optimal dose of

cisplatin in the LLC model resulted in a significantly

higher inhibition of metastases in comparison to that

observed with cisplatin alone. Moreover, this combination

resulted in an increased efficacy/toxicity ratio of cisplatin.

These findings demonstrate a potential benefit of

administering Neovastat in combination with standard

chemotherapy.

Clinical trials with Neovastat
Phase I/II clinical trials

Results from two multicenter phase I/II trials in oncology

in which Neovastat was given to almost 500 patients with

refractory solid tumors, mostly lung, prostate, breast and

kidney cancers have been recently reviewed [39–41].

Briefly, the main objectives of these trials were to

establish the safety profile of Neovastat and to determine

the optimal dose for phase III trials. Neovastat was well

tolerated when given at doses of 30–240 ml/day and no

dose-limiting toxicity, deaths or grade 3–4 laboratory

abnormalities related to Neovastat have been reported.

Overall, the safety profile of Neovastat is excellent.

In a study of 48 patients with refractory prostate cancer,

Neovastat was well tolerated. Efficacy analyses showed

that 38% of patients improved or did not have their PSA

increase by 25% or more (remained stable). This benefit

was found in 42% of patients receiving the highest doses

and in 20% of patients receiving the lowest doses. In a

study in 48 non-small cell lung cancer (NSCLC) patients,

dose–response studies indicated a 33% increase in

median survival time (median 6.15 versus 4.63 months;

p¼ 0.026) and a more than 50% decrease in the relative

risk of death in patients who received more than 2.63 ml/

kg/day of Neovastat (which corresponds to a dose of

approximately 180 ml/day for a 70 kg patient) compared

to those who received less than 2.63 ml/kg/day of

Neovastat [39].

In a second phase I/II trial in patients with various types

of solid tumors, including renal cell carcinoma (RCC), a

survival analysis was performed for the 22 patients with

metastatic RCC refractory to standard therapies or for

whom no treatment was available. The median survival

time in the 14 patients receiving 240 ml/day has been

found significantly higher as compared to the median

survival time in the eight patients receiving 60 ml/day

(16.3 versus 7.1 months; p¼ 0.01) [40].

In light of these encouraging data, two phase III trials

with Neovastat were initiated in NSCLC and RCC

patients [41]. Furthermore, one phase II trial was

recently initiated in patients with refractory or early

relapse multiple myeloma.

Phase III clinical trials

Lung cancer

The safety and efficacy of Neovastat in patients with

NSCLC stage IIIA and IIIB is currently being investi-

gated in collaboration with the US National Cancer

Institute in a phase III randomized, double-blind

placebo-controlled, multi-center trial. Approximately 50

investigative sites are involved in Canada and the USA,

and 760 newly diagnosed stage IIIA and IIIB NSCLC

patients will be randomized to receive Neovastat (240 ml/

day) or a placebo, in combination with a standard

platinum-based therapy and radiotherapy. Study end

points of this trial are survival, progression-free survival,

tumor response and tumor response duration. The

recruitment started in April 2000 and the results are

expected in 2005.

Kidney cancer

A phase III randomized, double-blind placebo-controlled,

multi-center study in patients with progressive RCC

refractory to immunotherapy is currently being con-

ducted in Europe, Canada and the USA. Approximately

50 investigative sites are involved and 302 patients have

been randomized to receive Neovastat (240 ml/day) or a

placebo. The endpoints of this trial are survival, time to

progression, 1-year survival rate, quality of life, overall

tumor response rate and duration of response. Enrollment

was completed in December 2001 and the results are

expected in early 2003. Recently, the FDA granted

orphan drug status to Neovastat for kidney cancer.

Phase II clinical trial in patients with multiple myeloma

As angiogenesis promotion is not only involved in the

pathophysiology of solid tumors, but also that of liquid

tumors, a phase II Neovastat clinical trial in patients with

multiple myeloma was initiated. This multicenter, single-

arm, open-label, phase II trial currently involves 35 sites

across North America and Europe, and will evaluate the

efficacy of Neovastat as monotherapy treatment for

patients with multiple myeloma not responding to

standard therapies. Approximately 120 patients are to

be included and the final results of the trial are expected

in 2003. The primary end point of this trial is the tumor

response rate based on protein M levels, with duration of

tumor response, time to progression and survival as

exploratory endpoints. The recruitment of 125 patients
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started in May 2001 and the final results of the trial are

expected at the end of 2003.

Discussion
In recent years, remarkable progress has been made in

the understanding of the cellular and molecular processes

involved in the transformation, proliferation and metas-

tasis of tumor cells [1]. These efforts have highlighted

the complexity of the transformation of normal cells to

malignant phenotypes, and identified a number of

oncogenes, growth factors and receptors that are fre-

quently associated with the development of various types

of cancer [2]. Unfortunately, the clinical benefits of these

findings have not been apparent until now and many

curative treatment strategies presently in use are still

ineffective. The targeting of angiogenesis represents a

relatively new approach to cancer therapy that may offer

several advantages over standard cytotoxic therapies.

First, antiangiogenic drugs specifically target normal

genetically stable cells and are thus less likely to induce

resistance [5]. Second, the antiangiogenic molecules

studied so far seem to induce few side effects (with the

exception of non-specific MMP inhibitors and VEGF-

targeted drugs). For example, over 800 patients have

been treated with Neovastat over the last 4 years with no

cases of clinically significant toxicity. Thirdly, the

targeting of tumor blood flow should imply a greater

accessibility to tumor sites. Finally, the strict dependence

of both solid and liquid tumors on angiogenesis suggests a

broad applicability of antiangiogenic therapies to many

different tumor types.

Notwithstanding the potential clinical benefit of anti-

angiogenic therapy, the translation of most of the

molecularly targeted angiogenesis inhibitors to the clinic

is still expected. MMP inhibitors, such as AG3340 and

BAY 12-9566, which showed positive effects in animals

and early clinical trials, were found ineffective and even

detrimental in phase III clinical trials, possibly due to

their lack of specificity and their inhibition of tumor

necrosis factor sheddase activity [6]. Drugs targeting the

VEGF-mediated signaling pathway, such as SU5416

(VEGFR inhibitor) and the anti-VEGF antibody bevaci-

zumab (Avastin) were recently reported to have no

beneficial effects in phase III studies in patients with

metastatic colorectal and advanced relapsed metastatic

breast cancer, respectively, as confirmed by the informa-

tion publicly released from the companies developing

these drugs (see SUGEN and Genentech websites

www.gene.com and www.sugen.com). Whether the failure

of these trials is due to heterogeneity in the expression of

VEGF by the patients or to inappropriate clinical end

points remains to be determined, but it highlights the

potential complexity of using agents targeting a single

molecular event to treat a process that is heterogeneous

in nature.

In this context, an intrinsic advantage of Neovastat over

other agents may reside in its pleiotropic action against

several components of the angiogenesis process (Fig. 1).

Neovastat inhibits specific MMP activities, VEGF bind-

ing to ECs and its subsequent activation of intracellular

signaling pathways. In addition, it has pro-apoptotic

activity that specifically induces EC death. It is also a

stimulator of tPA activity, which may lead to excessive

proteolysis of the ECM surrounding the tumor blood

vessels and to the destruction of the fibrin provisional

matrix that is necessary for neovessel formation. Neova-

stat can thus be considered equivalent to an ‘antiangio-

genic cocktail’, targeting several steps involved in tumor

angiogenesis. We believe that the presence of several

distinct activities in Neovastat may explain in part initial

positive clinical trial results. Angiogenesis is not a single

process, but rather a multistep process that implicates a

concerted action from several proangiogenic stimuli (e.g.

VEGF, MMPs, integrins). Therefore, we believe that

Neovastat, by targeting different mechanisms of angio-

genesis, has a greater chance of having a clinically

meaningful effect on tumor angiogenesis. Moreover,

isolation of the various active ingredients present in

Neovastat will not only be useful for the clinic, but may

also provide important scientific information about the

optimal stochiometry of a cocktail of antiangiogenic

agents.
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